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ABSTRACT 

Nowadays, concretes containing supplementary cementitious materials (SCMs) and having 

moderate to high resistivity are used to delay the onset of corrosion and enhance service life. 

To estimate service life, the chloride threshold (Clth) of the steel-cementitious binder (denoted 

as “S-B” herein) system is required and defined as the chloride concentration required at the 

S-B interface to initiate corrosion.  The hardened S-B interface is a metal-sol-gel system, which 

poses different challenges in acquiring and interpreting electrochemical/corrosion test data as 

compared to a metal-aqueous system.  These challenges lead to difficulties in using existing 

test methods to estimate corrosion resistance and Clth and hence, the service life of HR S-B 

systems. In particular, some of the existing test methods to determine Clth are not suitable for 

the cementitious binder systems with high resistivity.  Examples of such highly resistive (HR) 

systems are concrete with SCMs (such as fly ash, limestone calcined clay cement) and/or low 

water-cement ratio.  Because of these, the designers and engineers are often facing challenges 

in estimating the effect of various steel and SCMs available in the market on the service life of 

structures.  Enabling designers and engineers in selecting suitable S-B systems is the focus of 

this thesis. 

This thesis evaluated existing corrosion test methods, developed procedures to acquire 

and interpret electrochemical response from HR S-B systems, developed an accelerated test 

method to estimate Clth of HR S-B systems (named as “hr-ACT” test method), and then 

developed a computer program (named as “SL-Chlor”) and nomograms to estimate 

probabilistic corrosion-free service life (say, corrosion initiation time) of various S-B systems.  

The experiments were conducted on thermomechanically treated steel embedded in systems 

containing (a) OPC - Ordinary Portland Cement (OPC), (b) PFA - Pulverized Fuel Ash (or 

fly ash) based cement and (c) LC3 – Limestone calcined clay cement.   



vi 
 

First, this thesis evaluated the ability of the following test methods to assess corrosion 

performance of HR S-B systems: (i) half-cell potential (HCP), (ii) macrocell corrosion (MCC), 

(iii) impressed current corrosion (ICC), and (iv) linear polarization resistance (LPR) technique. 

It was found that the HCP measurements from HR S-B systems are greatly influenced by the 

high resistivity of the cover concrete and makes it difficult to interpret the data and estimate 

the probability of corrosion.  The MCC tests (ASTM G109) indicated that the resistivity of 

concrete influences the type of macrocell corrosion circuits and the measured current could 

mislead and fail to detect the initiation of corrosion in HR S-B systems (some PFA and all LC3 

specimens studied).  The ICC tests took a significantly long time to assess corrosion in LC3 

systems as compared to OPC and PFA systems.  Raman spectra on these specimens indicated 

that the prolonged application of impressed current could change the type/nature of corrosion 

products.  Hence, the use of ICC tests with long duration should not be adopted for evaluating 

HR S-B systems. Then, LPR tests were conducted and found not effective in detecting 

corrosion initiation in HR S-B systems due to the difficulty in decoupling the cover resistance 

and polarization resistance of steel.  The technique of IR-compensation was not successful in 

the adapted corrosion test specimen design. 

Due to the limitations found in the HCP, ICC, MCC, and LPR test methods, the factors 

affecting the electrochemical response were evaluated and then, a suitable short-term test 

method to determine the Clth of steel in HR systems was developed using EIS technique.  First, 

a suitable 3-electrode corrosion cell (annular system) for the metal-sol-gel system was 

designed.  A lollipop type specimen with single steel rebar embedded in cylindrical mortar 

cover was designed to facilitate the Circuit 2 type corrosion (both anode and cathode on the 

same rebar) observed in HR systems. Using this test specimen, the effect of various test 

parameters (i.e., scan rate, scan range, AC amplitude, AC frequency, spacing between the 

electrodes, etc.) affecting the electrochemical response from HR systems was evaluated.  Based 
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on the test results, it was found that LPR technique may not always detect corrosion initiation 

in moderate to highly resistive systems; whereas electrochemical impedance spectroscopy 

(EIS) technique could always detect corrosion initiation in HR systems.  Also, experiments 

were conducted using a relative humidity (RH) sensor and it was determined that a wet-dry 

exposure cycle of 2 days wet followed by 5 days dry is suitable and performing all the repeated 

EIS measurements at the end of 2 days of wetting can ensure similar microclimate (about 95% 

RH) at the S-B interface – a worst-case scenario for early corrosion initiation with least amount 

of chlorides.  Combining all these learnings, a suitable test method using EIS was developed 

to determine the Clth of steel in HR systems and named as ‘hr-ACT’ test. 

Existing software programs have limitations in using probabilistic estimates of Clth, 

chloride diffusion coefficient (DCl), cover depth (d) and the ageing coefficient (m) for HR S-B 

systems.  Hence, a computer program (named as ‘SL-Chlor’) was developed (using Fick’s 2nd 

law of diffusion) to accommodate user-defined probabilistic estimates of these parameters and 

estimate the probabilistic, the corrosion-free service life of HR S-B systems. The estimated 

service life of OPC, PFA and LC3 systems demonstrated the synergistic effects of m, DCl, and 

Clth in enhancing the service life. For example, it was found that an S-B system with low Clth 

could exhibit longer service life if the DCl is low. This thesis emphasizes that Clth is a function 

of both steel and cementitious binder used and to select steel and concrete materials and cover 

depth based on the estimates of corrosion-free service life of the S-B system under 

consideration (rather than either Clth alone or DCl alone).  Using SL-Chlor, nomograms for 

various coastal exposure conditions were made to facilitate easy use of these concepts during 

the design stage and choose the steel/concrete materials and cover depth to achieve durability. 

Keywords: Steel, concrete, chloride, corrosion, highly resistive, fly ash, limestone calcined 

clay, polarization resistance, electrochemical impedance spectroscopy, service life, nomogram. 
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INTRODUCTION 

1.1 PROBLEM STATEMENT 

Developing countries like India are investing heavily in infrastructure projects. The design life 

of major infrastructure projects is more than fifty years. However, many of them are facing 

premature corrosion - significantly contributing to India’s corrosion cost of about 4-5% of GDP 

(Duggal, 2016). Lieser and Xu (2010) reported that “…rapidly developing nations can avoid 

repeating the costly infrastructure repair and replacement cycle of industrialized nations by 

adopting advanced materials and construction methods…”. These advanced materials (say, 

steel-cementitious binder (S-B) systems) include (i) highly resistive concrete, (ii) corrosion 

inhibitors, and (iii) steel rebars with metallic coating. For brevity, steel-cementitious binder is 

referred as steel-binder hereafter. Engineers need to assess the critical service life parameters 

of advanced S-B systems in the short term (few months) – to judge if they are truly ‘advanced’ 

and can enhance the service life.  One of the critical service life parameters is the chloride 

threshold (Clth), which is the amount of chlorides required at the steel-concrete interface to 

initiate corrosion. The estimation of Clth is very challenging because of its dependency on 

various factors such as (i) material properties of cover concrete, (ii) properties of steel 

reinforcement, and (iii) microclimate at the S-B interface. The suitability of the existing 

electrochemical techniques and Clth test methods (for conventional S-B systems) to the 

advanced S-B systems needs to be assessed. 
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1.2 MOTIVATION FOR THE STUDY 

The production of portland cement consumes mineral resources and releases a large amount of 

CO2, causing ecological impact and global warming. To reduce the impact and enhance the 

durability, supplementary cementitious materials (SCMs), such as fly ash, slag, limestone 

calcined clay, that exhibit high ionic resistivity when added to ordinary portland cement (OPC) 

are being introduced in the cement industry. The service life of reinforced concrete structures 

with such systems depends on both transport properties and corrosion performance. Significant 

research is available on the microstructure and transport properties of these cementitious 

systems. However, information on the corrosion performance of these systems is not available 

and hence, estimating the service life becomes very challenging. This research is aimed at a 

holistic assessment of the suitability of new cement alternatives in reinforced concrete 

structures by assessing corrosion performance as well as service life against chloride-induced 

corrosion, which may lead to the widespread use of such alternatives.  

1.3 DEFINITIONS  

Definitions of some key terms used in this study are as follows: 

1. Ageing coefficient (m): Factor accounted for reduced chloride diffusion coefficient 

(Dcl) due to ageing (hydration)  

2. Annular geometry: Arrangement of electrodes in a concentric circular form 

3. Anode: The portion which is corroding (loss of electrons) 

4. Artefacts: Unusual electrochemical responses, which cannot be analysed with the 

equivalent electrical circuits. 

5. Cathode: The portion which consumes electrons and supports the corrosion process; 

no loss of metal 
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6. Chloride diffusion coefficient (Dcl): The rate of chloride ingress across a unit area 

of a cementitious system. 

7. Chloride threshold (Clth): The minimum amount of chlorides at the steel 

reinforcement level required to initiate active corrosion.  

8. Corrosion cell: Formation of  anode, cathode and electrolyte, which results in active 

corrosion; A combination of working electrode; counter electrode and reference 

electrode for measurement of corrosion 

9. Electrolyte: The medium, which supports the transfer of ions 

10. Macrocell corrosion: Distinguishable anode and cathode, which could be located 

on the same rebar or on different rebars 

11. Ohmic drop: Voltage drop between the reference and working electrode 

12. Passive film:  A protective film formed on the steel surface, which resists corrosion 

13. Pitting corrosion: Corrosion in the form of pit and distinguishable anode and 

cathode 

14. Planar geometry: Arrangement of electrodes in the same plane 

15. Polarization resistance: Resistance of the material to change from equilibrium 

potential 

16. Premature corrosion: Corrosion initiation and lose of service life before the design 

life period of structures 

17. Resistivity of concrete: Measure of resistance offered by concrete on the application 

of potential; indirect measurement of porosity, pore solution conductivity and 

moisture content. 

18. Service life (SL): The time required to initiate corrosion of the embedded steel 

reinforcement. 
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19. Solution resistance: Inherent resistance of the electrolyte for the current to pass 

through 

20. Steel-binder (S-B) systems: Any system with steel embedded in concrete/mortar 

21. Surface chloride concentration (Cls): The chloride content at the external surface of 

concrete cover; Depends on the exposure conditions 

22. Tcrack : The duration required for the appearance of visual crack due to corrosion in 

S-B systems  

23. Uniform corrosion: Uniform throughout and non-distinguishable anode and 

cathode; can be called as microcell 

1.4 RESEARCH QUESTIONS 

1. All the existing test methods were developed for low resistive OPC systems. Can 

the currently available techniques be directly applied to assess the Clth of steel 

embedded in highly resistive cementitious systems (HRCS)? What are the 

associated challenges? 

2. The ohmic drop due to the presence of cover is negligible in case of low resistive 

systems. When HRCS is used, what will be influence of ohmic drop in the 

electrocehmical response? How should the ohmic drop be accounted in HRCS? 

3. The thickness of the cementitious cover influences the microclimate (availability of 

moisture, oxygen, temperature) at the steel-binder interface. If the specimens are 

subjected to wet-dry cyclic regime, what will be ideal day for taking the the repeated 

electrochemical measurements in laboratory testing? 

4. The configuration of the corrosion cell and the choice of the input parameters in the 

advanced techniques like linear polarisation resistance affect the electrochemical 
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response. What are the influences of the electrode configuration (cell design) and 

the electrical input parameters on the electrochemical response from HRCS? 

5. What should be the corrosion initiation criteria? How to define the initiation of 

corrosion in terms of electrochemcial rsponse? 

6. Can OPC Clth be used for other binder systems?  

7. How does the choice of materials affect service life? 

i) Which is the most influencing parameter of service life? Is it only the Clth or is 

the coefficient of diffusion? 

ii) How to choose materials effectively at the site? 

1.5 OBJECTIVES AND SCOPE 

Following are the objectives of this research work.  The sub-bullet points following each 

objective indicate its scope. 

(i) To evaluate the suitability of the existing techniques for assessing corrosion 

characteristics of highly resistive steel-binder (S-B) systems 

§ Evaluation of half-cell potential (HCP) and macrocell corrosion (MCC) 

§ Evaluation of impressed current corrosion (ICC) 

§ Evaluation of polarization resistance using wet-dry corrosion (WDC) test  

(ii) To assess the effect of the properties of cement mortar and configuration of electrodes 

on the electrochemical response from the highly resistive steel-binder systems  

§ Linear polarization resistance (LPR) 

§ Electrochemical impedance spectroscopy (EIS) 

§ Mortar cover thickness: 10 mm 

§ Exposure: 2 days wet and 5 days dry in simulated pore solution with 3.5% NaCl 
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(iii) To develop a short-term test method for determining the chloride threshold of highly 

resistive steel-binder systems (to be named as hr-ACT test method) 

§ Mortar with OPC, PFA, and LC3 

§ LPR and EIS techniques 

(iv) To develop a computer program (to be named as SL-Chlor) and nomograms to estimate 

deterministic/probabilistic corrosion-free service life of various steel-binder systems  

§ Probability of corrosion initiation (Pci), cover depth (d), chloride threshold (Clth), 

ageing coefficient (m), chloride diffusion coefficient (Dcl), and surface chloride 

concentration (Cls). 

Overall, the scope of this work is restricted to study of corrosion of steel (Quenched and Self 

tempered (QST), also known as Thermo-mechanically treated (TMT)) embedded in three 

binders, namely ordinary portland cement (OPC), OPC with 30% replacement of fly ash (PFA), 

and limestone calcined clay cement (LC3 - 50% clinker, 30% calcined clay, 15% crushed 

limestone and 5% gypsum from industrial trial production). 

1.6 RESEARCH SIGNIFICANCE 

Major infrastructure projects are designed for 100+ years. Many materials come in the market 

claiming for low cost, constructability, sustainability and durability. To ensure the claimed 

performance, there is a need to assess the material behaviour, especially Clth. Traditional test 

methods available for S-B systems were developed for concretes with low-to-moderate 

resistivity. Nowadays, highly resistive binder systems are available for which no clear 

guidelines for data acquisition and interpretation are available.  

The exposure condition adopted during the experiments can influence the microclimate 

and hence, the estimates of Clth.can have huge scatter. However, literature does not clearly state 

what exposure should be adopted in the laboratory to mimic a particular microclimate at the 
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S-B interface (to mimic real-life scenarios with various climatic and chloride conditions); and 

more importantly, when to measure the repeated electrochemical responses of the S-B system 

to determine chloride threshold. Also, the electrochemical response from the S-B system is 

affected by the electrode configuration, which influences the ohmic drop. Because of these 

reasons and lack of understanding of the correlations, at present, the failure criteria adopted in 

one type of experiment cannot be directly adopted in another type of experiment. The present 

work establishes the resistivity range for which the existing test methods are suitable and 

presents a short term test method that considers various electrochemical and test parameters to 

estimate Clth of S-B systems, especially with highly resistive binders. 

Even though many models are available for the estimation of the service life of structures 

against chloride-induced corrosion, they are very complex and not user-friendly. Due to 

unavailability of user-friendly tools, design engineers find it difficult to implement the research 

findings while selecting new materials for enhancing the service life of structures. The user-

friendly nomograms developed as part of this work help to predict the service life of structures 

when different materials are exposed to various environmental conditions. This can help 

engineers in design office to choose materials effectively for achieving the desired durability.  

1.7 RESEARCH METHODOLOGY 

Figure 1.1 shows the methodology adopted in detail. First the existing methods for corrosion 

assessment were evaluated for its suitability. From the outcome of this first experimental 

program, a number of parameters affecting electrochemical testing were found. The effect of 

various input parameters and corrosion cell geometry on the electrochemical response were 

studied. A test method (hr-ACT) was developed for determining the Clth of highly resistive 

(HR), S-B systems. This method was verified for OPC and then tested for HR, S-B systems 



8 
 

and Clth was determined. A MATLAB® code was developed to estimate the service life 

(SL-Chlor). A set of nomograms were developed with the code for various chloride conditions. 

 

 

Figure 1.1 Experimental program and methodology 

1.8 ORGANISATION OF THE THESIS 

This thesis is organized using a Chapter-subsection format. There are eight Chapters (first level 

heading) and several subsections within each chapter. The outline of the chapters are as follows. 

§ Chapter 1 (the current chapter) introduces the problem statement, motivation for the 

study and the research questions, which led to the formulation of research 

objectives. Research significance and the methodology carried out for the research 

objectives are also provided. 

Identify a set of suitable
values for the LPR and

EIS test parameters

Design of a corrosion cell 
with steel-cementitious

binder (S-B) system

Develop “hr-ACT” test
method using EIS to 

determine the
chloride threshold (Clth) of 

HR, S-B systems

Development of tools 
for service life 

estimation

Evaluation of suitability of 
existing test 

methods/techniques for 
corrosion assessment in 
highly resistive (HR), 

steel-binder (S-B) systems

Development of test method 
for HR, S-B systems

Half cell potential 
(HCP)

Linear Polarisation
Resistance (LPR)

Impressed current 
corrosion (ICC)

Develop a computer 
program to determine 

probabilistic service life 
(named as “SL-Chlor”)

Develop nomograms to 
estimate probabilistic service 
life of structures exposed to 
various chloride conditions

Use Clth ~ (µ,σ) as input for 
service life estimationMacrocell corrosion 

(MCC)

Verify hr-ACT test method
using OPC systems and then 

determine Clth ~ (µ,σ) for HR,
S-B systems
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§ Chapter 2 provides a review of the literature in detail. This section starts with the 

service life and critical parameters, codal requirements of Clth and variation of Clth 

followed by testing techniques. The effect of microclimate and electrochemical cell 

geometry on the electrochemical measurements are also discussed. A detailed 

discussion of service life estimation, input parameters needed, and the need for the 

simplified tool are presented. A summary of the literature review is provided at the 

end. 

§ Chapter 3 covers the experimental program. The materials used are described first 

followed by the methods adopted in this research work. The test details are also 

included. 

§ Chapter 4 covers the experimental results of ASTM G109 test method, impressed 

current corrosion (ICC) test method, and linear polarization resistance (LPR) 

technique and discusses the suitability of these test methods for evaluating corrosion 

in highly resistive concrete in detail. 

§ Chapter 5 covers the results of the research work carried out to understand the effect 

of test parameters on the electrochemical response, which plays a crucial role in 

determining the Clth. 

§ Chapter 6 includes the step-by-step procedure carried out to determine the Clth of 

three cementitious systems, namely OPC, PFA and LC3. 

§ Chapter 7 describes the service life estimation of a reinforced concrete structure 

with Ficks’ second law of diffusion. Case studies demonstrating the synergistic 

effect of various parameters are presented. A set of nomograms for estimating the 

service life for different exposure conditions are also given. 

§ Chapter 8 presents the conclusions of this research along with the recommendations 

for future work. 
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§ Appendix A provides the comprehensive experimental program in detail, which led 

to the modification of impressed current corrosion test specimen. 

§ Appendix B gives the details of the experiment carried out with the premixed 

chlorides for corrosion rate assessment.  

§ Appendix C explains the study of microclimate at the S-B interface using 

temperature and humidity sensors 

§ Appendix D presents the details of the preliminary study conducted using ASTM 

G109 specimens for corrosion assessment in highly resistive concrete systems 

§ Appendix E describes the step-by-step procedure to fit the equivalent electrical 

circuit to determine the polarization resistance of steel 
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LITERATURE REVIEW 

2.1 INTRODUCTION 

This chapter presents a review of literature relevant to the chloride-induced corrosion of steel 

in binder systems and service life estimation of structures exposed to chlorides. Further, the 

chapter sets forth the various phases of service life and critical parameters needed for its 

estimation. Then, the influence of materials followed by the exposure conditions and the 

microclimate in the S-B interface on the Clth are discussed in detail. The measurement 

techniques and their effect on the measurement of Clth are then reviewed. Following this, the 

corrosion cell design and its influence on Clth estimation are surveyed with a summary of 

standard test methods. Then, various service life estimation models and the input parameters 

required are put forward with the need for simplified tools for engineers. 

2.2 SERVICE LIFE OF REINFORCED CONCRETE STRUCTURES 

Figure 2.1 shows the various phases of the service life of concrete structures. During the 

initiation phase, the chlorides from the outside environment (Cls) can pass through the cover 

concrete (d) and reach the steel surface by diffusion and other mechanisms, which depends on 

chloride diffusion coefficient (Dcl) and ageing coefficient (m) of concrete. The chlorides start 

building up at the steel-binder (S-B) interface, reaching a threshold level known as Clth, at 

which the corrosion of steel initiates (Angst et al., 2009). The time taken to initiate corrosion 

is called the initiation period, which is the focus of this work. To delay the onset of corrosion, 

highly resistive binder types with SCMs, which can resist the ingress of chlorides, are being 

used.  
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Figure 2.1 Schematic showing various phases and factors affecting the service life 

2.2.1 Effect of binder types on service life 

Nowadays, a variety of cementitious binders with various SCMs are available, the use of which 

affects the corrosion initiation of steel in concrete in four ways. First, SCMs can enhance the 

pore size distribution of the hardened cement matrix by either the filler effect or secondary 

hydration reactions. A reduction in the mean pore diameter can reduce the chloride ingress rate, 

which in turn can delay the onset of corrosion. Second, SCMs consume OH- ions during the 

secondary hydration reactions and increase the ionic resistivity. Table 2.1 shows the 

classification of concretes showing the relationship between the resistivity and chloride ion 

permeability. Figure 2.2 shows the range of resistivity exhibited by various concretes with 

SCMs (Dhandapani and Santhanam, 2017; Dhanya, 2015; Dotto et al., 2004; Malakooti, 2017). 

Higher the concrete resistivity, the less will be the ionic flow between anodic and cathodic 

regions and hence, less corrosion (Alonso et al., 1988; Hornbostel et al., 2013). Third, SCMs 

enhance the chloride binding capacity of concrete, which in turn restricts the chloride ions from 

reaching the steel to a great extent. One of the complexes that help in binding the chlorides is 

Friedel’s salt, the formation of which is dependent on the alumina content in the OPC and SCM 
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(Talero et al., 2011). Fourth, SCMs can lead to a reduction in the pH and the pH buffer capacity 

of concrete, which in turn can reduce the Clth (Bentur et al., 1997). 

Table 2.1 Resistivity classification based on chloride ion permeability (AASHTO T 358 
(2017)) 

Chloride ion permeability, k Surface Resistivity, ρ (kΩ.cm) 

High < 12  (Negligible) 

Moderate 12 - 21 (Low) 

Low 21 - 37 (Moderate) 

Very low 37 – 254 (High) 

Negligible > 254 (Very High) 

 

 

Figure 2.2 Surface resistivity of concretes made with various binders [categories are as 
per AASHTO T 358 (2017)] 

2.2.2 Estimation of service life 

Quantitative estimation of two parameters, namely the chloride diffusion coefficient (Dcl) of 

cementitious/binder cover and the Clth of the S-B system is crucial for estimating the service 

life. There are different standard test methods available to determine the Dcl of concrete. 

Determination of Clth of the S-B system is challenging as there are no standard test methods 
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available. Engineers need to do educated guess of Clth value for meaningful estimation of 

service life. The scope of this research is restricted to the estimation of Clth of the S-B system 

and service life of structures exposed to chlorides. 

2.2.3 Definition of chloride threshold (Clth) 

Researchers define Clth as the amount of chlorides required to de-passivate the steel, whereas 

engineers define Clth as the amount of chlorides required to initiate visible corrosion. “So far 

not even the definition of the term 'chloride threshold' is clear and no generally accepted test 

method exists” (RILEM TC 235-CTC). The allowable chloride content is restricted in the new 

construction by different standards in lieu of a clear definition of Clth. Some engineers use 0.4% 

by weight of binder (bwob) as acceptable Clth for new construction, based on their experience 

with OPC (Moreno et al., 2004). However, when OPC is partially replaced with SCMs, these 

alternative binder systems are reported to have lower Clth than 0.4% bwob (Angst et al., 2009; 

Pillai et al., 2018). Andrade (2016) reported that “…tests considering partial saturation or de-

icing salts are not standardized...” So Clth of steel was determined by various approaches, which 

is discussed next.  

2.3 EVALUATION OF CHLORIDE THRESHOLD TEST METHODS 

The test methods to determine the Clth of steel has evolved over years. Initially, the steel was 

immersed in chloride solution and the half-cell potential or polarization resistance were 

monitored over a period of time and an absolute failure criteria was fixed (Diamond, 1986, Li 

and Sagues, 1999). When the criteria is met, the amount of chloride in the solution was reported 

as Clth. Then, Clth of steel in concrete was found by prolonged exposure and comparison of 

weight loss (Thomas, 1996). To shorten the duration, half-cell potential was monitored (ASTM 

C876). Then, macrocell specimens were widely used to find the chloride threshold (ASTM 

G109). This took longer time duration (in years), especially in binders containing SCMs. To 
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shorten the time required for testing, admixed chlorides at different levels were introduced and 

the corrosion rate was monitored in OPC mortar (Alonso et al., 1996). A new method was 

introduced by Trejo and Pillai (2003), where the chlorides were migrated towards the steel 

embedded in mortar by application of voltage. This reduced the time required for the 

determination of Clth to a greater extent. However, the test methods involving admixed 

chlorides and migration of chlorides have limitations when highly resistive binders and 

corrosion inhibiting admixtures are used. With time, techniques for assessing corrosion also 

evolved. From Galvanostatic control to potentiostatic control, instruments with fine-tuned 

precisions are now available at a cheaper price. Hence, corrosion testing is possible in smaller 

labs. Also, techniques such as electrochemical noise, acoustic emission are being used for 

corrosion assessment. It is therefore necessary to establish standard test methods and guidelines 

to utilize the technology available to its best potential in lab as well as field conditions.  

2.3.1 Chloride threshold  in aqueous systems 

Traditionally, Clth is found by testing the bare metal in solution. This was done to shorten the 

time taken for the experiment and reduce the variation due to the binder properties, concrete 

mix proportions, moisture content, and temperature (Diamond, 1986; Li and Sagues, 1999; 

Saremi and Mahallati, 2002; Yu et al., 2012; Liu et al., 2016; Figueira et al., 2017; Ogunsanya 

and Hansson, 2019). However, Mammoliti et al. (1999) tested the effectiveness of corrosion 

inhibitors in synthetic pore solution and mortar and found that the S-B interface plays a major 

role in the initiation of corrosion as it buffers alkalinity by the dissolution of calcium hydroxide. 

The nature of the S-B interface (porosity, resistivity and pH) depends on the type of binder and 

water/binder (w/b) used in the S-B systems (Alexander et al., 2013). Therefore, the estimation 

of Clth should be done using S-B systems for realistic results. 
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2.3.2 Chloride threshold  in steel-binder (S-B) systems 

Clth of steel embedded in cementitious systems is different from the Clth in solution due to 

physical and chemical variation in the S-B interface. The duration of testing spans from several 

weeks to years as the chloride ingress to the steel surface in the concrete is slow. In addition, 

the pore structure, pH, pH buffering capacity, presence of voids and cracks induce spatial 

variability in the chloride ingress. This could affect the reproducibility of results even if the 

material and exposure conditions are the same. Attempts are made to develop a standard test 

method for determining the Clth, which can yield reproducible results.   

2.3.3 Electrochemical testing – traditional approach 

Electrochemical measurement techniques are widely adopted in the laboratory to detect the 

corrosion initiation and then determine Clth.  The advantages and disadvantages of various 

techniques are discussed in the following subsections. 

2.3.3.1 Half-cell potential (HCP) 

The half-cell potential is a thermodynamic parameter and indicates only the probability of the 

occurrence of corrosion. It cannot give information on corrosion kinetics (Ohtsu and 

Yamamoto 1997). Figure 2.3 shows the arrangement for half-cell potential (HCP) 

measurement. The potential difference measured between the reference electrode and the steel 

embedded in concrete is known as half-cell potential. This method requires a reference 

electrode and a multi-meter. The standard ASTM C876 can be used for data interpretation of 

conventional S-B systems. However, the absolute limits given in ASTM C876 cannot be used 

for all the advanced S-B systems, especially those with coated rebars. The half-cell potential 

measured in S-B systems is not related to the inherent potential of steel alone. It is a function 

of the S-B interface and the ease with which the metal transfers its electrons to the concrete 

pore solution (Hansson 1984). The half-cell potential measurement can fluctuate due to 
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moisture content, the resistivity of the cementitious matrix, cover thickness, the coating on steel 

and the ASTM C876 cannot be adopted for all the exposure conditions (Gulikers et al., 2003; 

Elsener 2001; Pour-Ghaz et al., 2010; RILEM TC 154-EMC).  

 

Figure 2.3 Arrangement for half-cell potential measurement forASTM C876 tests 

Another use of this test method is to detect corrosion initiation.  A significant reduction 

in potential (say, by about 150 mV) is used by many researchers as a criterion for corrosion 

initiation and the corresponding chloride concentration has been reported as Clth. Though 

perceived as a simple method, this possesses several challenges in practice. It can detect only 

when significant corrosion has occurred (to be able to see with visible eyes); and not as soon 

as the corrosion is initiated. Because of this time lag, the half potential techniques for detecting 

corrosion initiation may lead to erroneous ─ Clth values, especially when accelerated test 

methods are adopted. Hence, the half-cell potential test is not recommended to detect localized 

corrosion. 

2.3.3.2  Macrocell corrosion (MCC) 

The ASTM G109 test method was developed based on the work by Berke et al. (1990).  This 

method monitors the possible macrocell corrosion mechanisms in conventional S-B systems. 

Multimeter
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Figure 2.4 shows the schematic of the ASTM G109 specimen.  The top rebar acts as an anode 

and the two bottom rebars act as a cathode. The macrocell voltage drop across a 100 Ω resistor 

is measured and the Cumulative Macrocell Current (CMC) is calculated. When the CMC is 

greater than 150 C, the specimen is considered to be initiated and chloride present at the S-B 

interface is reported as the Clth. 

 

Figure 2.4 Schematic of ASTM G109 specimen (Pillai, 2009) 

This method is advantageous due to its simplicity in casting and exposure.  However, the 

following limitations do exist while adopting this test method for S-B systems, which are 

summarized as follows: 

1. The ingress of chlorides through the cover concrete takes several years to reach the 

steel surface.. Hence, the corrosion assessment of good quality concrete in short 

term is difficult.  

2. The ohmic drop is very high due to the presence of thick cover, especially in highly 

resistive concrete. Hence, the HCP of the steel measured in this type of specimen 

may not indicate the ongoing corrosion. 
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3. The macrocell corrosion technique indicates corrosion activity, but severely 

underestimates corrosion rates (Berke et al., 1990). 

4. When both the top and bottom bars (anode and cathode, respectively) start 

corroding, the macrocell corrosion current indicates lesser corrosion, which is not 

representative of the cumulative corrosion (Berke et al., 1990). 

5. When the corrosion rates are small, the macrocell current cannot be indicative of 

true corrosion, unless a sophisticated voltmeter is used (Berke et al., 1990). 

Sophisticated voltmeter (say, minimum 5.5 digits) is essential for extending this test 

for Clth estimation.   

6. Ionic resistance of the concrete could inhibit the current flow between the top and 

bottom bars (Berke et al., 1990). The cover depth and concrete resistivity play an 

important role in the initiation of corrosion. The concrete resistivity controls the 

macrocell current ─ denser the concrete, the less will be the macrocell corrosion 

current (Arya and Vassie, 1995; Elsener, 2002). 

2.3.4 Electrochemical testing - advanced methods 

Most of the advanced electrochemical test methods rely on instantaneous electrochemical 

response and give useful information on corrosion kinetics.  Hence, these methods can be used 

to obtain repeated measurements on the same specimen until the corrosion is initiated.  The 

linear polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS) 

techniques are widely used for detecting corrosion initiation.  However, these methods are 

affected by the characteristics of S-B systems such as resistivity, steel type, coatings, and 

microclimate.  Hence, the design of corrosion cell and various input parameters (scan rate, etc.) 

should be chosen appropriately so that the electrochemical response is not affected 
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significantly. The working principles, the advantages and disadvantages of these techniques 

are discussed next. 

2.3.4.1 Linear polarization resistance (LPR) 

Figure 2.5 shows the experimental set-up needed for conducting an LPR experiment and the 

typical response. At first, the Open Circuit Potential (OCP) is measured between the reference 

electrode and the working electrode. The working electrode is perturbed or polarized from this 

measured OCP by the application of small voltage over a range (say, OCP Vs ±10mV) and the 

current response is measured. A polarization curve (E vs. Log I) is obtained. The potential 

sweep is linear over a small range near the corrosion potential or equilibrium potential, Ecorr, 

in the polarization curve, and the slope (over the zero current axes) is taken as polarization 

resistance (Rp) of the working electrode. 

The input parameters such as scan rate and scan range should be selected carefully for 

S-B systems. Scan rate should be slow enough to fully charge the double layer capacitance 

(S-B interface). However, scan rate such as 0.1667 mVs-1, which is used for aqueous systems 

is being used for S-B systems. Also, the maximum scan rate (0.05 mVs-1) that can be used for 

polarization resistance is reported by Poursaee (2010) for steel in different states of corrosion, 

such as passive and active. However, the implications of using different scan rates are not 

known.  The scan range should be just enough to get the linear region and should not disturb 

the corrosion potential. Generally, LPR is done over a small range (say, OCP Vs ±10mV). 

However, the sweep is considered to be in the linear range till OCP Vs ±50mV. The effect of 

scan range and scan rate are not clearly understood, especially for the steel in a passive state. 
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(a) Experimental set-up for LPR testing (Jaime et al., 2013) 

 

(b) Typical LPR curve 

Figure 2.5 Experimental set-up and LPR curve 
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The following are the advantages and disadvantages of the LPR technique. 

a) Advantages 

1. A relatively simple method to determine the polarization value (Rp) when Rp >> RΩ, 

the electrolyte resistance (Kelly et al., 2003; Mansfeld, 1976). 

2. Repeated measurements are possible (non-destructive in nature) and it takes a few 

minutes for corrosion measurement 

3. Data analysis is simpler when compared to other advanced methods 

b) Disadvantages 

1. Assumes that the corrosion is uniform and does not distinguish between resistance 

polarization and diffusion polarization (Walter and Centre 1977). 

2. For highly resistive cementitious systems, electrolyte resistance (ohmic drop) is not 

negligible. The ohmic drop can distort the polarization curve as well as the input 

scan rate, which could influence the measured Rp.  Current interruption technique 

is essential to overcome this effect (Mansfeld 1982). 

3. LPR is dependent on temperature and moisture conditions during measurement. 

Millard et al. (2001) studied S-B systems and showed that Rp is dependent on 

temperature and RH at the S-B interface and also reported that the cyclic wet-dry 

regime could influence the cover resistance, which in turn could change the 

corrosion rate 

4. LPR gives the total RP of S-B systems. Therefore, the interpretation of the response 

obtained from LPR tests on advanced S-B systems (with highly resistive electrolyte, 

corrosion inhibitors, coating etc.) is challenging and needs to be studied as no 

guidelines are available to interpret the data and understand the performance of 

individual components. 
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2.3.5 Electrochemical impedance spectroscopy (EIS) 

EIS is one of the widely used techniques for measuring the corrosion of steel in concrete, 

especially for advanced S-B systems. Figure 2.6 shows the typical response spectra and a 

typical equivalent electrical circuit of the S-B system. In this test, the AC signal (~10 mV 

amplitude) is perturbed over a range of frequency (106 Hz to 10-2 Hz) along with the DC voltage 

(say, OCP) and the response spectrum is analyzed with the help of equivalent circuits. EIS 

technique can yield more information than LPR about the reaction kinetics at the S-B interface.  

It is possible to understand the performance of the individual component in an advanced S-B 

system.  However, a deep understanding of the system and the relevant electrical parameters 

are required for analysis and serious challenges do exist in formulating a suitable equivalent 

circuit, especially for advanced S-B systems (Ribeiro and Abrantes 2016).  

 

Figure 2.6 Typical EIS spectra and equivalent circuit 

a) Advantages 

1. ElS is an effective tool for investigating electrochemical mechanisms involving 

dielectric and transport properties of materials, passive surfaces, and porous 

electrodes (Feliu et al., 1998, Song 2000, Dhouibi et al., 2002, Chechirlian et 

al.,1993, Jain and Neithalath, 2011). 
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2. The electrochemical response of each component of the system, namely concrete, 

coating, double layer, steel etc. can be identified from the EIS spectra.  

3. The technique is capable of differentiating closely related mechanisms occurring in 

the cover concrete and the S-B interface. 

b) Disadvantages 

1. Formulating and fitting an equivalent circuit requires an in-depth understanding of 

the physical S-B system. The elements in the equivalent circuit should have some 

representation of the physical components. 

2. Determination of kinetic parameters requires in-depth knowledge of the reaction 

mechanism that can happen in the system. 

3. EIS gives the electrochemical measurements averaged for the entire surface of the 

steel specimen, even though pitting occurs locally. 

2.3.6 Usability of standardized test methods in S-B systems  

The test methods adopted include different electrochemical techniques, exposure conditions 

and corrosion initiation criteria. Table 2.2 shows the summary of test methods and their 

usefulness in testing the S-B systems. ASTM standards (C876, G109) are useful for 

conventional S-B systems of low-moderate resistivity. They may not work well for corrosion 

detection and Clth of advanced S-B systems. Advanced electrochemical techniques (LPR and 

EIS) enable capturing of the instantaneous electrochemical response of advanced S-B systems.  

However, such response depends on the exposure condition, properties and thickness of cover 

concrete, corrosion cell geometry, and input test parameters adopted for testing. There is a lack 

of guidelines for data interpretation with the fundamental understanding of the electrochemical 

response from the different S-B systems. Japanese Industrial Standards (JIS) A 6205 standard 

does not address the corrosion process simulating the natural condition and is not suitable for 
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detecting corrosion initiation and estimating the Clth in S-B systems. The failure criteria for 

different exposure conditions should be established for a realistic estimation of Clth in S-B 

systems. The challenges in adopting different electrochemical techniques and the adoption of 

failure criteria are discussed in detail in Subsections 2.3.3, 2.3.4 and 2.3.7. 

Table 2.2 Summary of standard test methods available for testing 

Methods Electrolyte Exposure 
Condition 

Remarks 

ASTM C876 - 
2015 
(Half-cell 
Potential) 

Concrete Laboratory/ 
Field 
conditions 

• Only for uncoated steel 
reinforcement 
• Failure criteria:  
Half-cell potential < -350 mV vs CSE – 
90% probability of corrosion 

ASTM G109 -
2009 
(Macrocell 
corrosion) 

Concrete Wet-dry 
cycle 
(14w – 14 d) 

• Only for uncoated steel 
reinforcement 
• Failure criteria:  
Cumulative Current >150 C 

ASTM G59 
ASTM G5, 
ASTM G180,  
ASTM G102 
(Polarization 
curves)  

NA Immersion • Cannot be used for electrolyte 
resistance of significant value 
• Cannot distinguish the corrosion 
mechanism of different steel types 

ASTM STP 1506 
(EIS) 

NA Varied 
temperature 

Can be used for performance evaluation 
of coated steels in aqueous systems 

ASTM STP 1188 
(EIS) 

NA NA Can be used for performance evaluation 
of coated steels in high resistive media 

JIS A 6205 Concrete 180ºC, 1 Pa, 
Saturated 
water vapour 

For evaluating corrosion inhibiting 
admixtures in concrete 
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2.3.7 RILEM TC 235-CTC 

RILEM TC 235-CTC committee tried to develop a test method to determine Clth of steel 

embedded in concrete. Figure 2.7 shows the schematic of the specimen adopted.  

 

(a) 

 

(b) 

Figure 2.7 RILEM TC 235 specimens (a) Schematic with dimensions and 
(b) in mist room 

10 mm
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The specimen had a hole near the steel to increase the availability of oxygen. The sudden 

drop in potential was considered as the indicator for corrosion initiation point.  In spite of very 

low concrete cover (10 mm) and specimen geometry adopted, corrosion initiation did not 

happen for most of the specimens after testing for more than 2.5 years. The committee could 

not develop a short-term method to find the Clth of the S-B system. This emphasizes the 

complexity of the phenomenon and challenges involved in developing such a test method for 

S-B systems. 

2.4 VARIATIONS IN MEASURED CHLORIDE THRESHOLD 

Figure 2.8 summarizes the Clth values reported in the literature. The number on the top of each 

bar represents the frequency of occurrence, i.e. the number of papers published with the test 

parameters or techniques. The vertical line indicates the range of scattering in the values 

reported. The second and third bar shows the variation in Clth reported depending on the type 

of cover material used (mortar/concrete). It has been reported that the Clth can be similar in 

both mortar and concrete, with similar microclimate at the S-B interface (Hussain and Ishida 

(2011). Moreover, the electrochemical response of the S-B interface will be more uniform 

when the cover is made of mortar instead of concrete (because mortar is more homogenous 

than concrete). Hence, the present study adopts mortar for electrochemical cell design and 

assessment of Clth. 
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Figure 2.8 Variation in Clth reported in literature (Angst et al., 2009) 

The Clth of concrete depends on the type of binders being used. For example, Clth of 

concretes with SCMs (Silica fume (SF), Flyash (FA), and GGBS) are low when compared to 

OPC. The reduction of Clth depends on the amount of reactive silica/ amorphous content of the 

SCM. This reduction is attributed to the consumption of Ca(OH)2 due to the pozzolanic 

reaction, which in turn leads to reduced pH buffering capacity at the interface. However, the 

time to reach the Clth at the interface is always longer due to lower ionic conductivity. The 

refined pore structure helps to restrict the ionic movement and thus the chlorides from reaching 

the steel surface.  

The exposure condition such as the wet-dry cycle, premixed chlorides, migration might 

influence the Clth in addition to the materials used. It is to be noted that the values used for each 

bar in Figure 2.8 contain different S-B systems, exposure conditions, and test methods.  The 

detection techniques such as half-cell potential, potentiostatic control/polarization led to 

OPC – Ordinary Portland Cement; SF-Silica fume; FA –Fly ash; GGBS – Ground granulated
blast furnace slag; CAP + DIF- Capillary suction + Diffusion; Mix- Premixed chlorides;
MIG- Migration; PC- Potentiostatic control / polarisation

Test parameters/techniques 
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different Clth due to data interpretation and failure criteria adopted. The techniques widely used 

for determining Clth are discussed in detail in Subsection 2.3. 

It is not appropriate to combine all such data of Clth and use that for service life 

estimation. In other words, the Clth values cannot be generalized - it must be reported for 

different conditions prevailing at the S-B interface for the specific material used. Such Clth 

values can ensure more realistic service life estimation. To achieve this, the factors affecting 

the chloride conditions at the S-B interface, microclimate at the S-B interface, electrochemical 

response and data interpretation, etc. to arrive at the Clth need to be studied in further detail. 

In summary, the Clth value reported in the S-B system is affected by three major 

parameters namely (i) ingredients of S-B system such as binder type, type of steel, inhibitors, 

(ii) exposure conditions which include techniques used to accelerate chloride ingress and 

corrosion initiation, and microclimate at interface such as relative humidity, oxygen, 

temperature, and pH, and (iii) electrochemical testing techniques such as half-cell potential, 

impressed current and their input parameters. In addition, cracked concrete and stressed steel 

lead to a variation of chloride threshold, which is beyond the scope of this research. 

2.4.1 Effect of materials on chloride threshold 

The Clth of the S-B systems depends on the type of materials being used. Three main types are 

discussed in detail. First, the effect of binders on Clth is discussed followed by steel and 

admixtures.  

2.4.1.1 Effect of binder types 

As explained earlier in Subsection 2.2.1, the type of binders influence the pH and pH buffering 

capacity at the S-B interface. In addition to the type of binder, the replacement level also plays 

a vital role in the chloride threshold as the availability of Ca(OH)2 at the S-B interface depends 

on both the reactivity of SCM and replacement level of OPC (Wild et al., 1996, Heikal et al., 
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2000 and Meddah et al., 2014). Also, the type of binder can influence the formation of passive 

film, which in turn can affect the chloride threshold.  

2.4.1.2 Effect of steel types and surface finish 

Highly polished steel surface can provide better resistance compared to the non-polished 

surface (Mammoliti et al., 1996). Alonso et al. (2000) reported that the Clth of ribbed bars did 

not change much when compared to smooth bars even though the corrosion rate did. Angst et 

al. (2011) found that rebar corrosion always started at the back side of the casting face (also 

the chloride ingress direction) of the specimen at a lower chloride threshold in comparison with 

the top face. This was attributed to poor bonding between concrete and steel due to plastic 

settlement, bleed water collection and high porosity of interfacial zone due to high w/b. To 

increase the longevity of structures exposed to chlorides, stainless steel rebars, galvanized 

rebars, coated rebars (epoxy coated, cement polymer coated etc.) are being used. Several 

controversies in performance of these rebars have been observed. For example, the de-bonding 

of the coating and crevice corrosion were observed in most cases of coated rebars with slight 

damage whereas galvanized coating is too active to provide long-term corrosion resistance 

(Manning, 1996; Dong at al., 2012). In general, the Clth of the as-received rebars are less than 

the smooth finished and coated rebars (Erdogdu et al., 2001). Also, stressed rebars and 

prestressed strands have less Clth than the unstressed steel, which is beyond the scope of this 

work. 

2.4.1.3 Effect of corrosion-inhibiting admixtures 

Corrosion-inhibiting admixtures (CIAs) have a direct influence on Clth, by acting as a barrier 

against the chloride attack on the passive layer of steel and are very effective for delaying the 

initiation of corrosion (Mammoliti et al., 1999). There are mainly two types of CIAs, namely 

anodic inhibitors and bi-polar inhibitors. Significant research has been done on different types 
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of CIAs (anodic, bipolar,etc.) and there are mixed opinions on their corrosion performance 

(Berke and Hicks, 2004; Jamil et al., 2004; Kessler et al.,2003; Nmai, 2004; Saricimen et al., 

2002; Söylev and Richardson, 2008). In general, it is believed that Clth can be enhanced by 

adding CIAs. However, the addition of CIAs can adversely affect the microstructure and 

resistivity of concrete, which in turn can accelerate the chloride ingress rate (Li et al., 2000; 

Paredes et al., 2010). Also, in order to be effective in corrosion resistance, CIAs should be 

added in the recommended dosage (Rengaraju et al., 2015). The study of the influence of 

inhibitors on Clth is beyond the scope of this work. 

2.4.2 Effect of exposure conditions on the chloride threshold  

Natural corrosion in reinforced concrete structures is typically a slow process, say decades. 

However, engineers need information on corrosion resistance in the short term, say a few 

months for selecting materials.  For obtaining corrosion results in short term, various 

techniques are used to accelerate the access to chlorides at the S-B interface and/or corrosion 

process.  The effect of these techniques followed by the microclimate at the S-B interface and 

the effect of chlorides on the formation of corrosion products are discussed in detail. 

2.4.2.1 Effect of accelerated ingress of chlorides 

Techniques for accelerating the access to chlorides at the S-B interface include (i) immersion 

in chloride solution, (ii) cyclic wet-dry exposure using chloride solution, (iii) premixing the 

concrete with chlorides (say, admixed chlorides), and (iv) impressed current or potential 

gradient. 

2.4.2.2 Immersion and wet-dry cycle 

When immersed in a chloride solution or when subjected to cyclic wet-dry exposure, the Cl- 

ions accumulate at the S-B interface due to diffusion and/or capillary suction. This condition 

mimics the real field structures and hence, the form of corrosion and the corrosion products are 
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close to the realistic corrosion process (Angst et al., 2009). However, this type of exposure 

takes a long time to initiate corrosion in good quality concretes. For example, ASTM G109 test 

using cyclic wet-dry exposure could take several years to initiate corrosion (Hansson et al., 

2006) – the more the corrosion resistance of the system, the more will be the test duration. 

Hence, researchers started assessing the corrosion performance of steel by embedding it in 

mortar instead of concrete. Even then, it takes several months to initiate corrosion when 

pozzolans are used (Fajardo et al., 2009).  The test duration would be longer if the w/b is low. 

Hence, to bypass or shorten the test duration required for natural chloride ingress in good 

quality concrete specimens, researchers have either used admixed chlorides or impressed 

current to assess the corrosion performance. 

2.4.2.3 Admixed chlorides 

Admixed chlorides in fresh concrete can accelerate the cement hydration and change the 

morphological structure of C-S-H gel (Koleva et al., 2007). The presence of chlorides in the 

fresh concrete leads to the formation of the non-uniform and weak passive film on the steel 

surface, which in turn leads to corrosion in the areas, where chlorides are present. Hence, the 

passive film in such specimens with admixed chlorides do not represent that of a concrete 

structure with natural exposure conditions and the corrosion rate and corrosion products may 

differ leading to erroneous conclusions (Poursaee and Hansson, 2009). Li et al. (2011) 

monitored the corrosion rate for admixed chloride specimens for one year and found that the 

corrosion rate decreases over a period of time. They attributed it to the sufficient availability 

of mixing water during the initial period, which was consumed at the later stages. The exposure 

condition required for sustained corrosion is not well-reported. Hence, it is not recommended 

to adopt admixed chloride technique to assess chloride threshold and corrosion initiation, 

except for testing the chloride contaminated raw materials (Poursaee and Hansson, 2007).   
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2.4.2.4 Impressed current 

It is common to adopt impressed current technique (by applying a constant potential gradient) 

to assess corrosion performance in short term (Austin et al., 2004).  Some believed that 

impressed current would not induce significant changes in the corrosion process.  The 

impressed current technique can be used for two purposes. First, it can be applied directly onto 

the steel to accelerate the corrosion process. For example, Care and Raharinaivo (2007) 

reported that an impressed current of 100 µA/cm2 did not induce any changes in the nature of 

corrosion products formed on the steel and properties of the interface when embedded in OPC 

mortar with and without chlorides. Based on this belief, the impressed current technique has 

been widely used to assess the effect of SCMs on corrosion rate and corrosion-induced cracking 

(Sharkawi and Seyam, 2018; Narasimulu et al., 2014; Abosrra et al., 2011; Sangoju et al., 2011; 

Austin et al., 2004).  However, the more the current and time of application, the more could be 

the effect on the concrete cover and corrosion products.  Microstructural changes can happen 

in concrete cover when a potential gradient of 20 V is applied for an extended period (say, 

more than 300 hours).  This is due to the migration of chloride ions and hydroxyl ions towards 

the steel and Ca2+ and other cations away from the steel (Marcotte et al., 1999; Care and 

Raharinaivo, 2007). In such cases, the porosity and interconnectivity of pores increase and lead 

to oozing of corrosion products, which in turn lead to lack of expansive stresses and cracking 

of concrete cover – although significant corrosion could have occurred. Poursaee and Hansson 

(2009) reported that chloride exposure with and without impressed current would lead to 

different types of corrosion and corrosion products. Second, the impressed current technique 

can be used to drive the chlorides to the steel surface, which bypasses the time required for Clth 

testing (Trejo and Pillai, 2003). However, the nature of the S-B interface can vary due to the 

application of the potential, especially for inhibitors systems with complex ions 

(Karuppanasamy and Pillai, 2015) and is not suitable for finding the Clth in such systems. 
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In sum, the technique adopted to accelerate the chloride ingress could significantly alter 

the nature of the S-B interface and should be used depending on the nature of the S-B systems. 

2.4.3 Effect of micro-climate at the S-B interface 

Corrosion initiation of steel depends on the physical and microclimate conditions of the S-B 

interface. Major factors influencing the microclimate at the S-B interface are (i) moisture, 

(ii) oxygen, (iii) temperature, and (iv) pH conditions.  The microclimate depends heavily on 

the bulk properties and thickness of cover concrete and ambient exposure conditions. The 

formation of the passive film and the amount of chlorides needed for de-passivation depends 

on the microclimate. Also, the relationship between the cover and exposure condition can be 

used to determine when to take electrochemical measurements.  This timing for measurement 

is very important for performing Clth studies using wet-dry exposure conditions. 

2.4.3.1 Effect of moisture at the S-B interface on chloride threshold 

Figure 2.9 shows the effect of relative humidity on Clth due to the changes in exposure 

conditions (Pettersson, 1996).  When the RH is 90%, the amount of chlorides required to initiate 

corrosion is less and thus considered as critical chloride threshold. When the RH is less than 

45% or greater than 90%, corrosion cannot occur due to the deficit of either moisture or oxygen, 

respectively, at the S-B interface (Hussain et al., 2012;  Enevoldsen et al., 1994). There could 

be a lag between the wet-dry cycle at the S-B interface and the wet-dry cycle at the concrete 

surface (Hong and Hooton 1999; Ryu et al., 2011; Zhang et al., 2012; Jaśniok and Jaśniok, 

2015). This lag is mainly because of the material properties and thickness of the cover concrete.  

Hence, the wet-dry cycle (at the concrete surface) to be adopted for achieving a particular wet-

dry condition or relative humidity (RH) at the S-B interface is important to be known.  Also, 

electrochemical measurements are affected significantly by RH at the interface (Law et al., 

2004). As the Clth study heavily depends on the RH at the S-B interface, the timing of 
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electrochemical measurement is also crucial. There is a need to understand the relationship 

between the wet-dry regime, and the material properties and thickness of cover on the RH at 

the S-B interface - to develop guidelines to mimic real-life scenarios in the laboratory. 

 

Figure 2.9 Effect of relative humidity on Clth of steel in mortar (Pettersson, 1996) 

2.4.3.2 Effect of oxygen at S-B interface on corrosion process  

Oxygen at the interface plays a key role in the nature of the passive layer formed at the steel 

surface (Kim and Young 2013). Oxygen is essential for the corrosion process to occur. In 

submerged conditions, the corrosion rate can be very low due to the deficit of oxygen. 

However, in highly humid surface conditions, the corrosion rate could depend on the quality 

and thickness of cover concrete. In particular, higher porosity will lead to higher concentrations 

of oxygen at the S-B interface, which in turn could lead to higher corrosion rate (Hussain et al., 

2012).  Also, notice that when sufficient chlorides and high humid conditions are present, 

hydrogen evolution in the crevices can sustain the corrosion rate, even in the absence of oxygen 

(Gonzalez et al., 2010). Therefore, electrochemical testing should be conducted at oxygen 

levels that mimic real-life scenarios (Alexander, 2016). As in the case of moisture conditions, 

the wet-dry regime can influence the oxygen availability at the S-B interface.  However, limited 

information is available on the effect of oxygen concentrations at the S-B interface on Clth. 
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2.4.3.3 Effect of temperature at S-B interface on corrosion process 

Temperature plays a key role in the stability and composition of the passive film and the 

corrosion potential could change with the change in temperature (Deus et al., 2012). An 

increase in temperature could lead to an increase in the corrosion rate. However, this effect 

cannot be directly related to the Arrhenius equation as the corrosion rate in concrete decreases 

beyond 50 °C due to the reduced oxygen solubility in the pore solution. Blockage of pores 

could happen in high temperature when concrete is in high humid conditions (Al-Khaja, 1997; 

Yuan et al., 2009; Alhozaimy et al., 2012). Also, the ambient temperature and the temperature 

at the S-B interface will become similar within a few hours (Liu et al., 2015). This lag could 

vary as a function of specific heat capacity and thermal conductivity of concrete. The 

electrochemical response (say, corrosion rate) can be greatly affected by a few degree Celsius 

change in temperature.  Therefore, maintaining a known and constant temperature throughout 

the duration of testing is essential. Also, the author could not find literature on the effect of 

temperature at the S-B interface on the Clth measurement.   

2.4.3.4 Effect of pH at S-B interface on chloride threshold 

Ordinary Portland cement concrete systems are highly alkaline.  In systems with SCMs, the pH 

at the S-B interface could be slightly low (say, around 12) because of the consumption of [OH]- 

ions for secondary hydration process or pozzolanic reactions (Angst et al., 2009; Thomas 1996; 

Alexander et al., 2013). Figure 2.8 shows the effect of pH on Clth.  The lower the pH at the S-B 

interface, the lower will be the Clth (Bentur et al., 1997; Kim and Young, 2013). 
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Figure 2.10 Effect of pH on Clth (Bentur et al., 1997) 

In summary, the passive film and Clth depends on the microclimate at the S-B interface. 

The rate of change of microclimate at the S-B interface is a function of the external 

environment.  However, literature does not clearly state what exposure condition should be 

adopted in the laboratory to mimic a particular microclimate at the S-B interface (to mimic 

real-life scenarios with various climatic and chloride conditions); and more importantly, when 

to measure the electrochemical response of the S-B system. 

2.4.3.5 Embedded sensors for assessing micro-climate in concrete 

Sensors can be used in the S-B interface to understand the microclimate, which is of primary 

concern in corrosion initiation. Norris et al. (2008) used micro-electromechanical systems 

(MEMS) sensor to monitor RH inside the concrete, the application of which was difficult for 

long-term data acquisition. Duffó and Farina (2009) developed embedded sensors to monitor 

corrosion in new and existing structures in field conditions.  The half-cell potential, oxygen, 

temperature, corrosion rate, and resistivity of concrete were measured using those sensors. 

However, it is difficult to adopt the sensor to the laboratory specimen design. McCarter et al. 
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(2010) used a multi-electrode sensor to capture the change in resistivity at different cover 

depths of two different concretes when subjected to wet-dry cycles and the temperature 

changes. They found that the convection zone in concrete is 30 mm, beyond which there is no 

change in resistivity due to the external environment. But, note that the thickness of this zone 

could also be dependent on the other properties of concrete. Martínez and Andrade (2009) 

developed in-house sensors to monitor the parameters such as resistivity and oxygen 

availability inside concrete in field conditions.  The major problem with many of the sensors 

is associated with their suitability for embedment in an alkaline environment for long-term.  

SHT1X series sensor with rubber encapsulation inside the mortar was used by Chang and Hung 

(2012). However, the data measured could be questionable due to the effect of encapsulation. 

This limitation could be overcome by using a system with a sensor and a filter cap.  Such 

systems can be used to monitor the RH and temperature inside the mortar for several months 

(Barroca et al., 2013). In this study, SHTnX series sensor with a filter cap is used to monitor 

the effect of wet-dry cycles on the RH and temperature at the S-B interface.  Such data will be 

used to choose an appropriate wet-dry cycle for further experiments on Clth. 

2.4.4 Effect of microclimate on the formation of corrosion products  

The formation of different phases of iron and its hydroxides/oxides (say, α-, β-, γ-, and ẟ -

FeOOH, and γ-Fe2O3) depends on the microclimate at the S-B interface (Misawa et al., 1974). 

Figure 2.11 shows the typical phases of iron oxides in the chloride-rich environment and its 

relative magnitude of expansion (Hansson et al., 2012). Corrosion-induced cracking of 

concrete cover is highly dependent on the expansive stresses generated by the unit volume of 

corrosion products.  
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Figure 2.11 Phases of iron oxides with their expansion (Hansson et al., 2012) 

The formation of different corrosion products in S-B systems subjected to chlorides is 

summarized in Table 2.3. Care et al. (2008) found that the corrosion-induced cracking and the 

time-to-crack, Tcrack, depend on the ability of corrosion products to ingress the surrounding 

concrete pores. This is dependent on the composition and density of corrosion products and the 

porosity of the S-B interface and surrounding concrete, which is affected by the incorporation 

of SCMs. For example, the presence of limestone could lead to a more porous passive film at 

the S-B interface (Batic et al., 2013), whereas the presence of metakaolin could lead to less 

porous S-B interface (Frías and Cabrera, 2000). Hence, the formation of the passive layer and 

the corrosion products should be investigated to assess the effect on electrochemical response. 
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Table 2.3 Formation of corrosion products in the presence of chlorides 

Initial 
product 

Later products 
formed 

Nature of the product Reference 

Passive layer Magnetite (Fe3O4) / 
Hematite (α-Fe2O3) 

During the initial phase of curing, 
an inner layer composed of 
magnetite and outer layer with 
oxygen availability composed of 
hematite is formed. Presence of 
hematite gives the orange color to 
the rust.  Formation of hematite or 
magnetite does not induce 
cracking as these oxides occupy 
only twice volume of steel and 
displace readily  

Marcotte et al., 

2007 

 

Green rust I Hematite  Green rust can dissolve in pore 
solution and ooze out through the 
pore spaces in concrete and on 
exposure to atmosphere forms 
hematite. 

Feroxyhyte 
(δ FeOOH)  

If the concentration of chloride is 
low, then Feroxyhyte is formed. 3 
times increase in volume is 
observed.  

Sagoe-Cretsil and 

Glasser, 1993 

 Akagenite (β-FeOOH)  If the concentration of chloride is 
very high, then Akagenite is 
formed. 3.5 times increase in 
volume is observed. 

Lepidocrocite 
(γ-FeOOH) 

If the electrochemical potential is 
high, then Lepidocrocite is 
formed. 3.1 times increase in 
volume is observed. 

Lepidocrocite  Amorphous ferric 
oxyhydroxide  

Lepidocrocite converts to an 
intermediate unstable product 
when the surrounding pH reduces 

Criado et al., 

2015 

Amorphous 
ferric 
oxyhydroxide 

Goethite (α - FeOOH) 2.9 times increase in volume 
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2.4.4.1 Characterization of corrosion products 

For characterizing the corrosion products, various techniques such as XRD, scanning electron 

microscopy (SEM), Mössbauer spectroscopy, Raman spectroscopy, and Electron micro probe 

analyzer (EMPA) are employed by researchers (Koleva et al., 2006; Suda et al., 1993; de la 

Fuente et al., 2011). Out of these, Raman spectroscopy is adopted widely due to its simplicity 

of data analysis and no sophisticated specimen preparation. All other techniques need specimen 

preparation before acquiring the data. Like every method of analysis, Raman spectroscopy also 

has its disadvantages. Raman spectrum is acquired at a particular spot and hence, it does not 

give the idea of an overall layer of corrosion products. Prolonged exposure and laser heat can 

transform one corrosion product to another (Criado et al., 2015). Hence, precautions should be 

taken to avoid such exposures while characterizing corrosion products. 

2.4.5 Cell geometry 

Figure 2.12 shows the corrosion cell with Working Electrode (WE) (specimen being tested), 

Counter Electrode (CE) and Reference Electrode (RE). The reliability of the response data from 

the advanced electrochemical test methods depends on the configuration of the specimen and 

electrodes and the specific properties of S-B systems.  
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Figure 2.12 Schematic of a typical 3-electrode corrosion cell  

2.4.5.1 The positioning of electrodes and electrolyte resistance 

The corrosion cell geometry can influence the electrochemical measurements in S-B systems 

due to the current distribution (Andrade et al., 1995; Myland and Oldham 2000). The 

positioning of RE in the solid electrolyte is not as flexible as the liquid electrolyte (Rutman and 

Riess, 2008). The position of RE between CE and WE (steel rebar) will affect the value of the 

solution resistance measured in the specimen. RE outside the current path will give low solution 

resistance. If localized corrosion is happening on one side of the steel rebar, then low-frequency 

spectra will be different (Pech-Canul et al., 1998). The S-B specimen with CE embedded in 

concrete can have a different impedance spectrum when compared to that of an S-B system 

with CE kept outside the concrete.  Zhang et al. (2014) also found that RE-WE-CE planar 

arrangement lowered the solution resistance in bio-anodes. The current distribution will not be 

the same in all geometries and the effect of the relative position of electrodes affect the 

electrochemical data.  Hence, the cell design should ensure minimum ohmic drop and uniform 

current distribution to have reliable electrochemical measurements. As there are no guidelines 

for the test set-up in S-B systems, different researchers have adopted different geometry, which 
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could affect the electrochemical data - making these data questionable and difficult to compare 

with results from other laboratories. The Clth values reported in the literature varies irrespective 

of the similar S-B system and electrochemical parameters adopted for testing (Angst et al., 

2009). This variation arises due to the electrode configuration and geometry of the specimen 

adopted for testing. Hence, there is a need to understand the effect of specimen and electrode 

configuration on electrochemical response ─ to enable the appropriate detection of corrosion 

initiation and corresponding Clth in advanced S-B systems. 

2.4.5.2 Effect of thickness and resistance of electrolyte (cover depth) 

The 3-electrode cell measurements are very sensitive to the electrode configuration. Symmetric 

configuration can accurately measure the impedance of an electrode; however, it was found, 

based on studies in aqueous media, that the electrolyte resistance is not linearly related to the 

distance between the RE and WE (Hsieh et al., 1997). The electrolyte resistance is dependent 

on three factors, namely (i) the arrangement of electrodes in the corrosion cell, especially the 

distance between WE and RE, (ii) the conductivity of the electrolyte, and (iii) the polarization 

resistance of the WE (Hack et al., 1990). The conductivity of electrolyte can change with time 

and distance (Ehrhardt, 1990).  A similar change in conductivity occurs in S-B systems as the 

cementitious system is a poor electrolyte with high resistivity. Different S-B systems can have 

different resistivity. Hence, the solution resistance at the same depth in different S-B systems 

need not be similar. Resistivity at any point in the S-B systems could depend on the exposure 

conditions, type of binder, material packing, w/b, etc. Also, the cover depth could affect the 

microclimate in the S-B interface as discussed in Section 2.4.5.2.   

Figure 2.13 shows the ohmic drop occurring in the corrosion cell due to the electrolyte 

resistance. Due to the high resistivity of concrete, the potential measured at the tip of RE and 

true potential at the WE is not the same and the measured potential at the concrete surface is 
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always less than the actual potential at the S-B interface. This phenomenon is called ohmic 

drop. Due to this, the electrochemical measurements are subjected to distortions. To reduce the 

ohmic drop, the RE should be kept as close as possible to the WE. However, to achieve this in 

S-B system, a complex cell design (with embedded luggin probe etc.) has to be adopted, a 

specimen of such kind is difficult to cast. Furthermore, in sol-gel electrolytes (S-B systems), 

non-uniform current distribution occurs due to poor corrosion cell design, which further distorts 

the corrosion measurements.  The ohmic drop is an important factor to be considered in the 

modern electrochemical measurement techniques like LPR and EIS.  The study of the effect of 

cover depth on ohmic drop and microclimate is needed.  

 

Figure 2.13 Illustration of ohmic drop in S-B systems  

2.4.5.3 Effect of size of the specimen 

Chloride-induced pitting corrosion is stochastic in nature and dependent on specimen size as 

more flaws may be expected in bulk (Takeyama and Shibata, 1977). Typical specimen size 

adopted in aqueous electrochemistry is 1 sq.cm.  The smaller the specimen size lesser the ohmic 
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drop.  Li and Sagüés (2002) found that smaller laboratory specimens were overestimating the 

realistic Clth value of S-B systems in structures. It was also reported that the Clth is dependent 

on specimen size and followed a probabilistic distribution.  Angst et al. (2011) found that 

corrosion initiation followed the spatial variation in the presence of chlorides. The presence of 

weak spots such as voids, bleed water accumulation, and other flaws in the S-B interface was 

found to be more in larger specimens than the smaller specimens – hence, larger the specimen, 

the larger will be the probability of corrosion initiation. It was also reported that there could be 

a characteristic length, which should be adopted if one needs to scale up to the real structures. 

However, no quantitative estimates on this characteristic length are reported in the literature. 

2.4.5.4 Effect of size of the counter electrode (CE) 

In aqueous electrochemistry, to avoid the rate-limiting step due to CE surface area, the area of 

CE is kept higher (Metrohm, 2011). Typically, the surface area of CE is kept as at least twice 

the area of WE (ASTM G61, 2014; ASTM G109). Ideally, the size of the counter electrode 

should be 100 times as that of the working electrode (Bockris et al., 2000).  The size of CE can 

influence the electrochemical measurement and it should be chosen in such a way to avoid the 

rate-limiting step. 

In summary, the electrode configuration (corrosion cell geometry) and the effect of 

various cell geometries need to be studied to understand the current distribution, which affects 

the ohmic drop. Because of these reasons and lack of understanding of the correlations, at 

present, the failure criteria adopted in one experiment in one lab cannot be directly adopted to 

another experiment in another lab.  Therefore, there is a need to standardize the corrosion cell 

configuration and exposure conditions that can be used to mimic the field conditions and then, 

estimate Clth of advanced S-B systems. 
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2.4.6 Corrosion initiation criteria 

Table 2.4 summarizes various approaches to corrosion initiation criteria adopted by 

researchers for determining Clth in various exposure conditions. The approaches used for 

initiation criteria can be classified into four categories, namely (i) fixed exposure time, (ii) fixed 

corrosion parameter (open circuit potential (OCP), charge passed, polarisation resistance (Rp), 

Corrosion current density (icorr), etc.), (iii) sudden increase/decrease in corrosion parameter, 

and (iv) statistically significant change in the corrosion parameter. These criteria were adopted 

based on the researchers experience and understanding of the definition of Clth. 

Table 2.4 Review of approaches detecting corrosion initiation from literature 

Initiation Criteria Author 
Significant weight loss from certain exposure time Thomas, 1996 

Fixed OCP (Ecorr  < -350 mV Vs. CSE ) ASTM C876; Song et al., 2008; 
Izquierdo et al., 2004;  
Pacheco and Polder, 2016 

Fixed charge passed (Q > 150 Coulombs) ASTM G109  

Fixed polarisation resistance (Rp < 10,000 Ω.cm2) Law et al. (2004)  

Fixed current density (icorr > 0.1 µA/cm2) Soleymani and Ismail, 2004; 
Andrade and Alonso, 1996; 
RILEM TC 154-EMC  

Sudden increase/decrease in corrosion parameter 
(OCP, Rp/icorr, Current required for maintaining 
potentiostatic control ) 

RILEM TC-235;  
Angst et al., 2011;  
Lollini et al., 2016;  
Boubitsas and Tang, 2013 

Statistically significant change in the corrosion 
parameter 

Trejo and Pillai, 2003; 
Karuppanasamy and Pillai, 2017  

 

Figure 2.14 shows the different initiation points adopted in literature and their possible 

influences on Clth estimation. The initiation time (t1) indicates the specimen achieving 
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corrosion current density of 0.1 µA/cm2. The time (t2) corresponds to the statistically 

significant increase in Rp compared to prior readings. The time (t3) corresponds to the fixed Rp 

of 10,000 Ω.cm2. Clearly, the time taken for each initiation criteria and Clth values in each case 

differ leading to wide variability in the reported Clth values. These different initiation criteria 

were based on visible corrosion spot observed by the authors in OPC specimens. These criteria 

may be good for finding the Clth in concrete with low and moderate resistivity. Nowadays, 

concretes with high and very high resistivity are being used. Table 2.1 shows the 

AASHTO  T  358 (2017) classification of resistivity based on the chloride ion permeability. In 

such cases of very high resistivity, the electrochemical response may be different and may not 

comply with the traditional systems. There are no guidelines to acquire and interpret data from 

such highly resistive systems, which the present study is focused upon.  

 

Figure 2.14 Effect of corrosion initiation criteria on Clth 

2.5 SERVICE LIFE ESTIMATION 

The service life of any structure depends on the interaction of many factors, which can be 

broadly categorized into three categories (i) structural, (ii) material, and (iii) environmental 

aspects. The engineer can manipulate the first two parameters to combat the effects of the third 
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one. Most of the codal provisions emphasize the material specifications such as Clth and 

structural specifications such as cover, the grade of concrete etc. for a given exposure condition. 

However, many failure instances of premature corrosion are reported even though these codes 

are being followed. To overcome such issues and enhance the service life, various materials 

such as highly resistive cement/binder, corrosion inhibitors, and coatings for steel and concrete 

surfaces can be adopted. However, the engineer needs to know the most influencing parameters 

that affect the service life to choose the preventive measures as well as to cope with the site 

conditions. For this to happen, the service life estimation tools should be user-friendly and 

parameters should be easy to evaluate.  

2.5.1 Chloride ingress equations 

To estimate the service life of structures against chloride-induced corrosion, the ingress of 

chlorides can be modelled as either pure diffusion or multi-ionic transport (convection, 

wicking, diffusion etc.) by considering Fick’s first law or second law (Marchand and Samson, 

2009). Fick’s first law is based on diffusion through flux, i.e. concentration gradient and the 

equation is as follows 

 x
DJ Cl

cl ∂
∂
⋅=
ϕ

 
2.1 

where, J is the flux, Dcl is the diffusion coefficient of chlorides in concrete, ɸcl is the chloride 

concentration, and x is the depth of penetration. Fick’s second law is based on diffusion and is 

based on a change in concentration with time and is expressed as follows  

 
2
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x

txCl
D

t

txCl
cl ∂
∂
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∂
∂

 
2.2 

where, Cl is the chloride concentration, Dcl and x are as in Equation. 2.1 and t is the exposure 

time or age of the structure. 
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2.5.2 Available models for chloride ingress 

Many software programs and mathematical models are available for calculating the service life 

of concrete structures. Table 2.5 summarizes the models available and their underlying 

equations. The chloride ingress is estimated in these models by either simple one-dimensional 

ingress or two-dimensional using finite difference approach or finite element approach. The 

definition of chloride concentration calculated from these models varies from one to another. 

For example, chloride estimation from the error function gives the total chloride content at any 

given instant at a particular depth whereas ClinConc gives the free chloride concentration. As 

the models incorporate more and more parameters to achieve realistic results, it becomes very 

difficult to estimate the service life.  
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Table 2.5 Available models to predict the chloride ingress 

Model Name Equations 
Sqrt-time  
(de Vera  et al., 2017) 

x = Dcl √t ; where x-concrete cover; Dcl – diffusion co-efficeint; t -time 

Error function  
(de Vera  et al., 2017);  
 
DuraPGulf  
(Shekarchi et al., 
2008) 

! ", $ = !& + !( −	!& . ,-./	(
"
4234$

) 

where, Ci = initial chloride concentration;  
Cs-surface chloride concentration;  
erfc- complementary error function  

Constant flux (de 
Vera  et al., 2017) ! ", $ = !& + 27 8

9:;<
exp − @A

B:;<8
− C@

:;<
,-./ ( @

√(B:;<8
)  

 
where, J- flux;  

CHLODIFF 
(Oslakovic et al., 
2010) 

! ", $ = [!& + F($ − 1)]. ,-./(
"
2 I) + F[(1 +

"J
2I). ,-./(

"
2 I)

− "
KI ,

L@
A
BM] 

where, k- coefficient for accounting linear increase in Ci ; 

 I = 	 234 N ON8
P ; factor for temporal variation of Dcl 

Duracrete 
(Duracrete, 2000) Q = 	!3RS − !(,34S 	,-./( "S

2 $
T34	S $

) 

where, T34S = (234)LU; !3RS -chloride at steel surface; !(,34S - surface 
chloride concentration; 
"S- concrete cover 

ClinConc  
(Tang, 2008) 

! − !&
!( − !&

= erf	( "

2 X:234
1 − Y . ($RZ[$ )\. [ 1 + $RZ[$ )UL\ − $RZ[

$
UL\

. $
) 

LightCon  
(Sun et al., 2010) 

$]^ = $RZ[(
"

2. ,-./LU !3R − !&
!( − !& . $RZ[	234,RZ[

)

J
UL_`	(:a< :;<,bcd8bcd 8 )

 

where, tSL- estimated service life; Ccr – Clth 

 

Table 2.6 shows some of the models with their features and limitations. The suitability 

of the service life models depends on the location and the condition of the structures. Even 

after developing so many models, there exists uncertainty between the laboratory and the field 
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exposure conditions. This uncertainty is due to challenges in obtaining realistic input 

parameters, poor understanding of the corrosion mechanisms, and not considering the local 

microclimatic conditions of the steel and size effect (Angst, 2019). Unless these challenges are 

addressed, refining the models based on the input parameters affect the prediction marginally 

and may not reflect the service life of structures in the field conditions. 

Table 2.6 Comparison of the models/tools available for estimation of service life 

Models/Tools Features Limitations 

Square root of 
time 

Simple and easy to calculate Many influencing parameters are not 
considered 

Life 365
TM

 • Simple and easy to use 
• Finite difference approach 

• Limitations in the value of certain 
input parameters (m) 

• No probabilistic consideration of 
input parameters 

• The effect of chloride binding is not 
considered 

• Deterministic approach 
Duracrete Probabilistic performance based 

durability design of concrete 
structures 

• The effect of chloride binding is not 
considered 

• The effect of corrosion inhibitor is 
not considered 

• Higher complexity due to many 
input parameters 

• Empirical model 
Clinconc • Finite difference approach 

• Multi-ionic transport 
• Chloride binding is 

considered  
• The corrosion initiation is 

mainly due to the free 
chlorides 

• Treats materials and 
environment separately 

Modeled for submerged structures 

Chlodiff 
 

Developed for new structures 
for which no data is available 

Unrealistic longer estimation of 
service life 
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2.5.3 Input parameters 

All the service life models from simple models like SQRT (time), error function, constant flux 

to more complex models like Life-365TM, CHLODIFF, Duracrete, ClinConc, etc. consider 

diffusion coefficient (Dcl), chloride threshold (Clth), and cover depth (d). The secondary 

parameters such as ageing coefficient (m), surface chloride concentration (Cls) also influence 

the estimation of service life.  

2.5.3.1 Cover depth (d) 

Cover depth is one of the most influencing parameters, which governs the service life 

irrespective of the models used. Standards such as IS 456(2000) recommend minimum cover 

depth, w/b, and strength class depending on the exposure conditions of the structure for 

ensuring durability. Increasing the cover is not recommended beyond certain limits due to the 

structural aspects and cracking tendency. The quality of concrete cover should be ensured at 

the site by proper compaction during placement and adequate curing. 

 

Figure 2.15 Variation of cover depth observed in field structures  

Figure 2.15 shows the variation observed in the cover depth of field structures (Polder 

and Rooij, 2005, Sagues et al., 2001). This illustrates that the variation in cover depth can range 

from zero to 100% from the design cover depth depending on the quality control at site. 
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Therefore, cover depth should be considered with standard deviation instead of a single value. 

Also, it is not enough to have physical cover to ensure the durability of the structure. To get 

the advantage of the cover, major emphasis is in terms of the choice of the binder and w/b that 

influences the Dcl.  

2.5.3.2 Diffusion coefficient (Dcl) 

The rate at which the chloride ingress occurs through the cover concrete by means of diffusion 

is denoted as Dcl. The service life models use Dcl to estimate the duration at which the corrosion 

initiation occurs i.e. the end of the corrosion-free service life. Figure 2.16 shows the spread of 

Dcl obtained from various concrete (Note: 70 references for 100 data points in Figure 2.16 are 

given as a list at the end of the REFERENCES section). The Dcl depends on the type of binder, 

w/b, compaction and curing. For practical purposes, Dcl can be considered to be in range 

between 1× 10-12 and 1× 10-10 for estimation of service life.  

 

Figure 2.16 Chloride diffusion coefficient values reported in literature. 
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Figure 2.17 Change in diffusion coefficient profile of concretes with and without SCM 

Figure 2.17 shows the typical diffusion coefficient profile of concrete with and without 

SCMs. It is well established that Dcl decreases with the age of concrete. It is evident from 

Figure 2.17 that the addition of SCM in concrete can decrease the Dcl. Table 2.7 summarizes 

the equations used in different models for the calculation of Dcl. For example, Life-365TM 

considers Dcl as a function of time and temperature. CHLODIFF considers Dcl as a function of 

w/c, admixtures, temperature, the presence of a crack, curing condition, and wind direction. 

ClinConc considers Dcl as a function of time, temperature, chloride binding, alkalinity, factor 

compensating for field condition, leaching etc. Since Dcl based on bulk diffusion tests are time-

consuming, Duracrete offers equation which converts the migration coefficient (based on NT 

BUILD 492) to diffusion coefficient. These equations of Dcl are based on either empirical 

formulations or physical phenomena.  As the sophistication of models increases, the calculation 

of Dcl becomes close to reality but more complex to calculate.  The present work uses the 

simple calculation of Dcl based on time alone. 
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Table 2.7 Summary of different approaches for calculation of Dcl  

Models Equations for diffusion coefficient 
Time 
dependent 
(de Vera  et 
al., 2017) 

234 $ = 2RZ[	(
$RZ[
$ )\ 

where, Dref - Dcl at reference time; tref (usually, 28 days); Dcl(t) – Dcl at any 

time instant, t 

Life-365TM 

(Life–365, 
2012). 

234 $, f = 2RZ[	(
$RZ[
$ )\	,

g
h

U
ibcdL

U
i  

2RZ[ = 10LUJ.PklJ.B(m 3). ,LP.Ukn.]o 

where, U- activation energy of the diffusion process; R-gas constant; 

Tref  = 293K; T-absolute temperature; w/c- water to cement ratio; SF - % of 

silica fume (valid upto 15%) 

ClinConc 
(Tang, 2008) 234 = 	

0.8q8J − 2q8 + 2.5 1 + 0.59Xt,RZ[ . Fi:
1 + Fuv,RZ[. Xt,RZ[. Fit. .t. wt. ( !(

35.45)yz	LU
. 2RZ[ 

where, at - time–dependent factor for chloride binding; Kb,ref – binding 

factor found at tref; fb and βb – chloride binding constants; kOH - factor for 

alkalinity; 

kTD and kTb are the temperature factors for Dcl and chloride binding 

CHLODIF 
(Oslakovic et 
al., 2010) 

234 = 	2m3 . .&{8(!|}N, ~!�N, ~ÄN, /Å-ÇÉQ, /-q/F). .Z@8($, f, TÑ,Ö(, !() 

234 = 5×	10LUÜ. ,B.áàPá m 3 . .&{8. [1 + 256 1 − TÑ
100)

B
LU
. $L\ 

where, CIA – Corrosion inhibiting admixtures, SCMs- supplementary 

cementitious materials; SPs- Super plasticizers, RH- relative humidity;  

Ws- wing influence 

DuraPGulf 
(Shekarchi et 
al., 2008) 

234 = 234,RZ[(
$RZ[
$ )\. exp ä

T 	×
1
fRZ[

− 1
f . [1 + 256(1 − TÑ

100)
B]LU 

Duracrete 
(Duracrete, 
2000) 

234 = FZ. F3. 2hãå. (
8bcd
8 )

\   

where, ke – environmental factor; kc – curing factor;  

DRCM - Dcl from migration tests 
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2.5.3.3 Ageing coefficient (m) 

 Dcl decreases over a period of time due to the prolonged hydration and such effect is more 

prominent in the cases of blended cement and in structures where moisture is continuously 

available. (Al-Alaily and Hassan, 2016). Life-365TM estimates m based on the Equation 2.3 

Y = 0.2 + 0.4	 %é}50 +%~è70 ≤ 0.6 
 2.3 

where FA and SG are fly ash and slag respectively. Here ageing factor for other SCMs is not 

considered. Also, experimental values of m based on electrical resistivity were reported to be 

higher than the estimated value of m from Life-365TM. Clinconc defines m as follows 

Y = −0.45q8J + 0.66q8 + 0.02  2.4 

To find m experimentally, two approaches are proposed. In the first approach, the 

determination of Dcl from specimens subjected to prolonged exposure is done. Then, regression 

analysis is done to determine m. In the second approach, indirect methods based on electrical 

conductivity of concrete are used. Andrade et al. (2011) proposed the following equation to 

find the electrical conductivity of concrete 

í8 = íRZ[	(
$RZ[
$ )\ 

2.5 

where, σt and σref are the electrical conductivities at exposure time t, and reference time tref 

(e.g., 28 days). Values of m-for concrete vary depending on the type of binder and w/b, which 

is summarized in Table 2.8. 
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Table 2.8 Ageing coefficient of different binders reported in the literature 

Binder m  Reference 

OPC 0.2-0.4 Stanish and Thomas, 2003; 
Ferreira et al., 2016 

OPC+10-20% Fly ash (FA)  0.40 
Markeset and Skjølsvold, 
2010 

OPC+30% FA  0.55 
Pillai et al., 2018 

OPC+35% FA  0.52 
Markeset and Skjølsvold, 
2010 

OPC+>50% FA 0.7 
Stanish and Thomas, 2003 

OPC+ Upto 10% Silica fume (SF) +20 % FA 0.46 
Markeset and Skjølsvold, 
2010 

OPC+8-10% SF  0.38 

OPC+20% SF  0.43 

OPC+20% Slag 0.32 
Park et al, 2016 

OPC+40% Slag 0.52 

OPC+60% Slag 0.7 

OPC+70% Slag  1.2 
Markeset and Skjølsvold, 
2010 

OPC+25% Metakaolin (MK) 0.55 Ferreira et al., 2016 

LC3 0.5 Pillai et al., 2018 

Sulphate resisting portland cement (SRPC) 0.3 Tang and Gullikers, 2007 

SRPC+20% FA 0.69 

 

2.5.3.4 Chloride threshold (Clth) 

As reported earlier in Subsection 2.3, since there are no standard test methods and guidelines 

available, huge scatter in the reported Clth values is observed. The service life estimation 

depends on this Clth value and hence, the estimated number of years also is subjected to 
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variation. Realistic estimation of Clth is crucial for service life estimation, which is the focus of 

this work.  

2.5.3.5 Surface chloride concentration (Cls) 

Since chloride ingress is based on the concentration gradient, the chloride concentration 

at the outer surface of the cover (Cls) is an important parameter to consider apart from d, Dcl 

and Clth. This concentration depends mainly on the location of the structure and quality of the 

concrete mix (binder, w/c). Figure 2.18 gives the maximum surface chloride concentration and 

its build-up rate based on the exposure conditions given by Life-365TM. This classification is 

very helpful to the engineer to account for the surface chlorides, which other models lack to 

consider and prior knowledge is required for the input values. Alternatively, this value can also 

be found from field structures considering the age and exposure conditions of the structure. 

 

Figure 2.18 Surface chloride concentration profile (Life-365TM) 

Other factors such as cross-section, the location of the structure (windward side/ leeward 

side) also influence the service life. In summary, when the models consider more sophisticated 

equations for estimating the chloride ingress, it becomes more complex and is not user-friendly. 

Also, as number of parameters exist, there arises the question of influencing parameters and 

discrepancy among the researchers.  
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2.5.4 Sensitivity analysis 

Since the initiation phase is dependent on the amount of chlorides available at the interface, 

this phase is modelled using different chloride ingress models by various researchers. This 

leads to so many input parameters and how to get those parameters and their importance are 

not clear. In addition, the sensitivity analysis of the input parameters leads to more confusion 

due to ambiguity in the order of influence reported. Table 2.9 shows the result of the sensitivity 

analyses of influencing parameters on service life showing significant discrepancies. The 

evolution of material characteristics with time is not considered in many of the models while 

doing sensitivity analysis. Also, the interaction of these variables in the service life is not 

discussed much in literature. There is a need to understand the parameters, its interaction, and 

its impact on the estimated service life. 

Table 2.9 Ranking of parameters influencing service life 

Ranking of parameters Reference 

d > Clth > Cls > t Prezzi et al., 1996 

m > d > Dcl > Clth > Cls (w/b = 0.5) Pettersson and Norberg, 2000 

d > m > Dcl > Clth > Cls (w/b = 0.7) 

Dcl > d  Kirkpatrick et al., 2002 

d >Dcl  & Clth > Cls Khatri and Sirivivatnanon, 2004 

d > m > Dcl > ti > Clth > Cls Ferreira, 2007 

d > Dcl > Clth Trejo and Reinschmidt, 2007 

Clth > Cls > Dcl Zhang et al., 2011 

Note: a > b indicates “a” influences more than “b”. 
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SUMMARY OF THE KNOWLEDGE GAP  

In sum, the reliability of service life estimation lies in the input parameters used for its 

calculation. Literature reports a wide range of Clth and it is often difficult to choose one for 

service life estimation. This is mainly because of the lack of demarcation of Clth based on the 

materials and exposure conditions. In addition to the materials and the exposure conditions, the 

testing methods play a significant role in the determination of the Clth. The testing methods 

which are prevalent in practice are designed based on the assumption that the concrete is of 

low resistivity and its resistance is neglected. However, with the usage of SCMs, the resistivity 

can be significant enough to mask the ongoing active corrosion. Also, the electrochemical 

measurements obtained from a testing method depends on the corrosion cell configuration. 

Hence, the corrosion cell, testing technique, and its input parameters should be chosen 

effectively to account for the resistivity of the concrete in order to obtain realistic values of 

chloride threshold. There is a need for a test method to determine the Clth of steel in short term 

when highly resistive binders are used. The present work focuses on the development of a test 

method to determine the Clth of steel in highly resistive binder systems. 

The Clth of highly resistive concretes with SCMs is lower due to reduced pH and pH 

buffering capacity. Several codes restrict the materials based on their Clth value. It is to be noted 

that SCMs in concrete can impart very high resistance against the ingress of chloride ions and 

delay the onset of corrosion in spite of lower Clth. Therefore, to choose the materials for durable 

concrete structures, engineers need to estimate the service life of structures with these material 

properties. However, the service life estimation is more complicated due to the number of 

parameters involved. There are no clear guidelines of material parameters based on their 

sensitivity towards enhancing the service life of structures. There are no readymade user-

friendly tools available for them to have a quick estimation for materials selection. Thus, this 
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work focuses on developing a user-friendly nomogram for service life estimation with a study 

of the sensitivity of input parameters.  
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EXPERIMENTAL PROGRAM 

3.1 INTRODUCTION 

This chapter explains the materials and methodology adopted. The materials are discussed in 

detail first followed by methodology. The methodology section is explained in four 

sub-sections with one objective each in detail.  

3.2 MATERIALS 

The various materials used for the specimen preparation and data acquisition are described in 

detail in this section. 

3.2.1 Binder 

Three types of binders namely, ordinary portland cement of 53 grade (OPC) confirming to IS 

269: 2015, PFA (70%, OPC and 30% Class F fly ash), and Limestone Calcined Clay Cement 

(LC3) [50% clinker, 30% calcined clay, 15% limestone and 5% gypsum] were used for the 

study. Class F fly ash sourced from North Chennai thermal plant (as received) was used for the 

study. Industrial trial production of LC3 cement, which is yet to be commercialized was used 

for this study. Table 3.1 gives the physical properties of the binders used and Table 3.2 gives 

their oxide composition  

Table 3.1 Physical properties of binders 

Binders and 
mineral 
admixtures 

Specific 
Gravity 

Specific surface area 
(m2/kg) 

OPC 3.18  320  

LC3 3.01  520  

Class F fly ash  2.49  330  
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Table 3.2 Oxide composition of the binders used 

Oxides 

Concentration (%) 

OPC 
LC3 

Class F 
fly ash Clinker Calcined 

Clay 
Limestone 

Al2O3 4.17 5.24 24.95 1.74 29.95 

CaO 64.59 63.81 0.09 48.54 1.28 

Fe2O3 3.89 3.41 5.08 1.62 4.32 

K2O 0.59 0.19 0.21 0.13 1.44 

MgO 0.88 3.06 0.19 0.467 0.61 

Na2O 0.16 0.32 0.05 - 0.16 

SiO2 19.01 21.12 58.43 10.07 59.32 

SO3 1.7 0.63 - 0.01 0.16 

TiO2 0.23 - 0.10 1.41 0.206 

LOI 1.4 0.98 9.58 37.09 - 

 

3.2.2 Steel  

The property of steel specimens plays a key role in the initiation time for corrosion. Hence, the 

TMT steel specimens were tested for proper martensitic ring formation using Nital solution 

(Nair, 2017). Tata tiscon brand was found to be good for smaller and bigger diameter and the 

same brand was used throughout this study. An 8 mm steel rebar for mortar specimens and 

16 mm rebar for concrete specimens were used. The steel rebar was cleaned in ultrasonic 

cleaner using ethanol reagent before using it in concrete/mortar. 

3.2.3 Aggregate 

To have the repeatability in the procedure, all mortar samples were cast with standard IS 650 

sand (Fine aggregate). Grade 2 (500 µ − 1 mm size) and Grade 3 sand (90 – 500 µ size) were 

used for mortar study. These grades were fixed in equal proportion after trying with different 

w/b for uniform flow without segregation in the flow table test. The cement to sand ratio was 

1:2.75 as per ASTM C109. River sand (passing through 4.75 mm) confirming to (IS: 383 - 
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1970) was used for concrete studies. Coarse aggregate (Granite) of 10 mm and 20 mm 

confirming to (IS: 383 - 1970) was used for concrete studies. 

3.2.4 Water and Superplasticizer 

Distilled water was used for mortar specimens and tap water was used for concrete specimens. 

In addition to water, to achieve the desired workability, Polycarboxylate ether (PCE) based 

superplasticizer (Master-Gelenium Sky 8223) was used for the study wherever required. It had 

a solid content of 33% and density 1080 kg/m3.  The pH and specific gravity were 6.0 and 1.08, 

respectively. 

3.2.5 Electrodes 

For all the experiments involving counter electrode (CE), Nichrome mesh was chosen as CE. 

It had good corrosion resistance properties and was stable in the alkaline chloride rich 

environment. All the experiments made use of Saturated Calomel Electrode (SCE) as the 

reference electrode. The reference electrode was stored in the bottle of saturated KCl at 

constant room temperature (25 °C) to avoid fluctutations during the repeated experiments. 

3.3 METHODOLOGY 

The main focus of this study is to acquire and interpret the electrochemical response of highly 

resistive systems to estimate the Clth and service life. Based on this, the experimental program 

has been designed, which is given in Figure 3.1 [Note: Figure 3.1 is the reproduction of Figure 

1.1 for the convenience of the reader]. 



65 
 

 

Figure 3.1 Experimental program (reproduced from Figure 1.1) 

3.4 PROGRAM 1 ─ EVALUATION OF THE SUITABILITY OF EXISTING 

TECHNIQUES FOR HIGHLY RESISTIVE SYSTEMS 

This objective focuses on widely used existing test methods and evaluates their suitability for 

testing highly resistive S-B systems. First, a standard test method ASTM G109 was evaluated 

to understand its suitability for acquiring data from advanced S-B systems. Since the time taken 

for G109 test method was longer, to quickly assess the corrosion performance of LC3, 

impressed current corrosion test was also conducted. Then, a short-term test method based on 

LPR technique was also evaluated for its feasibility to assess the corrosion rate in highly 

resistive systems. The methodology adopted and materials used are discussed in detail for each 

test. 
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3.4.1 Macrocell corrosion  

The suitability of the test method for evaluating the performance of solid steel rebars in the 

highly resistive cementitious matrix is assessed. The comparison of open circuit potential and 

cumulative current in low resistive and the high resistive cementitious matrix is done.  

3.4.1.1  Specimen preparation 

Figure 3.2 shows the specimen design adopted as per the standard ASTM G109. Three binders, 

namely OPC, PFA and LC3 and 16 mm TMT steel were taken for study. The M25 concrete 

mix was taken for the study. Table 3.3 shows the mix design of the concrete used. The size of 

the coarse aggregate was restricted to 10 mm to have a reduced cover depth of 19 mm as per 

the standard. Six specimens were cast for each combination. 

Figure 3.2 Macrocell corrosion test specimen and its schematic diagram 

Table 3.3 Mix design used for ASTM G109 specimen 

Ingredients 
Quantity 
(kg/m3 of concrete) 

Binder 360 

w/b 0.5 

Fine aggregate 877 

Coarse aggregate 954 

 

Photo  
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As shown in Figure 3.3, TMT/QST steel pieces of 16 mm diameter were used for this 

study. The steel pieces of 360 mm length were cut using a chop saw with an abrasive cutting 

blade. The surface of the rebar was cleaned using ethanol in an ultrasonic cleaner as shown in 

the Figure 3.3 and wiped clean using a cloth. The 200 mm long portion at the center of the steel 

rebar piece was exposed and the rest were covered with electroplaters tape and neoprene tubing. 

The ASTM G109 specimens were cast using the prepared steel rebar pieces and cured for 28 

days after casting. A 100 Ω resistor is connected between the top and bottom bar with the help 

of a 4 mm screw. 

 

 

(a) Cleaning in ultrasonic cleaner (b) Cleaned specimens 

 

 

(c) Ends wrapped with electroplaters tape  (d) Neoprene tubing protection over the tape 

 
 

(e) Mould with provisions for dam (f) Mould with steel rebars ready for casting 

Figure 3.3 Step-by-step procedure shown for casting ASTM G109 test specimen  
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3.4.1.2  Chloride exposure and corrosion monitoring 

The specimens were subjected to cyclic wet-dry exposure (14 days of ponding followed by 14 

days of drying) using 3% sodium chloride solution. Figure 3.4 shows the arrangement for 

measurement of HCP and Icorr in ASTM G109 specimens. The voltage across the 100 Ω resistor 

(i.e., in Circuit 1 - between the top and bottom rebars) was measured using a 5.5 digit precision 

multimeter at the 7th day of wetting in each cycle. This was used to calculate the Icorr, average 

in Circuit 1. The End of Testing (EoT) was defined as the time when Icorr, average attains 150 

Coulombs (as per the ASTM G109). In addition, half-cell potential of the top rebar was 

monitored as per ASTM C876 with respect to saturated calomel electrode (SCE). The time to 

corrosion was calculated as per ASTM G109 standard. At the end of exposure/testing, all the 

specimens were autopsied and the anode rebars were visually observed for corrosion spots. 

 

Figure 3.4 Set-up for HCP and Icorr tests in ASTM G109 specimen 

3.4.2 Impressed current corrosion test method  

The experimental design evaluates the ability of this test method to assess the corrosion rate of 

steel embedded in three binder types (OPC, PFA, and LC3 systems) in severe corrosive 

exposure conditions simulating the field conditions.  Table 3.4 provides the mix design adopted 

I
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for this study. The slump during concreting was maintained between 80 and 120 mm. Two 

grades of concrete M35 and M50 were designed for each binder type. 100 mm cubes were used 

for determining the compressive strength and 150 x 300 mm cylinder was used for split tensile 

strength for each grade of concrete. The specimens were categorized into three groups (T1, T2 

and T3) as shown in Table 3.4. A total of 60 specimens with five replicas for each combination 

of binder and concrete grade were cast. In the first group T1, all the three types of binders, 

namely OPC, PFA, and LC3 systems in two grades M35 and M50 were studied. When the OPC 

specimen cracked, the companion specimens of PFA and LC3 were also taken out from testing. 

In the second group T2, only the PFA and LC3 specimens of M35 and M50 grade were taken 

for testing. When the PFA specimen cracked, the LC3 companion specimen was taken out from 

testing. For the third group, T3, the LC3 specimens were tested till the specimen cracked or 

500 hours of potential application, whichever was earlier. 

Table 3.4 Mix design and experimental program of ICC test method 

Materials M35 M50 
Binder type OPC PFA LC3 OPC PFA LC3 

Binder content (kg/m3) 310 360 310 360 380 440 

Fine aggregate (kg/m3) 695 721 770 703 699 711 

Coarse aggregate (kg/m3) 10 mm 496 463 501 477 475 462 

20 mm 744 694 751 716 713 694 

w/b  0.5 0.45 0.45 0.4 0.35 0.35 

Number of ICC specimens T1 group 5 5 5 5 5 5 

T2 group - 5 5 - 5 5 

T3 group - - 5 - - 5 
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3.4.2.1 Specimen design 

Figure 3.5 shows the schematic diagram and the actual photograph of the impressed current 

corrosion (ICC) test set-up. Each ICC test specimen consisted of a concrete cylinder (200 mm 

long x 100 mm diameter) with a 16 mm diameter TMT rebar (100 mm long) embedded at the 

centre. The end cover of 50 mm was maintained, which ensured the failure (crack) through the 

sides (42 mm side cover). The rebar was cleaned in an ultrasonic cleaner with ethanol as a 

reagent. A 4 mm stainless steel rod was inserted in the thread given at the centre of the rebar. 

To avoid the connection edge from galvanic corrosion, a heat shrink tube was put till 50 mm 

of stainless steel rod as shown in Figure 3.5(a). From the preliminary study (Appendix A), it 

was found that the longer application of voltage led to corrosion of stainless steel and heating 

of the specimen, which resulted in loss of connection to the specimen. To ensure the isolation 

of the stainless steel rod, the epoxy coating was also done on top of the heat shrink tube and 

the edge of the steel rebar facing the heat shrink tube. For more details, see Appendix A. Hence 

the specimen was redesigned for cover and application of potential. Specimens were cured for 

28 days before testing. 
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(a)  

 

 

(b)  

Figure 3.5 Test set-up of ICC specimen (a) Schematic and (b) photo  
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3.4.2.2 Testing methodology 

Specimens were submerged in Simulated Pore Solution (SPS) (One litre of SPS composed of 

10.4 g of NaOH, 23.2 g of KOH, 0.3 g of Ca(OH)2 and 966 g of distilled water (Alapati, 2014)) 

with 3.5% NaCl after curing. The rebar in the specimen was connected to the positive terminal 

of the DC power supply system. A nickel chromium mesh placed in the electrolyte was 

connected to the negative terminal. An external potential gradient of 15 V was applied for 10 

hours a day until failure (visible crack) occurred. The potential application was restricted to 10 

hours to avoid the microstructural changes that can occur due to prolonged exposure (heating 

of concrete) in high resistive concrete as described in Appendix B. The corrosion current was 

measured (across a shunt) every 4 hours during the application of the potential.  The Tcrack is 

defined as the duration, at which visible (using naked eyes) crack was observed. The T1 

specimens with OPC, PFA and LC3 binders were autopsied to study the microstructural 

characterisation of their interface. 

3.4.2.3  Microstructure characterisation of S-B interface 

a) Visual observation 

The visual observation of rust was done for all the specimens just after splitting. In the case of 

the ICC test method, the cracked concrete specimens were split into halves by the split tensile 

strength test method and the steel rebars were taken out. The visual observation was followed 

by the oxide composition analysis within ten minutes of the autopsy. 

b) Composition of corrosion products  

After the potential application, the oxide composition of the rust in three different types of 

concrete was characterised by Raman spectra. Raman spectroscopy is very popular due to the 

acquisition of data by non-contact and non-destructive methodology. Tcrack. Monochromatic 

light with a wavelength of 488 nm-1 and 600 gratings was used to acquire the spectra using 

Horiba Jobin Yvon HR 800 UV instrument. This spectrum serves as a fingerprint for the 
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particular substance. Raman spectra are based on the vibrational spectroscopic technique in 

which the sample scatters the incident light depending on the molecular vibration and crystal 

structure. Before taking the spectrum, the instrument was calibrated with silicon. The spectra 

obtained was compared with literature for the specific peaks to identify the oxide phases. The 

spots of severe rust at the concrete interface were identified for each of the binder types. The 

laser was focused on the rust spots by keeping the specimen on the platform directly below the 

lens to generate the spectra. In the case of LC3 specimens, since there was no visible rust 

accumulation at the concrete surface due to low corrosion rate, the rusted steel specimen was 

taken directly for oxide analysis immediately after splitting. These results were compared with 

the results obtained from specimens subjected to chlorides in a wet-dry cycle. All the ICC steel 

specimens were cleaned in ASTM G1 solution and visually observed for corrosion pits. 

c) Porosity at the steel-binder interface 

As severe corrosion was expected for the ICC specimens, the porosity at the S-B interface was 

studied to understand the porosity induced due to buffering of Ca(OH)2. The porosity was 

characterised with the help of mercury intrusion porosimetry (MIP). MIP was done using 

Thermo Scientific, Pascal 140–440 porosimeter instrument. This instrument can measure pore 

sizes ranging from 100 to 0.003 µm. The portion of the broken specimen, which had the 

impression of the steel was taken. The concrete chunks without larger aggregates from three 

different locations of the 100 mm long S-B interface (i.e. top, middle and bottom) were 

collected. The mass of the sample was maintained constant for all the three classes of concrete, 

namely OPC, PFA and LC3. The M35 grade of concrete was studied to understand the porosity 

of the interface using MIP. 
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3.4.3 Linear polarisation resistance (LPR) 

Based on the learnings from sub-objective 1 and 2, the specimen design was modified as 

follows 

1. A lollipop type specimen with a single rebar was designed to assess the Clth 

2. Since Clth is an S-B interface property, which is not significantly influenced by aggregate, 

mortar instead of concrete was used so that the results could be obtained in a few months. 

3.4.3.1 Determination of corrosion rate 

The corrosion rate of the TMT rebar embedded in three binders, namely OPC, PFA and LC3 

was assessed with three levels of admixed chlorides (0%, 5% and 10% NaCl). The lollipop 

specimen was prepared using 8 mm diameter and 250 mm long TMT bar. The bars were 

cleaned using isopropanol to remove any rust on the surface. The bars were exposed 50 mm 

near the bottom and the rest were coated with two thin layers of low viscosity epoxy (Sikadur-

52 UF). The prepared steel pieces were embedded in 110 mm long cylindrical mortar (water: 

cement: sand ratio - 0.5:1:2.75) and 10 mm cover. Due to alkalinity of the system and ageing 

of epoxy, crevice corrosion occurred in the non-exposure regions. This led to noise in the LPR 

data and the testing was discarded. The details of the test method and the results are discussed 

in the Appendix B. Due to the failure of the lollipop specimen, for determination of Clth, the 

lollipop was redesigned, which is explained in the next section. 

3.4.3.2 Determination of Clth  

A comprehensive experimental program was designed to estimate the Clth of TMT rebar 

embedded in three binders, namely OPC, PFA and LC3. The specimen was modified as shown 

in Figure 3.6 to eliminate the crevice corrosion due to epoxy degradation. The steel specimens 

were prepared using 8 mm diameter and 70 mm long TMT bar. The bars were cleaned using 

ethanol to remove any rust on the surface. The prepared steel pieces were embedded in 110 
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mm long cylindrical mortar (water: binder: sand ratio - 0.5:1:2.75) and 10 mm cover.  The test 

specimens were cured in a laboratory environment (25°C and 65% RH approximately) for 24±1 

hours. After this, the specimens were immersed/cured in simulated pore solution (SPS) for 7 

days. Then, each specimen was coated with epoxy in the outer mortar surface leaving 50 mm 

in the middle. When the specimen was dried on the surface, it was immersed in SPS+3.5% 

NaCl solution till 28 days. 

 

 

(a) (b) 

Figure 3.6 Photo and Schematic of the lollipop test specimen 
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a) Corrosion test set-up  

Figure 3.7 shows the test set-up used to conduct the Linear Polarization Resistance (LPR) test 

consisting of the Solartron 1287 potentiostat, a 3 electrode Corrosion cell set-up (see) with a 

working electrode (WE), a counter electrode (CE), and a reference electrode (RE). The steel 

embedded in the lollipop specimen was treated as WE. A 90 mm diameter pipe made of 

Nichrome wire mesh was used as the CE. The test specimen was placed inside this CE. The 

saturated calomel electrode (SCE) was used as the RE and placed close to the surface of the 

mortar with the help of the luggin probe. All the electrodes were placed in a glass beaker with 

a simulated pore solution (SPS) mixed with 3.5% NaCl. This formed the corrosion cell as 

shown in Figure 3.7. This corrosion cell set-up was then connected to a potentiostat and 

computer for recording the readings.  

b) Corrosion measurement method  

The specimens were subjected to wet-dry cycle (2 days wet and 5 days dry) and electrochemical 

readings were taken at the end of the wet cycle.  At first, the Open Circuit Potential (OCP) of 

the steel specimen was measured. Immediately after measuring the OCP, the LPR test was 

conducted using a scan range of ±15 mV with respect to the measured OCP of each specimen. 

A scan rate of 0.1667 mV/s was used. Failure of the specimen was considered when the 

polarization resistance value reached 10,000 Ω or a visible corrosion spot (Law et al., 2004). 
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(a) 

 

(b) 

Figure 3.7 (a) LPR test set-up and (b) Corrosion cell 
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3.5 PROGRAM 2 ─ FACTORS AFFECTING ELECTROCHEMICAL RESPONSE 

FROM STEEL-BINDER SYSTEMS 

Based on the observations in experimental program 1, the lollipop specimen design was slightly 

changed to ensure uniform cover throughout the length of the rebar. The exposure conditions 

such as temperature (25°C) and exposure solution (SPS + 3.5% NaCl) and length of the WE 

(100 mm) were kept constant throughout the test. Standard mortar mix proportion (0.5:1:2.75) 

with Grade-2 and Grade-3 IS sand in 50:50 was used. Figure 3.8 shows the modified test 

specimen and the corrosion cell set-up for LPR testing. It was decided to investigate the effect 

of various input parameters on the electrochemical response of S-B systems. First, factors 

affecting LPR technique such as scan rate, scan range, and IR-compensation were investigated.  

3.5.1 LPR ─ Scan range and scan rate 

The effect of scan rates of 0.05, 0.1, and 0.1667 mVs- 1 and scan ranges of ±10, ±15, and 

±30 mV versus OCP were investigated. Various LPR tests with IR compensation ON was 

conducted. However, significant noise was observed in all the tests with IR compensation ON. 

Various attempts were made to troubleshoot this; however, a suitable solution was not obtained. 

Hence, the suitability of EIS for determining Rp was investigated. 
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.    

  (a) Test specimen 

 

 
(b) Test set-up 

Figure 3.8 Modified LPR test specimen and set-up  
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3.5.2 EIS – Amplitude and frequency range of AC signal 

For determining Rp using EIS, same corrosion cell set-up was used. Based on the challenges 

faced during the preliminary tests, the effects of positioning of RE with respect to WE were 

found critical and studied. Then, the effect of two different AC perturbation signal amplitudes 

(±10 and ±50 mV peak-to-peak value) were studied and an amplitude suitable for highly 

resistive systems was decided. Then, the electrochemical response obtained at the suitable 

amplitude and in a frequency range of 1 MHz to 0.01 Hz was studied and a frequency range 

suitable for the highly resistive system was determined. In all these studies, the DC potential 

was maintained at OCP and data was collected at 10 points per decade. 

3.5.3 Microclimate at the S-B interface 

To maintain the microclimate at the S-B interface during the electrochemical testing and avoid 

changes in the Clth, temperature and humidity sensors were embedded at various cover depths 

in three binders, namely OPC, PFA and LC3. This study was aimed to understand the effect of 

cyclic wet-dry regime as well as binder types at various cover depths. The sensors at 50 mm 

depth failed due to 100% saturation for a longer period. Corrosion of wire connecting the 

breakout board led to loss of data in some specimens. The details of the sensor and its 

installation are given in Appendix C. The outcome of this testing is that 100% saturation 

occurred at the end of 2nd day of wetting and hence, for hr-ACT test, the cyclic wet-dry regime 

was kept at 2 days wet and 5 days dry. 

3.5.4  Design of corrosion cell 

3.5.4.1 Effect of size of the counter electrode 

Three sizes of the counter electrode ─ 2, 8, 20 times the size of the working electrode were 

taken for the study. Nichrome mesh in annular form was used for the study.  
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3.5.4.2 Effect of electrode configuration 

Two different geometries are taken for consideration for electrode configuration as shown in 

Figure 3.9. The Rp of the same lollipop specimen will be measured in both annular and planar 

geometries to better understand the EC response.  

 

(a) Annular (b) Planar  

Figure 3.9 Electrode configuration showing annular and planar arrangement 

 

PROGRAM 3 ─ “HR-ACT” TEST METHOD FOR ESTIMATION OF CHLORIDE 

THRESHOLD 

For determining Rp of the steel embedded in mortar, both LPR and EIS were monitored. 

Lollipop mortar specimens were used for the study. The specimens were subjected to cyclic 

wet-dry regime following 2 days wet in 3.5 % NaCl +SPS solution and 5 days dry at 25 °C and 

65 ± 5 % RH, after 14 days of curing to avoid the longer duration of testing. For conducting 

LPR experiments, the scan range adopted was ±10 mV and the scan rate was 0.05 mVs-1. For 

EIS, a frequency range of 100 kHz to 0.01 Hz was studied for an AC amplitude of 10 mV. In 

EIS studies, the DC potential was maintained at OCP and data was collected at 10 points per 

decade.  
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3.5.5 Failure criteria 

A statistical corrosion initiation criterion was adopted as shown in Figure 3.10. First, a stable 

data of five consecutive readings of 1/Rp were identified, in which each of the reading falls 

within mean ± 1.5 times the standard deviation (µst ± 1.5σst). Once the stable data was 

identified, the specimens were continued with the monitoring till 1/Rp crosses the value mean 

+ 3 times the standard deviation (µst + 3σst), the specimen was considered to be initiated.   

 

Figure 3.10 Corrosion initiation criteria 

Table 3.5 Test parameters used for Clth determination 

Test Variable Level 1 Level 2 Level 3 

Binder OPC PFA LC3 

w/b 0.5 0.5 0.4 

Steel Uncoated TMT 

Total Number of specimens  15 (5 specimens in each case) 
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3.5.6 Determination of chloride content 

The mortar powder from the S-B interface is collected with the help of the Dremel tool. Then, 

the powder sample of 1.5 g is digested using 10 ml of digestion solution, (a mixture of 60 g of 

acetic acid, 50 g of isopropyl alcohol, and 940 g of distilled water) and stabilized by the addition 

of 40 ml of stabilizing solution. The stabilizing solution is prepared by the combination of 40 

ml of the mixture containing 0.1545 grams of NaCl and 1 liter of distilled water with 960 ml 

of distilled water. The chloride specific ion probe is calibrated for millivolt readings with 

known chloride concentrations. Then, the millivolt readings for the final solution are converted 

mathematically into equivalent total percent chloride content. 

3.6 PROGRAM 4  ─ SYNERGISTIC EFFECT OF VARIOUS PARAMETERS ON 

SERVICE LIFE OF S-B SYSTEMS 

To understand the effect of binders on service life of structures, a user-friendly tool was 

developed using MATLAB®. This was written mainly to incorporate the realistic values of 

ageing coefficient m, and coefficient of variation of input parameters, which are not readily 

available. 

3.6.1 Development of service life estimation tool (SL-Chlor) 

A MATLAB® code has been written to estimate the service life using error function solution 

(Equation 3.1) (Nilsson, 2001) of Fick’s second law of diffusion considering one-dimensional 

chloride ingress.   

! ", $ = !& + !( −	!& . ,-./	(
"
4234$

) 3.1 

where, C(x,t) is the chloride concentration at depth x, from the exposed surface at exposure 

time t, Cli is the initial chloride concentration, Cls is the surface chloride concentration, Dcl is 
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the apparent chloride diff usion coefficient in m2/s, and erf() is the mathematical error function. 

The probabilistic service life of the structure is considered as the time period at which the 

chloride accumulation at the steel surface is greater than the chloride threshold. The model 

assumes the structural element as crack-free. The step by step procedure for obtaining the 

service life is explained next. 

Step 1: Obtain all the input parameters needed for the computation of chloride content at the 

surface of the steel. 

Sub-step 1: Obtain the following input parameters from the user. 

o Mean and standard deviation values of d, Dcl (28 days) and Clth  

o Aging coefficient, m 

o Maximum surface chloride concentration 

o Exposure condition 

All the user input variables are taken in an excel file.   

 

Sub-step 2: Hard code the following input variables 

o Service life = 200 years 

o Duration of complete hydration of concrete = 2 years 

o Chloride build-up rate - according to the exposure condition given by the 

user [Figure 2.18 gives the chloride build-up rate according to the 

exposure condition]. 

For probabilistic estimation of service life, 1000 number of simulations are considered. 

Table 3.6 gives the input parameters that are needed for the program and the test methods 

to arrive at the input parameters.  
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Sub-step 2: Hard code the following input variables 

o Service life = 200 years 

o Duration of complete hydration of concrete = 2 years 

o Chloride build-up rate - according to the exposure condition given by the 

user [Figure 2.18 gives the chloride build-up rate according to the 

exposure condition]. 

For probabilistic estimation of service life, 1000 number of simulations are considered. 

Table 3.6 Input parameters for service life estimation 

Input parameters Standard values 
for the input 
parameters(mean) 

Is standard 
deviation 
considered? 

Test methods to 
arrive at the 
parameter 

Cover depth (d) 10 - 100 mm Yes (User 
Input) 

Fixed by the designer 

Ageing coefficient (m) 0.2 - 1 NA ASTM C1556-11a at 
28, 90, 180 days 

Diffusion coefficient (Dcl) 1E-12  to 1E-10 
m2/s 

Yes (User 
Input) 

ASTM C1556-11a 

Time for complete 
hydration  

2 years NA Depending on the 
type of concrete 

Chloride threshold (Clth) 0 - 0.3%bwoc Yes (User 
Input) 

hr-ACT (Rengaraju 
and Pillai, 2019) 

Max. Surface chloride 
concentration (Cls) 

0.6 - 1%bwoc NA ASTM C1556-11a / 
NT BUILD 443 

Build up rate (% per year) Instantaneous – 
0.04 

NA Location of the 
structure 

%Probability of failure 10 - 90% NA Fixed by the designer 

%bwoc – by weight of concrete; NA – not applicable 
 

Step 2: Generate random numbers (count = 1000) between µ ± σ given by the user for the three 

variables namely d, Dcl (28 days) and Clth. 
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Step 3: Calculate the surface chloride concentration Cls 

Cls is calculated for each year with the chloride build-up rate for the given exposure 

condition until it attains the maximum surface chloride concentration, Cls,max. Once Cls,max is 

attained, the surface chloride concentration remains unchanged.  

Step 4: Calculate the diffusion coefficient Dcl 

For each of the 1000 simulations, Dcl profiles are generated considering the Equation 3.2 

(Nilsson, 2001). It is assumed that the Dcl remains constant after the age of concrete reaches 

the time for complete hydration (2 years).  

234 $ = 2RZ[
$RZ[
$

\
 3.2 

where, Dcl, t and Dcl, ref are the diffusion coefficients at exposure time, t, and reference time, tref 

(e.g., 28 days) respectively. 

Step 5: Calculate the chloride content at the steel surface 

For each time step (every year), the amount of chloride at the steel surface is calculated 

using the error function (Equation 3.1) considering the 1000 random numbers generated for 

cover depth and diffusion coefficient calculated in Step 4. 

Step 6: Compare the chloride content at the steel surface with Clth  

The chloride content for each time step is compared against 1000 random numbers 

generated for Clth values.  

Step 7: Calculate the probability of corrosion initiation 

The number of instances of failure (i.e., Cx ≥ Clth) is used to calculate the probability of 

corrosion initiation for each time step.  
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Step 8: Compute the cumulative distribution function (CDF) 

The service life is taken as the time period at which the probability of corrosion initiation 

exceeds the probability of failure desired by the user. 

3.6.2 Development of nomograms 

With the influencing parameters, namely d, Dcl, and binder properties (m, and Clth), a 

nomogram has been developed for the ease of the site engineers using the model explained 

earlier. An example has been demonstrated to show the steps needed to arrive at the service 

life from the nomogram. For a given probability of failure and the chosen cover, concrete 

properties and type can be varied to a great extent to achieve the desired service life. 

3.7 SUMMARY 

This chapter presented the materials used and the methodology adopted for the experimental 

program to achieve the set forth objectives. Further, the methodology adopted for the analytical 

program to estimate the service life of structures were discussed in detail.  
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SUITABILITY OF EXISTING TECHNIQUES FOR TESTING 

HIGHLY RESISTIVE SYSTEMS  

4.1 INTRODUCTION 

This chapter presents the results obtained from the experimental investigations to achieve 

Objective 1, which addressed the evaluation of suitability of existing test methods in three sub-

objectives. In the sub-objective 1, the efficiency of MCC technique to assess corrosion of steel 

in highly resistive binders is discussed. The challenges associated with the data interpretation 

and the possibility of two different electrical circuits are discussed. In the sub-objective 2, the 

effect of ICC technique on the form of corrosion and the corrosion products formed on the steel 

surface is presented. A comparison of these with the steel embedded in mortar subjected to 

corrosion due to diffusion of chlorides is also presented followed by the pore structure analysis. 

In the sub-objective 3, the suitability of LPR technique for corrosion assessment in highly 

resistive binders is evaluated. 

4.2 SUITABILITY OF EXISTING TECHNIQUES  

This section presents the results of the experimental program mentioned in Subsection 3.4. 

Results of the three test methods evaluated are discussed in detail. 

4.2.1 Macrocell corrosion 

First, a preliminary study was conducted for a year with ASTM G109 specimens with three 

different types of cement, namely OPC, Portland pozzolana cement (PPC), and Portland slag 

cement (PSC) with TMT steel. Figure 4.1 shows the ASTM specimens being exposed for a 

preliminary study.  
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Figure 4.1 ASTM G109 specimens being exposed 

It was found that a number of challenges exist in data acquisition and interpretation when 

ASTM G109 specimens are used for corrosion assessment, which are summarized as follows.  

(i) When the bulk resistivity of the concrete is higher (>50 kΩ.cm), the macrocell 

current measured as per the standard was less and did not indicate the ongoing 

corrosion, which indicated a possibility of different electrical circuit. 

(ii) A number of reversals in the sign of macrocell current occurred during the testing, 

and there are no guidelines available to account for the same in the calculation of 

total average corrosion current Icorr, average. 

(iii) A modified equation for the calculation of Icorr, average was proposed in case of 

reversal of current as in Equation 4.1. 

f!ì = f!ìLU + [ $ì − $ìLU ×
Çì + ÇìLU

2 ] 4.1 
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where, TC = Total corrosion (Coulombs); tj = Time (seconds) at which the measurement of the 

macrocell current is carried out; and ij = Macrocell current (Amps) at time, tj.  If ij > 0, then ij 

is considered as zero.  Note that the parameter TCj in ASTM G109 is same as Icorr, average. For 

more details regarding the macrocell corrosion in the highly resistive binder types, see 

Appendix D. 

4.2.1.1 Test results 

Figure 4.2 shows the half-cell potential (HCP) and macrocell current (Circuit 1) exhibited by 

the ASTM G109 type specimens with OPC, PFA, and LC3 concrete, respectively. The HCP of 

low resistive concrete (OPC) dropped suddenly and at early age of exposure whereas in highly 

resistive concrete (LC3), the reduction of potential was gradual. Also, it is to be noted that the 

HCP was maintained well above -100 mV (with respect to SCE) in all the LC3 specimens. This 

range of values were maintained for about 800 days for most of the specimens. The cumulative 

current was calculated as per the modified Equation 4.1. The cumulative current of 150 C was 

observed early in OPC when compared to the corresponding PFA and LC3 specimens with 

higher resistivity. LC3 system shows significantly less macrocell current compared to OPC and 

PFA systems. The macrocell voltage was nearly zero for all the LC3 specimens. The high 

resistive systems show very less macrocell voltage between the top and bottom rebar due to 

ionic resistance (Berke et al., 1990; Arya and Vassie, 1995; Elsener, 2002). All the LC3 

specimens did not show any indication of corrosion in the electrochemical response. The 

refined pore structure and high ionic resistance due to the pozzolanic reaction in early age 

enhance the corrosion resistance in LC3 specimens.  
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Figure 4.2 ASTM G109 results (a), (b), (c) Half-cell potential (d), (e), (f) Macrocell current observed in OPC, PFA, and LC3 
specimens 
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4.2.1.2 Mechanism of corrosion in highly resistive systems 

Due to higher resistivity in LC3, the Circuit 2 type of macrocell corrosion (Figure 4.3(a)) may 

be predominant, as observed by Hansson et al. (2006). To investigate this further, a LC3 

specimen was autopsied. Figure 4.3 shows the rust spots on the steel surface of LC3 specimen. 

Hence, it can be concluded that measuring Circuit 1 as in ASTM G109 standard may not 

represent the ongoing corrosion in highly resistive cementitious systems (ρ > 37 kΩ.cm). This 

clearly indicates that the ASTM G109 test method is not suitable for corrosion assessment in 

highly resistive systems like LC3. 

 

(a) 

 

(b) 

Figure 4.3 (a) Possible corrosion circuits and (b) LC3 specimen showing rust spots as a 
result of Circuit 2 corrosion 

Circuit 1
Circuit 2
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4.2.1.3 Learnings from ASTM G109 testing in highly resistive S-B Systems 

There are four major outcomes from this testing 

1. In highly resistive S-B systems, macrocell happens within the same rebar and hence 

chloride threshold specimens can be designed in such a way that it can have a single 

rebar. 

2. The HCP and macrocell corrosion were not indicative of ongoing corrosion. So 

advanced testing techniques need to be used. 

3. The resistivity range of concrete in which ASTM G109 can be used is ρ < 37 kΩ.cm, 

where ρ is the surface resistivity of concrete at 28 days measured using Wenner probe.  

4. ASTM G109 test method reveals that the determination of Clth of steel embedded in 

concrete would take years. There is a need to develop a test method to determine the 

Clth of S-B systems in short term.   

4.2.2 Impressed current corrosion test method 

Table 4.1 shows the mechanical properties of M35 and M50 concrete with three types of 

binders, namely OPC, PFA and LC3, which were assessed for corrosion-induced cracking. 

Keeping the same cover-to-bar-diameter in all the specimens, the specimens were subjected to 

uniform voltage application to assess the Tcrack as a function of binder alone. The Tcrack did not 

depend on the tensile strength of concrete in this case. The specimens were tested till the visible 

appearance of crack/500 hours in each group T1, T2 and T3 respectively. 
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Table 4.1 Mechanical properties of concrete 

Properties M35 M50 
OPC PFA LC3 OPC PFA LC3 

28-day compressive strength (MPa) mean 45.7 45 44.6 62.8 53.01 54.02 

cov 0.08 0.1 0.03 0.03 0.04 0.03 

28-day split tensile strength (MPa) mean 7.19 6.74 6.89 7.75 8.18 7.72 

cov 0.05 0.06 0.03 0.05 0.1 0.09 

 

4.2.2.1 Effect of resistivity of concrete cover on corrosion current and Tcrack  

Figure 4.4 (a) shows the effect of three different types of binder after the application of voltage 

in the first group of specimens (T1). Three distinct ranges were observed in the instantaneous 

corrosion current measured. OPC concrete have lesser resistivity and hence higher 

instantaneous corrosion current in the range of (40 to 80 mA) was observed. In PFA, the 

corrosion current observed was lower (10 to 30 mA) whereas LC3 has the lowest in the range 

of (0 to 2 mA). In the case of T1, the voltage application was done till all the OPC specimens 

cracked and it was maximum of 160 hours for M35 concrete. Higher the concrete grade, better 

will be resistivity towards corrosion cracking. An M50 grade of concrete showed better 

resistance towards cracking than M35 irrespective of binder type. Please note that the variation 

in instantaneous corrosion current was also minimum in M50 grade than that in M35. Figure 

4.4(d) shows that the average time taken for the occurrence of corrosion crack in OPC M50 

grade is 380 hours. Figure 4.5(b) shows the typical crack pattern observed in OPC specimens 

in the T1 group.  Since the same cover-to-bar-diameter was maintained for all the concrete and 

split tensile strength measured for all the three concrete didn’t vary significantly, the difference 

in corrosion current between concrete and time taken for cracking of concrete depend on the 

resistivity alone in this case.  
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Figure 4.4 Effect of voltage application in three sets T1, T2 and T3 
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Figure 4.4(b) shows the second group T2, where a comparison of instantaneous corrosion 

current of PFA and LC3 specimens. PFA specimens cracked at time duration of more than 200 

hours of voltage application for M35 and 430 hours for an M50 grade (Figure 4.4 (e). Since 

strength grade at 28 days was compared, the pozzolanic reaction, which enhances resistivity at 56 

days of curing could not be realized for PFA specimens. Nevertheless, the corrosion crack formed 

on PFA specimens were hairline cracks, and oozing of corrosion products did not occur (Figure 

4.5 (c)).  The corrosion current in T2 specimens did not increase dramatically even though the 

hours of voltage application increased nearly 50 hours.  

Figure 4.4 (c) and (f) show the corrosion current measured in the third group T3, which 

consisted of LC3 specimens, where none of the specimens cracked even after 500 hours of voltage 

application. This phenomenon can be attributed to the early hydration and high resistivity of LC3 

compared to OPC and PFA. The resistivity in LC3 is one order higher than PFA and OPC at 28 

days of curing (Dhandapani and Santhanam, 2017). LC3 helps in developing the necessary 

resistance against the ingress of moisture and oxygen, which are very essential for corrosion 

reaction. When compared to OPC and PFA, LC3 has superior performance in restricting the 

corrosion current and hence corrosion crack propagation in severe exposure conditions. .Figure 

4.5 shows the typical crack pattern in each of the three binders where OPC and PFA specimens 

showed cracks and LC3 did not show any crack.  
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(a) (b) (c) (d) 

Figure 4.5 (a) Scheamtic of the test specimen and (b), (c), and (d) the typical crack pattern 
observed after voltage application in OPC, PFA, and LC3 specimens 

The calcined clay reacts with portlandite (pozzolanic reaction) to form secondary C-S-H, 

which is negatively charged (Si/Ca < 0.8) and is capable of adsorbing Na+ and K+. Also, C-A-S-H 

formed due to the substitution of Si4+ by Al3+ tends to attract the negative ions in the pore solution 

to neutralize the charge imbalance. The adsorption of ions by C-S-H and C-A-S-H makes the pore 

solution less conductive. (San Nicolas et al., 2014). LC3 has Si/Ca < 0.8 and hence, lower 

conductivity (Dhandapani et al., 2018). This proves that the pozzolanic reaction mechanism in 

supplementary cementitious materials changes the resistivity of the binder resulting in a lower 

corrosion rate. Thus, LC3 helps in developing the necessary resistance against the ingress of 

moisture, oxygen, and chlorides, which are very essential for corrosion reaction. LC3 has superior 

corrosion performance in severe exposure conditions to OPC and PFA. 

OPC PFA LC3
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4.2.2.2 Microstructure characterization of steel-binder interface 

The Tcrack depends on the resistivity, form of corrosion and corrosion products and the porosity of 

the S-B interface.  Since LC3 had very high resistivity, investigation of the other two factors were 

done to understand their effect on Tcrack. 

a) Nature of corrosion products – visual observation 

Figure 4.6 (left photo of (a), (b) and (c)) shows the typical observation of steel embedded in OPC, 

PFA and LC3 concrete after voltage application. The specimens were corroded uniformly 

throughout the length of the rebar. The colour of the rust on the embedded steel was black or dark 

brown and was heavily oxidised in both OPC and PFA specimens. The S-B interface also showed 

accumulation and displacement of rust in these specimens. LC3 specimens had adherent orange-

brown colour rust on the steel surface. No accumulation or radial displacement of rust was 

observed at the S-B interface in case of LC3. The visual observation of steel after ICC test was 

compared with steel extracted from specimens subjected to the natural diffusion of chlorides. 

Figure 4.6 (right photo of (a), (b) and (c)) shows the typical corrosion pattern observed on the steel 

embedded in OPC, PFA and LC3 mortar specimens after the natural diffusion of chlorides. The 

corrosion was localised forming pits at specific locations mostly at the centre where the chlorides 

diffuse faster due to the shortest possible route. This clearly indicates that the form of corrosion 

(uniform corrosion in ICC specimens and pitting corrosion in chloride diffusion) is different in 

both the test methods.  
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Figure 4.6 Uniform corrosion (ICC) and pitting corrosion (WDC) observed  

Figure 4.7 shows the typical observation of steel specimens embedded in OPC, PFA and LC3 

concrete after cleaning it in ASTM G1 solution. Small pits and striations were observed on the 

steel embedded in OPC indicating the higher corrosion rate and mass loss. PFA specimens had 

pits at distinct locations whereas no corrosion pits were observed in LC3. The formation of cracks 

in OPC and PFA could have caused the macrocell formation and initiation of pits. The diffusion 

of chlorides or formation of macrocell was very limited in LC3 specimens due to its higher 

resistance against the ionic movement and the crack formation. This was the reason for the lower 

corrosion rate and mass loss.  
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(a) 

 
(b) 

Figure 4.7 Steel pieces after cleaning (a) actual photo and (b) photo marked for pits 

OPC

PFA

LC3
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b) Nature of corrosion products – Raman Spectroscopy 

Figure 4.8 shows the Raman spectra obtained from the corrosion products of steel in three types 

of concrete namely OPC, PFA and LC3. The pH, pore solution, and resistivity for the ingress of 

Cl- ions and moisture of the three concrete types vary significantly. Therefore, the peaks obtained 

from the corrosion products in OPC, PFA and LC3 were very different from one another. It is to 

be noted that a tolerance of (±10) in the Raman shift (cm-1) is considered in all these plots as the 

spectra is obtained from steel-concrete interface, which is non-homogeneous and porous and the 

peak positions were taken from Oh et al., 1998. 

Figure 4.8(a) shows the peaks obtained from the rust at S-B interface in OPC concrete with α-

FeOOH and γ-FeOOH rust products. The precipitation of γ-FeOOH shows the initial high pH in 

the OPC system. These iron oxide phases are amorphous in nature and are converted to a more 

stable phase depending upon the environment.  The expansive nature of the products formed and 

the higher corrosion rate leads to early cracking in OPC concrete. 

Figure 4.8(b) shows the peaks obtained from the corrosion products of PFA concrete with 

δ-FeOOH (peaks at 297, 392, 666  cm- 1) and Fe3O4 (peaks at 532 and 667 cm-1). The formation 

of δ-FeOOH could be due to the presence of chlorides in low concentrations. The generation of 

corrosion products might have taken place due to the application of a potential from the beginning 

of the test. Due to the application of a positive potential to the steel, Cl- ions also might have 

migrated towards the steel. Depending on the resistivity of the system, the time taken for the 

corrosion initiation crack may vary. PFA did not show much improvement over OPC as the 

pozzolanic reaction is not fully realised at 28 days, which is the start of the test. The nature of the 

corrosion products formed in both OPC and PFA are similar to the oxide layers reported in the 

literature (Neff et al., 2011). This shows that both OPC and PFA did not have significant variation 
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in terms of pH. As mentioned earlier, the resistivity of PFA concrete did not play a significant role 

as the hydration process was ongoing.  

Figure 4.8(c) shows the corrosion products formed on the surface of steel embedded in LC3 

concrete. Since the corrosion rate was very low, the Raman spectrum was obtained directly from 

the steel itself. LC3 shows peaks for α-Fe2O3 and Fe3O4. Hematite is characterised by two strong 

peaks at 226 and 292 cm-1. Magnetite is characterised by peaks at 532 and 667 cm 1. Hematite can 

form due to atmospheric exposure of green rust I, which could have migrated through the 

interconnected pores or dehydration/oxygenation of goethite (Marcotte et al., 2007). The hematite 

is a stable phase with less surface area and has much-compacted structure due to evaporation of 

water molecule. The expansive pressure is much less when compared to other stable oxides and 

hydroxides (Care et al., 2008). The presence of hematite shows that LC3 has lower moisture 

content and lower pH at the interface. The corrosion rate was very much lower with an adherent 

orange-brown oxide layer on the steel. No visible rust accumulation was found in the S-B interface 

in LC3. Also, the presence of hematite is accompanied with magnetite, which is similar to the 

passive layer. Whether the presence of hematite is the indication of an intact passive layer or 

absence of moisture in the phase transformations, the volumetric expansion is very less. 

Figure 4.8(d), (e), (f) shows the Raman spectra obtained from steel embedded in OPC, PFA 

and LC3 mortar specimens after the natural diffusion of chlorides. Irrespective of the binder, the 

Raman spectra showed α-FeOOH and β-FeOOH corrosion products at the pit location. The 

formation of β-FeOOH indicates the presence of chlorides. From the corrosion products, it is clear 

that the test method influence the nature of corrosion products and type of corrosion. Also, this 

suggests that the nature of corrosion products plays a key role in exerting the radial stress and 

hence in the formation of corrosion crack. 
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Figure 4.8 Raman spectroscopy showing corrosion products (a), (b), (c) after ICC test, (d), (e), and (f) after WDC test in 
OPC, PFA, and LC3 specimens 

(a) OPC after ICC test (b) PFA after ICC test

(f) LC3 after WDC test(d) OPC after WDC test (e) PFA after WDC test

(c) LC3 after ICC test
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c) Porosity at the steel-binder interface 

The porosity of the interface plays a key role in the time needed for crack initiation. The 

rust products can be accommodated in the interface region and radial pressure build-up may 

be delayed as rust can move away from the S-B interface to the surrounding through 

interconnected pores. Figure 4.9(a) and (b) show the specific pore volume (threshold 

diameter) and the differential intrusion volume (critical pore size) at the interface of the 

M35 concrete with three binders. In LC3, the threshold diameter was smaller, in the range 

of 0.1 µm with the critical pore size as 0.025µm. Apart from that two major pore diameters 

were identified (0.01 and 0.025 µm).  This shows that in LC3, a well-refined interface 

region is formed. The threshold diameter in PFA concrete was in the range 0.4 µm and the 

critical pore size was 0.07µm. PFA concrete also had multiple prominent pore diameters 

(0.01 and 0.07 µm). The fine pores measured by MIP may be finer capillary pores or gel 

pores within CSH in PFA and LC3. In OPC, much larger threshold diameter (0.8 µm) and 

critical pore diameter of size 0.04 µm were observed.  

Restructuring and coarsening of pores could have taken place in OPC due to buffering 

of calcium hydroxide from the surrounding interface, before severe corrosion and cracking. 

Small refined pores in PFA and LC3 systems show that the resistivity of the interface is 

very high for ionic movement, which may prevent the chloride ingress. However, in PFA 

concretes, as hydration was progressing during testing, the refinement of pores might have 

exhibited greater pressure for the rust in the interface from moving away leading to hairline 

cracks. 
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Cumulative intrusion curve 

 

 

Differential intrusion curve 

Figure 4.9 Porosity at the S-B interface measured using MIP  
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4.2.3 Linear polarisation resistance (LPR) 

Figure 4.10 shows the inverse Rp of the lollipop mortar specimens as a function of exposure 

period and a typical photograph of the corroded S-B interface of the OPC, PFA, and LC3 

test specimens. As shown in Figure 4.10 (a) and (b), the onset of corrosion was correctly 

detected by the electrochemical response of all the OPC and some PFA specimens. Some 

PFA specimens, even with low 1/Rp exhibited corrosion stains on the mortar surface and 

were found to have significant corrosion upon autopsy. This can be attributed to the 

significant increase in the resistivity of the mortar cover with age in those specimens. 

Hence, it can be concluded that the LPR technique (with adopted input parameters) is not 

always reliable in detecting corrosion initiation.  

In the case of LC3 specimens, the 1/Rp exhibited no significant increase until about 

80 days. However, corrosion stains were observed on the surface of the mortar and visible 

corrosion was observed on the embedded steel surface when autopsied, as shown in Figure 

4.10 (c). This indicates that the LPR technique was not successful in accurately determining 

Rp and detecting corrosion initiation of any of the LC3 systems with very high resistivity. 

Hence, the factors affecting the LPR response in highly resistive S-B systems were 

investigated. 
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(d) 

 

(e) 

 

(f)  

Figure 4.10 (a), (b), (c) Observed inverse polarization resistance and 
(d), (e), (f) Typical visual observations of OPC, PFA, and LC3 specimens on 

prolonged exposure to chlorides 
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4.2.3.1 Determination of chloride threshold 

Figure 4.11 shows the Clth values obtained for the OPC, PFA and LC3 binders. The lollipop 

specimens were autopsied and the mortar powder was collected from the S-B interface. The 

acid soluble chloride content was found using SHRP 330 method as described in Section 

0. The highest mean value of Clth is obtained for OPC (i.e., 0.4% by weight of binder), 

which reflects the high alkalinity at the interface. In the blended systems, the alkalinity is 

lower due to the consumption of Ca(OH)2 in the pozzolanic reactions and consequently, 

the Clth values obtained for PFA and LC3 systems are less, which is in agreement with the 

literature (Bentur et al., 1997). The pozzolanic reactions appear to decrease the Clth while 

they increase the ionic resistance and decrease chloride transport. It should be noted that 

the Clth found here may not reflect the actual value due to the error in the data acquisition 

and interpretation as explained earlier. From view point of obtained chloride threshold, 

OPC performed better as compared to PFA and LC3, as it requires more amount of chloride 

ions for depassivation/initiation of corrosion of steel reinforcement as compared to PFA 

and LC3. 

 

Figure 4.11 Chloride threshold of OPC, PFA, and LC3 determined using LPR 
technique 
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4.3 SUMMARY 

In Subsection 4.2, the effect of resistivity of the concrete cover due to the nature of the 

binder being used on the electrochemical response and the challenges in data acquisition 

and interpretation were demonstrated. This chapter presented the results obtained from 

ASTM G109 specimens and suitability of this test for the range of resistivity. The 

possibility of different circuits and the non-identification of ongoing corrosion in highly 

resistive binders are also investigated. The nature of the corrosion products and the form of 

corrosion in the ICC test method and the pore structure analysis were examined to find its 

suitability to assess the corrosion of steel in highly resistive binder systems. Further, the 

electrochemical response using LPR technique in detecting the corrosion initiation was 

investigated.  
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FACTORS AFFECTING ELECTROCHEMICAL RESPONSE 

FROM STEEL-BINDER SYSTEMS  

5.1 INTRODUCTION 

This chapter presents the effect of various input parameters on the electrochemical response 

when LPR and EIS techniques were used.  The factors affecting the electrochemical 

response such as corrosion cell configuration and input parameters were addressed and the 

results of this section were utilized to choose the test parameters for development of test 

method for determining the chloride threshold.  

5.2 FACTORS AFFECTING ELECTROCHEMICAL RESPONSE IN S-B 

SYSTEMS 

The effect of various parameters obtained from two advanced electrochemical techniques 

and effect of electrode configuration on the electrochemical response were investigated as 

per the experimental program described in Subsection 3.5.  

5.2.1 Linear polarisation resistance (LPR) 

The electrochemical response acquired using LPR technique is affected by three 

parameters, namely (i) scan range, (ii) scan rate, and (iii) electrolyte resistance. The effects 

of these three parameters on Rp is investigated in detail.   

5.2.1.1 Scan range and Scan rate 

Literature recommends a scan rate of 0.05 mVs-1 for LPR studies on S-B systems 

(Poursaee, 2010). This particular scan rate is sufficient to charge the capacitance of double 

layer (Cdl) in S-B systems with low resistivity (say, OPC systems).  



111 
 

 

(a) 

 

(b) 

Figure 5.1 Effect of (a) Scan rate and (b) Scan range on measured Rp 

Figure 5.1(a) shows the effect of scan rate on electrochemical response of specimens with 

moderate resistivity and in a passive state (negligible corrosion). It is shown that as the scan 

rate increases from 0.05 to 0.1667 mVs-1, the Rp decreases. This is due to the increase in 

the current across the double layer (Cdl) (Ameer et al., 2004). Figure 5.1 (b) shows the effect 

of scan range on passive specimens. Increase in scan range (i.e., the difference between the 
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starting point of scanning and original OCP) can disturb the OCP of the system resulting in 

higher Rp and the specimen takes a longer time to return to its original OCP. Also, higher 

scan range may lead the response to the non-linear region; hence, the induced perturbation 

should be as minimum as possible. Considering this, a scan range of ±10 mV versus OCP 

is recommended for LPR tests in S-B systems. Although a different scan rate and scan 

range had been adopted in Objective 1, the effect of these parameters on Rp was found less 

than that due to the resistivity of the cementitious system (i.e., porous, sol-gel electrolyte). 

5.2.1.2 Effect of electrolyte resistance 

The LPR technique gives the combined polarization resistance exhibited by the S-B system, 

which includes both the resistance of mortar cover (Rm) and polarization resistance of steel 

(Rp). This technique has the assumption that the Rm is negligible when compared to the Rp 

of the specimen (Fontana, 1987) – as in the case of a metal-aqueous system. In the case of 

S-B systems with highly resistive cementitious cover, the Rm is significant and comparable 

to Rp and hence, this assumption becomes invalid. Due to high resistivity (say, Rm > 0.5 

Rp), the significant ohmic drop can occur in such systems (Mansfeld, 1976). Such 

uncompensated ohmic drop can lead to a significant distortion of the input scan rate, which 

in turn lead to large error in the measured Rp. When the ohmic drop is significant, LPR with 

positive feedback/current interrupt options is recommended to compensate the same. LPR 

with positive feedback involves a trial and error approach, where the solution resistance 

measured is potential dependent and can lead to partial compensation or overcompensation 

of the ohmic drop (Mansfeld, 1982). Hence, in such cases, LPR with the current interrupt 

method is suggested. However, this technique for highly resistive S-B systems could not 

be verified due to significant noise and distortion of the polarization curve. Also, the 

technique is based on Randle’s circuit, where the electrolyte is considered to have only 

resistance. As the cementitious system is a sol-gel structure with pores partially filled with 
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the liquid, it has both resistance and capacitance. This might have led to noise when the 

instrument was set for IR-compensation. Therefore, it can be concluded that the acquisition 

and interpretation of reliable LPR response from highly resistive S-B systems are 

challenging. There is a need to understand the performance of individual components to 

interpret the data. Hence, the EIS technique was adopted for assessing the Rp of steel 

embedded in S-B systems. 

5.2.2 Electrochemical impedance spectroscopy (EIS) 

It was attempted to assess the Rp of the lollipop specimen using the same corrosion cell set-

up and EIS technique.  However, a number of artefacts were observed in the Nyquist plot. 

The study gives the details of the measures taken to mitigate the artefacts and effect of input 

parameters on the EIS response. 

5.2.2.1 Effect of passive film 

 Figure 5.2 shows the effect of the presence of mortar cover on the EIS response from a 

steel specimen with passive film. The inset gives details in the high frequency region.  

Three EIS spectra are obtained from the (i) S-B system, (ii) S-S system with 2 minutes of 

immersion, and (iii) S-S system with 10 minutes of immersion.  The inset provides the 

complete spectra of the S-B system (curve closest to the origin).  The cover mortar exhibits 

both resistive and capacitive nature and give rise to a semicircle in the high frequency 

region in the S-B system. The starting point of the low frequency tail is indicative of the 

resistance of the mortar cover (say, about 25000 Hz).  The two curves of the S-S system 

with passive film shows difference in the high frequency region as the immersion time 

increases, whereas the low frequency tail coincides at about 2500 Hz, which represents the 

resistance of the passive film. This coincidence indicates that the resistance of the passive 

film is not affected by the immersion time. The deviation exhibited by the two S-S curves 
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(near the 0.01 Hz region) is negligible. From these results, it can be concluded that the data 

interpretation in the S-B system and S-S system should be handled differently.  

 

Figure 5.2 Effect of passive film on the Nyquist plot 

5.2.2.2 Effect of the position of reference electrode (RE) 

Figure 5.3 shows the effect of the position of RE with respect to WE. When RE was kept 

at 2 mm away from the mortar surface of the lollipop specimen as shown in Figure 5.4, the 

obtained Nyquist plot had severe distortion (artefact) in the high frequency region. When 

the EIS response has such kind of artefacts, the curve cannot be analysed with the help of 

equivalent electrical circuit. So the reasoning for such artefacts needs investigation to avoid 

the same. 

From the literature, it was found that this artefact could be either due to the shielding 

effect or short-circuiting. The shielding effect causes a redistribution of current lines as the 

Luggin probe physically hinders the direct current flow; whereas the close packing of 
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current lines at the Luggin tip leads to a current cut-off and short-circuiting due to the high 

impedance of the liquid in the connecting bridge (narrow tubing) of RE (Oldham and 

Stevens, 2000). Shielding is an issue when the WE is very small ( ≤ 1 cm2), which is not 

the case in the present study. Hence, it can be concluded that short-circuiting is the reason 

for the distortion in the present case.  This distortion was avoided by keeping the RE at a 

distance of at least twice the diameter of the Luggin probe tip and inserting a platinum wire 

at the tip (connecting the solution inside the narrow tubing and the solution in the beaker) 

as shown in Figure 5.5 (a) and (b). 

 

Figure 5.3 Effect of positioning of reference electrode on the Nyquist plot 
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Figure 5.4 Positioning of luggin probe in the test beaker (counter electrode is not 
shown for clarity) 

WE

Mortar

2 & 8 mm
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(a) 

 
(b) 

Figure 5.5 Luggin probe with platinum tip (a) Schematic and (b) Photo 
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5.2.2.3 Effect of AC amplitude and frequency range 

Figure 5.6 (a) and (b) shows that as the AC amplitude increases from 10 to 50 mV, the 

radius of the semi-circular region (in high frequency region) decreases in both S-S and S-B 

systems. This electrochemical shift to non-linear region is in agreement with the literature 

(Victoria and Ramanathan, 2011). However, the low frequency tails of the EIS spectra from 

the S-S (about 1000 Hz) and S-B systems (about 10 kHz) coincide and do not change with 

amplitude. This coincidence is due to the high resistance of the passive film against the 

diffusion of species from solution in S-S systems.  

In the case of S-B systems, this resistance is mainly offered by the highly resistive 

mortar surrounding the steel. This ohmic resistance is unaffected by change in amplitude 

(Szymczewska et al., 2015).  Also, when the passive film is present, the instantaneous 

corrosion rate do not change rapidly during the EIS test.  The steel immersed in acidic 

solutions may not have passive film and may experience rapid change in instantaneous 

corrosion rate during the EIS tests, leading to a shift in the starting point of the low-

frequency tail. Hence, in this study, the AC amplitude was kept at ±10 mV (peak-to-peak). 
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(a) Effect of AC amplitude in Steel-solution system 

 

(b) Effect of AC amplitude in S-B system 

Figure 5.6 Effect of various systems on the EIS response 
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Figure 5.7 Effect of AC frequency on the Nyquist plot 

5.2.3 Effect of the corrosion cell configuration 

The effect of counter electrode size and annular and planar electrode configuration on the 

measured polarization resistance of PFA specimens are discussed next. 

5.2.3.1 Effect of counter electrode size 

Effect of anode-to-cathode ratio (size effect) on electrochemical measurements in S-B 

system were analyzed for multiple ratios. The size of the counter electrode (CE) were taken 

as two, eight and twenty times the size (surface area) of the working electrode for this study. 

Figure 5.8 shows the Rp measured when different CE sizes were used. The Rp reduces as 

the CE size increases. However, change in the Rp value is not significant enough with the 

increase in size of CE in all the specimens. Hence, no conclusions can be made out of this 

test. In order to avoid the rate limiting step due to the CE size, it is recommended that the 

CE should be at least twice the area of the surface of the working electrode. 
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Figure 5.8 Effect of counter electrode size on polarisation resistance 

5.2.3.2 Electrode configuration 

The effect of positioning of CE on electrochemical measurements in S-B system were 

analyzed for planar and annular geometry using EIS. Figure 5.9 shows the effect of 

geometry when the same specimen (lollipop) was kept in annular and planar geometry. The 

trend in all the specimens is not the same when the electrode configuration was changed 

from annular to planar. In general, there was a slight increase in Rp when the same CE size 

was changed from annular to planar geometry. However, literature suggests to have 

symmetrical arrangement in order to have uniform distribution of current and acquisition 

of electrochemical response due to pitting as in case of chloride induced corrosion. 
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Figure 5.9 Effect of counter electrode position on polarisation resistance 

5.3 SUMMARY 

This chapter presented the effect of various input parameters of the LPR and EIS techniques 

on the polarization measurements. The effect of cell configuration on the polarization value 

was also provided. From this study, the input parameters and electrode configuration for 

Clth testing were chosen to minimize the errors due to high resistivity and positioning of 

electrodes in the corrosion cell.   
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 ‘hr-ACT’ TEST METHOD AND CHLORIDE THRESHOLD OF 

STEEL-BINDER SYSTEMS 

6.1 INTRODUCTION 

This chapter presents the results of the experimental program to determine the Clth of steel 

embedded in highly resistive binders. This chapter also presents the role of resistivity of 

binders in the electrochemical response while determining the Clth. Then, the EIS response 

and equivalent electrical circuit used to determine Rp are explained in detail. The Clth 

obtained after the testing is also presented. Then, the detailed procedures of the developed 

‘hr-ACT’ test is presented. 

6.2 CHLORIDE THRESHOLD TESTING USING “HR-ACT” TEST METHOD 

This section provides the results of the experimental program as described in the Subsection 

3.6. The input parameters were chosen and the corrosion cell parameters were optimized 

based on the results of the Objective 2. The specimens were tested using EIS by over siding 

a perturbation signal of ±10 mV (peak-to-peak) amplitude at OCP and by sweeping the 

frequency from 100 kHz to 0.01 Hz. The data was collected at 10 points per decade.  

6.2.1 EIS response 

Figure 6.1 shows the typical Nyquist plots in OPC and PFA1 (low resistivity with w/b 0.5), 

PFA2 (moderate resistivity with w/b 0.4), and LC3 (very high resistivity with w/b 0.5) 

specimens. For better clarity, the Nyquist plots in OPC, PFA1 and PFA2 specimens are 

shown separately as an inset in Figure 6.1. There is a huge variation in the measured Rm in 

these systems due to their resistivity. This remarkable difference in resistivity, especially 

in LC3 could have led to a distortion of the electrochemical response from LPR tests. The 
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summation of high resistance from cover (Rm) and the polarization resistance of steel (Rp) 

in LC3 systems results in high measured values for combined (Rm+Rp) response, 

irrespective of ongoing corrosion.  Note that LPR technique cannot differentiate the Rp and 

Rm from the combined (Rm+Rp) response. Because of these, the reduction in Rp due to the 

initiation of corrosion could not be detected adequately.  In the case of EIS technique, the 

contribution of resistance from each component can be obtained with the help of a suitable 

equivalent circuit and fitting – helps in separately monitoring the reduction in Rp and 

detecting corrosion initiation. Another advantage of EIS technique is that the correctness 

of the electrochemical response can be verified using Kramer-Kraig Transform (KKT). 

Once verified with KKT, the Rp can be obtained by extracting the value from the equivalent 

electrical circuit fit. 

 

Figure 6.1 Typical Nyquist plot of OPC, PFA, and LC3 specimens 
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6.2.2 Equivalent electrical circuit 

Figure 6.2 (a) shows the typical equivalent electrical circuit used for EIS analysis for 

obtaining the value of Rp. Typical response and fit of EIS data from steel embedded in LC3 

system are shown in Figure 6.2 (b) and (c). 

 

where Rm = Resistance of mortar 
Rinterface = Resistance of double layer 
Rp = Polarisation resistance of steel 
Cm = Non-ideal capacitance of mortar 
Cdl = Non-ideal capacitance of double layer 
Cpf =Non-ideal capacitance of passive film 

(a) Equivalent circuit 

 

 

(b) Nyquist plot (c) Bode plot 

Figure 6.2 Chosen equivalent circuit and typical circuit fits in LC3 

In Figure 6.2(a), the resistance (Rm) and constant phase element-CPE (Cm) represent 

the mortar cover, the Rinterface and Cdl (non-ideal capacitive nature of double layer 

represented as CPE) represent the S-B interface, and the Rp and Cpf represent the porous 

electrode (non-ideal passive film on the steel surface, represented as CPE). With the circuit 

analysis, keeping the chi-squared value less than 0.001 and error of the individual 

components less than 20%, the Rp of steel can be obtained separately.  

RinterfaceRm Rp

Cdl CpfCm
CPE CPE CPE

CPE – constant phase element
Rm – Resistance of mortar
Rinterface – Resistance of interface
Rm – Polarisation resistance of steel
Cm – Non-ideal capacitance of mortar
Cdl – Non-ideal capacitance of double layer
Cpf – Non-ideal capacitance of passive film
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The frequency spectra obtained from PFA and LC3 systems deviate from the 

conventional spectra revealing a diffusion process (negative slope of the 45° phase - 

conforming to Warburg type elements) obtained in OPC systems. This is mainly due to the 

difference in the geometry of the pore structure and tortuosity between these systems 

(Cooper et al., 2017). The PFA and LC3 systems have very small refined pores, which lead 

to greater tortuosity than the OPC systems with straight and bigger open pores (Dhandapani 

et al., 2017). Since there is a deviation in the low-frequency region from 45°, the 

conventional Randles circuit cannot be used to model the equivalent circuit for highly 

resistive S-B systems. In this study, the response from all the S-B systems is modelled as a 

porous electrode, as shown in Figure 6.2 (a), irrespective of the difference in resistivity in 

the specimens.  

6.2.3 Detection of corrosion initiation 

Determination of Clth is essential for the estimation of service life, for which repeated 

measurements of Rp of steel embedded in the hardened cementitious system are required 

until the corrosion initiation criteria is met. Figure 6.3 shows the difference in Rp obtained 

from LPR and EIS in lollipop specimens from OPC, PFA and LC3 specimens along with 

the visual observation of the corrosion spots in the specimens.  

In this study, a statistically based initiation criteria was adopted as explained in 

Subsection 3.5.5. First a stable data was identified, where the 1/Rp readings of five 

consecutive measurements were within µ ± 1.5σ. The stable data is represented as filled 

markers in Figure 6.3. Corrosion initiation is detected when the 1/Rp reaches a value higher 

than µ + 3σ and is represented by big hollow square on the marker in Figure 6.3. In LC3 

systems, due to the high Rm, the LPR technique could not detect the corrosion as soon as it 

was initiated. The earlier corrosion initiation was justified with the observation of a deep 

pit, which would take several days to form, under the given experimental conditions. 
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 Corroded region 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Electrochemical response from EIS and LPR techniques and visual 
observation from OPC, PFA, and LC3 specimens 
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Figure 6.4(a) shows the photograph of the corrosion pit and Figure 6.4(b) and (c) 

show longitudinal and cross-sectional tomographic image of the corrosion pit observed 

when autopsied. The analysis of the pit dimensions indicated a cross sectional loss of about 

4% at that section of the rebar. This kind of deep pit cannot form in a single exposure cycle 

indicating that the LPR data could not detect the ongoing corrosion as soon as it was 

initiated. The LPR technique can detect corrosion only when the resistivity of the mortar 

cover is low.  

 

  

(a) (b) (c) Section A-A 

 Figure 6.4 (a) Photograph, (b) and (c) tomographic image showing deep pit in LC3. 

In OPC and PFA specimens, due to lower resistivity of cover in the early ages of 

testing, LPR and EIS techniques did not have a significant variation in the corrosion 

initiation time. In OPC specimens, both LPR and EIS techniques detected corrosion 

initiation in the same number of cycles for all the specimens. In PFA specimens, some of 

the specimens (S2, S4, and S5) had one cycle delay in the detection of corrosion initiation 

using LPR when compared to EIS. However, this is not the case with highly resistive LC3 

systems. Table 6.1 gives the number of testing cycles taken to detect the corrosion initiation 

when LPR and EIS techniques were used in LC3 specimens. The EIS technique detects 

corrosion at early stages itself, which is not the case with LPR in highly resistive systems.  

LPR technique is able to detect corrosion only at later stages when the Rm reduces to ‘low’ 

A A
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value, probably due to the significant increase in chloride concentration. Thus, in highly 

resistive cementitious systems (say, ρ > 37 kΩ.cm), for the adopted test parameters and cell 

geometry, the EIS technique suits better for early detection of corrosion initiation. 

Table 6.1 Number of cycles to detect corrosion initiation in LC3 using LPR and EIS 
tests 

Specimen 
Number 

Number of cycles to detect 
corrosion initiation 

LPR EIS Difference 

 S1 17 7 10 
S2 12 9 3 
S3 15 8 7 
S4 14 7 7 
 

6.2.4 Determination of chloride threshold 

Figure 6.5 shows the Clth -values obtained for the OPC, PFA and LC3 binders. The lollipop 

specimens were autopsied and the mortar powder was collected from the S-B interface. The 

acid soluble chloride content was found using SHRP 330 method. As in the earlier test, the 

highest mean value of Clth is obtained for OPC (i.e., 0.4% by weight of binder) followed 

by PFA and LC3 systems are less, which is in agreement with the literature (Bentur et al., 

1997; Dhandapani and Santhanam, 2018). The pozzolanic reactions appear to decrease the 

Clth while they increase the ionic resistance and decrease chloride transport. It is to be noted 

that the mean value for LC3 is smaller than that for OPC and PFA, and hence, it creates an 

illusion that scatter for LC3 is insignificant.  
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Figure 6.5 Clth for corrosion initiation of the rebar in OPC, PFA, and LC3 mortar 

Figure 6.6 shows the initial pH found after 28 days (Dhandapani and Santhanam, 

2018) and the final pH after the specimen is autopsied for determining the Clth. The mortar 

powder (1 gm) was collected at the interfacial region and was diluted with mortar to 

distilled water as 1:5. The pH meter was directly immersed in the solution to get the pH 

values. There is a decrease in the pH, which could be due to the buffering action of Ca(OH)2 

at the interface. The chloride-induced corrosion produces hydrochloric acid as an 

intermediate product, which reduces alkalinity. To compensate the alkalinity at the 

interface, Ca(OH)2 dissolution takes place and OH- ions moves towards the sites of reduced 

alkalinity. This buffering action will take place depending on the availability of Ca(OH)2. 

In the blended systems, the buffering action will be less as they consume Ca(OH)2 during 

the early age of the hydration for pozzolanic reaction. This could be the reason for reduction 

of pH at the interface after the chloride attack. 
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Figure 6.6 pH before and after corrosion initiation in OPC, PFA, and LC3 mortar 

6.2.5 Finalized procedure for “hr-ACT” test method 

The procedure to be followed for determination of Clth of steel embedded in highly resistive 

binders is explained in detail as follows. 

6.2.5.1 Specimen preparation 

1. Cut the steel specimen (8 mm diameter) each of length 100 mm using a coolant to 

ensure that the edges of the rebar are not affected. 

2. A 4 mm thread is done at the center of the 8 mm steel rebar by means of drilling 

and threading. 

3. The rebar is cleaned using an ultrasonic cleaner with the help of mild reagent 

ethanol until no visible rust products are seen. 

4. A stainless steel fully threaded rod is connected to the 8 mm rebar. 

5. Neoprene tube of sufficient thickness is used to seal the junction of stainless steel 

and steel rebar to prevent galvanic corrosion. Neoprene tube should extend up to 

10 mm inside covering the steel rebar  

6. Epoxy is used to fill the gap between the neoprene tubing and the stainless steel rod 

to prevent moisture and oxygen. 

7. The steel specimen is allowed to cure until the epoxy coating is set and tack-free. 
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8. Mortar (0.5:1:2.75) is prepared and lollipop specimen is cast as shown in Figure 

6.7. 

 

Figure 6.7 Lollipop casting – step-by-step procedure and cross section 

9. The specimen is demoulded using the hot air blower and cured for 28 days in mist 

room.  

10. After 28 days of curing, the external surface of the specimen is epoxy coated leaving 

50 mm at the middle as shown in Figure 6.7. The bottom conical portion is dipped 

in epoxy to ensure thicker coating to avoid corrosion due to smaller cover thickness. 

The specimen is left for three days to dry completely. 

11. The specimens are subjected to the cyclic wet-dry regime (2 days wet and 5 days 

dry) in simulated pore solution with 3.5% NaCl. 

6.2.5.2 Monitoring of electrochemical response 

The EIS response is recorded by over siding a perturbation signal of ±10 mV (peak-to-

peak) amplitude at OCP and by sweeping the frequency from 100 kHz to 0.01 Hz. The data 

should be collected at 10 points per decade. Once the EIS response is collected, the Rp of 

steel is calculated by fitting the equivalent circuit. The equivalent circuit should be chosen 
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according to the system in testing. The procedure for fitting the equivalent circuit is 

explained in the Appendix E.  

6.2.5.3 Failure criteria 

The 1/Rp is treated for the statistical procedure as described next. Once five consecutive 

repeated readings are taken, mean (µ) and standard deviation (σ) of the five readings are 

calculated. Each of the five readings (1/Rp) is checked whether it is less than µ + 1.5σ. If 

this criteria is satisfied, then the data are considered as stable data. If this criteria is not 

satisfied, then the testing is continued and (1/Rp) reading of the next cycle is taken. Once 

this reading is taken, the latest five readings (6th, 5th, 4th, 3rd and 2nd 1/Rp) are tested for 

stable data. Repeated readings are taken and tested till stable data are generated. Once stable 

data are generated, the values µst and σst of the stable data are calculated. The measurement 

of 1/Rp is repeated till 1/Rp exceeds µst+3σ st. Figure 6.8 shows the flowchart of the test 

procedure for determination of Clth.  

6.2.5.4 Determination of chloride content 

The specimens which attained the failure criteria are autopsied into two pieces through the 

center. Then, the steel specimen is taken out and the mortar powder is collected from the 

S-B interface by Dremel tool. Then, the powder sample of 1.5 g is digested using 10 ml of 

digestion solution, (a mixture of 60 g of acetic acid, 50 g of isopropyl alcohol, and 940 g 

of distilled water) and stabilized by the addition of 40 ml of stabilizing solution. The 

stabilizing solution is prepared by the combination of 40 ml of the mixture containing 

0.1545 grams of NaCl and 1 liter of distilled water with 960 ml of distilled water. The 

chloride specific ion probe is calibrated for millivolt readings with known chloride 

concentrations. Then, the millivolt readings for the final solution are converted 

mathematically into equivalent total percent chloride content. The acid soluble chloride as 
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found by chloride ion (ion selective) probe is reported as the chloride threshold (%by 

weight of binder). 

 

Figure 6.8 Flowchart explaining the procedure for hr-ACT test method 
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6.3 SUMMARY 

This chapter presented the results of the chloride threshold testing. The challenges in the 

data interpretation using LPR technique due to high resistivity of S-B systems were 

reported. The difference between LPR and EIS readings and the level of pitting occurred 

due to the delayed detection of corrosion was highlighted. The chloride threshold was then 

presented as the percentage by weight of binder for the three binders, namely OPC, PFA 

and LC3. Finally, the hr-ACT test method was provided in the form of a flowchart for easy 

understanding. 
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SERVICE LIFE ESTIMATION TOOLS AND SYNERGISTIC 

EFFECTS 

7.1 INTRODUCTION 

This chapter presents the service life of structures estimated with the help of MATLAB® 

program (named as “SL-Chlor”) for a different type of binders. Further, the comparison of 

Life-365TM with the “SL-Chlor” for features and estimated service life are presented. Then, 

two hypothetical case studies are studied, which demonstrated the dependency of many 

influencing parameters on the service life. In addition, a set of nomograms for various 

exposure conditions are presented, which can help the engineers to choose the materials 

effectively for the desired design life with optimum cost. 

7.2 ESTIMATION OF PROBABILISTIC SERVICE LIFE USING SL-CHLOR 

A MATLAB® program was written to estimate the service life using the solution of Fick’s 

2nd law of diffusion as shown in the flowchart in Figure 7.1. Here, the chloride ingress is 

considered as one-dimensional. The parameters, clear cover depth (d), chloride diffusion 

coefficient at 28 days (DCl,28d), ageing coefficient (m), exposure condition, maximum 

surface chloride concentration Cls,max and Clth are taken from the user as input. The 

parameters, the time for complete hydration, chloride build up rate (depending on the 

exposure condition), number of simulations, and maximum number of estimated years of 

service life (tmax) are assumed in the code as constant. Then random numbers are generated 

for d, DCl,28d and Clth. Then, surface chloride concentration Cls is calculated for each year 

depending on the chloride build up rate. The detailed calculation of surface chloride 

concentration is given in Figure 7.2.  
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Figure 7.1 Flowchart for estimating service life of structure 

Start
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Then, time-dependent Dcl is calculated as shown in Figure 7.3. Here, Dcl is considered to 

be decreasing as a function of time alone. Hence, the ageing factor m is considered. Then, 

chloride content is calculated using Crank’s solution of Fick’s law as shown in Figure 7.4, 

which is compared with the Clth for the tmax. Figure 7.5 gives the calculation of probability 

of corrosion, Pf. With the Pf, CDF is generated. 

 

 

Figure 7.2: Sub-function to calculate surface chloride concentration 

A
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No

Yes

%Calculate surface chloride 
concentration%

Cs_t(t) =k_Cs ×t
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Figure 7.3 Sub-function to calculate time dependent chloride diffusion coefficient 
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Figure 7.4 Sub-function to calculate chloride content on the steel surface  

 

Figure 7.5: Sub-function to calculate probability for corrosion initiation 
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7.3 COMPARISION OF LIFE-365TM AND ‘SL-CHLOR’ PROGRAMS 

Life-365TM is a user-friendly, popular tool for service life estimation. However, there are 

some difficulties in the service life estimation when using SCMs with ageing coefficient 

“m” of greater than 0.6.  The effect of binders in decreasing the Dcl is underestimated in 

Life-365TM. Nowadays, binders with ternary blends are widely used. These type of binders 

match the early-age strength of OPC with highly reactive SCM and evolve over time due 

to prolonged hydration with slowly reactive at the same time high performance SCM. 

Hence, a new tool has to be developed to account the ageing coefficient. Also, the 

coefficient of variation (cov) is taken as 25% by default for all the input parameters. Due 

to the variation in the material characteristics and site practices, cov can vary to a large 

extent. Due to these issues, SL-Chlor was developed. Table 7.1 gives the comparison of 

Life-365TM and SL-Chlor. 

Table 7.1 Comparison of Life-365TM and SL-Chlor 

 

Figure 7.6 shows the comparison of service life estimated using Life-365TM and SL-Chlor. 

The service life calculated by Life-365TM and SL-Chlor are comparable and follows the 

same trend, when the input parameters are same, if one-dimensional ingress is considered 

for a bridge pier.  

S.No. Life-365TM SL-Chlor 
1. Value of ageing coefficient “m” cannot be 

greater than 0.6 
Any value of “m” can be input by 
the user 

2. The cov is predefined The cov can be user-defined 
3. Dcl is considered as a function of time and 

temperature 
Dcl is considered as a function of 
time alone 

4. The chloride ingress is considered as one-
dimensional for slab and two dimensional 
for other RC elements, which is calculated 
by finite difference approach 

The chloride ingress is considered 
one-dimensional for all the RC 
elements 



142 
 

 

(a) 

 

(b) 

 

(c) 

Figure 7.6 (a), (b) and (c) Comparison of service life estimated using Life 365TM and 
SL-Chlor in OPC, PFA, and LC3 respectively 
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7.4 CASE STUDIES 

Two case studies related to typical RC bridges were performed to assess the effect of binder 

type and concrete proportions on the service life (defined as time to corrosion initiation). 

The surface chloride concentration (Cls) is related to the rate of build-up of chlorides on the 

concrete surface and the exposure conditions; here, the initial and maximum values of Cls 

were considered as 0 and 0.6 %bwoc; and the chloride build-up rate was assumed to be 

0.04 %bwoc per year (considering the location of the bridge to be 800 m away from the 

ocean, on the Indian coast). 

7.4.1 Case study 1 (Bridge pier) 

Figure 7.7(a) shows the cross-section of a bridge pier. The pier is taken to be designed for 

a characteristic strength of 35 MPa, and consequently any of the M35 category concrete 

could be considered. When the service life is estimated for the concrete mentioned in Table 

7.2 using the parameters given in Table 7.3 with the standard deviation of 25%, it yields 

the CDFs shown in Figure 7.7(c) for the four M35 concrete. If we consider a failure 

probability of 0.5 for comparison, it is seen that the bridge pier with 30 % fly ash concrete 

(PFA-1) can have a service life of approximately 30 years, which is 3 times longer than 

that of OPC (say, ≈ 10 years). When the same strength category mixes are compared 

(OPC- 1, PFA-1, LC3-1S), the concrete is able to deliver longer service life in the order 

(PFA-1 > LC3-1S > OPC-1). Here, LC3-1S and OPC-1 are having the same w/b (0.5) and 

PFA-1 is having lower w/b (0.45). It is to be noted that LC3-1P (same proportion as that of 

PFA) gives longer service life than its counterparts. The data of LC3-1P and LC3-1S 

indicate that it is possible to design LC3 concretes that can provide similar performance as 

that of concrete with PFA, despite the Clth being lower than that of OPC and PFA concretes.  
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Figure 7.7 Illustration of estimated service life of a bridge pier 

 

 

(a) Cross section of a typical bridge pier 

 

(b) Cumulative probability of corrosion initiation in bridge pier 
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Table 7.2 Mix design taken for case study (Pillai et al., 2018) 

Ingredients of the 
concrete 

M35 M50 

OPC-1 PFA-1 LC3-1S LC3-1P OPC-2 PFA-2 LC3-2 

Binder type 
OPC 70%OPC  

+ 30%PFA 
LC3 LC3 OPC 70%OPC  

+ 30%PFA 
LC3 

Binder content 
(kg/m3) 

310 360 310 360 360 380 340 

Water content 
(kg/m3) 

155 162 155 162 144 133 136 

Water-binder ratio 0.5 0.45 0.5 0.45 0.4 0.35 0.4 

Fine aggregate 
content (kg/m3) 

695 721 708 687 703 699 704 

Coarse 
aggregate 
content 
(kg/m3) 

10 mm 496 463 491 476 477 475 488 

20 mm 744 694 736 715 716 713 732 

 

Table 7.3 Properties of the RC elements taken for case study (Pillai et al., 2018) 

Input parameters 
M35 M50 

OPC-1 PFA-1 LC3-1S LC3-1P OPC-2 PFA-2 LC3-2 

d (mm) 70 70 70 70 50 50 50 

DCl,28d (× 10-12 
m2/s) 

36.5 21.1 11.9 5.1 24.1 7.8 6.8 

m 0.26 0.7 0.5 0.53 0.17 0.55 0.54 

Clth, (% bwoc) 0.06 0.05 0.02 0.03 0.07 0.05 0.02 

%bwoc - % by weight of concrete 

  



146 
 

7.4.2 Case study 2 (Bridge girder) 

Figure 7.8(a) shows the cross-section of the RC bridge girder, with a cover depth of 50 mm. 

The M50 concrete considered in this case study are PFA-2, LC3-2, and OPC-2. Figure 7.8 

(c) shows the CDFs of the corrosion initiation time, which indicates that the girder would 

have a service life of approximately 8, 25 and 19 years, for the OPC-2, LC3-2 and PFA-2 

concrete, respectively, for Pf of 0.5.  

All dimensions are in mm 

a) Cross-section of the AASHTO Type IV bridge girder 

 

b) Cumulative probability of corrosion initiation in bridge girder 

Figure 7.8 Illustration of estimated service life of a bridge girder. 
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It is to be noted that even though the Clth is higher for OPC, the service life with PFA 

and LC3 systems are longer than OPC. The potential of concrete made with LC3 in 

achieving longer service lives than concrete with OPC is substantiated by the results in 

Figure 7.8 (b). The difference in the service life estimates emphasizes the role of the 

binders, such as PFA and LC3, in enhancing the durability of concrete structures. The 

synergistic effect of various input parameters, namely DCl, m and Clth plays a crucial role 

in enhancing the service life. Lower DCl compensates the lower Clth in SCM based systems. 

The attainment of the Clth is delayed due to lower DCl. Thus, in estimating the service life, 

instead of emphasizing on one parameter, the synergistic effect should be considered.  

7.5 NOMOGRAMS FOR PROBABILISTIC SERVICE LIFE 

A set of nomograms were developed for the ease of the site engineers using the model 

explained earlier. Figure 7.9 shows the nomogram for estimating the service life of a 

structure, which is 800 m away from the seashore. Table 7.4 gives the value of m and Clth 

upon which the line numbers in the nomogram was developed. An example has been 

demonstrated to show the steps needed to arrive at the service life from the nomogram. For 

a given probability of failure and the chosen cover, concrete properties and type can be 

varied to a great extent to achieve the desired service life. Similar nomograms have been 

developed for other exposure locations, namely (i) 1500 m away from the sea (Figure 7.10), 

(ii) spray zone (Figure 7.11) and (iii) splash zone (Figure 7.12). This can help engineers to 

choose the materials effectively for the desired service life. 
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Table 7.4 Properties of various type of concrete 

Line number 
to identify 
Point C. 

Ingredients of concrete m Clth 

(%bwoc) 

1 

> 50%Slag/Fly ash + OPC + CIA 0.7 0.05 

< 20% Metakaolin/Fly ash +OPC + CIA 0.6 0.067 

2 

OPC + CIA 0.4 0.1 

> 50% Slag/Fly ash + OPC 0.7 0.02 

< 20% Metakaolin/Fly ash + OPC 0.6 0.05 

3 

(30-50%) Slag/Fly ash/ Metakaolin + OPC 0.6 0.02 

LC3 + CIA  0.5 0.05 

OPC; OPC+ Silica fume + CIA 0.4 0.067 

4 

LC3  0.5 0.02 

< 10% Silica fume + OPC 0.4 0.05 

5 < 10% Silica fume + Metakaolin + OPC 0.4 0.02 

CIA – Corrosion inhibiting admixture; OPC – Ordinary portland cement 
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Figure 7.9 Nomogram for estimating service life of RC elements located 800 m away 
from the sea 
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Figure 7.10 Nomogram for estimating service life of RC elements located 1500 m 
away from the sea 
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Figure 7.11 Nomogram for estimating service life of structures located in the 
seawater spray zone 
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Figure 7.12 Nomogram for estimating service life of structures located in the 
splash zone 

7.6 LIMITATIONS 

The ‘SL-Chlor’ model and nomograms do not consider the sophisticated equations for 

diffusion coefficient (say, effect of temperature, humidity, curing conditions, etc.). 

The model does not consider temperature and humidity variations. This model is based on 

the assumption that concrete is crack-free and the chloride ingress is one-dimensional. This 

model can be used for choosing the design parameters for the new structures being built 

and not for existing structures. 
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7.7 SUMMARY 

The chapter presents the development of SL-Chlor computer program with a demonstration 

of case studies. The sensitivity of input parameters to understand the influencing parameters 

was done. Nomogram for easy estimation of service life in four different exposure 

conditions was developed.  
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CONCLUSIONS AND RECOMMENDATIONS 

8.1 INTRODUCTION 

This thesis is based on a comprehensive experimental program on electrochemical response 

of steel embedded in OPC, PFA, and LC3 binder systems exhibiting low to high resistivity.  

First, the suitability of various existing techniques (namely, MCC test method, ICC test 

method, and LPR test method) in assessing corrosion characteristics was evaluated. Then, 

the effects of various electrochemical input parameters and electrode configuration on the 

electrochemical response were investigated, and suitable values for such parameters were 

defined - for testing of steel in highly resistive systems. Following this, the ‘hr-ACT’ test 

method was developed, and chloride threshold values of steel in OPC, PFA, and LC3 binder 

systems were estimated.  Finally, a software program, named as ‘SL-Chlor’ was developed 

for estimating the corrosion-free service life of steel-binder systems.  Using SL-Chlor, a set 

of nomograms were developed to facilitate relatively easy estimation of the corrosion-free 

service life of steel-binder systems exposed to various coastal exposure conditions.   

8.2 CONCLUSIONS 

The following are the major conclusions drawn from the experimental study carried out 

with three objectives. 

8.2.1 Suitability of existing corrosion test methods for assessing highly resistive, 
steel-binder systems 

The experimental program given in Subsection 3.4 evaluated the suitability of existing test 

methods and results are discussed in Subsection 4.2. The major conclusions include the 

following: 
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i) In systems with very high resistivity (ρ > 37 kΩ.cm), anodes and cathodes can 

form on same rebar (Circuit 2 type corrosion). Hence, macrocell corrosion 

measured in ASTM G109 type specimen will not reflect the ongoing Circuit 2 

type corrosion. Specimen with single rebar is sufficient for testing corrosion in 

HR systems (unlike ASTM G109 specimen with three rebars). 

ii) Impressed current corrosion (ICC) can lead to uniform corrosion, whereas 

natural chloride-induced corrosion can lead to localized/pitting corrosion.  

iii) The corrosion products formed on the steel surface in OPC, PFA, and LC3 

specimens due to impressed current corrosion are different from natural 

corrosion and exhibit different volumetric expansion characteristics. Hence, 

impressed current corrosion test is not recommended for studies evaluating the 

S-B interface characteristics such as corrosion rate and Clth. 

iv) When the resistance of mortar cover (Rm) is negligible when compared to the 

polarization resistance of steel (Rp), the Linear polarization resistance (LPR) 

technique can detect corrosion initiation effectively.  However, in highly 

resistive concrete systems (say, surface resistivity, ρ > 37 kΩ.cm), the LPR 

technique cannot detect corrosion initiation because the Rm and Rp in such cases 

are comparable. 

8.2.2 Factors affecting the electrochemical response in S-B systems 

The test program and results of factors affecting the electrochemical response in S-B 

systems are provided in Subsections 3.5 and 5.2, respectively. The following are the 

conclusions of the objective. 

i) Scan rate and scan range do influence the electrochemical response from 

steel-binder systems and suitable values can vary as a function of the resistivity 

of binder system. 
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ii) A scan rate of 0.05 mVs- 1 and a scan range of ±10 mV versus OCP can acquire 

good LPR curve (without current interruption technique) from low resistive 

steel-binder (S-B) systems (surface resistivity, ρ ˂ 37 kΩ.cm). 

iii) An AC amplitude of ±10 mV (peak-to-peak) and a frequency of 100 kHz to 

0.01 Hz at OCP can acquire EIS spectra from highly resistive S-B systems 

(surface resistivity, ρ > 37 kΩ.cm). 

iv) While testing steel-binder systems, EIS response is very sensitive to the 

positioning of the reference electrode and can get distorted (say, artefacts). The 

spacing between the luggin tip and mortar surface of the specimen should be at 

least twice the diameter of the tip of luggin probe.  Also, the ohmic drop at the 

tip of the luggin probe must be low to avoid artefacts, irrespective of the 

resistivity of cementitious systems. 

v) Randles’ circuit for analyzing EIS response is not suitable for assessing Rp of 

steel embedded in highly resistive steel-binder systems. The suitable equivalent 

circuit should be chosen according to the S-B systems under study.   

8.2.3 Determination of chloride threshold 

The ‘hr-ACT’ test method was developed as described in Subsection 0, and the 

electrochemical response are discussed in detail in Subsection 6.2. The following 

conclusions are made. 

i) The hr-ACT test using the lollipop test specimen and selected electrode 

configuration and the input parameters for EIS tests can be used for monitoring 

changes in the Rp of steel embedded in highly resistive cementitious systems 

and detecting corrosion initiation at early stages – and then determine chloride 

threshold in about 3 to 4 months. 



157 
 

ii) The Clth of OPC, PFA and LC3 are 0.4, 0.3 and 0.1 percent by weight of binder, 

respectively. This reflects the same order as that of pH of these three systems.  

iii) The consumption of Ca(OH)2 due to pozzolanic reactions in systems with SCMs 

can lead to reduction in pH and buffering capacity of pore solution at the 

interface.  This can lead to reduced chloride threshold – as evident from the test 

results. 

8.2.4 Effect of binders on the estimation of service life 

A MATLAB® program has been developed (named as ‘SL-Chlor’) using Fick’s second law 

of diffusion as described in Subsection 3.6. Based on the case studies using this program, 

the following conclusions are made. 

i) The synergistic effects of ageing coefficient (m), diffusion coefficient (DCl), and 

Clth could result in enhanced corrosion-free service life. 

ii) The corrosion-free service lives of structures with highly resistive concrete with 

PFA or LC3 binders can be significantly longer, despite their lower Clth, than 

OPC in such systems. 

8.3 MAJOR CONTRIBUTIONS  

The following are the contributions from this research work 

1. The suitability of ASTM G109 test method for assessing the corrosion 

performance in various resistivity ranges has been established. 

2. The knowledge on the effect of test procedures on the form and nature of 

corrosion products is enhanced further. 

3. A short term test method (named as ‘hr-ACT’) has been developed for 

estimating the chloride threshold of steel in highly resistive binders. 
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4. A computer program (named as ‘SL-Chlor’) has been developed to use 

user-defined statistical distributions of chloride threshold (Clth), chloride 

diffusion coefficient (DCl), cover depth (d), and ageing coefficient (m) and 

estimate probabilistic corrosion-free service life of S-B systems exposed to 

chloride environments. 

5. Nomograms have been developed for estimating the service life of steel-binder 

systems with OPC and various SCMs and exposed to various coastal exposure 

conditions.  These can be used during the design and planning stages. 

8.4 RECOMMENDATIONS FOR FUTURE WORK 

Recommendations for future work include the following 

i) The study of passive film formed on steel in concrete with supplementary 

cementitious materials is recommended to understand the lower Clth of steel in 

such systems and to provide solutions to mitigate the same.   

ii) Study the effect of corrosion inhibitors on the Clth of HR S-B systems. 

iii) The microclimate at the time of repeated electrochemical testing is crucial in 

obtaining quality data for studies involving the monitoring of corrosion rate and 

chloride threshold assessment.  The microclimate at the steel-binder interface 

depends on the type of binder and wet-dry exposure regime.  Hence, suitable 

wet-dry exposure regime for various binder systems to achieve desired 

microclimate at particular test times need to be established.  

iv) The investigation of Stern-Geary constant (B) in active and passive states and 

assessment of B-value for corrosion initiation studies are recommended. 
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v) A database of Clth with various steel-binder systems (stressed TMT, coated 

rebars, prestressing steel, inhibitors) need to be developed. Round robin tests 

and standardization of “hr-ACT” test is recommended. 

vi) Field exposure with the new cementitious system (LC3) is recommended for 

understanding the performance in a more realistic condition.  Long-term data 

on diffusion coefficient, ageing coefficient and time of hydration along with Clth 

for various exposure conditions can be considered for future studies. 

vii) SL-Chlor program can be extended to consider two and three dimensional 

ingress of chlorides. 
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APPENDIX A 

DESIGN OF IMPRESSED CURRENT CORROSION (ICC) 

SPECIMEN 

INTRODUCTION 

This section covers the various trials made on the specimen design during the impressed 

current corrosion (ICC) test. The outcomes of these test results and improvement made on 

the specimen are discussed in detail. 

SPECIMEN DESIGN 

Figure A.1 shows the schematic of ICC test specimen. Each ICC test specimen consisted 

of concrete cylinder (200 long x 100 mm diameter) with a 16 mm rebar embedded at the 

center. Two grades of concrete M35 and M50 were taken for the study. 

 

(a) No Cover (b) 20 mm Cover (c) 50 mm cover 

Figure A.1 Specimen design of ICC test 
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Case I No cover  

An external potential gradient of 60 V was applied until failure occurred. The failure is 

defined as the time at which a current spike was observed. During this time, the corrosion 

current was measured (across a shunt) every hour after the application of potential gradient. 

The application of potential gradient and corrosion current measurement was continued 

until 10% mass loss was observed for OPC and visible crack was observed in other 

specimens. A total of 18 specimens were cast for this case (See Figure A.1 (a).  

Case II Low cover (20 mm) 

The specimens were cast as shown in Figure A.1 (b) with 20 mm cover. Here, no epoxy 

was coated on the rebar. Case II was formulated to test the effect of varying impressed 

current on corrosion-induced cracking in comparison with case I. The specimens with 

honey combs and other defects were discarded and hence each set had a different number 

of specimens contributing to a total of 26 specimens.  

Case III Large cover (50 mm) 

A total of 30 specimens were cast as shown in Figure A.1(c) with 50 mm cover. For case 

II and III, the effect of cover on cracking of concrete was studied under the application of 

the same potential. For both case, II and III, an external potential gradient of 15 Volts was 

applied for 12 hours a day until failure occurred.  During this time, the corrosion current 

was measured (across a shunt) every 4 hours after the application of a potential gradient.  

The failure is defined as the time at which visible (using naked eyes) crack was observed.  

The testing was continued till the specimen cracked or 500 hours of potential application 

whichever was earlier. 
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RESULTS AND DISCUSSION  

Figure A.2(a) and (b) show the typical graph showing the cumulative current obtained over 

the exposure time in M35 and M50 concrete respectively. The LC3 system did not crack 

even after 500 hours of application irrespective of the grade of concrete.  

 

(a) M35 concrete 

 

(b) M50 concrete 

Figure A.2 Typical curve showing cumulative current as a function of time 
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The concrete cover cracking depends on many factors such as cover to diameter ratio, 

nature of S-B interface and quality of cover concrete. The high resistivity of LC3 system 

resists the current flow through the cover. When compared to OPC and PFA, LC3 has 

superior performance in restricting corrosion crack propagation in severe corrosive 

environment at any given instant. Figure A.3 shows the typical result of the three sets, 

which indicate rate of mass loss in specimens with three different binders and two different 

concrete grades. It shows that rate of mass loss is very low in LC3 system compared to 

OPC and PFA systems irrespective of concrete grades. 

 

Figure A.3 Mass loss rate in various binders and grades of concrete 

Figure A.4 shows the oozing out of  corrosion products in LC3 specimen in Case I, 

Case II and Case III respectively. LC3 systems did not crack. However, rust products 

started oozing out due to longer application of potential. This could be due to changes in 

the microstructure of concrete. Also, the stainless steel used for connection got severe 

corrosion and the connection was lost in some of the LC3 specimens due to higher 

resistivity of concrete. Hence, the appliction of potential was restricted to 10 hours per day 

and the specimen design was slightly modified as mentioned in Chapter 4 to avoid the 

formation of rust in the stainless steel used for connection.  
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Figure A.4 Visual observation in LC3 specimen (a) Case I, (b) Case II and 
(c) Case III   

Figure A.5 shows the typical corrosion pattern of OPC, PFA, and LC3 systems. OPC 

and PFA specimens cracked at early at around 100 and 120 hours of testing, whereas LC3 

specimens had corrosion products oozing out at the surface at around 300 hours of testing. 

The rust which came out of the specimens was green in color, which later turned into brown. 

The rust formed at the steel surface, oozed out through the interconnected pores, which 

could have formed due to microstructural changes in LC3 as mentioned earlier. This 

prevented the radial pressure, which causes cracking. 

 

 
	

Figure A.5 Specimens showing crack and corrosion products in M35 concrete 
(Case III) 
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SUMMARY 

This section presented the various specimen designs adopted to conduct the impressed 

current corrosion test. The outcome of these trails led to the modification of the specimen 

design and restriction of the duration of the potential application every day.  
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APPENDIX B 

ADMIXED CHLORIDES - PRELIMINARY STUDY 

INTRODUCTION 

This section describes trial made for the corrosion rate assessment with premixed chlorides. 

The outcomes of these test results are discussed in detail which led to the improvement on 

the specimen design. 

EXPERIMENTAL PROGRAM  

A comprehensive experimental program was conducted to obtain the corrosion current 

density, icorr data for thermo-mechanically treated (TMT) bar. Three levels of chloride (0%, 

5% and 10% NaCl) were added in the mixing water. 

Specimen design and preparation 

Figure B. shows a schematic diagram of the corrosion test specimen used in this study. 

Each specimen was prepared using 8mm diameter and 250mm long TMT bar. The bars 

were cleaned using isopropanol to remove any rust on the surface. The bars were exposed 

50mm near the bottom and the rest were coated with two thin layers of low viscosity epoxy 

(Sikadur-52 UF). The prepared steel pieces were embedded in 100 mm long cylindrical 

mortar (water: cement: sand ratio - 0.5:1:2.75) and 10 mm cover. 
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Figure B.1 Lollipop specimen 

Curing and exposure condition 

The test specimens were cured in laboratory environment (25°C and 65% RH 

approximately) for 24±1 hours. After this, the specimens were immersed / cured in 

simulated pore solution (SPS) and testing was started after 7 days.  

RESULTS AND DISCUSSION 

Figure B.2 shows the 1/Rp of the specimens with three different levels of chloride in OPC, 

PFA and LC3 systems for a period of about 550 days. The 1/Rp was very high during the 

beginning of the test and started to decrease continuously as testing continued, especially 

in premixed chloride specimens. This behaviour is attributed to the insufficient availability 

of moisture or oxygen. In the present case, sufficient moisture is available as all the 

specimens are continuously immersed. Low corrosion rate might be due to non-availability 

of oxygen. Hence, after 126 days of continuous immersion, the specimens were subjected 

to alternate wet-dry cycle with 7 days of wetting and 7 days of drying and polarization 
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resistance was measured by linear polarization resistance (LPR) technique at the end of 

wetting cycle till 180 days. The samples were then immersed in SPS with chlorides and 

tested after 365 days. The testing continued till 450 days following the wet-dry cycle.  The 

alternate wet dry cycle exposure of the specimen increased the corrosion rate when 

compared to continuous immersion. All the binder systems perform very close to each other 

in corrosion rate and a definite conclusion could not be drawn in the superiority of one 

system over the other in chloride rich environments. The premixing of chlorides does not 

give enough time for passive layer formation (Poursaee and Hansson, 2009). The Clth of 

SCM based cementitious system will be usually lower than OPC system and SCM based 

system exhibit higher corrosion resistance due to its resistivity to the chloride ingress. In 

the premixed chlorides specimen, this resistivity is compromised and hence could not 

realize the beneficiary effect of SCMs. Hence, to evaluate the corrosion performance of 

SCMs, premixed chlorides were not adopted. Also, the epoxy coated region of the steel, 

which was outside of mortar started degrading and severe corrosion was found. Even after 

cleaning the specimens and recoating of epoxy, the LPR readings were very noisy. So, the 

specimen design had to be modified to avoid such corrosion on the steel outside of mortar. 

 

(a) Specimens with 0% NaCl 
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(b) Specimens with 5% NaCl  

 

(c) Specimens with 10% NaCl  

Figure B.2 1/Rp of lollipop specimens with and without premixed chlorides 
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SUMMARY 

This section presented the results of electrochemical testing of specimens with the 

premixed chlorides. For sustaining the corrosion rate, wet-dry cycle exposure is needed for 

sufficient availability of moisture and oxygen. Also, it was clear that the specimen design 

need to be revisited to restrict the exposure region and avoid unnecessary interference from 

the non-exposure regions due to degradation of epoxy and corrosion.in the experimental 

results. 
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APPENDIX C 

SENSOR DETAILS AND ITS INSTALLATION 

INTRODUCTION 

Non-intrusive methods to measure humidity and temperature at the S-B interface is rare 

due the factors of alkalinity of the cementitious system impacting negatively on the sensor’s 

durability and its accuracy. Also the case gets complex when the specimen undergoes 

alternate wet-dry cycle. This section details the factors considered to choose, an I2C (Inter-

integrated circuit) digital sensor SHT21 with SF2 filter cap.  

The sensor-system comprises of the following interconnected hardware and software 

components. 

Hardware 

• Sensirion SHT 21 

• Sensirion SF2 

• Breakout boards 1 

• Breakout board 2 

• DHT22 

• Raspberry Pi version 3 

• Internet router 

Software 

• Python programming code 

• Postgresql database 

• Thingspeak, cloud platform 
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Sensirion SHT21 and Sensirion SF2 

Figure C.1 shows the sensor and the filter cap used in this study. SHT21 is an industrial 

sensor, which is pre-calibrated and commercially available. This sensor is capable of 

sending the data as programmed in the controller (Master-slave concept). Since the sensor 

is cast in-situ, to protect it from dust and alkalinity, filter cap with water proofing rank 

IPV67 was used along with the sensor. Both sensor and filter cap were mounted on a PCB 

with a breakout board and the connection wires were taken out to another PCB. This 

minimized the size of the sensor so that the space occupied is less. 

  

(a)  (b)  

Figure C.1 (a) SHT21 sensor with the cover and (b) filter cap 

Details of the Printed board circuit (PCB) 

The sensor was mounted on a Printed circuit boards termed as surface mount device (SMD) 

by means of micro-soldering.  The circuit board was designed in such a way to hold the 

sensor and the filter cap. The other components needed for sending the signals were 

designed in an outer PCB to reduce the size of the SMD and keep only the minimum 

required components. The design of the inner SMD and photo of the sensor mounted on 

the PCB with filter cap is shown in the Figure C.2. 
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(a)  (b)  

Figure C.2 (a) Design of the break-out board 1 and (b) photo showing its size  

 

The connections were taken out by means of a wire and the other end of the wire was 

connected to other break-out board as shown in Figure C.3.  

 

 

(a) (b) 

Figure C.3 (a) Design of the break-out board 2 and (b) photo showing its size  
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Figure C.4 shows the entire sensor assembly fabricated at one end with break-out board 1 

(with sensor and filter cap) and other end with pins required for the connection with 

Raspberry Pi. 

 

Figure C.4 Fabricated sensor  

Processor 

 Raspberry Pi was chosen as the interface between the sensor and cloud, as it is capable of 

computing and storing the sensor information. Pi is the controller of the sensor, which sends 

out the command to execute and return the sensing signal. The database in the Pi stored the 

sensor data and sent it to the cloud (http:// www.thingspeak.com), which enabled the data 

to be seen online. 

SENSOR WORKING PRINCIPLE  

Figure C.5 shows the working principle showing the interconnectivity of various 

components. The Raspberry Pi3 triggers the sensor to read the data of its surrounding 

through the set of commands in python code. The SMD sends the data back to the Pi 

through the Break-out board II. An external sensor, DHT22 records the information on the 

ambient temperature and humidity in the laboratory. From these two data, the variation in 

temperature and humidity inside and outside the specimen can be obtained. For online 

monitoring of the data, the Pi is connected to cloud platform through internet. 
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(a) Working principle of the sensor system 

 

(b) Role of Raspberry Pi3 

Figure C.5 Schematic of the Sensor system 
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METHODOLOGY 

Before casting, the sensor system was tested for its accuracy in capturing the temperature 

and relative humidity. Table C.1 shows the results taken from the sensor-system at two 

varied environments. The sensor is very sensitive and measure very precisely the 

temperature and humidity of the ambient conditions of the room.  

Table C.1 Results showing the accuracy of the fabricated sensor 

Location Reading taken 
after exposure 

(minutes) 

Measured 
Temperature 

( °C) 

Expected 
Temperature 

( °C) 

Measured 
Humidity 

(%) 

Expected 
Humidity 

(%) 
Fog room 30 26.3 26 95.5 95 

60 26.5 26 95.8 95 

90 26.5 26 96.1 95 

120 26.2 26 96.3 95 

150 26.4 26 96.5 95 

180 26.4 26 95.8 95 

210 26.4 26 95.0 95 

Air 
conditioned 
laboratory  

30 24.9 25 68.7 70 

60 24.7 25 67.8 70 

90 24.3 25 67.8 70 

120 24.7 25 68.8 70 

150 24.6 25 70.4 70 

180 24.4 25 68.3 70 

210 24.3 25 67.2 70 

 

Casting procedure 

Figure C.6 shows the step-by step procedure adopted for casting the specimens with sensors 

for obtaining the relative humidity and temperature at various depths.  
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(a) Groove made at the centre of a 100 

mm wooden log to hold the sensor 

(b) Sensor mounted at different cover 

depths 

  

(c) 100 mm cube mould with sensors (d) Surface finished specimen 

  

(e) Specimens kept in wet cycle (f) Monitoring of temperature and 

RH  

Figure C.6 step-by-step procedure adopted for monitoring the temperature and 
humidity 
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A 100 mm cube was taken for the study. To place the sensors at various depths, a 

wooden plank with groves was used (Figure C.6(a)). Figure C.6(b) shows the prepared 

sensors to be kept in the mould, which was filled with mortar (0.5:1:2.75).  Three different 

types of binders, namely OPC, PFA and LC3 was poured. Three replicas were made for 

each binder making it to a total of 9 specimens. One sensor for each cover depth 10 mm, 

20 mm and 50 mm from the bottom was placed in one specimen. Then, the specimens were 

cured for 28 days and subjected to alternate wet-dry cycle of 2 days wet and 5 days dry in 

SPS solution. The sensors continuously recorded the temperature and humidity data as 

programmed. 

RESULTS 

Figure C.7 (a), (b) and (c) show the temperature and humidity data of OPC specimens at 

10 mm, 20 mm and 50 mm cover depth respectively. When the specimen is subjected to 

curing, the relative humidity was within the range of 95% to 100%. The temperature at any 

depth follows closely the ambient temperature irrespective of the cover depth. Similar 

observations were found in PFA (Figure C.8) and LC3 (Figure C.9) specimens. From the 

results, it is clear that the temperature inside the mortar follows the ambient temperature 

with a very minimal time gap irrespective of the type of the binder used and depth of the 

cover. However, there is significant lag in the RH when different cover and binder are used. 

The lag could not be stablished clearly due to the failure of the sensor due to insufficient 

water proofing. The filtercap used for protecting the sensor is of the standard IPV67, which 

can withstand moisture to some extent. However, the 50 mm sensors were unable to give 

data for a longer period due to 100% saturation prevailing there all the time. The sensor 

assembly was capable of giving data for a longer duration when the specimen was dry. 

When the specimen was subjected to alternate wet-dry cycle, 100% saturation for 

prolonged period made the sensors to fail. Hence, a proper water proofing system is 
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necessary for continuous monitoring of the data. From this study, it was found that 2 days 

wet is sufficient for obtaining the 100% saturation at the interface when 10 mm cover was 

used. Hence, 2 days wet and 5 days dry cycle was adopted for hr-ACT method. 

 

Figure C.7 Temperature and relative humidity data from OPC specimens 
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Figure C.8 Temperature and relative humidity data from PFA specimens 
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Figure C.9 Temperature and relative humidity data from LC3 specimens 
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PRECAUTIONS 

The following are the precautions that need to be taken while handling the sensor specimens 

(i) The connections from the break-out board1 are very sensitive to moisture resulting in 

corrosion and disconnection. Hence, proper water proofing needs to be done. 

(ii) A protection mechanism for the sensor under 100% saturation need to found for 

continuous data for a longer period. 

SUMMARY 

This section presented the detailed experimental procedure and the results from the sensor 

specimens. The ability of the sensor for continuous monitoring in the dry period is 

established. However, a methodology for monitoring the data in 100% saturation need to 

be investigated further. 
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APPENDIX D 

MACROCELL CORROSION - PRELIMINARY STUDY  

INTRODUCTION 

Nowadays, supplementary cementitious materials (SCMs) and corrosion inhibiting 

admixtures (CIAs) are used to delay the onset of corrosion in reinforced concrete structures. 

The use of SCMs and/or CIAs could result in ‘moderate’, ‘high’, and ‘very high’ resistive 

concrete, which pose significant challenges in their performance assessment. Using ASTM 

G109 (2013) test procedure, the present study monitored the corrosion of TMT steel in 

concretes with various resistivity levels and identified the possible corrosion mechanisms. 

EXPERIMENTAL PROGRAM  

The experimental program adopts ASTM G109 test method where three types of cement 

(namely Ordinary Portland Cement (OPC), Portland Pozzolana Cement (PPC), and 

Portland Slag Cement (PSC) –details are provided in Table D.1) and three CIAs (two 

anodic and one bi-polar type) were used to prepare various concretes (see Table D.2 for 

mixture proportions). The cement content, aggregate content and w/b were kept constant 

for all the concrete mixes. The CIAs were added as per the dosages recommended by the 

manufacturer (see Table D.3). Three ASTM G109 specimens were cast for each variable 

combination. 
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Table D.1 Chemical composition of Ordinary Portland Cement (OPC) and two 
blended cements used in this test program 

Ingredient Concentration (%) 

OPC PPC PSC 

Al2O3 4.51 9.04 12.64 

CaO 66.67 53.51 46.09 

Fe2O3 4.94 2.89 4.58 

K2O 0.43 0.50 0.70 

MgO 0.87 3.77 0.74 

Na2O 0.12 0.13 0.13 

SiO2 18.91 26.00 30.98 

SO3 2.50 2.88 2.61 

 

Table D.2 Mix design for concrete used   

Ingredients 
Quantity 

(kg/m3 of concrete) 

Cement 400 

water/binder 0.42 

Fine aggregate 630  

Coarse aggregate 1170  

Corrosion inhibitors As per Table C.3 

 

Table D.3 Properties of corrosion inhibitors used 

Type of inhibitor (chemical 
families) 

Solid 
content (%) 

Dosage 
(kg/m3) 

R2:  Amino alcohol 3 5 

CN:  Calcium nitrate and 

Calcium nitrite  
45 25 

RC: Calcium nitrate,  

Nitrous acid, and 

Calcium salt                                          

32 20 
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Specimen preparation 

As shown in Figure D.1, QST/TMT steel pieces of 16 mm diameter was used for this study. 

The steel pieces of 400 mm length were cut using a chop saw with an abrasive cutting 

blade. The surface of the steel was cleaned using acetone and wiped clean using a cloth. 

The 200 mm long portion at the centre of the steel rebar piece was exposed and the rest 

were coated with two thin layers of low viscosity epoxy (Sikadur 52 UF). The epoxy 

coating was left to cure for two days. The ASTM G109 specimens were cast using the 

prepared steel rebar pieces and cured for 28 days after casting. Then, a 15 mm thick slice 

was removed from the cover concrete – reducing the cover depth to 10 mm. A typical 

concrete cutter with a circular blade (diamond tipped) was used for the purpose. This 

reduction in cover depth helped in reducing the time required for chlorides to reach the 

steel rebar (anode) and eliminated the surface edge effects. After 28 days of curing, the 

specimens were kept in an environment of 70 ± 5 % relative humidity and 30 ± 5 °C for 

two weeks. Then, the epoxy coating was applied on the surfaces of the concrete prism 

specimen (except the area inside the chloride reservoir and bottom surface). The bottom 

surface was left uncoated to ensure oxygen availability for cathodic reaction and the top 

surface (inside the reservoir) was left uncoated to allow the one-dimensional chloride 

penetration. After the curing of epoxy, the top and the two bottom rebars were electrically 

connected using a 100 Ω resistor, as shown in Figure D.1. In QST/TMT solid rebars, a 

4 mm diameter screw was used to fasten the lead wires to the resistor. The 2 mm thick 

acrylic sheets were cut and joined using chloroform to make the chloride reservoir. Then, 

the acrylic sheets were glued (using silicone sealant) to the clean and dry concrete surface. 
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Figure D.1 Schematic diagram of ASTM G109 specimen with 10 mm cover 

Chloride exposure and corrosion monitoring 

The specimens were subjected to cyclic wet dry exposure (14 days of ponding followed by 

14 days of drying) using 3% sodium chloride solution. The voltage across the 100 Ω resistor 

(i.e., in Circuit 1 - between the top and bottom rebars) was measured using a 5.5 digit 

precision multimeter at the 7th day of wetting in each cycle. This was used to calculate the 

Icorr, average in Circuit 1. The End of Testing (EoT) was defined as the time when Icorr, average 

attains 150 Coulombs (as per the ASTM G109) or 365 days of exposure, whichever was 

earlier. At EoT, all the specimens were autopsied and the anode steel was visually observed 

for corrosion. 

Bulk resistivity measurements 

As shown in Figure D.2, at the EoT, 70 mm cylindrical specimens were cored from the 

center of the prismatic specimens. The cored cylindrical specimens were cut to 150 mm 

length and bulk resistance was measured using Electrochemical Impedance Spectroscopy 

(EIS) in the surface wet condition (not saturated). Figure D.2(b) shows the schematic and 

photo of the EIS test setup with two stainless steel plates attached to the ends (acted as 

electrodes) of the cored specimen. The specimen was tested using a two-electrode 
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configuration using Solartron 1260 coupled with 1287. The EIS test parameters included a 

frequency range of 1 MHz to 2.5 kHz, AC amplitude of 10 mV, and 7 points per decade 

(per unit change of magnitude). Because of the high dielectric constant of concrete 

specimens, the EIS plots obtained at lower frequencies (say, less than 2.5 kHz to 1 Hz) 

exhibited significant noise; and hence, were not used in the calculations as shown in 

Figure D.3. The bulk resistance of concrete is determined as the distance from the origin to 

the projection of ‘the point of intersection of the bulk and electrode arcs’ on the abscissa of 

the Nyquist plots obtained. The bulk resistance of air-dry concrete is then converted to bulk 

resistivity of air-dry concrete by considering the dimensions of the specimen (70 mm dia. 

and 150 mm length).  Further, it is converted to that of a saturated-surface dry specimen by 

using a factor of 0.1 for air-dry conditions. 

 

Figure D.2 (a) Core location (b) Bulk resistance test set-up 
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Figure D.3 (a) Core location (b) Bulk resistance test set-up 

RESULTS AND DISCUSSIONS 

In this section, discussions on (i) Bulk resistance, (ii) Effect of cement type and CIAs on 

macrocell current, (iii) calculation of total average corrosion current, and (iv) Calculation 

of total average corrosion current (Icorr, average) are presented. 

Bulk resistance 

The type and quantity/dosage of binder and corrosion inhibiting admixtures (CIAs) can 

influence the resistance of concrete. This can affect the type of governing macrocell 

corrosion circuits. Figure D.4 shows the box plot on the bulk resistance exhibited by the 12 

types of concretes (i.e., OPC, PPC, and PSC concretes with and without CIAs; see 

Table D.4) used. The bulk resistivity of saturated-surface dry concrete is categorized as 

follows: (i)  low (< 25 kΩ.cm), (ii) moderate (25 to 50 kΩ.cm) (iii) high (50 to 100 kΩ.cm), 

and (iv) very high (> 100 kΩ.cm). In Figure D.4(a), (b), and (c), these regions are 

demarcated using the dashed, horizontal lines.  

In the case of specimens without CIAs [1st box in Figure D.4 (a), (b), and (c)], the 

OPC concrete exhibited low resistivity (≈ 25 kΩ.cm); the PPC and PSC concretes exhibited 

≈ 50 to 100 kΩ.cm (i.e., lower and upper regions of high resistance category). In general, 
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CIAs did not induce significant effects on resistivity, except in the case of R2 type CIA in 

PPC and PSC concretes. The ‘very high’ resistivity with significant scatter was observed 

only when the R2 type CIA was used. This is probably due to the additional pore blocking 

mechanism of R2, which significantly reduced the moisture ingress and enhanced the 

resistivity. It is evident that, even in the presence of CIAs, the PPC and PSC cement can 

enhance the microstructure and increase the resistivity of concrete. This effect is more 

prominent in PSC systems than in PPC systems. For example, a comparison of the box 

plots in the third columns in Figure D.4(a), (b), and (c) indicates that the resistance 

increased by about two and four times when OPC was replaced by PPC and PSC, 

respectively. In such levels of resistivity, monitoring of Circuit 1 macrocell current may 

not be sufficient.  

 

 

Figure D.4 Bulk resistivity of different concretes  
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Table D.4 Experimental design and key results 
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Resistivity 
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Results 

Remarks on 
observed macrocell 
corrosion current 

Could 
Circuit 
2 exist? 

Could the 
test detect 
Circuit 2? 

OPC 
TMT/ 
QST 

12 
Low to 
Moderate 

High initial value No No 

PPC 
TMT/ 
QST 

12 
Moderate 
to High 

Low in some cases Yes c  No 

PSC 
TMT/ 
QST 

12 
Moderate 
to High 

Low in some cases Yes c No 

a 3 × 4 = 12; 3 replicas each of W/O, R2, CN, and RC type specimens (see 
Table C.3 for details). 
b When the resistance level is high. 

 

Effect of cement type and CIAs on macrocell current  

Figure D.5 shows the macrocell current (Circuit 1) exhibited by the ASTM G109 type 

specimens with solid rebars. The subplots a-d, e-h, and i-l in Figure D.5 exhibit the 

behaviour of specimens with OPC, PPC, and PSC concrete, respectively (without and with 

three CIAs).  
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Figure D.5 Macrocell current Vs Exposure Time for QST/TMT specimens  

In general, higher macrocell current was observed in OPC specimens when compared 

to the corresponding PPC and PSC specimens with higher resistivity. The resistivity of 

cover plays a significant role and is evident in the form of low macrocell current readings. 

The refined pore structure and high ionic resistance due to the pozzolanic reaction and the 

chloride binding due to the presence of aluminates enhance the corrosion resistance in the 

PPC and PSC specimens. In this case, PSC specimens performed better than PPC 

specimens.  This shows that in case of solid rebars, resistivity determines the type of 
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macrocell corrosion circuit. In solid rebar specimens with CIAs, calcium nitrite based 

commercial inhibitors (CN and RC) were effective and the corrosion initiation time was 

enhanced by nearly 50% for all the three cases namely, OPC, PPC and PSC. From the 

results, it can be inferred that the decrease in resistivity due to CIAs did not significantly 

affect the corrosion performance and was compensated by the action of the inhibitors on 

the steel surface to prevent corrosion. 

Possibility of Circuit 2 type corrosion 

The resistivity of concrete can influence the type of macrocell circuit. In general, OPC 

specimens with low resistivity indicated high Circuit 1 current when the top rebar exhibited 

corrosion initiation. On the other hand, the PPC and PSC specimens with highly resistive 

concrete exhibited low current in Circuit 1 even when visible corrosion stains were 

observed on the concrete surface. Then, the specimens were autopsied and the top rebars 

were found to be significantly corroded. This indicates the presence of high current in 

Circuit 2 - completed by the movement of hydroxyl ions through the steel-concrete 

interface, as shown in Figure D.6. [Note: Figure D.6 is the reproduction of Figure 3.6(a) 

for the ease of the user] 

 

Figure D.6 Circuit 2 corrosion mechanism in highly resistive concrete 

Circuit 1
Circuit 2
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Calculation of total average corrosion current (Icorr, average) 

The ASTM G109 standard defines the failure point as the time taken for Icorr, average to reach 

150 C. However, there were difficulties in correctly calculating Icorr, average for many 

specimens in this study. This was due to the change/reversal in the sign of macrocell current 

(Circuit 1) observed at multiple times during the exposure period. Figure D.7 shows the 

raw macrocell corrosion current of specimens exhibiting this change in sign (negative 

current indicates that the top bar is anodic and vice versa).  For brevity, data from only 9 

QST/TMT (among 36 specimens each) are shown in Figure D.7. It is believed that this 

change in the sign of current could be due to one or more of the following situations: 

(i)  passive state of the top steel (ii) dry S-B interface of top steel, (iii) saturated concrete 

adjacent to the top steel, which cathodically polarizes the top steel (i.e., the potential shifts 

to a value below the equilibrium potential in the cathodic region). Also, this current reversal 

was found more often for OPC and PSC specimens. The current reversals, it’s reasoning, 

and how to incorporate it during the calculation of Icorr, average is not well-reported. However, 

as the dissolution of metal is an irreversible process (i.e., Fe2+ ions cannot re-adhere to the 

steel rebar once it is dissolved in solution), the positive current values cannot be considered 

as such to calculate Icorr, average. Hence, in this study, all the positive values were changed to 

zero while calculating Icorr, average as per Equation (D.1) given in ASTM G109 (2013). 

!"# = !"#%& + [ )# − )#%& ×
,# + ,#%&

2 ] D.1 

where, TC = Total corrosion (Coulombs); tj = Time (seconds) at which the measurement of 

the macrocell current is carried out; and ij = Macrocell current (Amps) at time, tj.  If ij > 

zero, then ij is considered as zero.  Note that the parameter TCj in ASTM G109 is same as 

Icorr, average.   



212 
 

 

Figure D.7 Raw macrocell current showing change of sign in QST/TMT specimens 
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The current discrepancy, Idiscrepancy, between the Icorr, average calculated using the raw data and 

modified data are provided in Figure D.8 using the Equation (D.2). 

/01234567839 = 	
/3;44,7=547>5,47?%/3;44,7=547>5,3;4453@50

/3;44,7=547>5,47?
	×100 

 D.2 

where, Icorr, average, raw and Icorr, average, corrected are the Icorr, average calculated using the raw and 

modified data. It shows that 14 among the 36 QST/TMT rebar specimens showed 

discrepancies, which necessitates the measurement of Circuit 2, as it is the governing 

phenomenon in these cases. 

  

Figure D.8 Discrepancy in Icorr, average calculation in QST/TMT 

SUMMARY 

In systems with solid rebars, anodes and cathodes forming on same rebar (Circuit 2a type 

corrosion) happens when the concrete is of very high resistivity. Also, the equation to 

calculate the total current, TCj given in ASTM G109 cannot be used directly as there are 

challenges in the case of reversal of macrocell current and positive macrocell current. 

Hence, it is proposed to use the modified Equation D.1 for the calculation of total current.   

OPC PPC PSC
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APPENDIX E 

FITTING EIS-CURVE WITH AN EQUIVALENT CIRCUIT 

SELECTION OF EQUIVALENT CIRCUIT 

Choose an equivalent circuit, which can define the physical elements in the S-B system. 

For e.g., Figure E.1 (a) and (b) show the EIS response and the Randles circuit. The physical 

meaning of a simple S-B system can be interpreted in the form of the equivalent circuit. 

Rsol represents the resistance of the cover material, Cdl the capacitance of the double layer, 

Rct the charge transfer resistance and Wo the Warburg impedance. Warburg impedance 

represents the diffusional behavior, which has a unique 45° tail in the EIS spectra.  

 

(a) 

 

(b) 

Figure E.1 (a) EIS response and (b) Randles circuit  
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If the steel has a coating, one more RC element can be added to the equivalent circuit 

to represent the coating behavior. Similarly, if the cover is saturated, the cover will have 

capacitance effect in addition to Rsol. Hence, the equivalent circuit has to be chosen 

according to the S-B system under analysis. 

 

FITTING OF THE EQUIVALENT CIRCUIT. 

For the fitting purpose, any fitting software’s such as Zplot, ZSwimpwin etc. can be used. 

For demonstration purpose, Zview is used in this study. 

i) Open the EIS file to be fitted in the main menu 

ii) In Zview, click the equivalent circuit tool 
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iii) A blank screen will be displayed 

 

 

iv) Construct the chosen equivalent circuit from step 1. 
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v) After construction of the equivalent circuit, make all the elements as free and 

give value as 1.  

 

vi) Choose the EIS file in the main menu 

a) Click “Run Fitting/Freq. range” 

b) The fit will generate some numbers 

 

 



218 
 

vii) With trial and error, the values of the individual elements can be optimized. For 

optimization, certain elements can be fixed. 

If an initial value closer to the circuit elements is given, the system can fit the circuit in 

lesser number of iterations. For e.g., R1 represents Rsol. From the curve represented in step 

viii, it can be inferred that it will be approximately near 180. So, if R1 is fixed to that value, 

other elements can be optimised. 

viii) Validation of the fit can be confirmed as follows 

a) The chi-squared value should be ≤ 0.001 and sum of squares < 1. 

b) The error percentage of individual elements should be less than 20% 

c) (Ideally, in other aqueous systems, the error% < 5%. In S-B systems, the 

error is high due to inhomogeneity)  
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