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Abstract 

Concrete is the most widely used construction material in the world. However, 

approximately 10% of the bridges in the United States, majority of which are made of reinforced 

concrete, are structurally deficient or functionally obsolete mainly due to corrosion. Every year, 

significant resource consumption and environmental degradation are associated with the 

maintenance and repair of corrosion-damaged reinforced concrete infrastructure. The fundamental 

reason behind the corrosion-related deterioration is the brittleness of concrete, which makes the 

unreinforced cover of all reinforced concrete structures prone to cracking under small tensile 

stress. 

Engineered Cementitious Composites (ECC) is a class of ductile fiber-reinforced 

cementitious composites with strain capacity under uniaxial tension greater than 1%. Compared to 

conventional concrete, ECC has been shown to mitigate the corrosion-related damage, primarily 

in the propagation phase of corrosion, due to small crack widths typically limited under 100 µm. 

As a result, ECC has been extensively investigated and applied in a few structures as an alternative 

to conventional concrete to improve the infrastructure durability and sustainability. Yet, little is 

known about the performance of ECC during the initiation phase of corrosion. 

The main goal of this dissertation is to investigate the corrosion protection offered by ECC 

during both the initiation and the propagation phases of corrosion, in comparison to conventional 

concrete. The investigation of corrosion initiation in reinforced-ECC specimens in this dissertation 

led to the development of two novel experimental methods for determining the critical chloride 

xviii 



concentration (Ccrit) that is vital for determining the initiation of active corrosion and service life 

of reinforced concrete structures. One of the two methods utilizes existing electrochemical 

techniques to monitor corrosion but takes into account the observed corrosion pit depths and 

provides a more accurate determination of Ccrit compared to the existing methods. The other novel 

method is a rapid test that enables the determination of Ccrit within a few days instead of several 

years taken by the existing methods. 

The behavior of intact and damaged reinforced-ECC structural elements during the 

propagation phase of corrosion is addressed in this dissertation. The primary objective of this 

research was to determine whether using ECC only in the cover of reinforced concrete structural 

members is as effective in reducing corrosion damage as making the entire member with ECC. 

Furthermore, the quality of the interfacial bond between ECC and concrete was investigated, which 

confirmed the feasibility of using precast ECC covers as permanent formworks for reinforced 

concrete members. The results presented in this dissertation will form the basis for future 

utilization of ECC and similar advanced cementitious materials in infrastructure to achieve 100-

year or longer service life.  
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PART I: INTRODUCTION AND LITERATURE REVIEW 

Chapter 1. Introduction 

1.1 Background and motivation 

Concrete is the world’s most widely used construction material; however, reinforced 

concrete (RC) structures often suffer from chloride-induced steel corrosion [1]. According to the 

National Association of Corrosion Engineers (NACE) and the Federal Highway Administration 

(FHWA), more than 10% of bridges in the United States (US) (about 54,000 bridges) are 

structurally deficient or functionally obsolete due to corrosion [2]. The American Society of Civil 

Engineers (ASCE) has given an overall grade of “C+” to bridge infrastructure in the US mainly 

due to corrosion damage [3]. In 2003, the annual cost of repairing or replacing corrosion-damaged 

RC bridges was estimated at $8.3 billion [2]. A significant amount of resource consumption, CO2 

emissions, and environmental hazards are associated with the maintenance and repair of corroded 

RC structures. 

Steel reinforcement in RC structures is shielded from corrosion by a passive iron-oxide 

layer1 (also known as passive film) that forms on the surface of reinforcement due to the high 

alkalinity of the concrete pore solution [4]. However, in the presence of a chloride-rich 

environment and due to the inherent porosity of concrete, chloride ions can diffuse through the 

1 Passive layer: a thin, dense, and impenetrable layer of corrosion products, which may not be visible to the 

unaided eye (thickness in the order of nm). It is mainly composed of gamma ferric oxide (γ-Fe2O3). 
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concrete cover. A particular amount of chloride concentration, called the critical chloride content 

(Ccrit), must build up at the rebar-concrete interface to depassivate the protective iron-oxide layer 

and initiate active corrosion [5]. The time needed to reach the critical chloride content at the rebar-

concrete interface is known as the time to corrosion initiation, which is a function of the chloride 

diffusivity of the concrete cover, chloride concentration at the concrete surface, and thickness of 

the cover. Thus, the corrosion protection provided by the passive layer is lost at the end of the 

initiation phase, which is followed by the propagation phase of active corrosion, where corrosion 

continues at a faster rate in the presence of water and oxygen [6]. 

Accurate determination of Ccrit and the time-to-corrosion initiation enables civil engineers 

to prepare maintenance and repair strategies for RC structures. Knowing Ccrit for a particular type 

of concrete also allows concrete quality control specialists to determine the maximum allowable 

chloride content in the fresh concrete mixtures [7]. The value of Ccrit depends on both the 

electrochemical properties of the steel reinforcement and the level of protection provided by 

surrounding concrete. The most important factors influencing Ccrit are continuity of the passive 

film at rebar-concrete interface, pH of the concrete pore solution, surface condition of the rebar, 

moisture and oxygen contents of the concrete, electrical resistivity of the concrete, and temperature 

[8]. Some of these factors are interrelated. The range of factors involved in determining Ccrit makes 

it difficult to compare the results obtained from different studies, as it is not viable to standardize 

and maintain each of these factors across various laboratories and environments. 

When active corrosion initiates (during propagation phase of corrosion), the corrosion 

products generate tensile stress in the surrounding concrete, as they normally occupy 3-6 times the 
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volume of the original steel removed by corrosion [9]. During the propagation phase of corrosion, 

fracture toughness (or tensile strength) and tensile ductility of the concrete cover determine the 

time between the start of active corrosion and the appearance of crack(s) on the outer surface of 

the concrete cover [10]. A cracked concrete cover provides access for corrosive agents that 

accelerate the rate of corrosion in the propagation phase, and if not addressed at an early stage, 

may result in rapid deterioration of RC structures. 

Engineered Cementitious Composite (ECC) has been shown to significantly reduce the rate 

of corrosion propagation by comparison with conventional concrete due to its extremely small 

crack widths [11]. ECC is a polymer fiber-reinforced cementitious composite with a strain-

hardening behavior under tension and strain capacity greater than 1%. ECC shows multiple-

cracking behavior under uniaxial tension with individual crack widths less than 100 μm [12, 13]. 

As a result, ECC performs significantly better than conventional concrete, particularly during the 

propagation phase of corrosion wherein the local deformation demand is high due to the formation 

of expansive rust products [11]. 

Although the construction industry has shown interest in ECC, the relatively high material 

cost compared to conventional concrete (about three times more expensive) and the need for 

special processing have been barriers to its widespread use in large-scale projects. Therefore, it is 

necessary to find efficient applications that maximize the benefits of using ECC per unit volume 

of a structural member. Despite the advances made in our understanding of the behavior of ECC 

during the propagation phase of corrosion (under expansion), little is known regarding the 

corrosion protection offered by ECC during the initiation phase. To the knowledge of the author, 
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no systematic studies for determining Ccrit and time-to-corrosion initiation have been performed 

for reinforced ECC specimens at the time of writing of this dissertation, which is one of the main 

motivations behind this doctoral research. 

1.2 Research goal and objectives 

The main goal of this dissertation is to investigate the corrosion resistance offered by ECC, 

compared to conventional concrete, in both the initiation and the propagation phases of corrosion 

in reinforced concrete structures. The specific research objectives are: 

1) To identify the challenges associated with determining Ccrit in RC structures by thoroughly 

reviewing the electrochemical corrosion monitoring techniques commonly used for detecting 

active corrosion. 

2) To determine chloride diffusion in ECC in both intact and damaged (micro-cracks) states 

during the initiation phase of corrosion. 

3) To develop a novel method to accurately determine Ccrit for cementitious materials. 

4) To develop a novel experimental procedure for rapid determination of Ccrit in RC specimens. 

5) To investigate the feasibility of utilizing ECC only in the cover (both intact and damaged) of 

RC structural members to mitigate corrosion damage during the propagation phase of 

corrosion. 

6) To investigate the quality of the ECC-concrete interface through bond and shrinkage 

measurements for potential utilization as permanent formwork. 
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7) To develop and document a method for mechanical simulation of corrosion damage during 

the propagation phase of corrosion. 

1.3 Dissertation organization 

This dissertation is organized into four parts containing 9 chapters. Part I of this dissertation 

contains this introductory chapter and Chapter 2, which addresses the first research objective. An 

extensive literature review and the electrochemical terminology used in this dissertation are 

presented in Chapter 2. Chapters 3 to 8 of this dissertation address the aforementioned objectives 

2 to 7 of this research. 

Part II of this dissertation focuses on the initiation phase of corrosion and is composed of 

Chapters 3 through 6 of this dissertation. In Chapter 3, the resistance of conventional concrete and 

ECC against the penetration of chloride ions is investigated. In Chapter 4, a novel method for 

determining Ccrit is presented. This chapter also proposes a new method for the accurate 

determination of the critical corrosion current density. The effect of damage in ECC cover on its 

ability to delay the initiation of active corrosion is detailed in Chapter 5. In Chapter 6, a new 

experimental approach for the rapid determination of Ccrit is presented. The obtained Ccrit results 

are further verified by investigating the cyclic polarization behavior of reinforced concrete and 

reinforced ECC specimens. 

Part III of this dissertation includes Chapter 7 and 8, which focus on the propagation phase 

of corrosion and concrete-ECC bond. Chapter 7 contains three major sections. In the first section, 
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the performance of conventional concrete and ECC single-rebar specimens (the simplest 

geometry) during the propagation phase of corrosion is reported. The performance of intact and 

damaged ECC covers (a more complex geometry) during the propagation phase of corrosion are 

investigated in the second section of Chapter 7. A new method for the mechanical simulation of 

corrosion damage is introduced in the last section of Chapter 7. The quality of the concrete-ECC 

interface is investigated in Chapter 8 through bond and shrinkage measurements. The results of 

Chapters 7 and 8 are used to investigate the feasibility of utilizing ECC covers as permanent, 

durable formwork. 

Part IV contains Chapter 9, which summarizes the conclusions and the original scientific 

contributions of this doctoral dissertation. In addition, recommendations for future research are 

provided to address the limitations associated with the current study. 
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Chapter 2. Literature review 

2.1 Basics of corrosion 

2.1.1 Overview 

Corrosion of steel reinforcement in concrete is a redox reaction involving oxidation of iron 

and reduction of oxygen. The oxidation part involves conversion of iron (in steel) into iron oxide 

for which the iron (Fe) atom transforms into Fe2+ ion by removal of the valence electrons [1]. 

Areas of the steel rebars undergoing oxidation are called “anodes” [2]. Eq. (2.1) shows the 

oxidation reaction of iron, also known as the anodic half-cell reaction. 

2 2Fe Fe e   (2.1) 

On the other hand, in the presence of water, the liberated electrons from the anodic reaction 

are consumed by oxygen at the electric double layer to form hydroxyl ions (OH). This reaction is 

called “oxygen reduction” as the charge on oxygen atoms is reduced from 0 to 2. The areas of 

the steel rebars undergoing reduction are called “cathodes.” Eq. (2.2) shows the reduction reaction 

of oxygen, also known as the cathodic half-cell reaction. 

2 2 2 2O H O e OH    (2.2) 
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The overall corrosion reaction is the summation of both the cathodic and the anodic half-

cell reactions as follows: 

2

2 2 ( ) 2    Fe O H O Fe dissolved ions OH (2.3) 

In the context of reinforced concrete (RC) structures, anodic and cathodic sites occur either 

on different parts of the same rebar (pitting corrosion) or on different rebars (macrocell corrosion). 

Electrons flow from anode to cathode through the rebar, generating an electrical field [3]. The 

hydroxyl ions move from cathode to anode through the concrete’s pore solution under the electric 

field. At the anode, the hydroxyl ions react with the iron ions to form iron oxides and hydroxides. 

Figure 2.1 schematically shows the formation of a corrosion-cell in reinforced-concrete under 

natural exposure to moisture, oxygen, and chloride ions. Cathodic and anodic reactions can occur 

at separate rates and the smaller of the two determines the rate of corrosion. This means that 

corrosion reaction can be halted by stopping either the anodic or the cathodic reaction. 

anode (oxidation) cathode (reduction)

Fe2+ 

Fe(OH)2

OH-

H2O, O2

concrete cover

Cl- cracks

2e-

Figure 2.1. Concrete corrosion cell. 
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Accumulation of solid iron oxides (or corrosion products) near the steel rebar increases the 

tensile hoop stress in the concrete cover. The corrosion products generally occupy three to six 

times the volume of steel removed in the corrosion reaction. Figure 2.2 shows the volume 

expansion factors for various corrosion products. The expansionary pressure exerted by the 

corrosion products causes cracking of the concrete cover when the hoop stress equals the tensile 

strength of concrete. This is followed by more extensive cracking, ultimately leading to the 

spalling of concrete cover. 

Figure 2.2. Relative volumes of corrosion products [4]. 

As reinforcement corrosion is a critical durability problem for RC infrastructure, it is 

crucial to develop reliable methods for predicting the end of service life and developing appropriate 

maintenance and repair strategies. One of the most widely used service life model was proposed 

by Tuutti [5]. Tuutti’s model is usually presented graphically as a two-stage model including 

corrosion initiation and corrosion propagation phases, as illustrated Figure 2.3. Following Tuutti, 
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other service-life models have been proposed, which break down the initiation and propagation 

phases into smaller stages [4, 6, 7]. It is a common practice to consider the cracking of the concrete 

cover as the end of service life for RC structures. The parameters affecting initiation and 

propagation phases of corrosion will be discussed further in section 2.2.3. 

initiation period propagation period

life time 

le
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e
l 
o
f 

d
e
te

ri
o
ra

ti
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n

 

diffusion of Cl

Tuutti (1982)

Liu and Weyers (1998)

concrete cover cracking 

spalling and delamination 

structural failure 

passive state active state 

T0 Tp

corrosion rate 

Figure 2.3 Simplified service-life models [4, 5]. 

2.1.2 Corrosion terminology 

The full glossary of corrosion and electrochemical testing terms is available in the standard 

textbooks on corrosion engineering [8-10]. However, the definitions of terms that are frequently 

used in this dissertation are provided here in alphabetical order. 

Active state: It refers to the state when corrosion has actively started in the rebar during 

the corrosion propoagation phase; in other words, the corrosion activity is significantly greater 

than that during the corrosion initiation phase. 
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Corrosion current density: Corrosion current density is the amount of electric current per 

unit area of a rebar during corrosion (due to flow of electrons from anode to cathode). Corrosion 

current density is a commonly used method to express the corrosion rate and has the units of A/cm2, 

mA/cm2, and µA/cm2. 

Corroding electrode: In the literature related to the corrosion of RC structures, working 

electrode, anode, corroding electrode, and corroding rebar are interchangeably used and commonly 

referred to as the corroding reinforcement. 

Electrolyte: An electrolyte is a solution that conducts electricity through movement of 

ions. In the context of this dissertation, it is either the concrete pore solution or the salt solution 

added for accelerated corrosion tests. 

Electrical double layer (EDL): A very thin electrochemical layer (of the order of a few 

nano-meters) at the electrode-electrolyte interface, where the excess or deficiency of electrons on 

the electrode surface will be compensated by accumulation or subtraction of oppositely charged 

ions in the electrolyte to maintain the electrical charge neutrality. All the electrochemical processes 

associated with corrosion reaction occur at the EDL. 

Open circuit potential (OCP): Open circuit potential (or corrosion potential) is the 

measured potential difference between the working electrode (e.g. corroding rebar) and a reference 
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  electrode at equilibrium where no current is flowing. In this dissertation, “potential” and “voltage” 

are used interchangeably. 

Passive state: It refers to the stage that corrosion has not actively started yet, i.e., the 

corrosion activity is not large enough to be measurable by experiments. 

Potential shift: Potential shift (or polarization potential) is the applied potential that shifts 

the working electrode away from its OCP. Positive potential shift pushes the reaction towards its 

anodic side (anodic polarization), and negative applied potential pushes the reaction towards its 

cathodic side (cathodic polarization). For example, polarizing a rebar for +20 mV means that +20 

mV potential shift is applied to the rebar with respect to its original OCP and causes the rebar to 

undergo increased oxidation. After applying a potential shift to an electrode, it takes some time for 

it to stabilize. Not giving the test electrode enough time to go back to its OCP before starting over 

a new test, is a major source of error in many electrochemical experiments. 

Reference electrode: A reference electrode contains a metal [e.g. copper (Cu)] that is 

submerged in its ions in a saturated state in the presence of ions from an inert salt [e.g. saturated 

copper sulfate solution (CuSO4)]. The potential of reference electrodes are well known with 

respect to the saturated hydrogen electrode (SHE). 
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2.2 Corrosion of steel in concrete 

2.2.1 Formation of protective layer on rebars in concrete 

About 10-15% volume of concrete mixture is comprised of cement. Calcium oxide (CaO) 

in cement reacts with water to produce calcium hydroxide [Ca(OH)2]. Production of calcium 

hydroxide, along with the sodium and potassium ions, in the pore solution of concrete make it 

highly alkaline with pH between 13 and 13.7 [11]. Such high alkalinity facilitates the formation of 

a passive layer of iron oxide on the steel reinforcement, as described below. 

As soon as fresh concrete is poured around steel reinforcement in a form, the steel rebars 

undergo surface oxidation in presence of mix water and dissolved oxygen. As a result, a thin layer 

of iron oxides (passive layer) is formed on the surfaces of the rebars. This layer is dense and 

impenetrable, and it is mainly composed of gamma ferric oxide (-Fe2O3). Highly alkaline 

environment, provided by concrete’s pore solution, is needed for the stability of this layer. The 

passive layer effectively protects the rebar from corrosion by (1) preventing the access of water 

and oxygen to the core of the rebar, and (2) acting as a barrier against the diffusion of iron ions 

(Fe+2) from the metal lattice to the EDL [12]. 

2.2.2 Pourbaix diagram of iron 

The pH of the concrete pore solution has a significant effect on the time-to-corrosion 

initiation in RC structures. The two primary corrosion mechanisms in RC structures are chloride-
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induced corrosion and concrete carbonation. The latter is caused by ingress of CO2 gas from the 

surrounding environment into the concrete pore solution, which reduces its pH. Reducing the pH 

can potentially disturb the passivity of the reinforcement steel. It is widely reported that a reduction 

in the pH of the pore solution to a value below 9 causes active corrosion in the reinforcing steel 

[13]. 

The relationship between the electrode potential and the pH can be depicted using a 

Pourbaix diagram [14]. Pourbaix diagram is constructed based on calculations from the Nernst 

equation given below (Eq.(2.4)). Figure 2.4 shows the Pourbaix diagram for iron, where the 

equilibrium potential of iron and its various oxidized species is plotted as a function of pH at the 

standard temperature (25º C). The shaded areas in the Pourbaix diagram represent the region where 

iron (and mild steel) corrodes. 

0 [products]
ln

[reactants]

RT
E E

nF

  
    

   
(2.4) 

where: 

[] represents the concentration of species, moles/liter 

E is the potential measured in volts or millivolts 

E0 is the open circuit potential (OCP) in volts or millivolts 

R is the ideal gas constant [1.986 calories/(mole-K)] 

T is the temperature in degrees Kelvin (K) 

n is the number of electrons liberated in the anodic reaction 

F is Faraday’s constant that is equal to 96,500 coulombs/equivalent 
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To determine the lines that separate various regions in the Pourbaix diagram, the Nernst 

equation for each reaction is solved separately. For example, solving the Nernst equation for the 

anodic reaction of iron ( 2 2Fe Fe e   ) at iron ion concentration of 2 0[ ] 10 1Fe    , gives 

 0.47 E V  , which represents the horizontal line (denoted with 0) separating Fe2+ and Fe 

regions. The detailed calculations for constructing the Pourbaix diagram are available in the 

literature [10, 15, 16]. Thus, the Pourbaix diagram provides key information about the conditions 

for corrosion and the expected corrosion products. 

[Fe2+] = 

100 = 1

Figure 2.4. Pourbaix diagram for iron [10]. 

Moreno et al. [17] investigated the effect of chloride concentration and pH on the corrosion 

initiation of reinforcing steel in simulated concrete pore solution. As indicated in Figure 2.5, the 

value of the corrosion potential is the same for both points of (■): pH = 9, [Cl] = 0.28 M, and (●): 
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pH= 12.5, [Cl]= 2.8 M. In the Pourbaix diagram, being at the same corrosion potential is an 

indication of maintaining the same level of corrosion activity. Therefore, the pH of the concrete 

pore solution needed to passivate (protect) iron against corrosion increases with increase in the 

chloride ion concentration. Concrete admixtures and pozzolanic materials (e.g. fly ash) can change 

the pH of the concrete pore solution and therefore influence the passivity of steel reinforcement 

[18-23]. 

 

  

 

■ ●

Figure 2.5. Effect of chloride concentration on the passivity of iron [17] 

Ecorr is equal for both points of (■): pH= 9, [Cl]= 0.28M, and (●): pH= 12.5, [Cl]= 2.8M. 

2.2.3 Initiation and propagation phases of corrosion 

As mentioned in section 2.2.2, steel rebars in RC structures are well protected because of 

the high alkalinity of the concrete pore solution and the formation of the passive film on the rebar 

surface. However, in the presence of an aggressive chloride-rich environment and because of the 
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permeability of the concrete cover, corrosive substances such as chloride ions gradually diffuse 

through the cover and break down the passive film. The time needed for chloride ions to diffuse 

through the concrete cover and accumulate to a critical chloride concentration (Ccrit) at the steel-

concrete interface is called the “initiation phase” of corrosion, which is denoted as T0 in Figure 

2.3. The initiation phase is followed by the “propagation phase” of active corrosion, which is 

denoted as Tp in Figure 2.3. In this phase, the corrosion process continues with corrosion rates 

shown in Figure 2.3. As the rust builds up around the rebar, tensile hoop strain develops in the 

concrete around the rebar. When the stress in concrete reaches its tensile strength, a crack is formed 

and it propagates toward the outer surface of concrete from the rebar location. While concrete 

permeability and diffusion rate of chloride ions through the concrete cover determine the time to 

corrosion initiation, fracture toughness and tensile ductility of concrete cover govern the crack 

propagation and cover damage during the propagation phase. It is noteworthy that the propagation 

phase for conventional concrete is rather short due to its brittleness and tendency to form large 

cracks. Hence, utilizing ductile concrete materials with high tensile strain capacity and small crack 

openings can be an effective strategy to reduce the rate of corrosion propagation. 

2.3 Critical chloride content (Ccrit) 

2.3.1 Factors affecting the penetration of chloride ions into concrete cover 

The chloride ion diffusivity of the concrete cover is highly dependent on its porosity, which 

is governed by the water to cement weight ratio and the composition of the concrete mix (i.e., the 

presence of pozzolanic materials, addition of admixtures, type of cement, and aggregate sizes). 
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There are different mechanisms involved in the initiation phase of corrosion such as capillary 

suction of chloride ions in concrete voids, absorption, and diffusion [24, 25]. It is widely accepted 

that the diffusion of chloride ions throughout the concrete cover is by far the most dominant 

mechanism to initiate corrosion in the RC structures. 

Tuutti [26] has pointed out that the chloride penetration profile in concrete cover can be 

divided into two major zones: the convection zone (also known as the environmental zone), which 

undergoes wetting and drying cycles, and the diffusion zone, as sketched in Figure 2.6. The depth 

of the convection zone, that is the outer most layer of concrete cover, varies with concrete 

permeability, the level of exposure to chloride ions, and the number of wetting and drying cycles. 

On the other hand, the diffusion zone represents the inner part of the concrete cover that remains 

unaffected by wetting and drying cycles. Wetting and drying cycles accelerate the ingress of 

chloride ions through the convection zone by creating a concentration gradient and intensifying 

the capillary action. As the outdoor environment changes, the direction of the concentration 

gradient also changes because water in the capillary pores tends to move towards dryer zones. The 

continuous movement of chloride ions (solved in water) in the pores gradually leaves the 

precipitated salt behind. The presence of this salt in the concrete cover significantly reduces the 

time-to-corrosion initiation [27]. 
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Figure 2.6. Chloride penetration profile in concrete [26]. 

Chloride ions diffuse through the diffusion zone because of the chloride concentration 

gradient following the Fick’s second law of diffusion as stated in Eq. (2.5) [28]. In this equation, 

Deff is the effective diffusion coefficient (m2/s), C is the chloride concentration (mole/litters) at 

depth X (m), and t is the exposure time (sec). Deff of conventional concrete is of the order of 1013 

– 1011 m2/s. 

2

2

 


 
eff

C C
D

t X
(2.5) 

Crank [29] proposed a mathematical solution (Eq. (2.6)) to the Fick’s second law of 

diffusion by solving the Eq. (2.5) for the following boundary conditions: 

i. C (at X = 0, t > 0 – the chloride concentration at the surface) = C0 
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ii. the initial condition of: C (X > 0, t = 0 – at the beginning and inside the concrete sample) = 0 

iii. at the infinite condition of: C (X = ∞, t > 0 – far away from the concrete surface) = 0 

In Eq. (2.6), erf is the error function. The American Society for Testing and Materials 

(ASTM) has adopted this technique as a standard test procedure for determining Deff [ASTM 

C1556 [30]]. This standard assumes 1 mm as the depth of environmental zone and excludes it from 

the calculations. Deff is calculated based on the observed chloride concentration profile as a 

function of depth and time at depths greater than 1 mm. 

0

( , )
1 ( )

4 eff

C X t X
erf

C D t
  (2.6) 

2.3.2 Variation in the critical chloride contents 

Determining the critical chloride content (Ccrit) is important for predicting the service life 

of a RC structure. Ccrit is commonly expressed as a percentage of the total weight of cement or 

binder. However, Ccrit can vary depending on several factors such as concrete ingredients, 

environmental exposure, and material variability, and therefore, a range of Ccrit is given for 

conventional concrete instead of a single value, as shown in Figure 2.7. 

Significant research was performed in the second half of the 20th century to determine Ccrit 

for a variety of concrete materials in different environments [31-39]. The values presented in the 

literature can vary from 0.1 to 2.5 percent of the total chloride by the weight of the binder [40]. In 
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spite of the variation in Ccrit, it can be concluded that the risk of corrosion substantially increases 

at higher chloride contents, as shown in Figure 2.7. 

Instead of stating Ccrit as a percentage of cement weight, Hausmann [38], one of the 

pioneers in this field, used the ratio of chloride to hydroxide ions ([Cl]/[OH]) to develop the 

condition for corrosion initiation. He proposed that corrosion will initiate when [Cl]/[OH] ratio 

exceeds 0.61. Hausmann, performed experiments using corrosion cells with calcium hydroxide 

solution (syntactic solution) to simulate the alkalinity of the concrete pore solution. This approach 

for Ccrit determination significantly reduces experimentation time by eliminating the slow diffusion 

of chloride ions through entire concrete cover; similar approach has been used in other studies [17, 

35, 41-44]. However, a critical drawback of using a syntactic solution is that the pH of the calcium 

hydroxide solution cannot go beyond 12.6 due to the solubility limit of calcium hydroxide [45]. 

This pH is considerably less than a real concrete pore solution (typically 13.5). Lower alkalinity 

reduces iron passivation, and therefore, the results from the corrosion cell experiments might 

significantly underestimate the service-life of the RC structures. 
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Figure 2.7. The risk of corrosion determined for RC bridges as function of chloride content [46]. 

2.3.3 Factors affecting the Ccrit 

There have been numerous studies in the literature investigating the effects of different 

factors on the critical chloride contents and the time-to-corrosion initiation [37, 46-49]. These 

factors are listed below (some of these will be discussed in detail later in this dissertation): 

 concrete quality and properties 

 pH of the concrete pore solution 

 water/binder weight ratio 

 pozzolanic ingredients of concrete (e.g., fly ash, slag, microsilica) 

 chemical admixtures (e.g., superplasticizer, shrinkage reducer, viscosity modifier) 

 chloride source (e.g. internal source of chloride (admixtures) or external source of chloride 

that diffuse through concrete cover) 
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 concrete age 

 curing conditions (degree of hydration) 

 rebar surface (epoxy coated, as received/prepared, corroded, wire brushed, contaminated 

with oil or other organic matter) 

 temperature and relative humidity 

2.4 Electrochemical corrosion monitoring techniques 

The movement of electrons and ions due to corrosion is accompanied by the development 

of an electric potential field around the corroding rebar [50], which makes it possible to determine 

the rate of corrosion with electrochemical techniques. However, corrosion during the passive state 

occurs locally at a microscopic scale with very low numerical values of corrosion current densities. 

For example, corrosion current density of 0.05 µA/cm2, that is considered a common corrosion 

rate for a reinforcement bar at passive state, would only cause 1.8 grams of iron loss per square 

meter after 5 months. This corrosion level appears as a very small dot (pit) with brown/red color 

that is difficult to detect accurately. There are several electrochemical techniques, e.g. Linear 

Polarization Resistance (LPR) method, Tafel test, cyclic polarization test, Electrochemical 

Impedance Spectroscopy (EIS), macro-cell current, and half-cell potential, which have been 

employed by other researchers to determine corrosion rates. The ultimate goal of measuring 

corrosion rate is to determine the time-to-corrosion initiation at which point the corrosion current 

is expected to increase compared to that in the passive state. 
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The working principles of the majority of electrochemical techniques have one 

commonality. As long as iron (or any other metal) is at electrochemical equilibrium with its 

electrolyte, current does not flow, and therefore, the equilibrium must be perturbed to produce a 

measurable current. This can be achieved, for example, with a potentiostat that utilizes an internal 

power supply to apply a potential shift to the corroding rebar (working electrode) and measures its 

current response. The measured current is the metal’s attempt to re-establish its equilibrium 

condition with the electrolyte. This basic principle can be applied through a variety of 

electrochemical techniques that are described below. 

2.4.1 Macro-cell and micro-cell corrosion current measurement technique 

Corrosion of steel reinforcement occurs either on the adjacent parts of the same rebar 

(micro-cell corrosion) or as an interconnected network of rebars (macro-cell corrosion). In the 

micro-cell corrosion, the potential difference between different zones along the length of the same 

rebar generates anodic and cathodic zones, which are immediately adjacent to each other. The 

potential difference is caused either by the difference in oxygen concentration in different zones 

of concrete or by the localized attack of chloride ions and breakdown of the passive film, as 

illustrated in Figure 2.1. The presence of a crack or adjacent wet and dry zones in the concrete 

cover, generate the oxygen concentration gradient within the cover, which acts as the electromotive 

force for corrosion. The relationship between corrosion potential and oxygen concentration is 

described in section 2.4.2. In practice, micro-cell corrosion is always the starting point of the 

corrosion activity and causes localized pitting corrosion [51]. The degree of pitting corrosion is of 

great importance to structural engineers as it can significantly affect the service-life of the pre-
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stressed and RC structures, and if not detected early, may result in catastrophic failures. The LPR 

test, described in section 2.4.3, is a commonly used non-destructive test to measure the micro-cell 

current. 

In the case of macro-cell corrosion, for example, in a bridge deck, the top layer of rebars 

are exposed to the de-icing salts along with continuous wetting and drying cycles, while the bottom 

layer maintains its dry and chloride-free environment (Figure 2.8). Macro-cell corrosion generally 

causes large corrosion zones on the rebar surface that are easier to detect during visual inspections. 

Macro-cell corrosion current measurements are relatively inexpensive and straightforward. The 

standard ASTM G109 [52] uses a test setup illustrated in Figure 2.9 to measure the macro-cell 

current. The top rebar (closer to chloride ions) undergoes oxidation (anode), and the drier bottom 

rebars with easier access to oxygen undergo reduction (cathode). To complete the macro-cell 

circuit, the top rebar is connected to the two bottom rebars with a resistor (100 ) so that the 

initiation of corrosion causes electrons to flow through the circuit. The macro-cell current is 

indirectly calculated by measuring the voltage across the resistor. A sudden increase in macro-cell 

current occurs when the active corrosion begins and it can be used to determine the time-to-

corrosion initiation. 
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Figure 2.8. Macro-cell between the top and bottom rebar mats in a bridge deck. 

salt 
solution 

R = 
100 Ω

multimeter

(accuracy: 0.01 mV)

Figure 2.9. Schematic view of the ASTM G109 test setup for macro-cell corrosion measurement 

[52]. 

2.4.2 Half-cell potential method 

The half-cell potential technique was originally developed by Stratfull in the late 1950’s 

[53] and is currently the world’s most common NDT to evaluate the corrosion conditions in the 

RC structures. As mentioned above, an electric field is created around a corroding rebar. This 
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method simply maps the equipotential lines of the electric field by connecting the corroding rebar 

to a reference potential on the surface of concrete [50]. The probable corrosion location on a rebar 

is determined by tracing the region with the most negative (anodic) potential. 

The American Society for Testing and Materials (ASTM) has adopted this technique as a 

standard test procedure in ASTM C876 [54]. Figure 2.10 shows the half-cell potential test setup, 

where a multimeter measures the potential difference between the rebar and the reference 

electrode placed on the concrete surface. The value of half-cell potential reading depends on the 

type of the reference electrode. The ASTM C876 standard recommends the use of a 

copper/copper sulfate electrode (CSE) with a potential of +0.318 V with respect to the standard 

hydrogen electrode (SHE). 

Table 2.1 shows the relationship between half-cell potential readings and corrosion 

probability. 

-500

-400

-350 mV

anode,       

-700 mV

cathode, 

-100 mV

multimeter
(accuracy: 0.01mV)

-200 mV

macro 

transfer 
of ions

Figure 2.10. Typical electric field generated during half-cell potential measurement [54, 55]. 
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Table 2.1. Half-cell potentials and corresponding corrosion probability ASTM C876 [54]. 

Ecorr (mV) Probability of corrosion 

at least 90% probability that the active corrosion 
Less than 350 mV 

is happening at the “point” of measurement 

Between 350 mV & 200 mV uncertain corrosion activity 

maximum 10% probability that active corrosion is 
Greater than 200 mV 

happening in the “point” of measurement 

In spite of its widespread use, the half-cell potential method has several limitations. Some 

RC structures can show very negative half-cell potential values (implying high probability of 

corrosion) without any major corrosion activity. [45, 55-60]. The reason behind such observation 

may be limited oxygen access in the wet concrete cover. This can be mathematically explained by 

using the Nernst Eq. (2.4) for the overall corrosion reaction in Eq. (2.3) (i.e., as the concentration 

of oxygen decreases, the electrode potential (E) becomes more negative). Elsener and Böhni [55] 

state that “there are no absolute potential values to indicate the probability of corrosion in a 

structure, in contrast to the interpretation given in the ASTM C876 that relies on a fixed potential 

value of −350 mV CSE”. The expected half-cell potential values at different conditions are 

presented in Figure 2.11 proposed by Elsener and Böhni [55]. Thus, the half-cell potential can only 

be used to determine the likelihood of corrosion, and it must be supplemented with other 

electrochemical techniques for accurate determination of corrosion initiation. 
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Figure 2.11. Half-cell potential ranges (w.r.t. CSE reference electrode) in various structures and 

environments [55]. 

2.4.3 Tafel test and Linear Polarization Resistance (LPR) test 

Tafel test (Figure 2.12) is an effective method for determining the corrosion activity, which 

requires the application of a potential shift of ± 250 mV [2, 10] to measure corrosion current. 

However, such large applied potential can slightly increase the corrosion level of a rebar during 

the experiment. Therefore, it is impractical to perform such test repeatedly on the same rebar for 

monitoring its corrosion activity over time. 

Unlike the Tafel test, Linear Polarization Resistance (LPR) test (Figure 2.13) [61] is a non-

destructive technique that is suitable for long-term monitoring of corrosion. In the LPR test, a 
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small potential shift of ±20 mV with respect to the open circuit potential (OCP) is applied to the 

corroding electrode and the current response to this small potential perturbation is measured. 

Figure 2.12 shows the LPR region on the Tafel plot, along with the “Tafel Extrapolation Method” 

[10, 62] that is a method to determine Tafel constants (βa and βc). Thus, the LPR test is, in a way, 

part of the Tafel test over a much smaller potential range that does not influence the corrosion 

activity of a rebar. 

Eqs. (2.7) to (2.9) show the calculations of corrosion current density based on the data 

obtained from the LPR test [63-65]. The polarization resistance, Rp, can be calculated as the slope 

of the potential-current curve at OCP (i.e. slope of E-i curve in the neighborhood of i=0), as shown 

in Figure 2.13. The calculated corrosion current by the LPR method is commonly referred to as 

the micro-cell corrosion current as described in section 2.4.1. In the literature [4, 66-72], B values 

of 26 mV and 52 mV have been used for embedded rebars in concrete in active and passive states, 

respectively. However, these values do not result in accurate corrosion rates for all RC structures. 

At least one Tafel test must be performed to determine a and c and calculate B.  
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where: 

Rp = polarization resistance, Ohms () 
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Figure 2.12 Idealized Tafel plot showing Tafel extrapolation method and LPR region [73]. 
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Figure 2.13. LPR curve and polarization resistance determination method. 

Figure 2.14 shows the test setup to perform LPR and Tafel tests used by Poursaee and 

Hansson [45], which is adapted from ASTM G109 [52]. Table 2.2 shows the various ranges of 

corrosion current densities and corresponding corrosion rates/levels. According to Andrade and 

Alonso [74], Icorr values are typically smaller than 1 A/cm2 in most of the RC structures. 

Practicing engineers commonly use Faraday’s law (described in section 2.4.5) of electrochemistry 

to express the corrosion rates as the amount of dissolving steel (steel cross-section loss) in m/year. 

1 /cm2 is equivalent to 11.6 m/year of cross section loss [60]. 
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Figure 2.14. Schematic test setup for LPR and Tafel experiments with a reinforced concrete 

specimen. 

Table 2.2. Interpretation of Icorr values from laboratory and field measurements [74, 75]. 

Icorr (A/cm2) 

Corrosion levels Field 

measurements 

Laboratory 

measurements 

0.1 0.2

 

0.1 0.2 0.2 0.3

0.2 0.5 0.3 0.5

0.5 1 0.5 1

negligible (passive) 

transition zone 

low (corrosion already initiated) 

high 

1 1 very high 

2.4.4 Cyclic polarization test 

Cyclic polarization (CP) test is an electrochemical experiment to evaluate the pitting 

tendency of rebars embedded in different cementitious materials. A substantial potential shift (up 

to 800 – 1400 mV) is applied to a metal [2]. As a result, it is not a non-destructive test. A test setup 
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similar to Figure 2.14 is used for conducting the CP test. Figure 2.15 shows a sample cyclic 

polarization result obtained from a rebar embedded in a real concrete specimen. The CP test can 

be considered as an extension to the LPR and Tafel tests. The LPR and Tafel regions are denoted 

in the CP plot shown in Figure 2.15. In this plot, the forward polarization scan starts from 200 

mV (w.r.t OCP) and the applied potential increases monotonously to +1000 mV (w.r.t. OCP) (total 

potential shift = 1200 mV). Applying such a high potential shift causes damage in the passive film 

on the surface of the rebar, which is desirable as it provides useful information regarding the 

resistance to pitting corrosion offered by concrete. 

A positive hysteresis occurs when the current density in the forward scan exhibits a sudden 

increase (current evolution), indicating that the damaged passive film is converting into an 

unrepairable pit. The positive hysteresis is commonly observed in the presence of a corrosive 

environment (e.g., bare rebar exposed to chloride ions in a corrosion-cell) [2, 76]. A negative 

hysteresis occurs in the absence of corrosive environments or in the presence of a good, protective 

medium around the reinforcement steel (e.g., a high quality concrete with a high pH of the pore 

solution) [77, 78]. In this case, the current density in the reverse scan decreases (similar to Figure 

2.15). This reduction in the current density indicates that the previously damaged passive film 

during the forward scan is repairing itself (i.e., the corrosion pit is not formed) [2]. In Figure 2.15, 

Eb is the breakdown potential, Erp is the repassivation potential, at which the current density returns 

to zero in a logarithmic scale, and Ecorr is the corrosion potential. The potential difference between 

Eb and Ecorr is related to the resistance of reinforcing steel to pitting potential (i.e., with smaller 

potential difference, the likelihood of pitting corrosion increases) [2, 10, 79]. The CP test is used 
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in Chapter 6 of this dissertation to compare the pitting tendency of steel rebars embedded in 

cementitious materials. 
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Figure 2.15. A sample cyclic polarization (CP) test result, in which two lines were fitted to the 

passive and transpassive regions to find the breakdown potential. 

2.4.5 Accelerated corrosion test 

Accelerated corrosion tests (ACT) [3, 80-87] are commonly used to investigate the effects 

of corrosion in laboratory RC specimens in a relatively short time. The target corrosion level is 

usually defined either by a certain percentage rebar mass loss or by a crack in the concrete cover 
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of a certain width. Table 2.3 presents a summary of maximum allowable crack widths in concrete 

by various codes and technical committees. The most stringent regulation is set by the ACI 224 

committee. 

Table 2.3. Maximum allowable crack widths in severe environments. 

ACI 224 ACI 318 AASHTO CEB/FIB 

150 m 330 m 300 m 200 m 

A typical ACT consists of an anode (corroding rebar), a cathode (non-corroding electrode) 

and a salt solution as the electrolyte. One of the most common ACT techniques is the potentiostatic 

method, where a DC power supply applies a constant potential difference, and an ammeter records 

the amount of response current passing through the electrical circuit as a function of time. Figure 

2.16 shows a typical ACT setup, where the concrete specimen is partially submerged in the salt 

solution. The applied potential accelerates the corrosion process by extracting electrons from the 

anode and by speeding up the ion migration in the electrolyte. 

The corrosion-induced damage by the ACT is different from the natural corrosion. Figure 

2.17 shows the differences in corrosion distributions on the surface of the steel rebars caused by 

the ACT and natural corrosion. In the case of an ACT, corrosion occurs almost uniformly over the 

entire surface of the rebar, whereas pitting corrosion (restricted in localized areas) occurs in a 

naturally corroded rebar. Additionally, submerging the concrete specimen in water limits access 

to oxygen, which may change the nature of the corrosion products. A modified version addressing 

the latter problem of the ACT is discussed below. 
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Figure 2.16. Typical ACT setup. 

Using Faraday’s law given in Eq. (2.10), the area under the current (i) versus time curve 

can be integrated to determine the mass-loss of the rebar (m) as a function of time [86]: 

0
.

utA
m idt

Z F
 

100%
m

m
M

  

Where: 

A is the atomic mass of iron (56 g/mole) 

F is the Faraday’s constant (96,500 Coulomb/gram-equivalent) 

Z is the valence electrons of iron (equal to 2) 

t is time (s) 

tu is the total time of accelerated corrosion test (s) 
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(a) (b)

Figure 2.17. Differences in rebar corrosion (a) uniform corrosion in the ACT and (b) pitting 

corrosion under natural conditions. 

Instead of partially submerging concrete specimen in salt solution, the RC specimens can 

be subjected to wetting (by salt solution) and drying (natural drying) cycles. Such a technique 

simulates the natural conditions of corrosion better than constant submersion in the salt solution 

[84, 88-91]. We have adopted this approach for ACT in our research. Our experimental setup for 

ACT is shown schematically in Figure 2.18. 

polyurethane 
sponge

concrete

5% NaCl solution

A
- +

DC power 
supply

stainless steel 
mesh (cathode)

current data logger

Figure 2.18. ACT setup with wetting and drying cycles [91]. 
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2.5 Engineered Cementitious Composite (ECC) 

Engineered Cementitious Composite (ECC) (also called “Strain-hardening Cementitious 

Composite (SHCC)”) is an ultra-ductile concrete with tensile strain capacity of about 300 times 

that of conventional concrete (Figure 2.19). It absorbs damage through the formation of micro-

cracks even at large imposed deformations well beyond its elastic limit. This feature makes ECC 

a highly damage-tolerant and durable material [92-97]. The compressive strength of ECC is similar 

to that of a high strength concrete (50-70 MPa or 7-10 ksi) with a lower modulus of elasticity 

(about 20 GPa) because of the absence of coarse aggregates. 

Previous studies on the transport properties of ECC suggest that this material, even when 

strained in tension up to 3%, exhibits water permeability and effective chloride ion diffusivity 

comparable to an uncracked concrete because of its intrinsically tight crack width [98-100]. 

Typical crack widths in ECC are under 100 m, which are considerably lower than maximum 

allowable crack widths mentioned in Table 2.3. Such restrained crack widths make this material 

an excellent candidate for durability applications. 
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Figure 2.19. Stress-strain curve and multiple micro-cracking of ECC under direct tension [86]. 

Sahmaran et al. [101] performed a submerged accelerated corrosion test on ECC and 

concrete lollypop cylinders and compared their corrosion performances. As corrosion progressed, 

the ECC sample formed multiple micro-cracks (<100 µm) on the surface of the specimen and 

managed to maintain its integrity even after 300 hours of exposure to a severe accelerated corrosion 

test with salt concentration of 5% and applied potential of 30 V. On the other hand, the concrete 

specimen formed a single large crack with opening of 2 mm and entirely lost its integrity after 60 

hours of exposure to the same level of ACT as the ECC specimen. Figure 2.20 shows the current 

response versus time for ECC and regular concrete samples [101]. 
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Figure 2.20. Current versus time plot for conventional concrete and ECC specimens [101]. 

Several researchers have investigated the influence of crack width in ECC and other 

concrete materials on the rate of chloride ion penetration through the cover. Sahmaran [102] 

performed salt ponding test on cracked ECC specimens and concluded that effective chloride 

diffusion coefficient increases rapidly for crack widths greater than 135µm (Figure 2.21). This 

study further concluded that ECC delays the onset of corrosion due to smaller diffusion coefficient 

in comparison to regular concrete. Djerbi et al. [103] observed that, regardless of the concrete type, 

the cover becomes ineffective beyond crack width of 100 m as the chloride diffusion coefficient 

becomes equal to that in a salt solution. Djerbi et al. [103] also noted that, for crack widths between 

30 µm and 80 µm, the diffusion coefficient increases linearly (Figure 2.21). Paul et al. [104] noted 

that, for cracks with crack widths larger than 50 μm, chloride ions reach the maximum crack depth 

(crack tip) within one hour of exposure to the salt solution. Thus, crack widths are highly 

significant for determining the corrosion-related durability of RC structures. 
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Figure 2.21. Chloride profiles of mortar prisms in cracked zones after 30 days of exposure to the 

salt solution [102]. 

Figure 2.22. Dependence of chloride diffusion coefficient on crack width [103]. 

The most significant advantage of using ECC compared to conventional concrete is 

realized during the propagation phase of corrosion as ECC can sustain the tensile hoop stress 

around the rebar without spalling due to its tensile ductility. However, ECC, compared to 

conventional concrete, costs almost three times more per unit volume and requires skilled workers 
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and special processing in the field [105]. In addition, concrete adequately serves its function of 

resisting compressive loads in the core of the bridge piers, i.e., the performance limitation is caused 

mainly due to the unreinforced concrete cover. In this dissertation, a novel method to mitigate 

corrosion in RC structures using ECC only in the cover is detailed in Chapter 7. 
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PART II : INITIATION PHASE OF CORROSION 

Chapter 3. Determination of chloride penetration resistance of concrete and 

ECC 

3.1 Introduction 

There are two commonly used methods to determine the resistance of cementitious 

materials to the penetration of chloride ions: 1) salt ponding test (ASTM C 1556 [1]) for 

quantitative determination of the chloride diffusion coefficient of a material; and 2) Rapid Chloride 

Penetrability Test (RCPT) (ASTM 1202 [2]) for qualitative evaluation of the electrical resistance 

against ionic movements in the pore solution. Both these methods are used in this chapter to 

determine the chloride penetration resistance of conventional concrete and ECC. 

The objectives of the research presented in this chapter are: (1) to determine the chloride 

penetration profiles of ECC and conventional concrete due to diffusion of chloride ions, (2) to 

determine the diffusion coefficient of chloride ions in these materials using Fick’s second law of 

diffusion [Equation (2.6)], and (3) to assess the quality of conventional concrete and ECC in 

limiting the ionic movements in the pore solution using RCPT. 

With the above objectives, this chapter is organized as follows. First, experimental details 

of the salt ponding tests performed on concrete and ECC cube specimens are presented. Results in 

terms of chloride penetration profiles, surface concentrations, and diffusion coefficients are 
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discussed. This is followed by the experimental details of RCPT performed on concrete and ECC 

specimens. The results are presented in the form of current-time and charge-time plots. The key 

insights from this study are summarized in the conclusions section. 

3.2 Diffusion of chloride ions (salt ponding test) 

The goal of a salt ponding test is to determine the effective chloride diffusion coefficient 

(Deff) of concrete, which is a material property. This test is based on the principle that ion diffusion 

occurs in the presence of a concentration gradient. To create a concentration gradient, a sodium 

chloride (NaCl) salt solution with high chloride concentration is ponded on top of concrete 

specimens. As the experiment continues, the chloride ions gradually diffuse through the pore 

solution of concrete. At a certain time, the concrete specimens are removed from the pond, and the 

chloride ion concentration is measured as a function of depth from the surface (by collecting and 

analyzing samples of concrete from various depths within a specimen). Concrete with higher 

diffusion coefficient allows greater and deeper penetration of chloride ions. The analytical solution 

to the Fick’s second law of non-stationary diffusion is fitted to the experimentally observed 

chloride depth profile to determine the diffusion coefficient of the material. 
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3.2.1 Experimental investigation 

3.2.1.1 Material properties and mix proportions 

The mixture properties of all conventional concrete and ECC specimens are consistent 

throughout this dissertation. The concrete mixtures were designed per ACI 211.1 [3] to achieve a 

28-day average compressive strength of 41 MPa. The ingredients used in concrete mixture are: 

ASTM Type I cement, coarse aggregates (mainly limestone) with a nominal maximum aggregate 

size of 19 mm, and natural sand with fineness modulus of 2.8. Concrete batches were prepared 

according to ASTM C192 [4] using a gravity mixer of 0.1 m3 capacity. Material properties of 

ingredients used in concrete (and ECC) mixtures and the mixture proportions are presented in 

Table 3.1. 

Fresh and hardened properties of concrete were measured for quality control. The slump 

and air content were determined based on ASTM C143 [5] and ASTM C231 [6], respectively, for 

each batch of concrete. The measured slumps were within the target range of 100-125 mm, and 

the air contents ranged from 1.5 to 2%. At least four cylinders with dimension of 75 mm × 150 

mm (diameter × height) were cast from each batch of concrete and then tested to determine an 

average compressive strength. The concrete cylinders were tested under uniaxial compression, 

according to ASTM C39 [7]. Prior to conducting the compression tests, the specimen ends were 

capped with sulfur, according to ASTM C617 [8], to provide uniform contact between the 

cylindrical specimen and the loading plates of the compression-testing machine. The compressive 

loading rate for all specimens was 0.2 ± 0.05 MPa/s, and the test setup is shown in Figure 3.1(a). 
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All batches of concrete developed a 28-day average compressive strength ranging from 39 to 45 

MPa. 

Table 3.1. Mixture proportions of concrete and ECC relative to cement weight. 

Cement 

Type-I 

Fly ash 

Class-F 

Sand 

F-75 

Coarse 

Agg. 

Fine 

Agg. 
Water 

HR-

WRA1 VMA2 PVA 

Fibers 

Concrete 1 - - 1.92 1.35 0.41 - - -

ECC 1 1.2 0.82 - - 0.84 0.01 0.024 0.049 

Particle 5-50 5-50 70-300 1.8-19 0.1-3.9 
- - - -

size range µm µm µm mm mm 

Specific 

gravity 
3.15 2.4 2.6 2.71 2.52 1 1.2 1.005 1.3 

1 HRWRA = High-range water-reducing admixture 
2 VMA = Viscosity modifying admixture 

The ECC mixture used in this study (Table 3.1), is a slight modification of a widely used 

ECC mixture developed by Wang and Li [9]. The ingredients used in the cementitious matrix of 

ECC are Type-I cement (conforming to ASTM C150 [10]), class F fly ash (conforming to ASTM 

C618 [11]), and fine silica sand [12] with maximum, minimum, and median particle sizes of 300 

µm, 70 µm, and 180 µm, respectively. While cement (and water) is the primary binder in ECC, fly 

ash is used as a secondary binder that reacts with the by-products of cement hydration. The 

unreacted fly ash particles in the matrix work as fillers supplementing the primary aggregate, 

which is the fine silica sand. The weight ratio of the fly ash to cement was 1.2. The water to 

cementitious (cement + fly ash) weight ratio (w/cm) was 0.38, which is greater than that used in 

Wang and Li [9] due to high water demand of the fly ash used in this study. Table 3.2 shows the 

chemical composition of the fly ash used in the ECC mixtures, in which the low lime (CaO) content 

indicates a high water demand. 
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Table 3.2. Chemical analysis of fly ash (wt. %). 

SiO2 Al2O3 Fe2O3 SO3 CaO MgO Na2O K2O Moisture LOI1 

47.1 23.7 20.6 0.5 3.3 0.9 0.5 1.9 0.1 1.7 
1 LOI = Loss of ignition 

The ECC matrix was reinforced with polyvinyl alcohol (PVA) fibers at a volume fraction 

of 2%. The properties of the PVA fibers, as provided by the manufacturer, are given in Table 3.3. 

The PVA fibers are thinly coated with oil (1.2% by weight of the fiber) during the manufacturing 

process to control the fiber/matrix bond. A Type S (ASTM C494 [13]) viscosity-modifying 

admixture (VMA) [14] and a Type F (ASTM C494 [13]) polycarboxylate ether-based high-range 

water-reducing admixture (HRWRA) [15] were added to the ECC mixture in small amounts to 

achieve desired rheological properties for homogeneous dispersion of fibers. Further details about 

the material design of ECC and the relevant micromechanics principles are available in the 

literature [16-19]. 

Table 3.3. Properties of PVA fibers. 

Tensile Young’s Elongation 
Diameter Length Density 

strength modulus at break 

39 µm 12 mm 1,600 MPa 41 GPa 6% 1.3 g/cm3 

Similar to concrete, multiple batches were cast for making all the ECC specimens in this 

dissertation. Fresh and hardened properties of ECC were measured for each batch for quality 

control. The workability of the ECC batches was measured using a flow table according to the 

ASTM C1437 [20] standard. Figure 3.2 shows a sample measurement made with a flow table. The 

average flow diameter ranged from 225 to 250 mm. The air content of the ECC mixtures, measured 

according to ASTM C231 [6], ranged from 2.0 to 2.6%. 
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To determine the mechanical properties of each batch of ECC, three cubes with size of 51 

mm and four dogbone specimens were cast. The dogbone specimens used for determining the 

tensile behavior of ECC had cross-sectional area of 12.7 mm  51 mm in the gauge region. The 

geometry of these specimens is given in Deshpande et al [21]. The dogbone and cube specimens 

were demolded 24 hours after casting and cured for 14 days in a moist environment created by wet 

paper towels and airtight bags. Subsequently, the specimens were unwrapped and dried at room 

temperature (203C) until 28 days after casting, at which point they were tested using the setup 

shown in Figure 3.1 (b). The average 28-day compressive strength of the ECC cubes was about 34 

MPa with a coefficient of variation of 5% . The loading rate for the uniaxial tensile test on the 

dogbone specimens was 0.5 mm/min. The test setup is shown in Figure 3.1 (c). Representative 

tensile stress-strain curves of ECC from various batches are shown in Figure 3.3. This plot shows 

that the first crack strength of ECC ranged from 2.5 to 3 MPa, the ultimate strength ranged from 

4.1 to 5.0 MPa, and the tensile strain capacity ranged from 2.1 to 2.7%. 

3-6 



150 

mm 
51 mm 

102 

mm 

Figure 3.1. Mechanical test setups 

(a) Compression test of a concrete cylindrical specimen, (b) compression test of an ECC cube 

specimen, and (c) uniaxial tensile test of an ECC dogbone specimen. 

initial after 25 times tapping

Figure 3.2. Flow table test to measure the workability of fresh ECC mixtures. 
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Figure 3.3. Uniaxial tensile behavior of 4 ECC dogbone specimens at 28 days. 

3.2.1.2 Specimen preparation 

Seven conventional concrete and seven ECC cube specimens with dimensions of 76 mm × 

76 mm × 76 mm were cast for salt ponding tests. After 24 hours, specimens were demolded and 

cured for 28 days in a moist room (23±2 ºC). After removing the specimens from the moist room, 

five of the six faces of the cube specimens were sealed with epoxy as shown in Figure 3.4. Masking 

tape was applied to the sixth face of the cube to prevent contamination with epoxy. The salt 

solution was ponded on the sixth face, which is referred as the “exposed face” of the cube below. 
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Exposed surface covered 

by masking tape

5 sides sealed with 

epoxy 

Figure 3.4. Cube specimen preparation for salt ponding. 

Before exposure to the salt solution, the specimens were immersed in a bath of saturated 

calcium hydroxide [Ca(OH)2] solution for 24 hours, following the procedure in the ASTM C1556 

[1] standard. The purpose of this step was to saturate the surface pores before exposure to the salt 

solution to prevent interference between chloride diffusion and the capillary action of the surface 

pores. 

3.2.1.3 Salt ponding test setup 

After removing the cube specimens from the Ca(OH)2 bath, at an age of about 30 days after 

casting, a 16.5% salt solution was ponded on the exposed face (the sixth face that was not sealed 

by the epoxy) of each cube. A plastic container was used as the ponding dam for holding the salt 

solution and the cube specimens as shown in Figure 3.5. The concrete and ECC specimens were 
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kept under the sealed ponding dam for 36 and 126 days, respectively. The longer ponding period 

for the ECC specimens was chosen according to ASTM C1556 [1], which recommends an 

extended exposure time for mixtures containing supplementary cementitious materials (e.g., fly 

ash). At the end of the ponding periods, the specimens were removed from the dams. Each 

specimen was then rinsed with tap water, sealed in a watertight plastic bag, and stored in a freezer 

at 18 º C until tested to determine the chloride profile. Storage in the freezer was necessary to 

prevent further penetration of chloride ions through the specimens. 

cube specimens

NaCl solution (16.5%)

Figure 3.5. Cube specimens placed in the ponding dam. 

3.2.1.4 Determination of chloride profile 

Profile grinding was performed for each specimen at eight different depths following the 

procedures of ASTM C1556 [1]. As shown in Figure 3.6, a drill press with a flat drill tip was used 

to obtain sample powders at depths ranging from 1 mm to 20 mm below the exposed surface. The 
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pulverized samples were passed through a 850 µm (No. 20) sieve and dried for 24 hours in an oven 

at 105° C before starting the titration analysis. 

The total chloride content (acid-soluble) for each sample powder was measured by silver 

nitrate titration following ASTM C1152 [22]. An automated chloride titrator [23] was used for this 

purpose. Figure 3.7 shows the acid digestion, filtration of the dissolved sample, and silver nitrate 

titration procedures performed using the titrator. After determining the chloride content for each 

sample, chloride profiles were constructed by plotting the total chloride contents against the mid-

layer depths, measured from the exposed surface. 

Figure 3.6. Profile grinding for obtaining sample powders at various depths. 
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Figure 3.7. Total chloride determination using an automated titrator 

(a) Sample powders prepared for acid digestion, (b) filtration of dissolved samples using a 

Buchner funnel, (c) automated chloride titrator. 

3.2.2 Results and discussions 

The chloride penetration profiles for the seven conventional concrete and the seven ECC 

cubes are shown in Figure 3.8 (a) and Figure 3.8 (b), respectively. The chloride concentration at 

the surface (i.e., the y-intercept of the fitted lines, C0) ranged from 0.67 to 1.05% for conventional 
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concrete and from 1.49 to 1.97% for ECC. C0 thus calculated using the y-intercept of the fitted 

curves is different from the concentration of the ponded salt solution because of significantly 

steeper salt concentration gradients near the surface. Despite the much longer exposure period for 

the ECC cubes, compared to the concrete cubes (126 days vs. 36 days), the maximum chloride 

penetration depth in both ECC and concrete was about 14 mm. This observation shows the superior 

performance of ECC in limiting the diffusion of chloride ions compared to conventional concrete, 

which is due to its denser microstructure and the absence of coarse aggregates. 

The non-steady-state diffusion coefficients of chloride ions (Deff) in all samples were 

calculated by fitting Equation (2.6) to the experimentally measured chloride-penetration profiles. 

It should be pointed out that the chloride content at the first layer near the exposed surface 

(environmental region) was not included in the regression analysis, as the amount of chloride 

presented in the outermost layer can be affected by environmental factors (e.g., rinsing the surface 

of cubes before grinding) [24]. The average Deff for the concrete and the ECC are 5.1  1012 (COV 

= 17%) and 1.7  1012 m2/s (COV = 8%), respectively, as shown in Figure 3.9, which implies a 

significantly smaller chloride diffusion rate in ECC compared to concrete. The ECC specimens 

also showed a lower variation (lower COV) in Deff results compared to conventional concrete. This 

is due to the more homogeneous microstructure and the coarse aggregate-free structure of ECC. 

These results agree with findings from prior experiments on conventional concrete [25] and ECC 

[26]. Thus, the Deff of ECC is approximately one-third of that of concrete with significantly lower 

variability between the specimens. 
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Figure 3.8. Chloride profiles for (a) seven concrete cubes, (b) seven ECC cubes. 
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Figure 3.9. Average diffusion of chloride ions in conventional concrete and ECC. 

3.3 Resistance against migration of chloride ions (RCPT) 

While the salt ponding test takes several days to finish, the RCPT is used as a rapid 

alternative for the qualitative determination of chloride penetration resistance of concrete, mainly 

in field applications. This test is based on the premise that ion movement under an electric field 

correlates well with the ion movement (diffusion) under a concentration gradient. In RCPT, a large 

electric field is applied to a concrete specimen and the charge carried by the ions through the 

specimen over time is determined. Chloride ion penetrability is characterized qualitatively (and 

relatively) based on the charge passed in a given time. 
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3.3.1 Experimental investigation 

3.3.1.1 Specimen preparation 

The mix proportions and material properties of conventional concrete and ECC used in this 

section are the same as those presented in Section 3.2 of this dissertation (Table 3.1 to Table 3.3). 

Two concrete and two ECC cylindrical specimens with dimensions of 102 mm × 203 mm (dimeter 

× height) were cast for performing the Rapid Chloride Penetrability Test. The specimen 

preparation and curing procedures for these cylinders were according to ASTM C1202 [2]. The 

specimens were demolded 24 hours after casting and cured under moist conditions at room 

temperature (23 ± 2ºC) for 28 days in accordance with ASTM C192 [4]. After curing, a water-

cooled diamond saw was used to cut each specimen in two halves: top half and bottom half. Then 

the bottom half of each specimen was cut again into two equal cylindrical slices to get 4 cylindrical 

RCPT specimens of each material (concrete and ECC). The top half of each original cylindrical 

specimen was discarded. In this way, the final dimensions of one RCPT cylindrical specimen were 

102 mm (diameter)  51 mm (length). Masking tape was applied to the two circular faces of each 

cylinder and then the side surface (circumferential) was sealed with a rapid setting epoxy, as shown 

in Figure 3.10, to prevent the migration of ions along the side surface of cylinders during the 

RCPT. 
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top and bottom surfaces ____. 
covered with masking tape 

Figure 3.10. Specimen preparation for RCPT test. 

Prior to performing the RCPT, the specimens were vacuum saturated (at 6,650 Pa) 

according to ASTM C1202 with 3 hours of dry vacuuming and 1 hour of wet vacuuming using de-

ionized (DI) water (18 MegOhm-cm). The specimens were then immersed in the DI water for an 

additional 18 hours at atmospheric pressure. Figure 3.11 shows the test setup used for vacuum 

saturation of the cylinders. 
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DI water container 

vacuum pump 

vacuum desiccator

Figure 3.11. Vacuum saturation of the specimens before RCPT. 

3.3.1.2 RCPT test setup 

After specimens were removed from the vacuum desiccator, they were placed in an RCPT 

cell containing NaCl (0.5 N) and NaOH (0.3 N) solutions placed in the two tanks of the RCPT 

cell, as shown in Figure 3.12. An ACS grade salt with 99% purity and DI water were used to 

prepare the NaCl salt solution to eliminate potential interference from unknown ions. An analytical 

scale along with a salt refractometer were used to accurately determine the target NaCl 

concentation. The DC power supply was set to 60 V and a Wi-Fi current data logger (range: ±3A, 

resolution: 0.1mA) was used to record the current passing through the circuit every 5 minutes. 
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Figure 3.12. RCPT (a) Schematic view (b) actual setup. 
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3.3.2 Results and discussions 

Figure 3.13 (a) shows the observed variation of current over time, as measured by the 

current logger, for four concrete and four ECC specimens. During the RCPT, while electrons carry 

the electric charge through the wires, ions (Na+, Cl , and OH) carry the charge through the 

specimen. On average, the current in the concrete specimens at a given time is about 2.5 times 

higher than that observed in the ECC specimens. This shows more restricted ionic movement 

within the pore solution of ECC compared to conventional concrete. This is explained by the 

greater electrical resistivity of ECC due to its denser microstructure and the absence of coarse 

aggregates. 

The magnitudes of fluctuations in the current data for the concrete specimens are greater 

than those for the ECC specimens during RCPT. This is mainly due to lesser homogeneity of the 

microstructure of conventional concrete than that of ECC. The coarse aggregates in concrete lead 

to relatively large interfacial transition zones between the aggregates and the hardened cement 

paste. 

Figure 3.13 (b) shows the charge (coulomb) passing through the specimens over time, 

which is obtained by integrating the area under the current-time curves in Figure 3.13 (a). The 

average charge passing through concrete and ECC specimens are 2,360 coulombs (COV = 12%) 

and 940 coulombs (COV = 10%), respectively. Table 3.4 shows the threshold ranges suggested by 

ASTM C1202 [2] for evaluating the chloride ion penetrability of concrete materials. According to 

Table 3.4, the concrete and ECC used in this research provide “moderate” and “very low” levels 
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of chloride penetrability, respectively. This outcome is consistent with the salt ponding test results 

presented above in Section 3.2. 

Table 3.4. Chloride ion penetrability levels according to ASTM C1202 [2]. 

Charge passed (coulombs) Level of chloride ion penetrability 

> 4,000 High 

2,000 – 4,000 Moderate 

1,000 – 2,000 Low 

100 – 1,000 Very low 

< 100 Negligible 

ECC

concrete

concrete

ECC

(a) Current-time chart                                   (b) Charge-time chart 

Figure 3.13. RCPT results. 
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3.4 Conclusions 

The following major conclusions can be drawn from the analysis of the experimental data 

presented in this chapter: 

1. The results of the salt ponding test show that the diffusion rate of chloride ions through ECC 

is significantly slower than that through conventional concrete. The average diffusion 

coefficient of ECC used in this research is only about 33% of that of conventional concrete. 

The smaller diffusion rate in the ECC is due to its denser and more homogeneous 

microstructure. The water/binder (w/b) weight ratio of the ECC used in this study was 38% 

(due to the high water-demand of locally available fly ash), which is higher than the ECC 

mixtures commonly used in the previous studies (w/b  0.25-0.3). Therefore, even lower 

diffusion coefficients are achievable in ECC by reducing the w/b ratio. 

2. The results of the rapid chloride penetrability test (RCPT) revealed that the ionic movements 

in the pore solution under an applied electric field are significantly slower compared to 

conventional concrete. The average charge passing through the ECC specimens was 39% of 

that through the concrete specimens. This observation is consistent with the salt ponding test 

results and is also attributed to the denser and more homogeneous microstructure of ECC 

compared to concrete. 
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Chapter 4. Novel method to determine critical chloride content in 

cementitious materials 

4.1 Introduction 

Many studies (e.g., [1-3]) have focused on the determination of critical chloride content 

(Ccrit)
1 in different concrete materials and in various environments. These studies have either used 

real reinforced-concrete specimens or a synthetic solution that simulates the concrete pore solution 

to estimate the value of Ccrit [4]. The latter method has significant limitations as described in 

Section 2.3.2. The novel method developed in this chapter utilizes real reinforced-concrete 

specimens. 

Although using reinforced concrete specimens is more accurate than the synthetic solution, 

it overestimates the value of Ccrit and predict longer (than actual) time to corrosion initiation. In 

this approach, water containing high concentration of salts is ponded on the reinforced concrete 

specimens (similar to the salt ponding tests described in Section 3.2) and the corrosion activity 

(corrosion current) of the embedded rebar is monitored using an electrochemical technique 

(Section 2.4). As soon as the corrosion activity exceeds a certain threshold, the concrete around 

the embedded rebar is sampled and analyzed to determine the chloride content, which is assumed 

equal to Ccrit. 

1 Ccrit is the critical chloride concentration at the rebar/concrete interface necessary to break down the passive, 

protective iron oxide layer around the rebars and initiate active corrosion. Ccrit is, therefore, important for determining 

time to corrosion initiation in reinforced concrete structures. 
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The accuracy of the above-described method for determining Ccrit is limited by the 

resolution of the electrochemical technique used to monitor corrosion activity, the threshold of the 

corrosion activity, and the sampling interval of the electrochemical technique. Different 

electrochemical techniques have different resolutions for measuring the corrosion activity [5-7]. 

In some techniques, the resolution is not sufficient (signal/noise ratio is low) to distinguish between 

passive and active corrosion at a small pit on the rebar’s surface [8, 9]. Secondly, the threshold 

used for demarcating active and passive corrosion for a new material is not known a priori [4, 10]. 

Researchers have often used their experience with other similar materials and their judgement to 

distinguish between active and passive corrosion. As a result, Ccrit values reported in the literature 

vary from 0.1 to 2.5% of the concrete weight [11]. Thirdly, majority of the electrochemical 

techniques use measurement intervals of the order of several days, as the overall experiment lasts 

for several months or years [3, 12-14]. For these reasons, the likelihood of missing the instant of 

corrosion initiation is high, and due to continued diffusion, Ccrit values thus determined are 

different (typically greater) from the true Ccrit. 

A new method to determine Ccrit of cementitious materials is proposed in this chapter, 

which improves the accuracy of estimating the time to corrosion initiation compared to the existing 

methods. This novel method is based on the correlation between chloride contents at the rebar-

concrete interfaces and average depths of the corrosion pits. An empirical approach utilizing 

existing electrochemical techniques for observations and data collection was used to achieve the 

above objective. The experimental setup and electrochemical testing procedures are presented in 

the next section. 
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4.2 Experimental investigation 

4.2.1 Specimen preparation 

The mixture proportions and material properties of all the ECC specimens used in this 

chapter are the same as those described in Section 3.2.1.1. Seventeen identical ECC beams2, with 

dimensions of 280 mm × 114 mm × 152 mm (length × width × depth), were prepared according 

to ASTM G109 procedure [15] for corrosion tests. Specimen preparation involved the following 

steps: 

(i) Three 12 mm (US #4) longitudinal black rebars were placed inside the beam mold at the 

locations shown in Figure 4.1 (b). 

(ii) The middle portions of the rebars (203 mm in length) were wire brushed and rinsed with 

deionized water to remove any pre-existing rust and contaminants. This step was necessary 

to facilitate uniform formation of passive film on the surface of the rebars. Figure 4.1 (a) 

shows the difference in surfaces of as-received and wire brushed rebars. 

(iii) In order to provide electrical connection to the rebars, stainless steel screws were welded 

on one end of each rebar and a ring terminal was attached on the screw with a stainless 

steel nut. 

(iv) Both ends of the rebar were sealed with electroplating tape, and then tightly covered with 

polyolefin heat shrink tubes in order to provide sufficient electrical insulation as shown in 

Figure 4.1 (b) and (c). To prevent any further exposure to moisture and oxygen during the 

2 Further work is ongoing at a larger scale with twenty conventional concrete beam specimens to validate the 

results of the novel method suggested in this chapter. However, the results of these specimens are not included in this 

dissertation because after about 550 days of wet/dry cycles with a salt solution active corrosion is yet to be detected. 
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casting and curing of ECC, the exposed ends of the heat shrink tubes were sealed with a 

silicone sealant. 

(v) About 30 minutes before casting of the ECC specimens, the wire-brushed rebar surfaces 

(at the middle of the rebars) were degreased by a clean cloth and denatured alcohol to 

remove contaminants and any minor corrosion that might have occurred during the above 

steps. 

(vi) A soft duct seal was used to prevent rebars from moving in the molds during the casting 

and vibration process. Figure 4.1 (b) shows the rebars fixed in the wooden mold before 

pouring of fresh ECC mixture. 

(vii) Fresh ECC mixture was placed in the molds in three equal layers, and each layer was 

moderately vibrated for 20 seconds to achieve a consistent quality in all specimens. 

(viii) Wooden molds were covered by plastic sheets to maintain a humid environment for 24 

hours, at which point the specimens were demolded. 

(ix) The specimens were cured for 28 days in a moist environment at room temperature (23±2 

ºC) and for an additional two weeks in ambient environment (RH 50±10%), following the 

recommendation of ASTM G109 [15]. 

(x) Four vertical sides of each beam were sealed with a polymeric sealant, leaving only the top 

and bottom surfaces unsealed. 

(xi) A ponding dam with dimensions of 152 mm × 75 mm × 75 mm was constructed with 3-

mm-thick plexiglass sheets and was glued to the top surface of the beam specimen with an 

epoxy. Figure 4.1 (c) shows a finished beam specimen before starting of exposure to salt 

solution. 
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As-received 

Wire brushed 
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Heat shrink 
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203 mm 
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screws covered by 

heat shrink tube 

(c) 

Figure 4.1. Reinforced concrete beam specimens 

(a) Difference in surfaces of as-received and wire brushed rebars, (b) beam mold and rebar 

layout, (c) finished beam specimen. 
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4.2.2 Test setup 

Figure 4.2 shows the schematic view of a beam specimen. The top rebar is exposed to the 

penetration of moisture and chloride ions and undergoes oxidation (anode) or corrosion, and the 

two bottom rebars (drier than the top rebar) with easier access to oxygen undergo reduction 

(cathodes). Following the ASTM G109 procedure [15], alternate wetting-drying cycles were 

applied on the beam specimens starting at 56 days since casting, which involves two weeks of salt 

water exposure (wetting cycle) followed by two weeks of drying (drying cycle). Salt solution with 

concentration of 3% (by weight) was ponded on each ECC beam during the wetting cycle. An 

ACS grade sodium chloride salt with 99% purity was used to eliminate the potential interference 

caused by unknown ions. Two weeks later, the salt solution was removed from the pond and the 

specimens were allowed to naturally dry under ambient conditions (drying cycle). The salt 

concentration in the solution was increased from 3% to 7% starting in the fourth wetting cycle and 

all subsequent wetting cycles to accelerate the corrosion process. Chloride ions gradually diffuse 

through the cover under the salt concentration gradient and their concentration increases inside the 

beam specimen over time. 

Corrosion rate measurements were conducted using a potentiostat [16] where the topmost 

rebar was used as the working electrode (WE), a saturated copper-copper sulfate electrode (CSE) 

was used as the reference electrode (RE), and a AISI type 316 stainless steel shim immersed in the 

ponding dam used as the counter electrode (CE). The center-line of the dam was marked for 

placement of the RE to assure that the distance between the RE and the WE was kept constant for 

all measurements. 
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Figure 4.2. Schematic view of the beam specimen and the test setups used for electrochemical 

measurements (dimensions are in millimeters) [15]. 

4.2.3 Electrochemical techniques to detect corrosion initiation 

As pointed out above, the effectiveness of various electrochemical techniques in detecting 

the corrosion activity, and especially the difference between active and passive corrosion, is 

different. As a result, three electrochemical techniques (details of the techniques are given in 

Section 2.4) are used in this study to monitor the corrosion activity and identify the time of active 

corrosion initiation as explained below. 

4.2.3.1 Macro-cell current 
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In this study, the macro-cell current was measured at the end of each wetting/drying cycle 

according to the ASTM G109 procedure [15]. A high impedance digital multimeter with an 

accuracy of 1 µV was used to measure the voltage across a resistor (100 Ω) connecting the top and 

bottom rebars as shown in Figure 4.2. In this test setup, the initiation of corrosion causes electrons 

to flow from the top rebar (anode) to the bottom rebars (cathode) through the resistor, forming a 

macro-cell (Section 2.4.1). The macro-cell current is calculated using Ohm’s law by dividing the 

measured voltage by the resistance (100 ). The voltage measurement is taken 10 minutes after 

connecting the top and bottom rebars to allow the current to reach a steady state. Following the 

macro-cell current measurement, the top and bottom rebars were disconnected and were allowed 

to stabilize for approximately one hour before conducting the half-cell potential measurement. 

4.2.3.2 Half-cell potential 

In this study, the half-cell potential (HCP) (described in Section 2.4.2)was measured at the 

end of each wetting/drying cycle with a potentiostat [16] and CSE electrodes as shown in Figure 

4.2. It takes some time for the half-cell potential to stabilize. A quasi steady-state half-cell potential 

reading was taken when the change in potential over a 30-second interval was less than 0.2 mV. 

Prior to the electrochemical measurements, we checked whether using a copper-copper 

sulfate electrode (CSE) in a chloride-rich environment influences the half-cell potential readings 

due to the penetration of chloride ions through the porous plug. Two identical CSE electrodes were 

connected to a digital multimeter, with one electrode submerged in distilled water and the other 

submerged in a 7% (by weight) salt solution. The potential difference between the two electrodes 
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over a period of 12 hours was less than 1 mV, which verified that the salt solution had negligible 

effect on the half-cell potential readings. As an additional precaution, the saturated copper sulfate 

solution was replaced with a fresh solution and the reference electrode was thoroughly washed 

with distilled water after each set of half-cell potential measurements. 

4.2.3.3 Tafel test 

In this study, the Tafel test (described in Section 2.4.3) was used to measure the micro-cell 

current (i.e., corrosion rate). The primary concern in performing multiple Tafel tests on the same 

rebar is that the large applied potential shift (± 250 mV) may lead to a change in the 

electrochemistry of the passive film during the test. In other words, the rebar might undergo a 

minor level of corrosion due to the experiment itself. Therefore, Tafel tests were performed only 

at the end of the observation period for each specimen, i.e. after detection of active corrosion 

initiation, using a potentiostat [16] with the test setup shown in Figure 4.2. The Tafel tests were 

performed with dams filled with tap water instead of salt solution to prevent further exposure to 

the salt solution. The applied potential shift and the scanning rate were ± 250 mV and 0.17 mV/sec, 

respectively [5, 17]. The numerical values of corrosion potential (Ecorr) and corrosion current 

density (Icorr) were calculated using a Tafel fit routine provided by the manufacturer of the 

potentiostat [18]. This routine uses chi-squared minimization to fit the data to the Butler-Volmer 

equation [19]. Both linear and nonlinear analyses were employed to perform the Tafel fits to 

determine Icorr and Ecorr values. 
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4.2.4 Specimen sectioning 

As soon as the initiation of active corrosion was detected, the wetting/drying cycles were 

stopped and the beam specimens were prepared for sectioning to determine Ccrit. As all the 

specimens cannot be sectioned and analyzed at once, they were sealed in plastic bags and stored 

in a freezer set at 18°C to prevent further diffusion of chloride ions. One specimen was retrieved 

from the freezer at a time and cut along a plane as shown in Figure 4.2. Then, the upper portion of 

the beam (referred below as specimen cap) was extracted by gently tapping a chisel into the cut 

grooves, as shown in Figure 4.3. The specimen cap was ground using a bit with a flat tip (shown 

in Figure 3.5) approximately 0.5 mm deep along the rebar trace to collect ECC powder at the rebar-

ECC interface to determine Ccrit. 

Figure 4.3. Extraction of the specimen cap by a chisel. 
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The total chloride content for each sample powder was measured using silver nitrate 

titration by an automated chloride titrator [20], following the ASTM C1152 standard [21] (detailed 

in Section 3.2.1.4). The chloride contents can be presented as either the total chloride content or 

the free chloride content, which is a portion of the total chloride content that is not bound to the 

constituents of cement [11, 22]. Although free chlorides are the active portion of the total chlorides 

in a cement-based material that are responsible for corrosion, some previous studies have noted 

that the total chloride content is a better measure of corrosion risk, as bound chlorides might be 

released under certain conditions (e.g. due to changes in the pH of the pore solution) [11, 23, 24]. 

In this research, only the total chloride contents (acid-soluble chlorides) are reported. 

After the determination of the chloride content at the rebar-ECC interface, the top rebar 

was extracted and wire brushed according to ASTM G1 [25] to remove the surface rust. Thereafter, 

pit depths were measured by a digital micrometer (resolution of 1 µm) with an attached needle 

probe. Figure 4.4 shows a corroded rebar before and after removal of rust products and the test 

setup used to measure the pit depths. For each pit, the pit depths at three points near the center of 

the pit were measured and the average value was reported as the depth of that pit. For each ECC 

beam specimen, average pit depth (APD) is computed by taking an average of the depths of all the 

corrosion pits in that specimen. Similarly, maximum pit depth (MPD) of a beam specimen is the 

largest among all the pit depths measured in that specimen. 
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Figure 4.4. Determination of corrosion pit depth 

(a) Corrosion pits before and after rust removal, (b) Setup to measure the pit depths. 

4.3 Results and discussions 

4.3.1 Electrochemical measurements 

4.3.1.1 Macro-cell current 

The macro-cell corrosion current-time histories for seventeen ECC specimens are shown 

in Figure 4.5. In this plot, the current-time histories of four beams that exhibited the highest macro-

cell currents are shown with colored lines and the remaining thirteen beams are shown using gray 

lines. The macro-cell current is almost zero as long as the top rebar embedded in the ECC beam 

remains in the passive state. Corrosion initiation is marked by increase in the macro-cell current. 

In this study, the macro-cell current of 1 µA is considered as the threshold for determining 
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corrosion initiation in the ECC beam specimens. However, in some specimens, the macro-cell 

current dropped back under 1 µA after exceeding it once. As a result, the specimens were sectioned 

only after two successive readings of macro-cell current exceeded 1 µA. Based on the above 

condition, the time-to-corrosion initiation (under severe exposure to salt solution) of the seventeen 

ECC beams ranged from 133 days to 238 days since the first exposure to salt solution. Compared 

to the results of the half-cell potential technique discussed below, the macro-cell current provided 

the clearer indication of corrosion initiation. 

1 

Figure 4.5. Macro-cell corrosion current time histories of seventeen ECC beam specimens. 

In Figure 4.5, the maximum macro-cell current for all the ECC specimens during the 

observation period was about 4-7 µA, which is significantly lower than that observed for 

conventional concrete specimens in similar studies [14, 26-28]. This is due to the denser and coarse 

aggregate-free microstructure of ECC that leads to greater electrical resistivity compared to 
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conventional concrete. It should be noted here that a threshold current of 10 µA is recommended 

in the ASTM G109 [15] standard to indicate the presence of sufficient corrosion in rebars 

embedded in conventional concrete. Although some previous studies have used corrosion current 

values close to 10 µA as a threshold to determine the initiation of corrosion [26, 28], that is not the 

intent of the ASTM G109 [15] standard behind this recommendation. The corrosion current of 10 

µA indicates sufficient corrosion, which means that pitting corrosion is clearly observable when 

the specimen is sectioned. The initiation of active corrosion occurs at lower macro-cell current 

values, and using 10 µA as an indicator for initiation of active corrosion often leads to late 

detection of corrosion initiation and overestimation of Ccrit. 

4.3.1.2 Half-cell potential 

The time-histories of half-cell potential (HCP) measurements of the seventeen ECC beam 

specimens are shown in Figure 4.6. The results of four beams that show the most negative HCP 

values are shown with colored lines and the remaining thirteen beams are shown using gray lines. 

At the beginning of the exposure period when the rebars are in the passive state, the HCP values 

are between 154 and 288 mV. With the initiation of active corrosion, HCP values become more 

negative. At the end of the observation period of this research, the HCP readings range between 

341 and 551 mV. Due to the large fluctuations in HCP values during wetting/drying cycles 

(reason for the fluctuations is discussed below), it is not possible to define a threshold HCP value 

to distinguish between the passive state and active corrosion. It should be noted that the HCP 

readings in ECC specimens cannot be interpreted using the limits given in ASTM C876 [29] as 

those are applicable for conventional concrete specimens which have significantly different 
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microstructure than ECC. Thus, it is not possible to determine the time-to-corrosion initiation 

accurately using HCP time-histories. 

The initial HCP values (at t = 0) in Figure 4.6, when the rebars in ECC beams are in passive 

state, are noticeably more negative than those observed for conventional concrete (typically, HCP 

for sound concrete specimens  200 mV [29]). This can be explained by lower oxygen 

concentration in ECC compared to conventional concrete due to ECC’s denser microstructure that 

limits the access of oxygen to the rebars embedded in the ECC beams [10]. For the same reason, 

the HCP values of ECC beams show periodic fluctuations that are associated with changes in 

oxygen access during wetting/drying cycles. During the wetting cycles, the oxygen access is 

limited and the HCP values become more negative [4, 10]. Further discussion about the effect of 

oxygen concentration on the HCP readings is presented in Section 2.4.2. 

Figure 4.6. Half-cell potential time-histories of seventeen ECC beam specimens. 
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4.3.1.3 Tafel tests 

Upon detection of corrosion initiation based on the macro-cell current, each ECC specimen 

was subjected to the Tafel test, prior to sectioning. The Tafel plots of the seventeen ECC beam 

specimens are shown in Figure 4.5, in which the results of the four beams that showed the highest 

corrosion current densities are shown with colored lines and the remaining thirteen beams are 

shown using gray lines. The results of Tafel fits (details are given in Section 2.4.3), Ecorr and Icorr, 

for all the specimens are given in Table 4.1. The Ecorr values ranged from 0.571 to 0.392 V and 

the Icorr values ranged from 0.12 to 1.38 µA/cm2. The exposed area of the top rebar, equal to 81 

cm2 (2rh = 2  0.635  20.3), was used to calculate the corrosion current densities (current/area) 

of all the specimens. The obtained results from the Tafel fits will be used in Section 4.4 to develop 

a novel method for determination of Ccrit at the time of corrosion initiation. 

Figure 4.7. Tafel test results of seventeen ECC beam specimens. 
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4.3.2 Sectional analysis 

After conducting the Tafel tests, the ECC beam specimens were sectioned to determine the 

chloride contents at the rebar-ECC interfaces and to measure the corrosion pit depths on the rebar 

surfaces. One of the sectioned specimens is shown in Figure 4.8. The specimen cap is shown at 

the top and the remaining specimen is shown at the bottom of Figure 4.8 (also refer to Figure 4.3 

to see the location of the section cut). Due to non-uniform chloride diffusion along the length of 

the rebar, the rebar trace (impression of the rebar on the specimen cap) was divided into 8 equal 

regions (area of 25 mm × 13 mm, depth of 0.5 mm) to collect ECC sample powders. The total 

chloride contents determined from titration in these 8 regions are shown in Figure 4.8 (see the bar 

chart). The chloride contents in the regions with pitting corrosion (anodic zones with visible brown 

corrosion products) were always greater than that in the regions with no corrosion (cathodic zones), 

which is expected in chloride-induced corrosion [3]. 

The average chloride contents, number of corrosion pits, average pit depth (APD), and 

maximum pit depth (MPD) for all the ECC beam specimens are summarized in Table 4.1 (refer to 

Section 4.2.4 for the method to determine pit depths, APD, and MPD). The average chloride 

content is determined by taking the average of the chloride contents of only the regions containing 

corrosion pits. For instance, for the ECC beam specimen shown in Figure 4.8, the chloride contents 

determined from the powders collected in region numbers 6 (0.14%) and 7 (0.17%) are averaged 

to determine the average chloride content of 0.155% (chloride contents in other regions are not 

included), which is reported in Table 4.1. The average chloride contents for the 17 ECC beam 

specimens vary from 0.04% to 0.30% of the ECC sample powder weight, which are equivalent to 
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0.13% and 1.04% of the cement weight, respectively. The APD varies from 20 to 151 µm and the 

MPD varies from 22 to 167 µm. These results are used in the following section to develop a new 

method to determine Ccrit at the time of corrosion initiation. 

cathodic zone
anodic zone

1 3 4 5 6 7 82

B17

0.09% 0.08% 0.10%
0.07% 0.07%

0.14%
0.17%

0.11%

Rust

Specimen cap

Remaining specimen

Top rebar

Figure 4.8. Sectioned ECC beam specimen (B17) 

The bars show the chloride contents (% of ECC powder weight). 
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Table 4.1. Summary of sectional analyses and Tafel fits for seventeen ECC beam specimens. 

Beam # DTS1 

Tafel test results Sectional analysis 

Icorr Ecorr 

(µA/cm 2) (V) 
[Cl ]2 

(%) 

MPD4 

NP3 

(µm) 

APD5 

(µm) 

B1 203 0.949 0.468 0.205 8 161 144 

B2 147 0.496 0.453 0.113 4 58 51 

B3 133 0.372 0.524 0.036 4 22 20 

B4 238 0.746 0.458 0.298 3 125 122 

B5 168 0.355 0.426 0.157 5 155 52 

B6 224 1.377 0.438 0.295 10 167 151 

B7 189 0.601 0.470 0.101 5 44 27 

B8 231 0.491 0.426 0.213 4 146 92 

B9 161 0.499 0.454 0.136 6 67 31 

B10 140 0.343 0.549 0.105 3 57 34 

B11 224 0.583 0.404 0.188 7 111 77 

B12 224 0.964 0.571 0.221 4 144 104 

B13 217 1.117 0.489 0.216 4 164 138 

B14 168 0.172 0.392 0.116 5 31 24 

B15 133 0.121 0.398 0.065 2 47 34 

B16 133 0.260 0.468 0.038 3 25 22 

B17 189 0.489 0.461 0.155 4 96 45 

Average 184 0.584  0.156 5 95 69 

COV (%) 20 57  49 41 55 66 
1 DTS = days-to-sectioning 
2 [Cl] = Average chloride contents near corrosion pits as % weight of ECC powder; 

these values can be divided by 0.284 to obtain the chloride content as % weight of cement. 
3 NP = the number of observed pits 
4 MPD = maximum pit depth 
5 APD = average pit depth 

4.4 Critical chloride content determination using the novel method 

In the novel method proposed here, the chloride contents and corrosion pit depths from 

multiple specimens are evaluated collectively to determine a correlation between them. The 
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average chloride contents, [Cl], at the rebar-ECC interfaces (in the regions containing corrosion 

pits) are plotted against average pit depths (APD) for all the seventeen ECC beams in Figure 4.9 

(a). A linear correlation is observed between [Cl] and APD during the early stages of active 

corrosion (in later stages, pits may grow faster in diameter than depth). The blue solid line in Figure 

4.9 (a) is the linear best-fit (using least square error estimation). In theory, the pit depth should be 

zero at the time of corrosion initiation, and therefore, the y-intercept of the linear best-fit (when 

APD = 0) should be equal to the critical chloride content (Ccrit). As there is an uncertainty 

associated with the estimation of the y-intercept, the upper and lower bounds of Ccrit are calculated 

using 95% confidence intervals. Based on these calculations, Ccrit = 0.054%  0.035% of the 

weight of the ECC powder (or 0.19%  0.12% of the weight of cement). 

To the knowledge of the author, there is no study in the literature reporting Ccrit values for 

reinforced ECC specimens. Although it is not viable to compare the Ccrit values for ECC with those 

reported for conventional concrete specimens [11], the Ccrit values obtained herein agree 

reasonably well with those in Hope and Ip [30] (normal concrete, Ccrit = 0.1-0.19% (% weight of 

total powder), w/b = 0.5, admixed chlorides) and Trejo and Monteiro [31] (OPC mortar, Ccrit = 

0.05-0.15% (% weight of total powder), w/b = 0.5, chloride migration). Considering the fact that 

about 56% of the ECC’s binder used in this study consist of fly ash, which is known to decrease 

the pH of the pore solution, it might be prudent to compare the results with Thomas [32], who used 

RC specimens with 50% fly ash replacement. Thomas [32] exposed the RC specimens with w/b 

ratios ranging from 0.32 to 0.68 to a marine environment for about four years and obtained an 

average Ccrit value of 0.2% (% weight of total powder). Considering the possibility of a slight 

overestimation of Ccrit due to the late detection of corrosion initiation in such a long-term study, the 
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results obtained from Thomas [32] are in very good agreement with the current research. Further 

discussions about the effect of fly ash on the obtained Ccrit values are presented in Chapter 6 of 

this dissertation. 

Similar to [Cl]-APD relation, the chloride contents exhibit a linear correlation with 

maximum pit depths (MPD) as shown in Figure 4.9 (b). Chloride contents show slightly smaller 

degree of correlation with the MPD (R2 = 0.74) compared to APD (R2 = 0.79). As a result, the Ccrit 

is not calculated based on the [Cl]-MPD linear correlation. 

The method proposed above attempts to address the limitations of the current methods 

(identified in Section 4.1) for determining Ccrit, which are: insufficient resolution of the 

electrochemical technique, unknown threshold, and sampling interval. The proposed method does 

not rely directly on the signal from the electrochemical technique. Instead, it takes into account the 

actual corrosion pit depths to determine Ccrit. Therefore, the resolution of the electrochemical 

technique need not be very high; it should be just enough to determine the neighborhood of 

corrosion initiation, which is significantly easier to identify instead of the exact moment of 

corrosion initiation. For the same reason, this method is less sensitive to the threshold of corrosion 

activity and the sampling interval. 
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Figure 4.9. Correlations between chloride content and corrosion pit depths 

(a) average pit depth (APD), (b) maximum pit depth (MPD). 

4-22 



 

2 

1.75 

1.5 

• - 1.25 C\I 

E 
(.) 

::c 1 
~ -
§ 0.75 • -

• 
0.5 • • 

0 25 W ~ 100 1~ 1W 1~ 200 
Average pit depth, APD (µm) 

The corrosion current densities (from Tafel tests) are plotted against APD in Figure 4.10. 

Similar to the [Cl]-APD relation, Icorr also varies linearly with APD. Using similar terminology, 

the critical corrosion current density (Icorr(crit)) can be determined as the current density 

corresponding to the APD equal to zero. Considering the y-intercept and its 95% confidence 

intervals, Icorr(crit) is equal to 0.14  0.13 µA/cm2
. This Icorr(crit) provides a range of corrosion current 

thresholds for determining corrosion initiation using the Tafel test results for the ECC beam 

specimens. 

It should be noted that the linear relationship between Icorr and APD observed during the 

early stages of active corrosion might not remain valid in the later stages. As the corrosion pits 

deepen, Icorr may start to decrease as the accumulation of corrosion products on the surface of the 

rebar insulates the pits and slows down the diffusion of iron ions from the bottom of the pits to the 

surface. 

[Icorr] = 0.0065 (APD) 

+ 0.1394 

R2 = 0.78

Figure 4.10. Correlation between corrosion current density (Icorr) and APD. 
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4.5 Summary and Conclusions 

This study proposes a novel method for determining the critical chloride content (Ccrit) at 

the time of corrosion initiation. The proposed method is demonstrated using seventeen identical 

beam specimens made of ECC. These specimens were subjected to alternate wetting/drying cycles 

using a salt solution of high concentration. Macro-cell current and half-cell potential tests were 

used to monitor the corrosion activity. Corrosion initiation was detected when the corrosion 

activity exceeded a certain threshold. The specimens were sectioned to determine the chloride 

contents at the rebar-ECC interfaces and corrosion pit-depths of the corroded rebars. The following 

conclusions can be drawn: 

1. For the rebar-ECC system investigated in this study, two successive readings of macro-cell 

current (obtained using ASTM G109 procedure) above 1 A can be used as the condition to 

identify initiation of active corrosion. The macro-cell current depends on the resistivity of the 

cementitious material, and therefore, this threshold will be different for other materials. 

Compared to the half-cell potential technique, the macro-cell current technique provided the 

clearer indication of corrosion initiation.  

2. During the initial stage of active corrosion, a linear correlation was observed between the 

concentration of chloride ions [Cl] at the rebar-ECC interface and the average pit depths 

(APD) of the corroding rebars. The Ccrit for ECC (and other cementitious materials) can be 

determined as the y-intercept (when APD = 0 m) of the linear best-fit for the [Cl]-APD plot. 

The Ccrit for ECC specimens obtained using this method is equal to 0.054%  0.035% (95% 
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confidence) of the weight of the ECC powder (or 0.19%  0.12% of the weight of cement). 

3. A linear correlation was observed between the corrosion current densities (Icorr) of the corroded 

rebars (determined from Tafel tests) and the average pit depths. This correlation is used to 

determine the critical corrosion current density (Icorr(crit)), beyond which active corrosion 

initiates. For the rebar-ECC system investigated in this study, Icorr(crit) is equal to 0.14  0.15 

µA/cm2 (95% confidence). 
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Chapter 5. Influence of cracking in ECC on chloride penetration 

5.1 Introduction 

Reinforced concrete (RC) structures inevitably crack during normal service, not only due 

to corrosion, but also due to shrinkage, thermal effects, alkali-silica reaction, and other factors. A 

crack with sufficient width (or opening) provides an easier path for water, oxygen, and chloride 

ions to penetrate faster and deeper into the concrete cover, thereby reducing the time to corrosion 

initiation [1, 2]. In recent years, numerous studies have investigated the effect of cracking on the 

corrosion resistance of ordinary and high performance concretes (e.g., [3-7]). One of the main 

objectives of these studies was to determine the allowable crack width to extend the service life of 

RC structures [8, 9]. According to ACI 224 [8], the allowable crack width for a conventional RC 

member in a chloride-rich environment is 150 µm. Significant repair or rehabilitation is 

recommended if the cover crack widths exceed this value. 

There has been limited research on the effect of crack pattern (width and number) in ECC 

on the corrosion initiation. Zijl and Boshoff [10] investigated the effect of crack patterns on the 

corrosion resistance of steel reinforced ECC (R/ECC) specimens. In this study, wetting/drying 

cycles with a salt solution were performed on nine cracked ECC beams reinforced with single 

rebars. Zijl and Boshoff [10] found a relationship between the pitting depth of corroded rebars and 

the crack spacing in the covers. They noted that the average pit depth increased with increasing 

distance between the cracks formed in the covers. However, the crack width data were not provided 

in Zijl and Boshoff [10]. Kobayashi and Kojima [11] investigated the effect of various water-to-
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cementitious ratios and fiber contents on the corrosion protection of cracked R/ECC specimens 

with average crack widths smaller than 50 µm. The study concluded that the summation of the 

widths of all cracks had a greater impact on the rebar mass-loss in comparison to the maximum 

crack width (of all cracks). Kobayashi and Kojima [11] also found that the water-to-cementitious 

ratio significantly affected the rebar mass-loss. 

The objective of the research presented in this chapter is to investigate the influence of 

mechanically induced cracks on the corrosion resistance of R/ECC beams under a chloride-rich 

environment during both the initiation phase and the early stages of the propagation phase of 

corrosion. Three R/ECC beam specimens were prepared according to the ASTM G109 [12] 

standard (with some modifications explained below). These specimens were subjected to three-

point flexural load to generate cracks, followed by alternate wetting and drying cycles with a salt 

solution. Various electrochemical techniques, including macro-cell current, half-cell potential, 

linear polarization resistance, and Tafel tests were used to monitor the corrosion activity. At the 

end of the observation period, the specimens were sectioned and analyzed (using titration) to 

determine the chloride contents at the rebar-ECC interface. The details of the experimental setup 

and electrochemical testing procedures are presented in Section 4.2.2. 
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5.2 Experimental investigation procedures 

5.2.1 Specimen preparation 

The mixture proportions and material properties of ECC mixtures used in this chapter are 

the same as those described in Section 3.2.1.1. Three identical ECC beam specimens of dimensions 

560 mm (length) × 114 mm (width) × 152 mm (depth) were cast for this study. While the cross-

section of these specimens is the same as the beams used for Ccrit determination in intact ECC in 

Chapter 4, the length of these beams is greater. The purpose of greater length of the beams in this 

chapter is to increase the span/depth ratio, which facilitates the formation of proper flexural cracks 

during the three-point flexural test. All specimens were loaded under three-point flexural to 

generate flexural cracks in the covers. The pre-cracked (damaged) ECC specimens in this chapter 

are denoted as ECCD-1, ECCD-2, and ECCD-3. Rest of the specimen preparation was the same 

as that given in Section 4.2.1 for intact ECC beam specimens. The exposed length of the rebars in 

the middle was also kept consistent with the previous chapter (203 mm). The prepared steel rebars 

placed in the wooden molds, prior to the placement of fresh ECC, are shown in Figure 5.1. 

560 mm

203 mm (exposed length) heat shrink 

tubes 

Figure 5.1. Mold for casting ECC beams. 
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After casting of ECC, the molds were covered with plastic sheets to prevent moisture loss 

until demolding at 24 hours. The specimens were cured for 28 days under moist conditions at room 

temperature (23±2ºC), followed by additional two weeks of curing in air at room temperature. At 

this point, the specimens were subjected to three-point flexural load. The single rebar (which is 

the “top rebar” nearer to the salt solution during the wetting/drying cycles) was on the tension side 

of the beam during the flexural loading, whereas the other two rebars were on the compression 

side. One of the beam specimens under the flexural load is shown in Figure 5.2. 

For the three-point flexural loading, the beam specimens were simply supported and a mid-

point displacement rate of 0.5 mm/min was applied. Force, displacement, and strain, were recorded 

at the rate of 1 Hz. Strain was recorded using two long strain gauges (gauge length of 90 mm) 

installed at the center of each vertical side of the beam (lengthwise), close to the tension surface 

of the beam as shown in Figure 5.2. The specimens were monotonically loaded until the formation 

of 4-6 cracks with crack widths ranging from 30 to 80 µm in the gauge region of the strain gauge. 

By design, there was no target load or displacement for the flexural loading, as it allowed us to 

investigate the influence of randomly generated cracks with varying crack widths and number on 

the chloride penetration in ECC. A beam specimen with multiple flexural cracks is shown in Figure 

5.3. 
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Figure 5.2. ECC beam under three-point flexural load. 

Figure 5.3. Multiple flexural cracks in the ECC beam. 

A detailed crack survey was performed on the top surface of the beams using a handheld 

optical microscope. For each crack, the widths at three points (start, middle, and end) along the 
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length of the crack were measured, and the calculated average was reported as the width for that 

particular crack. After the crack observations, the four vertical sides of each beam were sealed 

with a polymer-based sealant and only the top and the bottom surfaces were left unsealed. Ponding 

dams (152 mm × 75 mm × 75 mm) were constructed using 3-mm-thick FRP sheets and were 

adhered to the top surface of the beams with an epoxy. It should be noted here again that the “top 

side” of the beam exposed to the salt solution was the tension side during the flexural loading. The 

finalized beam specimens before starting the exposure to salt solution are shown in Figure 5.4. 

152 

mm US #4 rebars 

Figure 5.4. Finished, pre-cracked ECC beam specimens. 

5.2.2 Experimental setup 

The corrosion activity in the beams was monitored using the macro-cell current (ASTM 

G109 [12]), half-cell potential (HCP) (ASTM C876 [13]), and micro-cell current (LPR) (ASTM 

G59 [14]) measurements at the end of each wetting/drying cycle. The experimental setups for 
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macro-cell current, half-cell potential and Tafel tests were the same as those described in Section 

4.2. The micro-cell current (LPR) technique utilizes the same setup as the Tafel tests but the 

potential is varied over a significantly smaller range ( 20 mV relative to OCP in LPR, compared 

to  250 mV relative to OCP in Tafel tests). Alternate wetting/drying cycles were applied on the 

beam specimens starting at 56 days since casting. 

Due to slightly corrosive nature of the Tafel test ([15]), it was conducted only twice: once 

at the beginning of the first wetting/drying cycle and then at the end of the observation period. The 

overall observation period for all the pre-cracked ECC beams was 180 days since the first exposure 

to the salt solution. This period was sufficient to cover the entire corrosion initiation phase and 

early part of the corrosion propagation phase. In the last chapter, the ECC beams were sectioned 

as soon as the corrosion initiation was detected, and therefore, each beam had a different 

observation period. 

At the end of the observation period, the corroded ECC specimens were wrapped in plastic 

bags and stored in a freezer at 18º C until sectioning to prevent further diffusion of chloride ions. 

One specimen was retrieved from the freezer at a time, and it was sectioned to determine the 

chloride content at the rebar-ECC interface. The procedures for cutting the beams, collecting the 

sample powders, and performing the silver nitrate titration were similar to those described in 

Section 4.2.4. 
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5.3 Results and discussions 

5.3.1 Mechanical behavior and damage patterns 

The load-displacement curves of ECC beams from the three-point flexural loading are 

shown in Figure 5.5. The average tensile strains recorded by the strain gauges at the end of the 

flexural loading are also shown in this figure. Photographs of the top (tensile) surface of the beams, 

showing the crack pattern prior to the salt-water exposure, are presented in Figure 5.6. The ECC 

beams show multiple transverse micro-cracks with widths ranging from 20 µm to 100 µm. In 

addition, a relatively wider longitudinal (L) crack along the centerline is visible in each specimen. 

The crack widths of the longitudinal cracks in specimens ECCD-1, ECCD-2 and ECCD-2 were 

138 µm, 163 µm and 124 µm, respectively. The average crack widths in these three specimens, 

along with the number of cracks, are summarized in Table 5.1. 
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Figure 5.5. Force-displacement curves of the ECC beams. 
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Table 5.1. Summary of the crack survey. 

Beam ID 
Average stain 

(%) 

Number of 

cracks1 

Ave. crack 

width (µm)2 

ECCD-1 0.34 13 111 

ECCD-2 0.47 18 128 

ECCD-3 0.17 10 81 
1 Number of observed cracks inside the ponding dam 
2 Average crack width of all cracks (including transverse and 

longitudinal cracks) 

Figure 5.6. Top surface cracking pattern in ECC beam specimens prior to salt water exposure. 
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5.3.2 Electrochemical test results 

5.3.2.1 Macro-cell current 

The variation of the macro-cell current with time for the pre-cracked ECC specimens are 

shown in Figure 5.7. It may be recalled from Chapter 4 that the threshold value of the macro-cell 

current that differentiates passive state from active corrosion for this ECC is 1 A. The initial 

macro-cell current for the ECCD-1 and ECCD-2 specimens were significantly greater than 1 A 

indicating active corrosion at the start of the observation period. The ECCD-3 specimen was in the 

passive state during the first 42 days as the macro-cell current did not exceed 1 µA during this 

period. Active corrosion was initiated in the ECCD-3 specimen sometime between 42 and 56 days, 

as the macro-cell current suddenly increased to 6.1 µA. Overall, the macro-cell current during the 

first 42 days is the largest for the specimen ECCD-2, followed by ECCD-1, and the least macro-

cell current is observed for the specimen ECCD-3, which is consistent with the crack pattern (Table 

5.1 and Figure 5.6) as the number and width of the cracks follow the same trend between the three 

specimens. 

During the observation period, the macro-cell current of all the specimens showed periodic 

variations associated with the wetting and drying cycles. During the wetting cycles, the salt 

solution penetrates the cracks, which lowers the electrical resistance of ECC and increases the 

macro-cell current. The amplitudes of the macro-cell variations in the ECCD-2 specimen were the 

highest among the three specimens due to the larger widths and greater number of cracks formed 

in this specimen, as noted in Table 5.1. 
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Figure 5.7. Time-series of macro-cell current measurements. 

5.3.2.2 Half-cell potential 

The half-cell potential (HCP) time-series for pre-cracked ECC beams are shown in Figure 

5.8. The most negative HCP is exhibited by the specimen ECCD-2, followed by ECCD-1, and the 

least negative HCP is observed for the specimen ECCD-3, which is the same trend as that observed 

for the macro-cell current and is consistent with the crack pattern observations. The sudden 

increase in HCP for specimen ECCD-3 from 42 to 56 days, and the periodic variations in HCP due 

to wetting/drying cycles are also consistent with the macro-cell current results. 
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Figure 5.8. Time-series of half-cell potential (HCP) measurements. 

5.3.2.3 Tafel tests 

The Tafel test results for the pre-cracked ECC beams at the beginning (after the first 

exposure to salt solution) and at the end of the observation period are shown in Figure 5.10. This 

figure verifies the observation from the macro-cell current results that, at the beginning of the 

exposure period, only the ECCD-3 specimen was in the passive state. The passive state of 

corrosion is characterized by the vertical anodic branch (the anodic Tafel slope approaches infinity 

[15]) and a less negative Ecorr value. Further details about the Tafel test and interpretation of Tafel 

plots can be found in Section 2.4.3. The numerical values of corrosion potentials (Ecorr) and 

corrosion current densities (Icorr) were extracted by a Tafel fit routine supplied by the manufacturer 

of the potentiostat [16, 17]. A summary of the Tafel fits for the pre-cracked ECC beams is 

presented in Table 5.2. 

The summary of Icorr values obtained from the Tafel fits is plotted in Figure 5.10. The Icorr 

values for the ECCD-1 and ECCD-3 specimens at the end of the observation period were 
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significantly higher than that at the beginning of the observation period, which indicates significant 

increase in corrosion rate. In contrast, the Icorr for the ECCD-2 specimen was very high right from 

the beginning and did not change significantly from the beginning to the end of the observation 

period. These observations are consistent with the macro-cell current observations and can be 

explained similarly by the observed crack patterns. 
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Figure 5.9. Tafel test results of pre-cracked ECC beams. 
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Table 5.2. Summary of Tafel fits and sectional analyses of pre-cracked ECC beams. 

Beam ID 

2)Icorr (µA/cm Ecorr (V) Sectional 

analysis 

[Cl] 2 (%)Beginning1 end Beginning end 

ECCD-1 0.463 1.512   0.41 

ECCD-2 3.081 3.370   0.60 

ECCD-3 0.207 2.693   0.29 

Average 1.250 2.525   0.43 

COV (%) 90 26 21 5 26 
1 Beginning/end indicate readings taken at the beginning and at the end of the exposure period 
2 Chloride content values at rebar-ECC interface in terms of % of dry ECC powder weight, these 

values can be divided by 0.284 to obtain the % of cement weight. 

5.3.2.4 Micro-cell current density (LPR) 

The time-series of the micro-cell corrosion current densities (Icorr) for the pre-cracked ECC 

beam specimens are shown in Figure 5.11. These Icorr values are obtained from linear polarization 

resistance (LPR) measurements using the suggested B value of 26 mV in the literature [6, 18]. The 
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calculated Icorr values in Figure 5.11 are lower than those obtained from the Tafel tests (discussed 

in Figure 5.10). However, the numerical values of the corrosion current densities at the beginning 

and at the end of the exposure period in Figure 5.11 follow the same trend as those in Figure 5.10. 

The observed difference in the Icorr values obtained from the two experiments can be explained by 

the fact that using the suggested B values in the literature (in LPR test) do not result in accurate 

determination of corrosion current density (as discussed in Section 2.4.3). Details about the LPR 

technique can be found in Section 2.4.1 of this dissertation. A threshold for Icorr to determine 

corrosion initiation in ECC has not been reported in the literature, and it is difficult to determine 

the threshold based on this data (Figure 5.11) as the variations in Icorr due to wetting/drying cycles 

are large. The Icorr is the largest for the specimen ECCD-2, followed by ECCD-1, and the least Icorr 

is observed for the specimen ECCD-3. This is the same trend as that observed for the macro-cell 

current and is consistent with the crack pattern observations. The sudden increase in Icorr for 

specimen ECCD-3 from 42 to 56 days, and the periodic variations in Icorr due to wetting/drying 

cycles are also consistent with the macro-cell current results. 

In addition to the crack pattern, an important factor that may have contributed to lower Icorr 

in the specimen ECCD-3 is the location of the longitudinal crack. In the specimens ECCD-1 and 

ECCD-2, the longitudinal cracks were formed directly above the top rebar. In contrast, the 

longitudinal crack in the ECCD-3 specimen was formed away from the beam’s centerline [Figure 

5.6 (c)], which may have reduced Icorr due to greater distance from the surface to the top rebar in 

the specimen ECCD-3 relative to the other specimens. Thus, the presence of a longitudinal crack 

directly on top of the longitudinal reinforcement can significantly degrade the resistance of ECC 
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to chloride penetration, which is consistent with similar observations for FRC columns in the 

literature [6]. 

The specimen ECCD-2 exhibited increase in Icorr with time, similar to the specimens 

ECCD-1 and ECCD-3; however, unlike the other two specimens, ECCD-2 showed a descending 

trend in Icorr after about 66 days, which was due to severe corrosion that caused the formation of a 

dense layer of corrosion products on the surface of the top rebar. This layer, which was also 

observed in the sectional analysis of this specimen (Figure 5.13), acted as an insulator preventing 

direct exposure of non-corroded rebar to the salt solution and causing a decrease in the diffusion 

rate of iron ions from the metal lattice to the electrolyte. 
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Figure 5.11. Time-series of micro-cell corrosion current densities using LPR. 
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5.3.3 Sectional analysis 

The photographs of the sectioned specimens at the end of the exposure period are shown 

in Figures 5.12-5.14. The average chloride contents at the rebar-ECC interface at the end of the 

exposure period are listed in Table 5.2. In general, these chloride content values are significantly 

greater than those observed for sound ECC beam specimens in Table 4.1 subjected to similar 

exposure time ( 180 days), which indicates significantly greater chloride penetration in the pre-

cracked ECC beams compared to sound ECC beams. The ECCD-2 specimen showed the highest 

chloride content among all the specimens. In spite of a high degree of corrosion of the rebar in the 

ECCD-2 specimen, the ECC cover effectively resisted not only the formation of new cracks but 

also the increase in widths of the existing cracks. 

Figure 5.12. Sectioned ECCD-1 specimen. 
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Figure 5.13. Sectioned ECCD-2 specimen. 
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Figure 5.14. Sectioned ECCD-3 specimen. 

In addition to the chloride content at the rebar-ECC interfaces, additional sample powders 

taken from depths of 1 mm, 5 mm, 10 mm, and 15 mm (depths are measured from the exposed 

surface of the beam) in order to construct and compare the chloride penetration profiles. The 

sample powders at each depth were collected at two different locations: one near the longitudinal 

crack (region marked as ‘L’ in Figure 5.6) and the other away from the longitudinal crack where 

transverse cracks are more prominent (region marked as ‘T’ in Figure 5.6). The chloride 

penetration profiles in these two regions are shown in Figure 5.15 (a) and (b), in which the x-axis 

is the vertical depth of the layer from the top exposed surface of a beam. 
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The chloride penetration through the cracks is significantly faster than diffusion through 

sound ECC. As observed in Table 5.1, the average crack width and crack number were the largest 

in the specimen ECCD-2, followed by ECCD-1, and the lowest in ECCD-3. The chloride ingress 

followed the same order among specimens in both ‘L’ and ‘T’ regions. Thus, the observed 

differences in the chloride penetration profiles among the three specimens were largely due to the 

variations in number and widths of the mechanically induced cracks. 

For each beam specimen, the ingress of chloride ions in the region near the longitudinal 

crack (‘L’ region) with width larger than 120 µm [Figure 5.15(a)] was significantly greater 

compared to the region away from the longitudinal crack (‘T’ region) with multiple micro-cracks 

with widths smaller than 100 m [Figure 5.15 (b)]. The longitudinal cracks in the specimens 

ECCD-1 and ECCD-2 provided a direct path for chloride ion ingress with almost linear chloride 

profiles, which shows that water permeability, instead of chloride ion diffusion, governs the 

chloride penetration in such large cracks. This observation shows that ECC provides effective 

resistance to chloride penetration as long as the crack width remains under 100 m. 
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Figure 5.15. Chloride penetration profiles in pre-cracked ECC beam specimens 
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5.4 Summary and conclusions 

The following major conclusions can be drawn based on the empirical investigations of 

chloride penetration in pre-cracked ECC beams presented in this chapter. 

1. The resistance of ECC to chloride penetration is reduced due to the cracking. Crack width is a 

major governing factor, as the effectiveness of ECC covers to restrict chloride penetration is 

significantly reduced in presence of cracks with widths greater than 100 µm. 

2. In spite of substantial corrosion of rebars, the pre-cracked ECC covers showed a significant 

resistance against further cracking due to the expansion caused by the development of the 

corrosion products around the rebars. 

3. Among the several electrochemical techniques used in this study, the macro-cell current 

technique provides the clearest signal to distinguish between the passive state and active 

corrosion of rebars. 

Only three pre-cracked specimens were investigated in this study, and therefore, further 

studies with a larger number of specimens are needed to investigate the effect of different crack 

widths and crack numbers on the effectiveness of pre-cracked ECC covers in delaying the initiation 

of corrosion. 
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Chapter 6. Development of a novel method for rapid determination of critical 

chloride content 

6.1 Introduction 

From an electrochemical point of view, active corrosion initiates when the corrosion 

potential, Ecorr, of steel rebar reaches the pitting potential, Eb, required for the breakdown of the 

passive film [1]. The value of Eb is governed by chloride content at the rebar-concrete interface as 

well as the electrochemical properties of the rebar. The value of Ecorr depends on the pH of the 

pore solution and oxygen concentration ([O2]) at the electric double layer. It should be noted that 

the pH of the pore solution and [O2] vary along the length of the rebar depending on the 

microstructure and moisture content of the surrounding concrete [2]. In other words, the final value 

of critical chloride content (Ccrit) depends on the level of protection provided by the surrounding 

concrete as well as the electrochemical properties of the reinforcing steel. 

As discussed in Chapter 4, the Ccrit is best determined using real reinforced-concrete 

specimens instead of synthetic pore solutions. However, these experiments are extremely time-

consuming due to slow diffusion of chloride ions through concrete. Depending on the type of 

cementitious material, the experiment might take several years to finish. Castellote et al. [3] 

suggested an accelerated test that shortens the time required for chloride ions to diffuse through 

the cover and reach the steel-concrete interface. This method forces chloride ions to penetrate 

through the specimen by setting up a potential between two metal sheets placed in contact with the 

surface of the concrete specimen. Although the reported Ccrit using the accelerated test was in good 
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agreement with that observed in a twin specimen subjected to natural corrosion, it did not address 

the possible variations in the material properties, electrochemical measurements, and in Ccrit itself, 

as only one specimen was investigated using the accelerated test. To the best of the authors’ 

knowledge, no other studies are available in the literature investigating the variations and 

limitations associated with the suggested method (accelerated methods in the literature mainly 

focus on the propagation phase but not on the initiation phase of corrosion). 

A novel experimental method for rapid determination of Ccrit, called rapid corrosion 

initiation (RCI) method, is proposed in this study. The RCI method builds upon the concept 

introduced by Castellote et al. [3] and utilizes a combination of test setups given in ASTM G109 

[4] and ASTM C1202 [5] standards to determine Ccrit in a reasonably short time. In this study, 

several specimens of conventional concrete and ECC were tested using the RCI method to 

determine their Ccrit. The RCI method was verified by comparing the Ccrit of concrete with that 

reported in the literature. The Ccrit of ECC from the RCI method was compared with that 

determined in Chapter 4 for the same material. The experimental details of the RCI method are 

presented in Section 6.2. 

The Ccrit determined from the RCI experiments was used to predict the time-to-corrosion 

initiation (Ti) in concrete and ECC. An unexpected finding of these experiments was that the Ti of 

ECC, in spite of its lower diffusion coefficient (discussed in Chapter 3), was shorter than Ti for 

concrete. In order to verify this result, cyclic polarization (CP) tests were performed on cylindrical 

specimens with single rebars to investigate the passivity of steel rebars embedded in these two 
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materials. Details of the experimental investigation for CP test are discussed in Section 6.4 of this 

chapter. 

6.2 Experimental details of the RCI method 

The mixture proportions and material properties of conventional concrete and ECC are 

the same as those described in Section 3.2.1.1. 

6.2.1 Specimens 

The proposed RCI method utilizes reinforced-concrete beam specimens with the same 

geometry as that given in ASTM G109 [4] (for conducting macro-cell current test). Four concrete 

and four ECC beam specimens (C1-4 and E1-4), hereafter referred to as the primary specimens, 

were prepared to determine Ccrit of both the materials using the RCI method. In addition, two 

secondary specimens (D1-2) of concrete with and without chloride ions were tested to determine 

the influence of large applied potential in the RCI method on Ccrit. The details of specimen 

preparation and curing procedure are given in Section 4.2.1. The RCI test was performed on the 

primary and secondary specimens at the age of 75 days and 60 days since casting, respectively. 

6.2.2 RCI Experimental setup 

The experimental setup used for the RCI method is shown in Figure 6.1. The setup utilizes 

an external DC power source for applying a constant voltage of 5V across the beam specimens. 
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Two external stainless steel sheets (AISI type 316) were used as the electrodes for applying the 

voltage. One of the sheets was placed underneath the beam in a tray filled with 0.3 N (normality) 

sodium hydroxide solution and was connected to the positive terminal of the DC power source. 

The bottom face of the beam has irregular (as the beams are cast inverted) surface, and therefore, 

a polyethylene sponge was used between the stainless steel sheet and the beam’s bottom surface 

to provide good electrical continuity. The other stainless steel sheet was submerged in a 0.5 N (3% 

by weight) sodium chloride salt solution on top of the beam and was connected to the negative 

terminal of the DC power source. A wireless current data logger (marked as ‘A’ in Figure 6.1 (a)) 

with a range of ±3 A and a resolution of 0.1 mA was used to record the amount of current passing 

through the circuit. Under the applied electric field, the negatively charged chloride ions (Cl) from 

the top of the beam are accelerated toward the stainless steel plate at the bottom of the beam, which 

is connected to the positive terminal of the DC power source. 

The NaOH solution in the bottom tray (similar to ASTM C1202 [5]) provides a highly 

alkaline environment that prevents corrosion in the bottom sheet. An ACS grade NaCl salt with 

99% purity was used to prepare the salt solution to eliminate potential interference of unknown 

ions that could be present in salt with impurities. During the RCI test, the NaCl and NaOH 

solutions were replenished periodically to maintain a pH value between 7 and 7.5 for the NaCl 

solution and a pH value between 12.5 and 13 for the NaOH solution. 
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Figure 6.1. RCI test setup (a) schematic view, (b) actual setup. 
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Although the stainless steel sheets were not in direct contact with the rebars, the applied 

electric field can indirectly polarize the rebars because of the movement of ions in the pore solution 

of concrete and interfere with the electrochemical measurements. To obtain stable electrochemical 

measurements, the DC power supply was switched-off for at least 6 hours before conducting 

electrochemical measurements (at every 24 – 48 hours). It should be noted that the top and the 

bottom rebars were always kept disconnected (except for the time when macro-cell current was 

measured) to prevent the possible flow of current during the RCI between the top and bottom 

rebars. 

For the proposed RCI method to be valid, active corrosion of rebar should only be initiated 

due to migration and accumulation of chloride ions at the rebar-concrete interface. In order to 

investigate the possibility of non-chloride corrosion caused by polarization, two secondary 

concrete specimens (D1 and D2) were tested before the primary specimens. The D1 specimen was 

tested with the standard RCI setup (shown in Figure 6.1) using the electrolytes NaCl and NaOH 

for the two stainless steel sheets. However, these two electrolytes were replaced with tap water for 

testing the D2 specimen with everything else the same as that for the D1 specimen. The voltage 

was also increased to 12 V for the secondary specimens (as compared to 5 V for the primary 

specimens) so that the polarization effects could be easily detected during the regular 

electrochemical measurements. 

During the RCI experiments, linear polarization resistance (LPR) and macro-cell current, 

measurements were conducted to measure the corrosion rates and to detect the initiation of active 
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corrosion. In addition, Tafel test was conducted only at the beginning and/or at the end of the RCI 

experiments to achieve a more accurate estimate of the corrosion rates. A potentiostat [6] was 

connected to the specimens, as shown in Figure 4.2 (Chapter 4), to perform the LPR and Tafel 

tests. Further details regarding the scanning rates and potential shifts used for conducting the LPR 

and Tafel tests are presented in Section 2.4.3. After the initiation of active corrosion was detected, 

all the specimens were sectioned and analyzed (using titration) to determine the Ccrit with the 

procedures described in Section 4.2.4. 

6.3 Results of RCI experiments and discussions 

The results of the RCI tests on secondary specimens, which were tested prior to the primary 

specimens to investigate the effect of polarization on corrosion, are presented first. 

6.3.1 Secondary specimens 

The observed variation of current, recorded by the current logger in the RCI setup, with 

time for the two secondary specimens (D1 and D2 – both made of conventional concrete) during 

the RCI test is shown in Figure 6.2. The RCI experiment on the D1 specimen (using NaCl – NaOH 

electrolytes) was stopped after 248 hours, as the initiation of active corrosion was detected for this 

specimen through electrochemical measurements. However, the RCI experiment on the D2 

specimen (using water – water electrolytes) was continued for additional 50 hours. During the RCI 

experiment, ions carry the charge through the concrete pore solution. While both the specimens 

show relatively stable current variations during the RCI test, the average current in the D1 
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specimen is about 1.7 times higher than that in the D2 specimen due to significantly greater 

availability of charged ions (Na+, Cl , and OH) in the D1 specimen, which lowers its electrical 

resistivity compared to the D2 specimen. 

D1 (NaCl – NaOH)

D2 (water - water)

Figure 6.2. Variation of currents logged for the two secondary concrete specimens. 

The variations of macro-cell current and micro-cell current density (from LPR tests) over 

time for the secondary specimens are shown in Figure 6.3 (a) and (b). The macro-cell current 

reading for the D1 specimen in Figure 6.3 (a) remains under 1 µA until 150 hours indicating 

passive state. Beyond 150 hours, the macro-cell current increases rapidly, which indicates active 

corrosion. A concurrent increase in the micro-cell current density from LPR test is observed in 

Figure 6.3 (b), which confirms the macro-cell current observation. During the entire observation 

period, the macro-cell current reading in the D2 specimen did not increase beyond 0.1 µA, even 

when the RCI experiment is continued for an additional 50 hours. Similarly, the micro-cell current 

density in the D2 specimen remained under 0.12 µA/cm2 for the entire observation period. While 

the D2 specimen (using water – water electrolytes) does not show corrosion initiation up to 300 
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hours, the D1 specimen (using NaCl – NaOH electrolytes) exhibits corrosion initiation at about 

175 hours under the same applied electric field of 12 V. 

In addition to the macro-cell current and micro-cell current density, Tafel tests were also 

conducted on the secondary specimens before and after the RCI experiment. The Tafel test results 

are shown in Figure 6.4 and the Tafel fit results (Icorr and Ecorr) are given in Table 6.1 (details for 

obtaining the fits are given in Section 4.2.3.3). Both secondary specimens exhibit passive behavior 

before the RCI experiment. The passive behavior in Tafel tests is characterized by relatively low 

values of corrosion current densities (Icorr ≈ 0.1 µA/cm2). Another indication of the passive state is 

the vertical anodic branch (above the Ecorr) in the Tafel plot in Figure 6.4, which signifies that the 

current is unaffected by increase in potential. In other words, the metal has no tendency to release 

electrons in passive state, even under an increasingly positive potential. This is because of the 

increase in thickness of the passive iron-oxide film caused by the anodic potential [1]. At the end 

of the RCI experiment, active corrosion was observable only in the D1 specimen as evidenced by 

the increase in Icorr (Table 6.1) and movement of the Tafel plot toward lower potential and greater 

current with positively sloping anodic branch (Figure 6.4). The results of all the three 

electrochemical techniques show that the applied electric field in the RCI experiment does not 

interfere significantly with the main chloride-induced corrosion mechanism. 
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Figure 6.3. Time-histories of electrochemical measurements for secondary specimens 
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Table 6.1. Summary of Tafel fits and titration analyses of secondary specimens. 

Beam ID 
RCI time 

(hours) 
2)Icorr (µA/cm Ecorr (V) 

Sectional analysis 

[Cl]1 (%) 

D1 0 0.104 -0.288 -

D1 248 1.464 -0.424 0.437 

D2 0 0.085 -0.277 -

D2 298 0.101 -0.260 0 

1 Chloride contents are % by weight of concrete powder; these values can be 

divided by 0.233 to obtain the % weight of cement content. 

The secondary concrete specimens were sectioned at the end of the observation period 

(shown in Figure 6.5) and chloride contents were determined (listed in Table 6.1) following the 

procedures given in Chapter 4. The results indicate that chloride contents at the anodic zones 

(showing corrosion) in the D1 specimen were noticeably higher than in the cathodic zones. This 

observation is consistent with the literature [7]. The average chloride content for the D1 specimen 

in the anodic zones is 0.44% (% weight of sample powder). 
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Figure 6.5. Sectioned secondary concrete beam specimens. 
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6.3.2 Primary specimens 

After confirming that the applied potential does not influence the corrosion mechanism 

using the secondary specimens, the RCI experiments were performed on the eight primary 

specimens: four concrete and four ECC specimens, with NaCl – NaOH electrolytes and applied 

potential of 5 V. The time-histories of the current recorded by the current logger for all the eight 

primary specimens are shown in Figure 6.6. Overall, the currents recorded for the primary concrete 

specimens (C1-4) were significantly smaller than that for the secondary specimen D1 (also using 

NaCl – NaOH electrolytes) due to the lower applied external potential in the primary specimens 

(5V vs. 12V). While both ECC and concrete specimens show relatively stable current variations 

during the RCI test, the average current in ECC specimens was about 30% of that in concrete 

specimens. The lower currents in ECC during the RCI experiments can be explained by the greater 

electrical resistivity of ECC due to the denser microstructure compared to conventional concrete. 

E2

E4 E3

E1

Figure 6.6. Variation of currents logged for the primary concrete and ECC specimens. 
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The variations of macro-cell current with time for the primary specimens are shown in 

Figure 6.7 (a) and (b). It should be noted that the maximum values of x and y-axes of the Figure 

6.7 (a) are significantly different from that of the Figure 6.7 (b). The magnitude of macro-cell 

current directly depends on the electrical resistivity of the medium (concrete/ECC) between the 

top and bottom rebars of a specimen. As the electrical resistivity of ECC is greater (due to denser 

microstructure) than concrete, the macro-cell currents in the ECC beams [Figure 6.7 (b)] are almost 

an order of magnitude lower than those in the concrete beams both before and after corrosion 

initiation. This observation is consistent with a similar study that compares the macro-cell current 

values of ordinary and high performance concretes [8]. 

As observed in Figure 6.7, there is a noticeable increase in the macro-cell current after 

corrosion initiation in all the concrete and ECC specimens. The threshold for macro-cell current 

of 1 A, determined in Chapter 4, can be applied here to identify the time at which the corrosion 

initiates. Based on this threshold, active corrosion initiates in concrete beams much later (between 

400 and 540 hours) than in ECC beams (between 175 and 275 hours). Although this observation 

from the RCI experiment is consistent with the slow, natural diffusion experiment reported in 

Chapter 4, it is still a surprising result in light of ECC’s significantly smaller diffusion coefficient 

and electrical conductivity than concrete; the reasons behind this are discussed further in detail in 

Section 6.4. 

The variations of micro-cell current density (from LPR tests) over time for the primary 

specimens are shown in Figure 6.8 (a) and (b). The initial current densities of ECC specimens are 

slightly lower than that of concrete specimens due to greater electrical resistivity of ECC. All the 
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specimens show an upward trend in corrosion current densities. However, unlike the macro-cell 

current, the exact time of corrosion initiation cannot be clearly determined due to large variations 

in micro-cell current densities over time. 

(a) Concrete                                                               (b) ECC 

Figure 6.7. Time-histories of macro-cell current for primary specimens. 

(a) Concrete (b) ECC 

Figure 6.8. Time-histories of micro-cell current densities for primary specimens. 
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Tafel tests were performed on all the primary specimens at the end of the observation 

period (no Tafel tests were performed for primary specimens at the beginning of the RCI). The 

Tafel plots for the primary specimens are given in Figure 6.9. A summary of corrosion current 

densities (Icorr) and corrosion potentials (Ecorr) obtained from the Tafel fits is presented in Figure 

6.10. The significantly lower Icorr values in ECC compared to concrete specimens are associated 

with the high usage of fly ash in ECC, which increases the electrical resistivity of ECC and leads 

to lower corrosion current densities. Similar results for concrete specimens with high volumes of 

fly ash were observed by Thomas [9]. As shown in Figure 6.10 (b), ECC specimens exhibited more 

negative corrosion potential values compared to concrete specimens, which is attributed to the 

limited access to oxygen in ECC due to its denser micro-structure and coarse aggregate-free 

structure compared to concrete. 

After the Tafel tests, all the primary specimens were sectioned (details of sectional analysis 

are presented in Chapter 4) to determine chloride contents at rebar-concrete/ECC interfaces. The 

observed chloride contents for concrete specimens, shown in Figure 6.11, are between 0.41 and 

0.47% with an average value of 0.44% (COV = 6%) of the weight of concrete sample powder 

(1.9% of the cement weight). This Ccrit value is at the upper end, but within the range, of the 

previously reported results in the literature for slow diffusion experiments on conventional 

concrete specimens [2]. The method developed in Chapter 4 can be applied to determine the Ccrit 

with greater accuracy by correlating the observed chloride contents with the average pit depths 

(which is likely to result in lower Ccrit values). However, that method was not applied here, and 

the chloride contents obtained above are assumed equal to Ccrit similar to the current methods, as 

the goal was to compare the Ccrit obtained from the RCI experiment with the existing techniques. 
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The Ccrit values for ECC, shown in Figure 6.11, range between 0.049 and 0.087% with an 

average value of 0.069% (COV = 20%) of the weight of the ECC sample powders (0.18  0.32% 

of the cement weight), which are significantly lower than that for conventional concrete. The major 

reason for this interesting observation is the high percentage of fly ash used in the ECC mixture, 

which decreases the pH of the pore solution [9]. The reduction in the pH of the pore solution also 

decreases the chloride binding capacity of the ECC, which results in a higher amount of free 

chloride ions in the pore solution to participate in the corrosion reaction [10]. The observed average 

Ccrit value for ECC specimens is at the lower end, but within range, of the values obtained in 

Chapter 4 for ECC with slow diffusion experiments. 

The observed chloride contents at the steel-concrete/ECC interfaces are plotted against the 

time under the applied electric field during the RCI experiment. It can be observed that the chloride 

concentration at the steel-concrete/ECC interfaces increases linearly with the time of RCI 

experiment. This is consistent with almost constant current readings in Figure 6.6 for all the 

specimens, as constant current indicates constant rate of flow of ions per unit time. 
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Figure 6.11. Critical chloride contents (Ccrit) determined from RCI experiments. 
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Figure 6.12. Variation of Ccrit with time of RCI experiment. 
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6.4 Cyclic polarization test 

Potentiodynamic cyclic polarization (CP) tests were conducted on concrete and ECC 

specimens to investigate the breakdown potential (Eb) of steel reinforcements, and therefore, 

explain the significantly lower Ccrit and time to corrosion initiation observed in ECC compared to 

concrete. The CP test compares the pitting (corrosion) tendency of the rebars embedded in 

conventional concrete and ECC at different curing ages of 14, 28, 56, and 90 days. 

6.4.1 Specimen preparation 

Four cylindrical specimens each of concrete and ECC with dimensions of 76 mm 

(diameter) × 152 mm (height) were cast for the CP test as shown in Figure 6.13. A 12 mm (US #4) 

rebar was centrally embedded inside each cylinder. The total length of the rebar was 178 mm 

(greater than the height of the cylinder) and the exposed length at the middle of the rebar was 51 

mm (Figure 6.13). The rebar preparation procedure for these specimens was similar to that for the 

beam specimens used in the RCI test (details are presented in Section 4.2.1). The cylindrical 

specimens were demolded at 24 hours after casting and cured in a moist environment at room 

temperature for 28 days (the first batch of specimens were removed from the moist room at the 

target testing age of 14 days). 
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51 mm

(a) (b)

178 mm

Figure 6.13. CP test specimen (a) rebar preparation, (b) finished specimen. 

6.4.2 Experimental setup 

Figure 6.14 shows the CP test setup, in which the central rebar is the working (corroding) 

electrode (WE), an AISI 316 stainless steel mesh encircling the cylinder is the counter electrode 

(CE), and a saturated copper-copper sulfate electrode (CSE) is the reference electrode (RE). The 

test container is filled with a combination of tap water and an electrical contact solution to improve 

the electrical conductivity between WE, RE, and CE. Before conducting the CP test, specimens 

are kept in the solution for about an hour to establish a steady-state open circuit potential (OCP) 

and to saturate the surface pores with the conductive solution. The polarization scan is started from 

200 mV (vs. OCP) and the applied potential is increased to +1000 mV with the scanning rate of 

0.167 mV/sec [11]. 
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Figure 6.14. Cyclic polarization (CP) test setup. 

6.4.3 Results and discussions 

Figure 6.15 shows the cyclic polarization (CP) test results for conventional concrete and 

ECC cylinders at different curing ages. All the CP test results exhibited negative hysteresis 

behaviors (i.e., no corrosion pits), a result that is commonly observed in reinforcement steel 

embedded in real specimens in the absence of chloride ions. Further details about the interpretation 

of CP curves are presented in Section 2.4.4. As apparent from Figure 6.15, while the CP plots of 

concrete specimens do not change significantly with age, the ECC specimens exhibit a dependence 

on the curing age due to secondary hydration of fly ash. 
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Figure 6.15. Cyclic polarization (CP) curves for specimens at different curing ages. 

Table 6.2 summarizes the Ecorr and Eb values obtained from the CP plots. The potential 

difference, Eb – Ecorr, is proportional to the pitting corrosion resistance of steel reinforcement. As 

shown in Figure 6.16, at the early stages of the hydration process (at 14 days), the potential 

difference (Eb – Ecorr) in concrete and ECC specimens is almost the same (237 and 230 mV). In 

the concrete specimens, the potential difference slightly increases by about 8% from 14 to 90 days, 

which is associated with the hydration process that increases the pH of the pore solution making it 

harder to break down the passive layer. 

On the other hand, in the ECC specimens, the potential difference decreases by about 26% 

from 14 to 90 days, indicating reduction in the effectiveness of the passive layer. This is caused 

by a decrease in the pH of the pore solution due to the secondary hydration of fly ash, in which fly 

ash reacts with Ca(OH)2 (a byproduct of cement’s primary hydration), thus reducing the hydroxide 

ion concentration in the pore solution [9]. Other researchers, e.g. Ha et al. [12], have observed that 

the pH of the pore solution decreases from 12.9 to 10 for a conventional concrete with 50% fly ash 
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replacement (in ECC, fly ash is 56% of the binder weight). These CP test results support the 

seemingly surprising result of the RCI experiment result that the time-to-corrosion initiation of 

conventional concrete is greater than that of the ECC used in this study, in spite of ECC’s 

significantly lower diffusion coefficient than concrete. 

Table 6.2. CP test results. 

Material Age (days) Ecorr (V) Eb (V) Eb - Ecorr (V) 
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Figure 6.16. Potential difference (Eb – Ecorr). 
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6.5 Summary and conclusions 

In this chapter, a new experimental procedure is proposed for the rapid determination of 

critical chloride content (Ccrit) in cementitious materials. The proposed rapid corrosion initiation 

(RCI) method creates a potential field that forces chloride ions to migrate through the cover in a 

short time (a few hundred hours) without applying any direct current to the rebars. The 

experimental setup utilizes a combination of test setups from the ASTM G109 [18] and ASTM 

C1202 [19] standards to provide a replicable procedure. The results of the RCI method were 

evaluated by conducting experiments on conventional concrete and ECC specimens. In addition, 

the cyclic polarization (CP) behavior of steel rebars embedded in conventional concrete and ECC 

at various curing ages was investigated to explain the reason behind shorter time to corrosion 

initiation observed in ECC compared to concrete in the RCI tests. The following major conclusions 

can be drawn from the results presented in this chapter. 

1. The proposed RCI method can be used to determine the Ccrit for cementitious materials with 

reasonable accuracy in a relatively short time. The Ccrit values obtained from this rapid 

technique are in good agreement with the gradual diffusion experiments. Further studies with 

greater number of specimens and other cementitious materials with different microstructure 

will be needed to determine the optimum applied potential and measurement intervals. It will 

also be essential to study any changes in the microstructure or chloride binding ability due to 

the applied electric field. Combination of the RCI method with the new method for Ccrit 

determination presented in Chapter 4 (based on correlating chloride contents and pit depths) 

will likely improve the accuracy of this method. 
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2. Using the RCI method, the average Ccrit values for conventional concrete and ECC are 0.44% 

and 0.069% of the weight of concrete/ECC sample powder. The relatively low Ccrit values for 

ECC are associated with the high volume of fly ash used in the ECC mixture that decreases 

the pH of the pore solution as well as the chloride bonding capacity of ECC. However, this 

conclusion should be treated carefully as the water-to-cementitious ratio of the ECC used in 

this study was 38% (due the high water-demand fly ash used in the mixture), which is higher 

than the ECC mixtures used in the previous studies. 

3. After the initiation of active corrosion, the macro-cell and micro-cell current values in ECC 

specimens were significantly lower than that of concrete specimens. This observation implies 

that the earlier initiation of corrosion in ECC may not necessarily lead to higher corrosion 

currents. Therefore, the electrochemical techniques and the thresholds used to detect corrosion 

must be determined based on the particular material. 

4. The results of the CP experiments showed that the corrosion potential difference (Eb – Ecorr) of 

a rebar embedded in an ECC specimen decreases over time, which increases its tendency to 

corrode. This is explained by the reduction in the pH of the pore solution, caused by the 

consumption of calcium hydroxides during the secondary hydration process of fly ash. On the 

other hand, in conventional concrete, the potential difference remains almost constant beyond 

the age of 14 days indicating stable resistance to corrosion. 
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PART III : PROPAGATION PHASE OF CORROSION 

Chapter 7. Performance of ECC and conventional concrete during 

propagation phase of corrosion 

7.1 Introduction 

While the chapters so far have focused on the performance of ECC mainly in the initiation 

phase of corrosion, the performance of ECC during the propagation phase of corrosion is 

investigated in this chapter, and it is compared with that of conventional concrete. The specific 

objectives of this chapter are: (1) to compare the performance of conventional concrete and ECC 

during the propagation phase of corrosion using cylindrical specimens with single embedded rebar, 

(2) to investigate whether using ECC only in the cover of RC structural members is as effective in 

reducing corrosion as using reinforced-ECC structural members (made entirely with ECC), (3) to 

investigate the effect of damage in ECC cover shells (as micro-cracks) on their ability to reduce 

corrosion rate, and (4) to develop a novel experimental method for mechanical simulation of 

corrosion damage. The research related to the first objective is presented in Section 7.2, the second 

and third objectives in Section 7.3, and the fourth objective is addressed in Section 7.4. 
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7.2 Corrosion propagation in concrete and ECC specimens 

The rates of corrosion propagation in concrete and ECC and the resulting damage were 

compared using accelerated corrosion tests on single-rebar specimens. The mixture proportions 

and material properties of all conventional concrete and ECC specimens used in this section are 

the same as those described in Section 3.2.1.1. 

7.2.1 Specimen preparation 

Six single-rebar specimens, three each for concrete and ECC, were prepared for this study. 

A single-rebar specimen is a cylindrical specimen of size 76 mm (diameter) × 152 mm (height) 

with a centrally embedded rebar of diameter 19 mm (US #6 - without coating) and length of 203 

mm as shown in Figure 7.1. Single-rebar specimens made with Concrete were named LC1, LC2, 

and LC3, and single-rebar specimens made with ECC were named LE1, LE2, and LE3 (the first 

letter ‘L’ stands for “lollipop” due to the appearance of the single-rebar specimens). 

Prior to casting of the specimens, the surface of each rebar was cleaned with a wire brush 

to remove any existing rust/contamination from the surface of the rebars, and concrete or ECC 

(depending on the specimen type) was poured immediately thereafter. The end of each rebar 

embedded inside concrete/ECC (the other end is outside) was placed 32 mm above the base of the 

cylinders to provide a greater vertical cover depth than the lateral cover depth so that the majority 

of ionic movements occur laterally during the ACT (details of the ACT are presented in Section 

7.2.2). 
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US #6 rebar 

epoxy coating 

ECC/concrete was cast in the cylindrical molds with the single rebars in place. The 

specimens were sealed and cured for 24 hours, at which point they were demolded. The specimens 

were moist cured at room temperature (20 ± 3ºC) for 38 days, followed by 7 additional days of air 

drying at room temperature. During the air-drying period, two strain gauges with a gauge length 

of 90 mm were installed at the mid-height on the outer surface of each cylinder (as shown in Figure 

7.1). The strain gauges were sealed by waterproofing silicone gel to prevent penetration of the salt 

water inside the strain gauge connections during the ACT. Finally, at the top face of each specimen, 

about 25 mm of the protruding steel rebars were coated with epoxy to avoid crevice corrosion and 

ion migration through the top surface of the cylinders. At this point, the specimens were ready to 

undergo the accelerated corrosion tests as described below starting on the 45th day since casting. 

Figure 7.1. Single-rebar cylindrical specimen. 
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7.2.2 Accelerated Corrosion Test (ACT) experimental setup 

For rapid simulation of corrosion (in propagation phase), potentiostatic accelerated macro-

cell corrosion experiments with alternate wetting and drying cycles were performed on cylindrical 

specimens, using the experimental arrangement shown in Figure 7.2. Instead of the common 

practice of partially submerging the specimens in a salt solution, exposure to chloride ions was 

provided through polyurethane sponges soaked in salt solution, wrapped around the cylindrical 

specimens. The salt solution contained 5% (0.86 N) by weight of sodium chloride (NaCl). The 

sponges were allowed to partially dry at room temperature and were re-wetted by the salt solution 

once every 24 hours to provide wetting and drying cycles. An irrigation system was used to saturate 

the sponge with salt solution during the wetting process. The wetting-drying cycles more closely 

simulate the field condition, as drying allows access to oxygen. 

A corrosion-resistant AISI type 316 stainless steel mesh tightly rolled around the sponge 

served as the cathode and the central rebar served as the anode in the macro-cell corrosion. In order 

to minimize the effect of capillary absorption (at the surface of cylindrical specimens) on the initial 

current readings, the pores of the covers were saturated with water 24 hours prior to the start of 

the ACT. Finally, a potential of 10V was applied to all the specimens by connecting the positive 

terminal of the DC power supply to the rebars (anode) and the negative terminal to the stainless 

steel mesh (cathode). During the ACT, the anodic corrosion-current was recorded every 10 minutes 

using a wireless current data logger that has a range of ± 3A and a resolution of 0.1 mA. The hoop 
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strains in the strain gauges, applied on the outer surface of the cylinders, were recorded every 10 

minutes using a digital data acquisition (DAQ) system. 

(a) 

polyurethane 

sponge
concrete

/ECC
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Figure 7.2. Accelerated corrosion test (a) schematic view, (b) actual test setup. 
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7.2.3 Results and discussions 

7.2.3.1 Anodic current 

The ACT was performed for about 370 hours on all the single-rebar cylindrical specimens, 

and the observed variations of anodic current with time are plotted in Figure 7.3. During the ACT, 

while electrons are transferred through the wires, ions carry the charge through the electrolyte that 

is a combination of the wet sponge and the cover of the cylindrical specimen to maintain the charge 

neutrality. Periodic current spikes (or sudden increases) are visible in all the six curves in Figure 

7.3. These current spikes occur every 24 hours when the polyurethane sponge surrounding a 

cylindrical specimen is wetted with fresh salt solution. As the sponge dries, the current decreases 

to its long-term trend. 

The resistance of concrete or ECC is influenced by several factors. Concrete and ECC both 

have extremely high resistivity of the order of 101-105 -m. The only significant carriers of electric 

current in these materials are charged ions (e.g. anions such as OH , SO4 
 , and cations such as 

Na+, K+, Ca+) in the pore solution. The ions move through the pore structure under either a 

concentration gradient (diffusion) or an electric field (ion migration). While diffusion governs the 

ionic movement under natural gradual corrosion, ion migration due to applied potential governs 

the ionic movement in the ACT. The mechanisms that improve the ionic mobility reduce the 

resistance of the cover and increase the measured current. Apart from the above, the formation of 

cracks in cover can ease the permeation of the salt solution lowering the resistance of the cover. 
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Figure 7.3. Corrosion current variation over time for single-rebar samples. 

As the same potential was applied to all the specimens undergoing ACT, the difference in 

anodic currents of various specimens is mainly due to the difference in resistance of the specimen 

covers to ionic movements. At the beginning of ACT, all the ECC specimens showed lower current 

values (15 - 19 mA) in comparison to concrete specimens (31 - 36 mA). The observed lower values 

of initial currents in ECC specimens can be explained by greater electrical resistance offered by 

the denser microstructure (lower permeability), slightly lower water/binder ratio, and coarse-

aggregate free microstructure of ECC compared to concrete (similar observations were made for 

Figure 3.13 and Figure 6.6). 

Between 50-150 hours of ACT, a plateau in the anodic current is observed for all the 

specimens. This is attributed to the formation and building up of the corrosion products around the 

rebars, without causing a cover crack. For a crack to occur in the cover, a critical rebar mass loss 

must occur to generate hoop stress equal to the tensile strength of concrete/ECC. 
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Between 150-200 hours, the slopes of the current-time curves in the concrete specimens 

increase indicating the formation of cracks in the cover of each specimen, as a crack provides an 

easier path for ionic movement. The cover cracking is verified by periodic visual inspections as 

well as concurrent increases in the slopes of the strain-time curves of these specimens discussed 

below in Figure 7.11. Once a crack is formed in an unreinforced concrete cover, its opening 

continues to increase because of the continued formation of corrosion products. 

Similar to the concrete specimens, ECC specimens also showed an increase in anodic 

current beyond 150 hours, although at a slower rate. Unlike concrete specimens that form large 

cover cracks, only micro-cracks are formed in ECC specimens with crack openings mostly under 

100 m due to effective crack bridging by the PVA fibers in ECC. As a result, the increase in 

current over time is more gradual compared to the concrete specimens. Moreover, unlike large 

individual cracks in concrete covers that provide an egress path for corrosion products, micro-

cracks in ECC trap the corrosion products and form an insulation layer, leading to a slower 

corrosion rate in ECC specimens. In addition to a reduction in exposure to chloride ions (from 

outside to inside of specimen), this dense layer of corrosion products also limits the diffusion of 

iron ions from the metal lattice towards the electric double layer (from inside to outside) and hence 

reduces the rate of anodic reaction. The corrosion products held within micro-cracks in an ECC 

specimen are shown below in Figure 7.14 (a). As the ACT proceeded further, the number of micro-

cracks increased in ECC specimens to accommodate the expansion of corrosion products, in 

contrast to concrete specimens that showed a continuous increase in the crack openings. 
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7.2.3.2 Rebar mass-loss 

Using Faraday’s law of electrolysis given in Eq. (7.1), the area under the anodic current 

(i)-time curve is computed to determine the mass-loss of rebar (m) as a function of time. In Eq. 

(7.1), A is the atomic mass of iron (56 g/mole), Z is the number of electrons released when one 

iron atom converts to the iron ion (equal to 2), F is the Faraday’s constant or charge carried by 1 

mole of electrons (96,500 Coulomb/mole), i is the value of current passing through the circuit (A), 

and t is the time of the ACT in seconds. Eq. (7.2) is used to convert m into m which represents 

mass-loss as a percentage of the total initial mass of embedded rebars in the specimen (M). The 

initial mass of the central rebar was approximately equal to 270 g. 

0

t
A

m idt
Z F


 

100%
m

m
M

  

(7.1) 

(7.2) 

The percentage mass loss of rebars versus time curves for all the specimens are plotted in 

Figure 7.4. For the first 150-200 hours, the rate of rebar mass loss (slopes of the curves) is slower 

compared to the later stages of the ACT, when the formation of cracks in the cover increases the 

rate of rebar mass loss. The formation of cracks in the form of single cracks in conventional 

concrete specimens and multiple micro-cracks in ECC specimens beyond the rebar mass loss of 

about 1.0-1.5% was confirmed during periodic visual inspections of the specimens. 
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Overall, the rate of rebar mass-loss in ECC specimens is significantly lower than that of 

concrete. Below 1.5% mass-loss, the average rates of rebar mass-loss for conventional concrete 

and ECC specimens were 0.0091 and 0.0063 %/hour, respectively. Beyond 1.5% mass-loss, the 

average rates of rebar mass-loss for conventional concrete and ECC specimens increase to 0.0204 

and 0.0129 %/hour, respectively. In both the stages, the average corrosion rate of rebars in ECC 

specimens is significantly (30-40%) lower than that of the rebars in conventional concrete 

specimens. The averages of rebar mass loss for concrete and ECC specimens at 48 hours, 96 hours, 

192 hours (about half the duration of ACT), and at 370 hours (end of ACT) are shown in Figure 

7.5. At all stages of ACT, ECC specimens perform significantly better that the concrete specimens. 

LE 1-3: ECC specimens 
LC 1-3: Concrete specimens 

Figure 7.4. Comparison of rebar mass-loss in concrete and ECC specimens over time. 
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Figure 7.5. Average rebar mass-loss at different stages of ACT. 

At the end of the ACT, the steel rebars were extracted and wire-brushed to completely 

remove the corrosion products on the surface, following the ASTM G1 standard [1]. Figure 7.6 

shows the level of corrosion damage on two selected rebars extracted from concrete and ECC 

specimens. The rebar extracted from the concrete specimen shows a high level of corrosion 

damage in the ribs and in the main cross-section, whereas the damage in the rebar extracted from 

the ECC specimen is significantly lower.. 

A high precision analytical scale was used to determine the actual mass-loss in each rebar 

by comparing the rebar weights before and after conducting the ACT (after rust removal). The 

actual mass-losses were then compared with the theoretical mass-loss obtained from Faraday’s 

law (Figure 7.4). 
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Table 7.1 presents the summary of gravimetric and theoretical steel mass-losses. As shown 

in Figure 7.7, Faraday’s law was found to overestimate the mass-loss in all cases. This is because 

Faraday’s law assumes 100% current efficiency; however, for the rebars embedded in the 

cementitious matrices, some electrical energy is expended in overcoming the passive layer, and 

results in slightly smaller rebar mass loss [2, 3]. 

Figure 7.6. Extracted rebars from single-rebar specimens at the end of the ACT. 
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Figure 7.7. Actual (gravimetric) versus theoretical (Faraday’s law) mass losses. 
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Table 7.1. Summary of gravimetric and theoretical steel mass losses of single-rebar specimens. 

Specimen Theoretical Gravimetric Percentage 

ID mass-loss (%) mass-loss (%) difference (%) 

LC1 6.80 6.20 9.7 

LC2 5.08 4.21 20.7 

LC3 4.78 4.12 16 

LE1 3.87 3.62 6.9 

LE2 3.83 3.53 8.5 

LE3 2.51 2.21 13.6 

7.2.3.3 Tafel tests 

At the end of the observation period (before rebar extraction), Tafel tests were performed 

on the single-rebar specimens to determine the corrosion current densities (Icorr) and corrosion 

potentials (Ecorr). The purpose of conducting the Tafel test was to verify the corrosion rates and 

rebar mass-losses obtained from the ACT test. Figure 7.8 shows the test setup used for conducting 

the Tafel test, in which the center rebar was used as the working electrode (WE), an AISI 316 

stainless steel mesh encircled the cylinder and was used as the counter electrode (CE), and a 

saturated copper-copper sulfate electrode (CSE) was submerged in the test container and used as 

the reference electrode (RE). The test container was filled with a combination of tap water and an 

electrical contact solution to improve the electrical conductivity between WE, RE, and CE. Before 

conducting the Tafel test, specimens were kept in the solution for about an hour to establish a 

steady-state open circuit potential (OCP). 

The Tafel plots for concrete and ECC single-rebar specimens are shown in Figure 7.9. The 

Icorr and Ecorr values derived from the Tafel plots are plotted in Figure 7.10. In Figure 7.10 (a), the 
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Icorr for concrete specimens ranges from 20.8 to 38.1 µA/cm2 and that for ECC specimens ranges 

from 10.7 to 15.7 µA/cm2, which verifies significantly greater corrosion in concrete specimens 

compared to ECC specimens. Moreover, the obtained corrosion rates from the Tafel fits follows 

the same order as the rebar mass-loss results shown in Figure 7.4. This shows that despite the 

overestimations of rebar mass losses seen in Figure 7.7, Faraday’s law provides a reliable tool to 

compare the corrosion performance of different cementitious materials. 

Figure 6.10 (b) shows the corrosion potential values obtained from the Tafel fits. The Ecorr 

values for concrete specimens range from 0.562 to 0.526 V, and for ECC specimens range from 

0.611 to 0.586 V. Despite the lower Icorr values in ECC specimens, the average Ecorr values for 

these specimens is about 50 mV more negative than that of conventional concrete. This is because 

of the lower oxygen concentration in ECC due to its denser microstructure and coarse aggregate-

free structure. This can be further explained by the formation of a dense layer of corrosion products 

near the rebar and within the micro-cracks in ECC specimens (shown in Figure 7.14) that limits 

the oxygen access. The effect of oxygen on the corrosion potential values is discussed in Section 

2.4.2. Similar observations were made for ECC and concrete specimens in Figure 6.9. 
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Figure 7.8. Test setup used for conducting the Tafel test. 
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Figure 7.9. Tafel plots of single-rebar specimens obtained at the end of the ACT. 
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Figure 7.10. Tafel fit results: (a) corrosion current densities, (b) corrosion potentials. 
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7.2.3.4 Hoop strain and damage pattern 

The average of strains obtained from the two strain gauges installed at mid-height on the 

outer surface of each specimen is the average hoop strain, and its variation over time is plotted in 

Figure 7.11. However, the average strain can be calculated only until the point when one of the 

strain gauges breaks due to the formation of large cracks or becomes ineffective due to salt 

penetration inside its insulation coating. As a result, the hoop strain-time data is terminated at 

different times for various specimens depending on the time at which the first strain gauge is lost. 

As the formation of micro-cracks on the surface of ECC specimens did not significantly damage 

the waterproofing coatings, strain gauges on ECC specimens could effectively record the data up 

to the end of the observation period. 

In Figure 7.11, within the first 70 hours, the average hoop strains in the ECC specimens 

are higher than in the concrete specimens. This is explained by about 30-40% lower elastic 

modulus of ECC compared to concrete, as both the materials deform elastically in early stages of 

corrosion. With the formation of cracks, the average hoop strains in concrete specimens increase 

significantly and become higher than that in the ECC specimens in the later stages of corrosion. 

Due to effective crack width control and lower corrosion rates, ECC maintains its integrity and 

confining effect of the rebar for a significantly longer time than concrete. 
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Figure 7.11. Average hoop strain variation at the outer surface of cylinders. 

Figure 7.12 shows the damage patterns observed in the single-rebar specimens. For each 

specimen, crack patterns were observed on the exterior surface at 192 hours and at the end of the 

ACT (370 hours). Figure 7.13 shows the cross-section cuts of the specimens at the end of the ACT. 

The brightness and contrast of these pictures are increased to show the cracks clearly. All the crack 

widths on the exterior surface of specimens at 192 hours and 384 hours were determined from 

multiple images using digital image analysis, some of which were verified using a handheld 

microscope. A summary of the average crack widths is presented in Table 7.2. At 192 hours (about 

half of the duration of ACT), all the ECC specimens showed microcracking with average crack 

widths less than 0.1 mm (ranging from 0.053 to 0.072 mm). In contrast, concrete specimens formed 

single large cracks with crack widths ranging from 0.190 to 0.281 mm. 

As indicated in Table 7.2, large cracks with widths of 0.313 mm to 0.598 mm were formed 

in concrete specimens by the end of ACT (370 hours), at which point the specimens showed severe 

7-18 



damage in the form of concrete cover spalling. In particular, the specimen LC1 showed three large 

cracks at 120 degrees (refer to Figure 7.13) and was about to lose its structural integrity before 

sectioning. In contrast, at the end of the ACT, all ECC specimens were able to maintain their 

structural integrity (with average crack widths < 100 µm). As observed in Figures 7.12-7.14, ECC 

specimens were able to spread the tensile strain demands caused by the expanding corrosion 

products over a large area through the formation of micro-cracks. It can be concluded that the 

tensile strain capacity of ECC along with its inherent ability to control crack widths substantially 

enhances its ability to mitigate corrosion damage during the propagation phase of corrosion. 
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Figure 7.12. Comparison of damage patterns in single-rebar specimens. 
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Figure 7.13. Cross-sections of single-rebar specimens at the end of the observation period. 
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(a) 

(b) 

Figure 7.14. Rust formation around the rebars: (a) cross-section cut, (b) lengthwise cut. 
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Table 7.2. Average crack widths in millimeters for all specimens at 192 hours and 370 hours. 

Average crack width (mm) 

Hours 
Concrete specimens ECC specimens 

LC1 LC2 LC3 LE1 LE2 LE3 

192 0.281 0.225 0.190 0.068 0.072 0.053 

370 0.598 0.554 0.313 0.084 0.091 0.079 

7.3 Feasibility of utilizing ECC covers to mitigate corrosion 

Although ECC has been shown to mitigate corrosion propagation better than concrete in 

the single-rebar specimens, the application of ECC in reinforced-concrete structures for improving 

their durability is limited by the higher cost (about 3 times as much as concrete per unit weight) 

and special processing requirements (specific equipment and skills) of the material. This motivated 

the author to investigate whether using precast ECC shells as durable covers for reinforced-

concrete structural elements would be as effective in mitigating corrosion as using ECC in the 

entire structural element. Furthermore, if the precast ECC shells are effective, what is the influence 

of slight damage on the effectiveness of the ECC shells for mitigating rebar corrosion? 

An empirical approach was adopted to answer these questions in this section. The mixture 

proportions and material properties of all conventional concrete and ECC specimens used in this 

section are the same as those described in Section 3.2.1.1. 
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7.3.1 Specimen preparation 

Reinforced concrete/ECC cylindrical specimens of size 152 mm × 305 mm (diameter × 

height) were prepared for the accelerated corrosion tests (ACT). All cylinders were identically 

reinforced with three longitudinal steel rebars (without any coating) of diameter 9.5 mm (US #3 

rebars). Steel wires with a diameter of 3.2 mm were used as spiral shear reinforcement. A wire 

brush was used to clean and remove any rust/contamination from the surface of the reinforcement 

cage, and concrete or ECC (depending on the specimen type) was poured immediately 

thereafter. The longitudinal bars were suspended 25 mm above the base of the cylinders to provide 

a greater vertical cover depth than the lateral cover depth so that the majority of ionic movements 

occur laterally during the ACT. 

Four types of reinforced concrete/ECC cylindrical specimens (for which the reinforcement 

is described above) were made with three specimens for each type, resulting in 12 specimens 

overall. The types of specimens are based on the materials used, as presented in Figure 7.15. Type 

(a) cylinders (control specimens) were made entirely with normal Concrete, named C1, C2, and 

C3. Type (b) cylinders were made entirely with ECC, named E1, E2, and E3. Types (c) and (d) 

specimens had cylindrical concrete cores with a diameter of 127 mm, cast inside precast ECC 

cover shells with thickness of 12.7 mm. The difference between types (c) and (d) was the condition 

of the ECC cover shell. While the ECC shells of type (c) specimens were Intact (undamaged), the 

ECC shells of type (d) specimens were pre-Damaged (by pre-straining). The types (c) and (d) 

specimens were named I1, I2, and I3, and D1, D2, and D3, respectively. The damage in ECC shells 
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of type (d) specimens is intended to simulate non-corrosion-related damages, e.g. during shipping, 

handling, and placement of ECC cover shells for potential use as permanent formwork. 

Steel tube molds with dimensions of 152 mm × 305 mm (inner diameter × height) were 

used to cast specimens of types (a) and (b). To ensure that the three longitudinal steel bars remain 

equidistant from the center of the mold during casting and vibration processes, steel brackets were 

used to temporarily weld the reinforcement cage to the top of the steel tube. This step was 

necessary to ensure a uniform cover thickness. 
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Figure 7.15. Specimen cross sections (a) all concrete (b) all ECC (c) concrete core with intact 

ECC shell (d) concrete core with pre-damaged ECC shell (e) insertion of rebar cage into a 

precast ECC shell (f) a finished specimen with ECC shell and concrete core. 

Types (a) and (b) specimens were cured in a moist environment at room temperature (20 ± 

3ºC) for 38 days, followed by 7 additional days of air-curing at room temperature. The overall 

specimen preparation for types (c) and (d) specimens can be divided into three stages in which 

stages 1 and 3 are identical for both types of specimens and stage 2 is only to provide mechanical 

damage in type (d) specimens. In stage 1, the ECC shells with a thickness of 12.7 mm were precast 

using concentric steel tubes. After 24 hours of curing in the mold, the outer steel tube was removed 

while the inner steel tube remained inside the ECC shell. Because of slight shrinkage in ECC 

shells, bond was developed between the shell and the inner steel tube, which held them tightly 
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together. The ECC shells were cured for 13 days under moist conditions using wet paper towels 

covered by plastic bags at room temperature (20 ± 3ºC). Afterward, the ECC shells were air-dried 

for 24 hours, and on the 15th day since casting, three strain gauges with a gauge length of 90 mm 

were installed at mid-height on the outer surface of the ECC shells, as shown in Figure 7.15 (f). 

In stage 2, on the 16th day, 3 out of 6 ECC shells were pre-damaged by uniaxially 

compressing the inner steel tube. Due to the Poisson’s effect, the inner steel tube expanded creating 

a uniform tensile hoop stress in the ECC shell. The steel tubes were compressed until the average 

tensile hoop strain, measured by the three strain gauges, was 0.1%, which is beyond the elastic 

limit of ECC causing a few visible micro-cracks (with the crack widths smaller than 100 µm) in 

the ECC shells. 

In stage 3, the inner steel tube was removed from all ECC shells that were in turn used as 

molds to hold the reinforcement cage (shown in Figure 7.15 (e)), and the conventional concrete 

cores were cast inside these precast ECC shells on the 17th day. All the specimens were cured in a 

moist environment at room temperature for additional 21 days [38 days since casting similar to the 

specimens of types (a) and (b)], followed by air-curing for 7 days at room temperature. During the 

air-curing period, three new strain gauges were installed on the surface of each cylinder and sealed 

by waterproofing silicone gel to prevent penetration of the salt water inside the strain gauge 

connections during the ACT. Finally, at the top face of each specimen, about 25 mm of the 

protruding steel rebars were coated with epoxy [shown in Figure 7.15 (f)] to avoid crevice 

corrosion and ion migration through the top surface of the cylinders. At this point, the specimens 
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were ready to undergo the accelerated corrosion tests as described below starting on the 45th day 

since casting.  

7.3.2 ACT experimental setup 

The ACT experimental setup was similar to that described in Section 7.2.2 with the only 

difference being that the three longitudinal rebars of each cylindrical specimen were connected by 

wires and worked together as the anode. Figure 7.16 shows the schematic view of the performed 

ACT on cylindrical specimens.  

normal 

concrete

5% NaCl solution

A

- +

DC 10V

epoxy layer

stainless steel mesh 

(cathode)

current data logger

9.5 mm rebars (anode)

ECC 

shell

polyurethane 

sponge
salt 

solution

Figure 7.16. ACT setup for 152 mm × 305 mm cylindrical specimens. 
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7.3.3 Results and discussions 

7.3.3.1 Anodic current 

The ACT was performed for 16 days (384 hours) on all cylindrical specimens, and the 

observed variations of anodic current with time are plotted in Figure 7.17. For clarity, the current-

time curves are shown in two plots in Figure 7.17. The plot (a) shows the current-time variation 

for the specimens of type (a): all concrete and type (b): all ECC. The plot (b) shows the current-

time variation for the specimens of type (c): intact ECC shells with concrete cores and type (d): 

pre-damaged ECC shells with concrete cores. Similar to Figure 7.3, periodic current spikes are 

visible in all the 12 curves in Figure 7.17. These anodic current spikes occur every 24 hours when 

the polyurethane sponge surrounding a cylindrical specimen is wetted with fresh salt solution. The 

magnitudes of current spikes are larger for type (d) specimens with pre-damaged ECC shells 

compared to other specimens because the added salt solution rapidly saturates the micro-cracks in 

the ECC shell, providing a momentary low-resistance path for ion migration. As the sponge dries, 

the anodic current returns to its long-term trend. 

As the same potential was applied to all the specimens undergoing ACT, the difference in 

anodic currents of various specimens is mainly due to the difference in resistance of the specimen 

covers to ionic movements. At the beginning of ACT, all the specimens of types (b), (c), and (d), 

which had their rebars covered by the ECC covers, showed lower current values (52 - 180 mA) in 

comparison to the type (a) control specimens (233 - 284 mA) with concrete cover. The observed 

lower values of initial currents, at 0 hour, in types (b), (c) and (d) specimens can be explained by 
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greater electrical resistance offered by the denser microstructure (lower permeability) of the ECC 

that does not contain any coarse aggregates and has lower water/binder ratio compared to concrete. 

Type (d) specimens showed slightly higher initial currents (average = 160 mA) in 

comparison to the type (b) (average = 73 mA) and type (c) specimens (average = 119 mA). This 

is explained by the presence of intentionally produced micro-cracks in type (d) specimen covers, 

which were saturated with salt solution just before starting ACT that lowered the initial electrical 

resistance of the ECC shells. Despite the presence of the micro-cracks, the average of initial 

currents for type (d) specimens was about 100 mA lower than that of type (a) control specimens 

made entirely of concrete. As the damaged ECC shells show greater electrical resistance (lower 

initial currents) compared to conventional concrete, they can delay the time-to-corrosion initiation 

further than conventional concrete in case of natural corrosion. 

During the first 100-200 hours of ACT, an overall upward trend in the anodic current with 

time is observed for all specimens. In type (a) specimens made entirely of concrete, this can be 

attributed to the development of ionic paths through the pore structure in the concrete cover. At 

about 50 hours, the slopes of the current-time curves of all the type (a) specimens increase, which 

is caused by the formation of a macro-crack in the cover of each specimen. This is verified by 

periodic visual inspections as well as concurrent increases in slopes of the average strain versus 

time curves of these specimens discussed below in Section 7.3.3.3. Once a crack is formed in the 

unreinforced concrete cover, its opening can increase unrestricted. The anodic current values of 

type (a) specimens reach local maxima at about 60-80 hours followed by a plateau. The anodic 

current increases again beyond the plateau as more cracks are formed in the concrete cover. As the 
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corrosion products build up within the concrete cover cracks and around the rebars, it slows down 

the ionic movements causing the current-time curve to plateau beyond 200 hours. Ultimately, the 

anodic current decreases with time beyond 300 hours for type (a) specimens due to the severe 

build-up of corrosion products around the rebar and in cracks, which is consistent with the 

literature [4-6]. 

Similar to the type (a) specimens, the type (b) specimens made entirely of ECC also showed 

an increase in anodic current with time, although at a significantly slower rate. Unlike concrete 

specimens that form large cover cracks, only micro-cracks are formed in type (b) specimens with 

crack openings restricted under 100 m due to effective crack bridging by the fibers in ECC. As a 

result, the increase in current with time is more gradual as compared to the type (a) concrete 

specimens. Correspondingly, the average strain, discussed below in Figure 7.20, at a given time 

on the outer surface of type (b) specimens is significantly smaller than type (a) specimens, which 

also indicates reduced corrosion. As the experiment continues, the number of micro-cracks 

increases (instead of increasing crack openings of individual cracks) to accommodate the 

expansion of corrosion products. Similar to type (a) specimens, the clogging of cracks by the 

corrosion products in type (b) specimens causes the anodic current to plateau toward the end of 

the test. 
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Figure 7.17. Corrosion current variation over time for (a) types (a) and (b) specimens, (b) types 

(c) and (d) specimens. 
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Type (c) specimens performed similarly to type (b) specimens, and significantly better than 

the type (a) specimens. In the first 50 hours, the rate of current increase in type (c) specimens is 

lower than type (b) specimens. However, beyond 60 hours, the slopes of the current-time curves 

in the two types of specimens become the same. Unlike type (b) specimens, which show nearly 

identical current-time plots, type (c) specimens show more variation during the ACT. Although 

the exact reason for this variation is unknown, it might be associated with lesser homogeneity in 

the covers of type (c) specimens. Given that there is a small gap between the rebars and the ECC 

shell (for fitting the rebars), the cover consists of ECC shell plus about 2 mm of concrete. Random 

formation of larger cracks in the concrete part of the cover, adjacent to the rebars, might have 

caused the variation in the current-time curves of the type (c) specimens; however, further research 

is needed to investigate this hypothesis. Similar to the specimens of types (a) and (b), the cover 

cracks in type (c) specimens fill with corrosion products beyond 200 hours causing the anodic 

current to plateau toward the end of the ACT. 

The rate of increase in anodic current with time is initially greater in type (d) specimens 

with concrete cores inside pre-damaged ECC cover shells compared to type (c) specimens with 

undamaged ECC cover shells. This is due to the presence of the micro-cracks in pre-damaged ECC 

shells that, when saturated with salt solution, provide easier path for the movement of ions. The 

current-time curves for the type (d) specimens reach their maximum values earlier than that for the 

type (c) specimens. The number of micro-cracks that can be formed in the ECC shell is finite, 

determined by the minimum crack spacing and the perimeter of the ECC shell. The pre-damaged 

7-33 



shells (with prior micro-cracks) therefore reach local crack saturation before the intact shells, 

which is the time when peak anodic current is observed. 

The above explanation is supported by the observation that the overall peak anodic currents 

of all the 6 specimens of types (c) and (d) are observed consistently at the time when average strain 

recorded at the outer surface is about 0.15-0.2% (discussed in Section 7.3.3.3). Although this is 

rather low strain compared to the tensile strain capacity of ECC (> 1%), the strains were measured 

with long-gauge (90 mm) strain gauges that extend well beyond the zone of concentrated cracking 

near the rebar. Although ECC diffuses the cracking away from the rebar, the majority of tensile 

strain and cracking still occurs at the rebar location. Thus, the local strain near the rebars can be 

significantly greater than the average strain measured by the strain gauges. 

After reaching the respective peak current values, all the specimens of types (c) and (d) 

exhibit a plateau followed by a reduction in the anodic current. With almost no new visible micro-

crack formation at the surface (surface pictures were taken at regular intervals), the existing micro-

cracks open more during this time to accommodate the expanding rust. Due to self-controlled tight 

crack widths of ECC, the corrosion products fill the micro-cracks and block the permeation of the 

salt solution. Additionally, the corrosion products build-up around the rebars limiting the access 

to water and oxygen. As a result, beyond 300 hours, the current starts to decrease significantly 

indicating an increase in resistance. 
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7.3.3.2 Rebar mass-loss 

Using Faraday’s law of electrolysis given in Eq. (7.1), the area under the anodic current 

(i)-time curve is computed to determine the mass-loss of rebar (m) as a function of time. The 

percentage mass-loss of rebars versus time curves for all the specimens are plotted in Figure 7.18. 

For the first 60-100 hours, the rate of rebar mass loss (slopes of the curves) is slower compared to 

the later stages of the ACT when the formation of cracks in the cover increases the rate of rebar 

mass-loss. This is more evident for types (b) and (c) specimens with intact ECC covers that showed 

significantly lower initial corrosion rates. As shown in Figure 7.18, all the twelve specimens 

exhibit an almost constant rate of rebar mass loss (constant slope) with time beyond 3% rebar 

mass-loss. These constant rates for types (a), (b), (c), and (d) specimens are 0.079, 0.057, 0.064, 

and 0.075 %/hour, respectively. 

The averages of rebar mass-loss for each type of specimen at 48 hours, 96 hours, 192 hours 

(half the duration of ACT), and at 384 hours (end of ACT) are shown in Figure 7.19. Types (b) 

and (c) specimens with intact ECC covers show lower rebar mass-loss compared to type (a) 

concrete specimens at all observation points. This shows that ECC cover shells significantly reduce 

the corrosion of rebars in the propagation phase compared to concrete. Furthermore, the difference 

in average mass-loss of rebars between types (b) and (c) specimens is less than 1% at all times. 

This shows that using ECC only in the cover of RC structural members is as effective in reducing 

corrosion as using reinforced-ECC structural members (made entirely of ECC). Although the type 

(d) specimens with pre-damaged ECC shells show greater mass-loss than types (b) and (c) 

specimens, their average rebar mass-loss is slightly lower than type (a) concrete specimens. 

7-35 



- 30 
~ 
(/) 
(/) 

.Q 

lZ 20 co 
E ... 
co 
.0 
(I) 

0::: 10 

(/) 
(/) 

.Q 

:z 20 co 
E 

~ 
(I) 

0::: 10 

100 

100 

200 
Time (hours) 

200 
Time (hours) 

300 

300 

400 

400 

Overall, the results show that the ECC shells are able to effectively limit corrosion in the 

propagation phase. 
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Figure 7.18. Comparison of mass-loss time histories for (a) types (a) and (b) specimens, (b) types 

(c) and (d) specimens. 
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Figure 7.19. Average rebar mass-loss at different stages of ACT for various types of specimens. 

7.3.3.3 Hoop strain and damage pattern 

The average of strains obtained from the three strain gauges installed at mid-height on the 

outer surface of each specimen is the average hoop strain, and its variation over time is plotted in 

Figure 7.20. However, the average strain can be calculated only until the point when one of the 

strain gauges breaks (due to large crack opening) or becomes ineffective due to salt penetration 

inside its insulation coating. As a result, the hoop strain-time data is terminated at different times 

for various specimens depending on the time at which the first strain gauge is lost. From Figure 

7.20, it is clear that the hoop strains in types (a) and (d) specimens are higher than those in types 

(b) and (c) specimens due to greater corrosion and rebar mass-loss as discussed above. 
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Figure 7.21 shows the damage patterns observed in various types of specimens investigated 

in this study. For each specimen, crack patterns are observed on the exterior surface at 192 hours 

and at the end of the ACT (384 hours). In addition, each specimen is cut at mid-height at the end 

of the ACT for observation of damage at cross-sections (Figure 7.22). Brightness and contrast of 

these pictures are enhanced to show the cracks clearly. All the crack widths on the exterior surface 

of the specimens at 192 hours and at 384 hours were measured from multiple images using digital 

image analysis, some of which were verified using a handheld microscope. A summary of the 

average crack widths is presented in Table 7.3. At 192 hours (half the duration of ACT), all the 

specimens with intact or damaged ECC shells (except D1) showed microcracking with average 

crack widths less than 0.1 mm, in spite of 7-12% of rebar mass-loss at this stage. In contrast, type 

(a) concrete specimens formed individual large cracks at the location of rebars with crack widths 

ranging from 0.18-0.41 mm. 

Table 7.3. Average crack widths in millimeters for all specimens at 192 hours and 384 hours. 

Average crack width (mm) 

Hours 

Type (a) specimens Type (b) specimens 

C1 C2 C3 E1 E2 E3 

192 0.265 0.237 0.354 0.064 0.062 0.072 

384 0.391 0.346 0.486 0.091 0.102 0.119 

Hours 

Type (c) specimens Type (d) specimens 

I1 I2 I3 D1 D2 D3 

192 0.053 0.055 0.069 0.129 0.075 0.071 

384 0.102 0.095 0.110 0.170 0.124 0.114 
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Figure 7.20. Average strain at the outer surface of cylinders for (a) types (a) and (b) specimens, 

(b) types (c) and (d) specimens. 

7-39 



As indicated in Figure 7.21,Figure 7.22 , and Table 7.3, large cover cracks with widths of 

0.3 mm to 0.5 mm are formed in the type (a) concrete specimens at the end of the ACT (384 hours), 

at which point the specimens showed severe damage in form of concrete cover spalling. In contrast, 

types (b), (c), and (d) specimens were moderately corroded at the end of the ACT and were able 

to maintain their structural integrity. An exception to this was the D1 specimen that formed a large 

crack with width of 0.35 mm on its shell (the crack is visible in Figure 7.22). Other specimens with 

intact or pre-damaged ECC shells were able to spread the tensile strain demands caused by the 

expanding corrosion products over a large area by the formation of micro-cracks. In addition to 

the vertical micro-cracks formed due to the corrosion of longitudinal reinforcement, several 

horizontal and inclined micro-cracks were also observed on the exterior surfaces of types (b), (c), 

and (d) specimens due to the corrosion of spiral ties. Thus, the tensile strain capacity of ECC and 

its inherent ability to control crack widths helps to reduce the rate of corrosion during the 

propagation phase and maintains structural integrity for a significantly longer time than concrete. 
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Figure 7.22. Sectioned specimens at the end of the observation period. 
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7.4 A novel method for mechanical simulation of corrosion damage 

The motivation behind the research presented in this section is the need to develop a 

numerical model for simulating the mechanical behavior of reinforced concrete structures 

subjected to corrosion, which is a coupled multi-physics problem involving corrosion and 

mechanics. The observed corrosion current density or anodic current can be used in Faraday’s law 

of electrolysis to compute the rebar mass loss (demonstrated in the previous sections). Using the 

density of the corrosion products and geometry of the rebar, the rebar mass loss can in turn be 

converted into a radial displacement. This radial displacement from the corrosion part of the model 

can be passed on to the mechanics part of the model as a boundary condition (or “loading”) to 

predict stress, strain, and damage in the reinforced concrete structure due to corrosion. Although 

there are models in the literature for simulating the behavior of concrete, a satisfactory material 

model for simulating the mechanical behavior of ECC is lacking in the literature. The objective of 

this section is to provide high-quality experimental data to calibrate the mechanics part of the 

numerical model for ECC for future model development and enhance our understanding of the 

damage mechanisms in ECC covers due to expansive corrosion products. 

7.4.1 Specimen preparation 

The mixture proportions of ECC used in this section are the same as those described in 

Section 3.2.1.1. Four hollow ECC cylinders with an inner diameter of 64 mm and outer diameter 

of 76 mm were constructed using concentric aluminum pipes and plastic molds, as shown in Figure 

7.23. After casting ECC in the molds, they were sealed with plastic sheets to maintain a humid 

7-43 



 

environment for 24 hours, at which point the outer plastic molds were removed while the inner 

aluminum tubes were retained inside the ECC cylinders. Figure 7.24 shows a photograph of one 

of the ECC cylinders after demolding (this figure also shows a pipe expander placed inside the 

specimen, which will be discussed below). The demolded specimens were cured for 28 days under 

moist conditions provided by wet paper towels and airtight plastic bags at room temperature (20  

3C) followed by drying in air at room temperature for 24 hours. During air-drying, three long 

strain gauges with gauge length of 90 mm were installed at mid-height on the outer surface of the 

ECC cylinders. Prior to conducting the expansion experiment, a speckle pattern was created on the 

surface of the all specimens by spraying black paint onto the white-painted surface of the 

specimens. This speckle pattern is used to measure the displacement and strain on the surfaces of 

the specimens during the expansion experiments using a digital-image correlation (DIC) software 

[7]. 

aluminum pipe

plastic mold

Figure 7.23. Molds for casting hollow ECC cylinders. 
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Pipe expander 

Figure 7.24. Hollow ECC cylinder after demolding. 

7.4.2 Experimental setup 

A pipe expander (typically used for modifying exhaust pipes of automobiles) is used to 

apply a radial displacement and surface displacements and strains are determined using DIC. The 

expansion tests with the pipe expander were performed 30 days after casting of the hollow ECC 

specimens. Prior to the expansion experiments, the aluminum tubes left inside the ECC specimens 

after demolding were welded to fixed aluminum plates, as shown in Figure 7.25 (a), to prevent 

rigid body displacements of the specimens. Figure 7.25 (b) shows the experimental setup, in which 

five cameras (four on the sides and one on the top surface) were used to take pictures of the 

specimen surfaces at regular intervals during the experiment. A socket wrench with an accuracy 
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of 5 degrees was used to gradually open the pipe expander (each turn was about 30°). After each 

turn, the wrench was removed and pictures were taken with the cameras. The experiments were 

continued until significant damage was visible on the surface of the ECC specimens. The pictures 

of the specimens were used as input into the DIC software, which computed the inner 

displacements (expansion of the pipe), outer (surface) displacements, and the crack widths on the 

specimen surfaces. 
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Figure 7.25. Expansion test setup (a) fixed ECC cylinder, (b) setup of cameras. 
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7.4.3 Results and discussions 

The average of strains obtained from the three strain gauges installed at mid-height on the 

outer surface of each specimen is the average hoop strain. The relationship between average hoop 

strain and the radial displacement (inner displacement) is plotted in Figure 7.26 for the four 

specimens. As the average hoop strain can be calculated only until the point when one of the strain 

gauges breaks (due to a large crack opening), the hoop strain-time data is terminated at different 

radial displacements for various specimens depending on the time at which the first strain gauge 

was lost. 

During early stages of the experiment (up to strain of about 0.12%), the slope of strain-

displacement curves increases almost linearly as most of the material behaves elastically with very 

few micro-cracks. As the number of cracks increases, the plastic behavior of ECC dominates and 

the behavior becomes non-linear. The periodic photographs of the specimen confirmed the 

formation of multiple micro-cracks on the surface of the cylinders. Figure 7.27 shows the 

formation of multiple micro-cracks (analyzed by the DIC software) on the top and side surfaces of 

one of the specimens at the end of the experiment. 
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Figure 7.27. Damage patterns on the top and side surface of an ECC specimen No. S3 taken at 

radial displacement of 0.397 mm (the color contours show the e1 major (principal) strain). 

7.5 Summary and Conclusions 

In this chapter, the potential use of ECC only in the cover of reinforced concrete structures 

to mitigate rebar corrosion was investigated. Corrosion propagation in ECC and concrete 

specimens was simulated using accelerated corrosion tests on specimens with single and multiple 

rebars. Anodic current and rebar mass loss, along with visual observation of crack patterns, were 

used to compare the performance of ECC and concrete. A novel method for mechanical simulation 
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of corrosion expansion was demonstrated in the last section that will be vital for modeling the 

corrosion damage in reinforced concrete structures in the future. 

1. Faraday’s law was found to slightly overestimate the rebar mass-loss in accelerated corrosion 

tests. In spite of the overestimation, Faraday’s law provided a reliable tool to compare the level 

of corrosion protection in different cementitious materials. 

2. When subjected to the same accelerated corrosion regime, the average rate of rebar mass-loss 

in the specimens with reinforced-concrete core and intact ECC cover [type (c)] was about 80% 

of that observed in the specimens made entirely of concrete. Furthermore, the type (c) 

specimens performed as well as the specimens made entirely of ECC. This shows that using 

ECC only in the cover of a reinforced concrete specimen is as effective in mitigating corrosion 

as using it for the entire specimen. 

3. ECC shells with minor damage (used in the second section of this chapter) provide corrosion 

protection as strong as a high-quality conventional concrete (w/c ratio of 0.41) cover, as the 

rebar mass-loss in types (a) and (d) specimens was similar. 

4. The crack widths in specimens with ECC covers [specimens of type types (b), (c), and (d)] 

within the first 200 hours of the ACT (more than 7% rebar mass-loss) were smaller than 100 

µm. The average crack width for these specimens at 360 hours of the ACT (more than 17% 

steel mass-loss) was less than 130 µm. This micro-cracking mechanism, instead of large crack 
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formation, increases the tortuosity of the path of corroding agents toward the steel rebar and 

therefore significantly prolongs the propagation phase of corrosion. 

5. The novel technique introduced in the last section of this chapter and the generated data of the 

relation between radial displacement and hoop strain can be used by other researchers in the 

future to simulate corrosion damage in reinforced concrete structures. 
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Chapter 8. Long term shrinkage of ECC and its bond with concrete 

8.1 Introduction 

Due to tightening budgets and growing corrosion problems in old reinforced concrete (RC) 

infrastructure systems, various state and federal departments of transportation in the US require 

more sustainable rehabilitation and repair solutions for corrosion-damaged structures [1, 2]. In 

recent years, Engineered Cementitious Composite (ECC) has increasingly been investigated (and 

applied in a few applications) as a more durable alternative to conventional concrete to improve 

the durability and sustainability of infrastructure systems [3]. However, the application of ECC as 

an efficient repair material has not been thoroughly addressed in the literature. 

For repair applications, shrinkage of ECC relative to concrete and the bond of ECC with 

concrete are highly important properties. The bond strength between a conventional concrete 

substrate and an ECC overlay is investigated in Section 8.2. In the literature, the main experimental 

methods to determine the bond strength between two different concrete materials are: slant-shear 

test, direct tension test (pull-off), direct shear test (bi-surface), and splitting tensile test [4]. Among 

these methods, the slant-shear [5] and splitting tensile [6] tests are the most widely-used due to 

their simple setup [7] and will be used in this study to determine the bond between ECC and 

concrete. 

One of the objectives of this dissertation is to investigate the feasibility of using ECC 

precast covers (discussed in Chapter 7) to potentially serve as permanent formworks for 
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construction of durable RC members. The relative shrinkage between the concrete core and the 

precast ECC cover plays an important role in the development of bond and in the overall 

performance of the composite member, and it is investigated in Section 8.3. 

8.2 Bond tests 

The mixture proportions and material properties of all concrete and ECC specimens used 

in this chapter are the same as those described in Section 3.2.1.1. 

8.2.1 Specimen preparations 

Twenty cylindrical specimens (diameter of 76 mm and height of 152 mm) were cast for 

the slant-shear test, and another twenty cylindrical specimens were cast for the splitting tensile 

test. Each cylindrical specimen was made with the conventional concrete as the substrate and ECC 

as the repair layer. Specimen preparation for the slant-shear test followed the procedure in ASTM 

C 882 [5]. The main steps are listed below: 

1. Conventional concrete (substrate) cylinders of size 76 mm  152 mm (full cylinders) were cast 

and cured in sealed molds for 24 hours. After demolding, the cylindrical specimens were cured 

for 28 days in moist conditions at room temperature (23±2º C) followed by seven days of dry 

curing in the ambient environment. 

2. The base substrate cylinders were cut from the full cylinders with the geometry shown in 

Figure 8.1 (a). A diamond blade was used for cutting the cylinders to minimize the effect of 

cutting on the surface roughness. 
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3. The dried substrate half-cylinders of concrete were placed in 76 mm × 152 mm plastic molds, 

as shown in Figure 8.2, and fresh ECC mixture (overlay) was poured on top of the concrete 

half-cylinders into the molds. The molds were covered with plastic sheets to maintain a humid 

environment and demolded 24 hours after casting. The demolded specimens were cured in a 

moist environment until the targeted testing ages. Figure 8.1 (b) shows a finished slant-shear 

specimen shortly after demolding. 

Figure 8.1. Slant-shear test: (a) geometry of half-cylinder specimen (ASTM C882 [6]), (b) 

finished composite specimen. 
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Figure 8.2. Concrete half cylinders (substrates) before pouring the fresh ECC mixture (overlay). 

The specimen preparation for the splitting tensile tests followed the ASTM C496 [6] 

standard, and the curing and cutting processes were similar to the slant-shear specimens, with the 

only difference being the direction of the cut plane. Figure 8.3 shows the specimen geometry and 

a finished composite splitting tensile tests used in this study. 

Figure 8.3. Splitting tensile specimen: (a) cross-section (b) finished specimen. 
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8.2.2 Experimental setup 

Four slant-shear specimens were tested under uniaxial compression (following the ASTM 

C39 [8] standard) at each of the five overlay (ECC) curing ages of 1, 7, 28, 56, and 90 days. The 

specimen ends of the slant-shear specimens were capped with sulfur, according to ASTM C617 

[9], to provide a uniform contact between the specimen and the loading plates. Similar to slant-

shear specimens, four splitting tensile specimens were tested according to ASTM C496 procedure 

[6]. Two pieces of thin, plywood bearing strips were used in the splitting tensile specimens to 

provide a uniform transition zone along the length of the cylinder. Figure 8.4 shows the test setup 

for slant-shear and splitting tensile specimens. 

Figure 8.4. Experimental setups for slant-shear and splitting tensile tests. 

8-5 



---

8.2.3 Results and discussions 

The bond strength from the slant-shear test was calculated by dividing the maximum 

compressive load by the elliptical area of the bonded surface (ASTM C882 [5]). The largest and 

smallest diameters of the elliptical bonded area in each slant-shear specimen were measured using 

a Vernier caliper. The splitting tensile strength (T) was calculated using Equation (8.1), where P 

is the maximum compressive load, l is the height of the cylinder, and d is the diameter of the 

cylinder. 

2P
T

ld
 (8.1) 

The average bond strengths obtained from the slant-shear and splitting tensile tests at five 

different curing ages are shown in Figure 8.5, in which each bar graph represents the average bond 

strengths of four cylinders. It should be noted that the ranges of y-axes in Figures 8.5 (a) and (b) 

are different. The shaded areas, shown in red in Figure 8.5 (a), represent the range of acceptable 

bond strengths specified by the Guide to Concrete Repair (ACI 546R-14 [10]) for the slant-shear 

test at the overlay curing ages of 1, 7, and 28 days. In Figure 8.5 (a), the average bond strength 

increases from 4.6 MPa at 1 day to 15.3 MPa at 28 days. The bond strengths at 1, 7, and 28 days 

fall within the acceptable range specified in ACI 546R-14 [10]. 

At later ages (beyond 28 days), the ECC-concrete bond strength reduces slightly. This 

reduction in bond strength is caused by the greater magnitude of drying shrinkage in ECC 

compared to concrete (discussed below in Figure 8.9). Figure 8.6 shows an observed shrinkage 

crack at the ECC-concrete interface at the age of 90 days. Sahmaran et al. [7] observed greater 

8-6 



bond strengths than the current study, which may be due to lower water-to-cementitious material 

ratio of 0.27 in that study compared to 0.38 in this study. Although the slant-shear test results in 

this study meet the minimum criteria in the ACI concrete repair guide, the ECC-concrete bond 

strength in the intended application can be further improved by application of surface treatments 

(e.g. surface roughening) and chemical admixtures.  

The bond strengths obtained from the splitting tensile tests are shown in Figure 8.5 (b). 

Although the results of splitting tensile tests follow the same order as the slant-shear tests at 

different curing ages, the observed bond strengths in the splitting tensile tests were significantly 

lower than that in the slant-shear tests. Similar trends of bond strengths (i.e., lower bond strengths 

in splitting tensile experiments) were observed in the literature [4, 7]. This is due to the difference 

in specimen preparation and loading in the two experiments. In the slant-shear specimens, ECC is 

cast on top of concrete half-cylinders, and therefore, the gravity aids in forming a stronger bond. 

On the other hand, in splitting tensile specimens, the ECC is cast adjacent to the concrete half, and 

therefore, gravity has no effect. Additionally, the contact area in the slant shear specimen is under 

compression and shear, whereas majority of the contact area in the splitting tensile specimens is 

subjected to tension. The splitting tensile specimens simulate the bonding better than the slant-

shear specimens for the intended application. 
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Figure 8.5. ECC-concrete bond strength variation with overlay curing ages. 

Figure 8.6. Shrinkage crack at the ECC-concrete interface at the age of 90 days. 
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8.3 Shrinkage tests 

8.3.1 Specimen preparation 

Four ECC prismatic specimens of size 25 mm × 25 mm × 250 mm and four concrete 

prismatic specimens of size 76 mm × 76 mm × 250 mm were cast to measure the drying shrinkage 

according to the ASTM C490 [11] standard. Due to the absence of coarse aggregates in ECC, small 

molds are suitable for measuring free shrinkage in ECC. Prior to the casting of the specimens, two 

stainless steel gauge studs (type 316) were screwed to both ends of the steel molds, as shown in 

Figure 8.7. After casting, molds were sealed by plastic sheets to maintain a humid environment. 

The specimens were demolded after 48 hours and cured in lime-saturated water for another 24 

hours according to ASTM C596 [12]. 

Figure 8.7. Assembled shrinkage molds for: (a) ECC specimens, (b) concrete specimens. 

8.3.2 Experimental setup 

A standard length comparator, shown in Figure 8.8, was used to measure the lengths of all 

the shrinkage specimens. The first reading was taken at 72 hours after casting, which served as the 
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initial comparator reading for subsequent length change measurements (to calculate free 

shrinkage). Beyond this point, the specimens were air-cured at room temperature (20±3°C) and 

humidity (RH 50±4%). The second and third length readings were taken using the comparator at 

the ages of 4 and 7 days since the initial comparator reading (starting of air storage), respectively. 

Afterwards, the lengths of the shrinkage specimens were measured every 7 days up to 60 days, 

and then the interval was increased to 30 days up to the age of 365 days since the initial comparator 

reading. 

Figure 8.8. Apparatus used for drying shrinkage measurements. 

8.3.3 Results and discussions 

Free drying shrinkages of ECC and concrete prismatic specimens over a period of one year 

are presented in Figure 8.9, in which each curve represents the average shrinkage of four 
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specimens. Clearly, ECC exhibits significantly higher drying shrinkage compared to concrete 

mainly due to the absence of coarse aggregate and greater proportion of cementitious materials 

than concrete. This is useful for the intended application of ECC in precast cover shells around RC 

cores. Despite pre-casting ECC cover shells, they continue to shrink more than the RC cores, which 

improves the quality of the bond between ECC and concrete. 
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Figure 8.9. Free drying shrinkage of ECC and concrete bars over one year. 

8.4 Conclusions 

The slant-shear test results show that the bond strengths between ECC and concrete at 

various ages fall within the specified range in ACI 546R-14: Guide to Concrete Repair [10]. In 

addition, free drying shrinkage strain of ECC is significantly higher than that of concrete. Together, 

these results demonstrate a good quality ECC-concrete bond, suggesting the potential use of ECC 

cover shells as durable, permanent formworks for RC structures. 
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PART IV : SYNTHESIS 

Chapter 9. Concluding remarks 

9.1 Scientific contributions and research impact 

This dissertation investigated the corrosion resistance offered by ECC during both the 

initiation and the propagation phases of corrosion and compared the results with those of 

conventional concrete. The research tasks in this dissertation are presented in two main parts; Part 

II: initiation phase of corrosion, and Part III: propagation phase of corrosion. Part I contains the 

introduction and literature review and Part IV is the synthesis. The major scientific contributions 

and broader impacts of this research are presented below: 

Challenges for finding Ccrit and determination of the most accurate electrochemical 

technique for monitoring corrosion: A large range of values for the critical chloride content (Ccrit) 

is reported in the literature for similar concretes due to the lack of a standard, accurate method. 

The accurate determination of Ccrit using existing methods relies on the precise determination of 

the time of initiation of active corrosion through a variety of electrochemical techniques. In this 

research, a number of electrochemical techniques, including macro-cell current, linear polarization 

resistance (LPR), half-cell potential, and Tafel test, were used to monitor corrosion of the same 

specimens, simultaneously, thus enabling a robust comparison. The three main limitations of the 

existing electrochemical techniques identified in this dissertation are: 1) low resolution, 2) the 

unknown threshold of the corrosion activity to indicate corrosion initiation, and 3) sampling 
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interval. Among the above electrochemical techniques, the macro-cell current technique provides 

the clearest indication of corrosion initiation with the best resolution. 

Performance of ECC during the initiation phase of corrosion: Past studies on ECC have 

focused on the propagation phase of corrosion, and there is a lack of data on the performance of 

ECC during the initiation phase of corrosion. In this research, salt ponding tests (natural diffusion) 

and rapid chloride penetrability tests (under the application of a potential field) were conducted on 

ECC and concrete specimens. The chloride diffusion coefficient of ECC was found to be 5.1  

1012 m2/s (COV = 17%), which is only 33% of that of conventional concrete due to its denser and 

more homogeneous microstructure. 

Novel method to determination Ccrit accurately: A novel method for accurate determination 

of the critical chloride content (Ccrit) is proposed in this study. Unlike existing methods, this 

method does not rely directly on the precise determination of corrosion initiation (which is 

extremely difficult to achieve and is the main source of error in the determination of Ccrit). In the 

proposed method, corrosion pit depths right after the initiation of corrosion are observed. A linear 

correlation is discovered between the concentration of chloride ions [Cl] at the rebar-ECC 

interface and the average pit depths (APD) of the corroding rebars. The Ccrit for ECC (and any 

cementitious material in general) can be determined as the y-intercept (when APD = 0 m) of the 

linear best-fit for the [Cl]-APD plot. The Ccrit for ECC specimens obtained using this method is 

equal to 0.054%  0.035% (95% confidence) of the weight of the ECC powder (or 0.19%  0.12% 

of the weight of cement). 
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Novel experimental procedure for rapid determination of Ccrit in reinforced concrete 

specimens: A new experimental procedure, named Rapid Corrosion Initiation (RCI) method, is 

proposed to reduce the time needed to determine critical chloride content (Ccrit) in cementitious 

materials from several months or years to a few days. The proposed method creates a potential 

field that forces chloride ions to migrate through the cover in a short time without applying any 

direct current to the rebars. The experimental setup utilizes a combination of test setups from the 

ASTM G109 and ASTM C1202 standards to provide a replicable procedure. The Ccrit values 

obtained from this rapid technique are in good agreement with the gradual diffusion experiments. 

Novel use of precast ECC covers for protecting reinforced concrete structures: The higher 

material cost of ECC compared to conventional concrete and the need for special processing have 

been barriers to the widespread use of ECC in large-scale projects. To maximize the benefits of 

using ECC per unit volume of a structural member, the feasibility of utilizing ECC only in the 

cover to mitigate corrosion damage was investigated in this research. The results showed similar 

corrosion rates for the specimens with ECC covers and for the specimens made entirely with ECC. 

In addition, ECC covers with minor damage limited the corrosion rate as well as undamaged, high-

quality conventional concrete covers. 

The findings of this dissertation will enable future investigations and applications of ECC 

and other advanced concrete materials in our infrastructure for improving its durability and 

sustainability. In particular, the systematic assessment and key insights into various 

electrochemical techniques presented in this dissertation should improve the corrosion monitoring 

in the laboratory as well as the field. The novel methods for accurate and rapid determination of 
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the critical chloride content should improve service life models that rely heavily on the estimation 

of time to corrosion initiation. Finally, the novel application of precast ECC covers for protecting 

RC members against corrosion should significantly reduce the life cycle cost of our infrastructure. 

9.2 Recommendations for future research 

This dissertation points to new possibilities for future research, as follows: 

Determination of allowable chloride content for fresh mixtures containing supplementary 

cementitious materials: The obtained average Ccrit for the ECC specimens used in this research in 

a quasi-natural corrosion condition (detailed in Chapter 4) was about 0.05% of the weight of the 

composite (0.17% weight of cement content). The obtained Ccrit is very close to the allowable 

chloride content in conventional concrete mixtures (ACI 222R-01: 0.2% weight of cement). 

Therefore, it is important to investigate allowable chloride content threshold limits for concretes 

containing significant amount of supplementary cementitious materials (e.g., fly ash) before 

application in a chloride-rich environment. 

Direct measurement of the pH of the pore solution in ECC: By investigating the cyclic 

polarization behavior of reinforced ECC specimens, the present research concluded that the pH of 

the pore solution in ECC decreases over time. Future research is therefore necessary to directly 

measure the pH of the pore solution in ECC over time (i.e., by the direct extraction of the pore 

solution). 
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Influence of cracks with different widths on the time-to-corrosion initiation: This research 

utilized only six damaged ECC specimens to investigate the influence of cracks during the 

initiation and the propagation phases of corrosion. Further research, with a larger number of 

specimens, is needed to verify the corrosion resistance offered by damaged ECC members. 

Additional investigations are also needed to establish a critical crack width beyond which ECC is 

ineffective at mitigating corrosion. 

Effect of the suggested technique for rapid determination of CCrit on chloride binding 

capacity: When a potential field is used to force chloride ions to penetrate through concrete, they 

might not have enough time to properly bind with the hydration products of cement. This may lead 

to a higher amount of free chloride ions in the pore solution. Further studies are needed to 

investigate the possible effects of the technique suggested in Chapter 6 on the chloride binding 

capacity of cementitious materials. Further investigation is also needed to determine the optimum 

applied potential and proper measurement intervals to avoid the overestimation of Ccrit. 

Numerical modeling and thickness optimization of precast ECC covers: Only one thickness 

of precast ECC covers was investigated in this study. A multi-physics numerical model, 

incorporating corrosion and mechanics, along with a service life model are needed for 

performance-based design of the precast covers. With a numerical model, an optimum cover 

thickness for achieving maximum or a target service life for a given structure can be calculated. 

The experimental technique presented in Chapter 7 for the mechanical simulation of corrosion 

could be used to calibrate such a model. 
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Multi-functional use of precast ECC covers: The precast ECC covers used in this research 

for corrosion mitigation can also protect the RC structures from other deterioration mechanisms, 

such as alkali-silica reaction and thermal and shrinkage cracking. At the same time, the precast 

cover can also improve structural performance by improving the shear capacity and tensile 

ductility. Further research is needed into the multi-functional use of precast ECC covers in the 

reinforcement concrete infrastructure. 
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