
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/348567772

Corrosion initiation mechanisms and service life estimation of concrete

systems with fusion-bonded-epoxy (FBE) coated steel exposed to chlorides

Article  in  Construction and Building Materials · January 2021

DOI: 10.1016/j.conbuildmat.2021.122314

CITATIONS

0
READS

127

2 authors:

Some of the authors of this publication are also working on these related projects:

Cementitious grouts for post-tensioned concrete systems View project

Evaluation of Sacrificial Anode Cathodic Protection (SACP) systems for reinforced concrete applications View project

Deepak Kamde

Indian Institute of Technology Madras

22 PUBLICATIONS   32 CITATIONS   

SEE PROFILE

Radhakrishna Pillai

Indian Institute of Technology Madras

145 PUBLICATIONS   742 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Deepak Kamde on 22 January 2021.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/348567772_Corrosion_initiation_mechanisms_and_service_life_estimation_of_concrete_systems_with_fusion-bonded-epoxy_FBE_coated_steel_exposed_to_chlorides?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/348567772_Corrosion_initiation_mechanisms_and_service_life_estimation_of_concrete_systems_with_fusion-bonded-epoxy_FBE_coated_steel_exposed_to_chlorides?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Cementitious-grouts-for-post-tensioned-concrete-systems?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Evaluation-of-Sacrificial-Anode-Cathodic-Protection-SACP-systems-for-reinforced-concrete-applications?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Deepak-Kamde?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Deepak-Kamde?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian_Institute_of_Technology_Madras?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Deepak-Kamde?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Radhakrishna-Pillai?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Radhakrishna-Pillai?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian_Institute_of_Technology_Madras?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Radhakrishna-Pillai?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Deepak-Kamde?enrichId=rgreq-5611d1cc9f3f45b466806f1fddc25baf-XXX&enrichSource=Y292ZXJQYWdlOzM0ODU2Nzc3MjtBUzo5ODI3MjMzMjU4ODIzNjhAMTYxMTMxMDkwNzE2OQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


 

Page 1 of 50 

 

Corrosion initiation mechanisms and service life estimation of concrete systems with 1 

fusion-bonded-epoxy (FBE) coated steel exposed to chlorides  2 
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Department of Civil Engineering, Indian Institute of Technology Madras, Chennai, India 4 

 5 

Cite this article as: Deepak K. Kamde, Radhakrishna G. Pillai, “Corrosion initiation 6 

mechanisms and service life estimation of concrete systems with fusion-bonded-epoxy (FBE) 7 

coated steel exposed to chlorides”, Construction and Building Materials, Volume 277, 2021, 8 

122314, https://doi.org/10.1016/j.conbuildmat.2021.122314. 9 

ABSTRACT 10 

This paper evaluates the suitability of various techniques such as half-cell potential, macrocell 11 

corrosion, linear polarization resistance, and electrochemical impedance spectroscopy (EIS) to 12 

detect corrosion initiation of fusion-bonded-epoxy (FBE) coated steel rebars in concrete. It was 13 

found that EIS is the best technique for this purpose.  Then, a new test method (named as “cs-14 

ACT” test) using EIS is developed to detect the initiation of corrosion and determine chloride 15 

threshold at the coating-steel interface, which was not a practice in the literature.  Also, the 16 

reduction in the resistance of the FBE coating was monitored and a a 4-stage degradation 17 

process and corrosion initiation process are identified and discussed using SEM, EDAX, and 18 

statistical analysis of the change in the polarization resistance of steel (from repeated EIS tests 19 

- Nyquist/Bode plots).  Then, a new method that uses the properties of epoxy coating, steel-20 

coating interface, and concrete cover to estimate the service life of reinforced concrete systems 21 

with FBE coated rebars is demonstrated.  Modifications to the existing specifications to achieve 22 

target service life are also proposed. 23 

Keywords: Fusion-bonded-epoxy, coated rebar, steel, chlorides, corrosion initiation, 24 

thickness, degradation, concrete, service life  25 
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HIGHLIGHTS 1 

i. Conventional test methods failed to detect the initiation of corrosion of FBE coated 2 

steel rebars  3 

ii. An EIS-based methodology is proposed to detect the initiation of corrosion of FBE 4 

coated steel rebars in concrete  5 

iii. A methodology to determine the chloride threshold of FBE coated steel rebar is 6 

proposed 7 

iv. Degradation mechanism of FBE coating due to exposure to moist, alkaline 8 

environment with chlorides is proposed 9 

v. A new framework for the estimation of service life of RC structures with FBE coated 10 

steel rebars is proposed and demonstrated 11 

LIST OF SYMBOLS AND ABBREVIATIONS 12 

%bwob : % by weight of binder 

Clth : 
Critical chloride threshold of 

steel-coating interface 

CPEC : Capacitance of the coating 

CPEC-S : Capacitance of the 

coating-steel interface 

Dcl : 
Chloride diffusion coefficient 

of concrete 

EEC : Equivalent Electrical Circuit 

FBE : Fusion-Bonded-Epoxy 

FBEC-ND : FBE coated steel rebars in 

as-received condition with no 

damage/degradation 

FBEC-SD : FBE coated steel rebars with 

scratch damage to coating 

m : Decay constant 

RC : Reinforced concrete 

RC : Resistance of the coating 

RP, C-S : Polarization resistance of the 

coating-steel interface 

RS : Resistance offered by the 

electrolyte solution 

S-C : Steel-Coating interface 

tSL : Time to corrosion initiation 

tcoating : Coating thickness 

x : 
Depth from the exposed 

surface of concrete 

xepoxy : 
Depth from the exposed 

surface of coating 

  13 
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1 INTRODUCTION  1 

Many reinforced concrete (RC) structures are desired to last many decades.  In anticipation of 2 

such a long life, RC structures in coastal regions are/were built with coated steel rebars.  Fusion-3 

bonded-epoxy (FBE) coated steel rebar is one of the most widely used coated steel rebars in 4 

the construction industry.  In general, FBE coating protects the underlying steel by (i) providing 5 

a physical barrier from the surrounding environment, (ii) limiting the formation of anodic and 6 

cathodic sites, and (iii) restricting the ionic conduction between anodic and cathodic sites at 7 

steel surface [1].  ASTM A775 is a widely used standard specifying the properties of FBE 8 

coated steel rebars.  However, meeting these requirements at construction sites is challenging.  9 

The FBE coating has poor abrasion resistance and gets damaged due to inadequate handling 10 

such as bending and dragging of rebars at construction sites – a common scenario in many 11 

construction sites. 12 

Figure 1(a) shows that the rebars are bent using mettalic lever, which can result in the 13 

damaged coating at the bent location and at the place where metallic lever is held.  Figure 1(b) 14 

shows that the coating on steel rebars are damaged due to dragging of the FBE coated steel at 15 

the construction sites.  Therefore, the listed three protection mechanisms may not be valid.  16 

Many infrastructure with FBE coated steel rebars have shown distress due to corrosion within 17 

30 years of service life [2–10].  Therefore, worldwide, many parts in the USA, Europe, Canada, 18 

etc., have either banned or recommended not to use the FBE coated steel rebars (see Table 1).  19 

On the other hand, many laboratory studies report the good performance of coated steel rebars 20 

[11–16].  This difference in opinion between lab and field studies can be due to (i) the 21 

difference in the quality of coated steel rebars used at sites and at laboratories and (ii) the use 22 

of test methods that are not adequate to assess the RC systems with FBE coated steel rebars 23 

(see Table 2).  Also, the existing service life models, which are meant for RC systems with 24 

uncoated steel rebars, do not consider the diffusion of chloride through the coating and true 25 



Page 4 of 50 

 

chloride threshold of coated steel.  Therefore, these service life estimation models may not be 1 

adequate for RC systems with coated steel rebars.  This paper investigates the suitability of 2 

existing test methods in detecting the initiation of corrosion in RC systems with FBE coated 3 

steel rebars.  Then, a methodology based on a suitable technique is proposed to detect the 4 

initiation of corrosion in RC systems with FBE coated steel rebars.  Also, the framework for 5 

the estimation of service life is proposed.  Then, the effects of coating thickness and damage 6 

to coating on the service life of RC systems are quantified. 7 

 

(a) Bending of FBE coated steel rebars using metallic 

levers at construction sites – resulting in 

damage/cracking of coating 

 

(b) Scratch damage to coating due to dragging of 

rebars at construction sites 

Figure 1 Photographs of typical damage to FBE coating due to inadequate practices at 8 

construction sites 9 
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Table 1 Details on the recommendations on the use of FBE coated steel  1 

Country; 

Reference 

Recommendation on the use 

of FBE coated steel rebars 

Florida, 

USA; [17] 

In 1979, banned to be used in 

bridges and large 

infrastructure 

Florida, USA  In 1988, banned from all the 

construction projects 

Oregon, 

USA; [3] 

In 1989, (recommended to 

stop using FBE coated steel 

rebars 

Quebec, 

Canada; [8] 

In 2000, the further use of 

FBE coated steel rebar was 

not recommended 

Ontario, 

Canada; [18] 

In 2000, The use of FBE 

coated steel steel rebar was 

not recommended based on 

technical reasons and life-

cycle cost analysis 

Virginia, 

USA; [4] 

In 2000, recommended to 

stop using FBE coated steel 

rebar 

 2 

Table 2 Reported techniques used for assessing the performance of FBE coated steel 3 

rebar 4 

Test 

method/technique 

Key finding on the performance of FBE coated 

steel rebars 
Reference 

HCP, MC current, 

and VOB 

Based on corrosion measurements recorded, FBE 

coated steel showed better performance than 

uncoated steels. 

[11,13,14,16,19–

21] 

LPR The corrosion rate of undamaged FBE coated steel 

rebars was found significantly low.  

[22] 

EIS and VOB The damaged coating can lead to localized/pitting 

corrosion of steel at damaged locations. 

[23] 

FBE coated steel rebars can provide an additional 

five years of service life as compared to uncoated 

steel rebars. 

[8,24] 

LPR and Ground 

Penetrating radars 

Showed limited success in assessment of corrosion 

in concrete systems 

[25] 

[Note: HCP: half-cell potential, MC: macrocell corrosion, VOB: visual observation, LPR: linear polarisation 5 
resistance, EIS: electrochemical impedance spectroscopy]. 6 
 7 

deepa
Note
Accompanying to ASTM A775
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1.1 Existing test methods to assess the corrosion in reinforced concrete structures 1 

1.1.1 Half-cell potential (HCP) 2 

HCP mapping is one of the most widely used methodologies for the assessment of RC systems.  3 

ASTM C876 (1999) guides to evaluate the probability of corrosion activities for uncoated steel 4 

rebar surface using HCP measurements on the surface of concrete [26].  For HCP 5 

measurements, one end of the voltmeter is electrically connected to the steel rebars and the 6 

other end is connected to the reference electrode.  The reference electrode is placed on the 7 

saturated concrete surface, where the steel rebar is electrically connected to the voltmeter.  HCP 8 

measurements of RC systems with uncoated steel rebars provide probabilistic information on 9 

active/inactive corrosion.  However, it does not give information of the rate of corrosion [27].  10 

In addition. HCP measurements of uncoated steel in concrete is challenging due to the high 11 

resistivity of concrete, varying relative humidity in concrete, etc. [28,29].  The large ohmic 12 

drop across coating can be an additional challenge for HCP measurements of RC systems with 13 

coated steels.  Therefore, the use of existing methodology can lead to erroneous interpretation 14 

of the measurements of the corrosion of underlying steel in coated steel rebars [30]. However, 15 

many literature report the performance of FBE coated steel rebars using HCP (see Table 1).  16 

Therefore, the suitability of HPC in detecting the initiation of corrosion is also assessed in this 17 

paper. 18 

1.1.2 Macrocell corrosion (MC) current  19 

MC current is another test method for determining the effect of chemical admixtures on 20 

corrosion of embedded uncoated steel rebars using macrocell specimens [31].  The macrocell 21 

specimens have well separated anodic and cathodic rebars.  The rebars are electrically 22 

connected by using a resistor.  Then, the macrocell current is measured by measuring the 23 

potential difference between the anode and cathodes.  When corrosion initiate, the macrocell 24 
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current is expected to be significantly higher than when no corrosion activity take place.  The 1 

detection of the initiation of corrosion using macrocell specimens was reported to be not 2 

possible when the resistivity of concrete is high [32,33].  Similarly, the ionic resistance offered 3 

by FBE coating is significantly high [20,34].  Therefore, corrosion cells may not form between 4 

top and bottom steel rebars of macrocell specimens without the participation of the bottom 5 

rebar [19].  Therefore, assessment using MC current may not be suitable for the assessment of 6 

concrete systems with FBE coated steel rebars.  However, many literatures report the 7 

performance of FBE coated steel rebars using macrocell specimens [11,35], which can 8 

misguide the construction decision-makers and stakeholders. 9 

1.1.3 Linear polarization resistance (LPR) 10 

Test methods based on LPR techniques are widely used to measure the rate of corrosion 11 

of uncoated rebars in concrete systems.  For LPR measurements, the open circuit potential of 12 

test specimen is measured and is polarized to a small range (usually, less than ±20 mV).  The 13 

resultant current is measured.  The slope of the curve between potential applied and measured 14 

current at the free corrosion potential represents the resistance to polarization, which can be 15 

used to measure the rate of corrosion [36].  Literature report that the LPR measurements can 16 

capture the corrosion activity of the uncoated metal surface, where resistance offered by 17 

solution/electrolyte is less than 37 kΩ.cm [37,38].  The resistance of a good quality FBE 18 

coating (RC) is approximately 1000 kΩ.cm [20].  The high RC can result in a significantly high 19 

ohmic drop across the FBE coating, which can influence the measurements of resistance to 20 

polarization (RP) using LPR [37].  In addition to large ohmic drop, non-homogeneous 21 

distribution of the absorbed moisture in the coating can lead to erroneous quantifications of 22 

current interruption [39].  Also, the RP measured using the LPR technique gives the bulk 23 

response of anything between the electrolyte and steel surface [40].  Therefore, with existing 24 
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test methods, it may not be possible to capture the changes in RP due to the initiation of 1 

corrosion. 2 

1.1.4 Electrochemical impedance spectroscopy (EIS) 3 

The principle of EIS is to apply an AC signal of small amplitude (say, 10 mV) to the 4 

working electrode (here, uncoated and FBE coated steel rebar) embedded in electrolyte such 5 

as concrete.  The initial disturbance is small potential applied (ΔE) under steady state 6 

conditions, and the response from the electrode (i.e., sinusoidal current (ΔI)) with a phase 7 

difference (Φ) from the applied small voltage.  Therefore, the impedance (Z) is the measures 8 

the relationship between ΔE and ΔI.  Test methods based on EIS have been used to assess the 9 

coated metal structures.  A few literature report that EIS technique can overcome challenges 10 

such as high resistivity of electrolyte, nonuniform distribution of moisture in the coating, and 11 

considerable variation of RP [39,41,42].  Assessment using the EIS technique can also produce 12 

reliable data by limiting the error of each component using the equivalent electrical circuit 13 

(EEC) [43].  However, many of the published articles focus on the assessment of coated steels 14 

exposed to the aqueous solution, which may not simulate the coated steel rebars embedded in 15 

concrete systems.  Sagues and Zayed (1991) proposed one of the first methods based on EIS to 16 

measure the corrosion rate of FBE coated steel rebars in concrete with damaged coating [44].  17 

However, this method may not be directly applicable to assess RC systems with FBE coated 18 

steel rebars with undamaged coatings.  A few literature report that the EIS can be one of the 19 

techniques capable of assessing coated steel rebars embedded in cementitious systems 20 

[10,23,51,30,44–50], which is adopted in this study.  However, the authors could not find 21 

literature on methodologies to detect the initiation of corrosion in RC systems with FBE coated 22 

steel rebars.  Therefore, this paper investigates the electrochemical response of FBE coated 23 

steel rebars with and without damage to the coating and proposes a generalized EEC to detect 24 

the initiation of corrosion. 25 
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1.2 Parameters to estimate the service life of RC systems with FBE coated rebars 1 

The service life of the RC system is defined as the time during which the structure can 2 

safely meet the user requirements.  It is the summation of the corrosion initiation and corrosion 3 

propagation phase [52].  The initiation phase is the time required for chlorides to diffuse 4 

through the concrete and reach a sufficient amount on the steel surface to initiate the corrosion.  5 

The initiation phase depends on factors such as surface chloride concentration, diffusion 6 

coefficient, decay constant, and chloride threshold of steel-binder interface [53–55].  The 7 

minimum chloride concentration needed to initiate the corrosion is known as chloride threshold 8 

(Clth) [56].  The propagation phase depends on many factors such as chloride concentration at 9 

rebar level, concrete resistivity, rate of corrosion, oxygen and moisture condition at the rebar 10 

level [52,57].  Generally, as a conservative approach, the initiation phase is considered to the 11 

service life.  12 

In the case of FBE coated steel rebars, chlorides have to diffuse through the cover 13 

concrete then through the epoxy coating to reach the steel surface.  Therefore, in addition to 14 

the parameters discussed for RC systems with uncoated steel rebars, the chloride diffusion 15 

coefficient of FBE coating needs to be considered,  which is not considered in the reported 16 

literature.   A good quality epoxy coating with a significantly low chloride diffusion coefficient 17 

reduce the rate of transport of chlorides through the coating, and may have significantly high 18 

service life [20,58].  It was also reported that the even if the quality of coating is good, the 19 

moisture and chlorides can diffuse into epoxy coating [59].  It was reported that the chloride 20 

concentration on the coating surface at the time of initiation of corrosion was about 2.5 %by 21 

weight of binder [21,24,60].  However, these chloride concentrations do not participate in the 22 

corrosion process and are not the Clth.  Therefore, for FBE coated steel without damage to 23 

coating, chlorides at the steel surface (i.e., beneath the coating) required to initiate the corrosion 24 

are known as Clth [61]. 25 
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For the case of FBE coating with damaged coating, the chlorides in the mortar/concrete 1 

are in contact with steel surface at damage level.  Therefore, the chlorides at steel-mortar 2 

interface, which required to initiate the corrosion, is the Clth.  The Clth depends on the 3 

microclimate (such as crevice at defects, pH level, moisture and oxygen level) at the steel-4 

coating interface [62].  Kessler et al. reported that the defect size could influence the Clth [19].  5 

Kamde and Pillai reported that the microcracks in concrete could reduce the Clth [58].  6 

Therefore, Clth should be determined on the coated steel rebars reflecting the in-service 7 

conditions of coated steel rebars at sites.  Then, the time to initiation of corrosion for RC 8 

systems with FBE coated steel rebars should be estimated by considering the Clth and 9 

DCl, concrete.  The Clth depends on the microclimate (such as crevice at defects, pH level, moisture 10 

and oxygen level) at the steel-coating interface [19,62].  Therefore, Clth should be determined 11 

on the coated steel rebars reflecting the in-service conditions of coated steel rebars at sites.  12 

Then, the time to initiation of corrosion for RC systems with FBE coated steel rebars should 13 

be estimated by considering the Clth and DCl, concrete.  This paper presents frameworks to evaluate 14 

these critical parameters and to estimate the service life of RC systems with FBE coated steel 15 

rebars. 16 

2 RESEARCH SIGNIFICANCE 17 

Detecting initiation of corrosion  is an important aspect to quantify the chloride threshold of 18 

FBE coated steel rebars. Many practitioners use conventional test methods based on HCP, MC, 19 

and LPR to detect the initiation of corrosion in RC systems with FBE coated steel rebars. The 20 

results presented in this paper indicate that these test methods could not detect the initiation of 21 

corrosion in such systems.  The proposed test methods based on EIS will enable practitioners 22 

to detect the initiation of corrosion in concrete systems with FBE coated steel rebars.  The 23 

framework will enable engineers to estimate the residual corrosion-free service life, and plan 24 

for the repair of such RC systems. 25 
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3 EXPERIMENTAL METHODS 1 

This paper is presented in two phases.  Phase 1 involves the experimental study on the 2 

assessment of the suitability of conventional test methods in detecting the initiation of corrosion 3 

in FBE coated steel rebars.  Then, a methodology to detect the initiation of corrosion in RC 4 

systems with FBE coated steel rebars embedded in cementitious systems is proposed.  In Phase 5 

2, a framework is proposed to determine the diffusion coefficient of coating, chloride threshold 6 

of FBE coated steel rebars, and estimate the service life of RC system with FBE coated steel 7 

rebars.  Then, the effect of coating thickness and damage to coating on the service life of RC 8 

systems is quantified.  The FBE coated steel rebars used in Phase 1 and Phase 2 were found to 9 

have a maximum of two holidays per meter length of steel rebars.  The coating thickness of the 10 

FBE coating was measured using the coating thickness gauge.  The coating thickness was found 11 

to be varying throughout the length.  Therefore, the FBE coated steel with a coating thickness 12 

of 175 µm to 420 µm was selected for Phase 1 and Phase 2, which is closest to the requirements 13 

as per ASTM A775.   14 

In these studies, the mortar was used (instead of concrete) because chloride threshold 15 

(Clth) is a steel-coating and steel-binder interface property for FBE coated steel rebars and 16 

uncoated steel rebars, respectively [62,63].  Clth depends on the local characteristics (or 17 

microclimate) of the steel-coating and steel-binder interface [59].  The microclimate at the 18 

steel-coating-concrete interface can change due to many factors, including the presence of 19 

aggregates.  However, the influence of the presence of inert aggregates on Clth is due to the 20 

indirect effect of the change in the microclimate of steel-coating-concrete interface.  To avoid 21 

nonuniformities in the physical microclimate at the steel-coating and steel-binder interface, 22 

mortar was used to prepare the macrocell and lollipop specimens.  Also, the use of mortar could 23 

help to reduce the test duration (fast and uniform transport of chloride) and the size of the 24 

specimens 25 
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3.1 Phase 1: Evaluation of conventional test methods 1 

3.1.1 Evaluation of HCP and MC current 2 

To evaluate the suitability of HCP (ASTM C876) and MC (ASTM G109), macrocell 3 

specimens similar to that prescribed in ASTM G109 were used. 4 

3.1.1.1 Specimen preparation 5 

Figure 2 shows the photographs of the steel rebars used in this study.  Figure 3(a) shows the 6 

photograph and schematic of macrocell specimens (200 × 75 × 75) mm [(7.87 7 

× 2.95 × 2.95)  in.] prepared with the following reinforcement (i) uncoated, (ii) FBE coated 8 

steel rebars with no intentional damage (FBEC-ND), and (iii) FBE coated steel rebars with 9 

scratch damage to coating (FBEC-SD) (see Figure 2).  The rebars are placed such that the top 10 

rebar is the anode and two bottom rebars act as cathodes.  The anode-to-cathode ratio of all the 11 

specimens was maintained to 0.5, as suggested in ASTM G109 [31].  For the preparation of 12 

macrocell specimens, 15 uncoated steel rebars and 30 FBE coated steel rebars of 8 mm 13 

diameter were cut to the length of 200 mm (7.86 in.).  To simulate the damaged coated steel 14 

rebars at the construction sites, the coating on 15 FBE coated steel rebars were scratched off 15 

using emery paper on the rib surfaces at the central 50 mm (1.96 in.) length.  The coating on 16 

about 7 to 9 ribs was scratched off on each coated steel rebar.  A total of maximum 0.6% of the 17 

total surface area of the coating was damaged, and these specimens were named FBEC-SD. 18 

Figure 2(c) shows the FBE coated steel rebar surface with scratched coating.  25 mm (0.98 in.) 19 

long region on both ends of all the steels were covered with electroplaters tape.  This region 20 

was further covered with a heat-shrink tube to avoid the entry of moisture, oxygen, or chlorides 21 

(see Figure 3).  The covering with electroplater tape and heat-shrink tube ensured that no 22 

crevice corrosion takes place at the ends of the steel specimens, which was later verified by 23 

visual inspection. 24 
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 1 

 

(a) Uncoated steel rebar 

 

(b) FBE coated steel with no damage 

 

(c) FBE coated steel with scratch damage to 

coating 

 

Figure 2 Photographs of typical rebars used to prepare macrocell corrosion and lollipop 2 

specimens 3 

After positioning of the prepared rebars in the steel moulds, the mortar was placed in 4 

the moulds to cast the macrocell specimens.  The mortar with cement:sand:water/binder of 5 

1:2.75:0.5 was used.  Macrocell specimens were cast and cured in steel moulds for one day.  6 

Then, moist cured for another 27 days.  Thereafter, the specimens were stored in the laboratory 7 

environment (27 ± 5 °C and 65 ± 5 % relative humidity) for the remaining exposure and testing 8 

period.  The top and bottom rebars were electrically connected using 100 Ω resistor (see Figure 9 

3).  Silicone sealant was applied on the side faces of the reservoir to enable one-dimensional 10 

chloride transport through mortar cover towards the embedded steel rebar.  The same 11 

specimens were used for the assessment using MC current. 12 
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 1 

Figure 3 Macrocell corrosion test specimen [64] 2 

3.1.1.2 Chloride exposure and electrochemical measurements 3 

The specimens were subjected to the cyclic two days wet - five days dry exposure using 4 

simulated pore solution with 15% sodium chloride solution.  At the end of each wet regime, 5 

the corrosion potentials of top rebars were measured using a Saturated Calomel Electrode 6 

(SCE), and potential differences between the top and the bottom rebars were recorded across 7 

the 100 Ω resistor.  Then, MC currents were measured at the end of each wet cycle, and the 8 

cumulative charge was calculated by the trapezoidal rule.  As per ASTM G109, when total 9 

corrosion was equal to or greater than 150 C, the specimens were defined to exhibit initiation 10 

of corrosion. 11 

3.1.2 Evaluation of LPR and EIS tests using lollipop specimens 12 

To evaluate the suitability of LPR and EIS techniques, lollipop specimens with single 13 

rebars were used. 14 

3.1.2.1 Specimen preparation 15 

To evaluate the suitability of LPR and EIS tests, lollipop specimens with the following steel 16 

rebars were cast: (i) uncoated steels and (ii) FBE coated steel rebars.  Figure 4 shows the 17 

schematic and photograph of the lollipop specimens.  To prepare the lollipop specimens, five 18 

uncoated and 15 FBE coated steel rebars of 8 mm (0.31 in.) diameter were cut to 110 mm (4.33 19 
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in.) length.  Then, one end of all the steel was drilled with a 3.4 mm (0.13 in.)diameter hole, 1 

and a threaded stainless-steel rod was fastened to make the electrical connections for 2 

electrochemical tests.  The stainless steel was connected to the steel rebar as the electrical 3 

connections can not be made directly to the FBE coated steel rebar due to high electrical 4 

resistance of the FBE coating.  The uncoated steel pieces were cleaned and degreased using 5 

ethanol and ultrasonic cleaner, and FBE coated steels were degreased using ethanol.  Then, 6 

5 mm long portion at the end of the coated and uncoated steel rebar was covered with the heat-7 

shrink tube.  The heat-shrink tube was extended to about 5 mm (0.19 in.)  to cover the threaded 8 

stainless steel.  If any gap was observed between the threaded stainless-steel rod and heat-9 

shrink tube, it was filled with low viscous epoxy to avoid entry of moisture or chlorides.  The 10 

prepared steel pieces were placed in 110 mm (4.33 in.) long cylindrical molds and centered 11 

using the plastic cap with a hole in the center.  Mortar with water:binder:sand ratio of 0.5:1:2.75 12 

was placed in moulds to achieve a cover of about 10 mm (0.39 in.).  Then, the specimens were 13 

cured in plastic molds for one day in the laboratory environment (25 ± 2 C and 65 ± 5% relative 14 

humidity).  To restrict the exposure to center, except 50 mm (1.96 in.) mortar at the center of 15 

sp ecimens, was covered with three layers of epoxy (see Figure 4).  Each layer of epoxy was 16 

cured for two to three hours, as per the manufacturer’s guidelines.  After curing of epoxy coats, 17 

lollipop specimens were cured in the fog room (25 ± 2 C and > 95% relative humidity) for 18 

27 days.  Then, specimens are ready to expose to chloride solution and testing. 19 
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 1 

Figure 4 Schematic of the lollipop test specimen used for LPR and EIS test [64]  2 

3.1.2.2 Exposure to chlorides and electrochemical measurements 3 

Figure 5 shows the schematic and photograph of a three-electrode system used for LPR 4 

and EIS test.  The embedded steel rebar was the working electrode, nickel-chromium mesh 5 

placed circumferentially to the lollipop specimen was the counter electrode (not shown in 6 

photograph); and SCE was the reference electrode.  The simulated concrete pore solution 7 

(0.03% Ca(OH)2 + 2.23% KOH + 1.04% NaOH + 96.6% of distilled water) contaminated with 8 

3.5% NaCl was used as the immersion solution.  LPR tests were performed after every wet 9 

period over a scan range of ± 15 mV with respect to the HCP at a scan rate of 0.05 mV/s.  The 10 

LPR curves were obtained at the end of every wet period, and the resistance to polarisation 11 

(Rp) was determined. 12 
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 1 

Figure 5 Photograph and schematic of three-electrode corrosion cell test setup for LPR 2 

and EIS test [64] 3 

For the EIS study, the same corrosion cell setup was used with following input 4 

parameters: AC potential amplitude of ± 10 mV, a frequency ranges from 106 Hz to 0.01 Hz, 5 

the DC potential was maintained at HCP, and 10 data points per decades were collected.  The 6 

signal response was analyzed, and resistances offered by each layer (mortar, coating, steel-7 

coating interface) were quantified using the proposed EEC, which is discussed later.  Then, 8 

resistance offered by the steel-coating interface (RP, S-C) were monitored with respect to the 9 

exposure time.  When five consecutive values of 1/ RP, S-C lie within a boundary of µ ± 1.3σ, 10 

the system was considered to have stabilized (µ - mean; σ - standard deviation).  Following this 11 
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stable state, if two future readings lie above (µ ± 3σ), corrosion is said to have been initiated 1 

[37,65].  A similar approach was adopted for assessing the initiation of corrosion using a test 2 

method based on the LPR technique. 3 

3.2 Phase 2: Parameters to estimate the service lives of RC systems 4 

To estimate the service life of RC system with FBE coated steel rebars, the following 5 

material properties were determined using various test methods: chloride diffusion coefficient 6 

of concrete (Dcl), chloride diffusion coefficient of coating (Dcl, coating), chloride threshold of 7 

FBE coated steel rebars (Clth), surface chloride concentration of concrete (Cs), time to build 8 

surface chloride concentration, and decay constant (m).  The Dcl, Cs, and m were determined 9 

from field inspection of a 6-year old bridge structure and their details are presented by Kamde 10 

and Pillai [63].  Dcl, coating and Clth were determined using the test methods described next. 11 

3.2.1 Chloride diffusion coefficient of FBE coating 12 

The chloride from the exposure environment diffuse through concrete and reach the 13 

coating surface.  Due to the concentration gradient of chlorides at the coating and steel surface, 14 

chlorides start to diffuse in the coating [66].  It is assumed that the diffusion of chlorides follows 15 

Fick’s second law of diffusion as shown in Equation 1. 16 

𝐶𝑙(𝑥𝑒𝑝𝑜𝑥𝑦, 𝑡) = 𝐶𝑙𝐶−𝑀 − (𝐶𝐿𝐶−𝑀 − 𝐶𝑖,𝑐𝑜𝑎𝑡𝑖𝑛𝑔) × 𝑒𝑟𝑓 (
𝑥𝑒𝑝𝑜𝑥𝑦

√4 × 𝐷𝑐𝑙,𝑐𝑜𝑎𝑡𝑖𝑛𝑔 × 𝑡
) (1) 

Where, Cl(xepoxy, t) is the chloride concentration at the depth ‘xepoxy’ at time ‘t’ in the 17 

epoxy coating.  ClC-M is the chloride concentration at the coating-mortar interface, Ci, coating is 18 

the initial chloride concentration in the FBE coating, and Dcl, coating is the chloride diffusion 19 

coefficient of FBE coating, which is considered to be constant throughout the service life. 20 

To determine the Dcl, coating, the coated steels are extracted from lollipop specimens after 21 

the initiation of corrosion was detected, which is discussed later.  The coated steel rebars were 22 

cut to half of the cross-section, and the remaining half of the cross-section of the steel was 23 
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fractured by bending it.  The half cross-section was fractured to avoid the cross-contamination 1 

of chlorides and rust products across the coating cross-section.  The chloride concentrations at 2 

various depth of coating at the fractured plane were obtained using the Energy-dispersive X-3 

ray (EDX) technique.  Figure 6 shows the micrograph of the cross-section of FBE coating and 4 

representative locations to detect the chloride concentrations at various depths of FBE coating.  5 

Then, EDX responses were obtained from the fractured coating cross-sections.  Adopting this 6 

methodology, three chloride profiles from 15 fractured and peeled-off coating samples from 7 

the five coated steels extracted from the lollipop specimens after the initiation of corrosion 8 

were obtained.  These chloride profiles and Fick’s second law of diffusion (Equation 1) was 9 

used to determine the Dcl, coating.  Here, Dcl, coating was assumed to be constant throughout the 10 

service life.  Further research is required to quantify the decay constant of the FBE epoxy 11 

coating. 12 

 13 

Figure 6 Framework to determine the diffusion coefficient of FBE coating 14 

3.2.2 Chloride threshold of FBE coated steels 15 

To evaluate the effect of damage to the coating on chloride threshold (Clth) of FBE coated steel 16 

rebars, the lollipop specimens were prepared with FBE coated steel with damaged coating.  For 17 

this, the coating on the top of the ribs at the central 50 mm (1.96 in.) length of five FBE coated 18 

steel rebars were scratched off on both faces to create the damage as shown in Figure 2(c).  The 19 

exposure and measurements were done, as explained earlier.  Upon initiation of corrosion, 20 

200 µm

1

 

3

4

 

6

Steel-coating interface

Coating-cementitious interface
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mortar of about 0.5 mm (0.019 in.) depth adjacent to uncoated steel and coated steel was 1 

powdered and collected.  The chloride concentration in the powdered mortar was determined 2 

using chemical tests as per the guidelines prescribed in SHRP-330 [67].  For specimens with 3 

uncoated steel rebars, the chloride concentration in the mortar adjacent to the steel was the 4 

chloride threshold.  However, chloride concentration at the coating-mortar interface (ClC-M) 5 

does not participate in the corrosion activities of the underlying steel of FBE coated steel rebar.  6 

Therefore, chloride concentration at the steel-coating interface was determined by using the 7 

EDX technique [34,61].  The chloride concentration at Location 6 in the micrograph shown in 8 

Figure 6 is the Clth of FBE coated steel rebars.  To avoid the detection of chlorides from 9 

unknown depths in the coating, the chloride concentration was determined at the cross-section 10 

of the coating surface (and not beneath the FBE coating).  The chloride concentration 11 

determined using EDX is in % by weight of the substrate (i.e., FBE coating).  To convert this 12 

to %bwob, the chloride concentration in coating at coating-mortar interface (say, Location 1 in 13 

Figure 6) was considered equal to the chloride concentration in the mortar at the coating-mortar 14 

interface (which is in terms of %bwob).  Then, the relative chloride concentrations in %bwob 15 

were determined at the steel surface and was the chloride threshold of FBE coated steel rebars. 16 

3.2.3 Proposed framework for estimation of service life of RC systems with FBE coated 17 

steel rebars 18 

Figure 7(a) shows the schematic with two-stage diffusion of chloride through concrete and 19 

coating.  A MATLAB® program based on diffusion of chlorides through concrete [68] was 20 

modified to accommodate the diffusion of chlorides through FBE coating.  Figure 7(b) shows 21 

that at age, t0 of RC systems, the chloride concentration at the concrete surface is zero.  At this 22 

age, the chloride concentrations at the coating surface is also zero.  Therefore, no diffusion of 23 

chlorides can take place.  At age t1, the accumulated chloride concentration at the concrete, 24 

coating, and steel surfaces are CS, ti, CC-M, ti, and CS-C, ti.  As a result of chloride concentration 25 
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gradient at concrete, coating, and steel surface, chlorides diffuse through the concrete and FBE 1 

coating.  At this stage, the chloride concentration at steel surface is less than the Clth of FBE 2 

coated steel rebars.  Therefore, corrosion does not initiate.  Later, at age tSL, the accumulated 3 

chloride concentration at the steel surface is equal to the Clth of FBE coated steel rebars, results 4 

in the initiation of corrosion.  In the present study, the time required for the chlorides to reach 5 

the steel surface through concrete and coating to the concentration equal to the Clth is defined 6 

as the service life of RC systems with FBE coated steel rebars.  To estimate the service life of 7 

such RC systems, the input parameters determined from this study [FBE coating thickness 8 

(tcoating), Dcl, coating, and Clth of coated steel rebars] and other concrete properties [maximum 9 

surface chloride concentrations of concrete, Dcl of concrete, maturity constant (m) of concrete, 10 

concrete cover thickness (x)] presented elsewhere [63] were used. 11 

 

(a) Instantaneous chloride 

concentrations at various 

location in a FBE coating 

(b) Framework to determine service life of RC systems with coated 

steel rebars 

Figure 7 Proposed framework to determine the service life of RC system with FBE 12 

coated steel rebars 13 

4 RESULTS AND DISCUSSION 14 

This section provides the experimental results on showing the feasibility of HCP, MC 15 

current, LPR, and EIS to detect the initiation of corrosion in FBE coated steel rebars embedded 16 
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in cementitious systems.  Then, by using the proposed  test methodology, the initiation of 1 

corrosion in FBE coated steel rebar is detected.  Also, the diffusion coefficient of FBE coating 2 

(Dcl, coating) and chloride threshold (Clth) of FBE coated steel rebars embedded in cementitious 3 

systems is determined by using the proposed framework.  Then, these parameters and proposed 4 

framework is used to estimate the service lives of RC systems with FBE coated steel rebars. 5 

4.1 Phase 1: Evaluation of various corrosion testing techniques 6 

4.1.1 Half-cell potential (HCP)  7 

Figure 8(a) shows the variation of HCP for uncoated steel rebars embedded in macrocell 8 

specimens.  The horizontal dash line indicates the limit indicating more than 90% probability 9 

of corrosion for uncoated steel rebars as per ASTM G876.  For each specimen, when the HCP 10 

drops below − 270 mVSCE, the exposure to chloride solution was stopped, and macrocell 11 

specimens were autopsied.  The initiation of corrosion was confirmed by visual observation of 12 

corroded steel surfaces.  Whereas, Figure 8(b) shows the variation of HCP measured for one 13 

year obtained from specimens with FBE coated steel rebars with no damage (FBEC-ND).  The 14 

HCP values were found to be varying from – 100 to – 700 mVSCE, throughout the exposure 15 

time.  The vertical dash line represents that the initiation of corrosion was detected on or before 16 

150 days of exposure time by EIS technique, which is discussed later.  Therefore, the existing 17 

criteria for detecting initiation of corrosion using HCP, which is meant for uncoated steel 18 

rebars, may not be valid for detecting the initiation of corrosion in RC system with FBE coated 19 

steel rebars.  The resistance of FBE coating is, Rcoating is significantly high.  Therefore, the 20 

ohmic drop across the coating during HCP measurements will be high, making it difficult to 21 

capture the true response from steel surface underneath the FBE coating. 22 

Figure 8(c) shows that the HCP measurements for macrocell specimens with FBEC-SD 23 

steels were found to be more positive than − 270 mVSCE for about 100 days of exposure to 24 
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chloride solution.  The HCP value for FBEC-SD3 and SD5 dropped below − 270 mVSCE – 1 

indicating the initiation of corrosion, which was confirmed with autopsied macrocell specimen.  2 

At the same time, FBEC-SD1 and SD5 were also autopsied, and it was found that the corrosion 3 

was initiated at the scratch damage locations in all the rebars.  However, it was not evident 4 

from HCP measurements.  To validate the unsuitability of ASTM C876 to detect the initiation 5 

of corrosion in FBE coated steel rebars, Specimen FBEC-SD2 was exposed to chloride 6 

solution, and HCP measurements were monitored.  It was found that the HCP measurements 7 

were not always more negative than − 270 mVSCE.  It can be concluded that the interpretation 8 

of HCP measurements using ASTM C876, which is meant to be for RC systems with uncoated 9 

steel rebars, do not represent the corrosion activity of RC systems with FBE coated steel rebars. 10 

 11 

 

(a) Uncoated steel (b) FBE coated steel (possibly 

with holidays) 

(c) Damaged FBE coated steel 

Figure 8 Calculated total corrosion and measured half-cell potentials from macrocell 12 

specimens 13 

Figure 9 shows the corroded steel surface of FBEC-SD4 specimens.  Here, HCP values 14 

of two out of four specimens were not in agreement with corrosion activities at FBEC-SD steel 15 
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rebars.  The corrosion activities of two specimens might have got detected due to the placement 1 

of SCE on the mortar surface right above the location of the damage in the coating.  Similarly, 2 

Pincheira et al. (2015) reported that the corrosion activities of RC systems with FBE coated 3 

steel could be detected only at the locations with high ionic conductivity between steel surface 4 

and the reference electrode (damage, delamination with cracks, etc.) [69].  In reality, the 5 

locations of damage are not known.  Also, in later stage, the steel at the damage location can 6 

become the cathode and anodic reaction can continue under the coating [70,71].  Considering 7 

the high resistivity of the FBE coating, the measurements made on top of the concrete surface 8 

will not capture the corrosion activities beneath the coating.  Therefore, the present study highly 9 

recommends not to rely on the existing criteria-based HCP measurements for detecting the 10 

initiation of corrosion in FBE coated steel rebars embedded in concrete. 11 
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(a) Macrocell corrosion across uncoated steel rebars 

 

(b) Macrocell in same rebar with damage or pinholes 

 

(c) Corrosion mechanism in FBE coated steel rebars 

with damage 

Figure 9 Difference in the macrocell corrosion circuits (see arrows) in cases of 1 

uncoated and damaged FBE coated steels embedded in mortar/concrete 2 

4.1.2 Macrocell corrosion (MC) current 3 

Figure 8(a) shows the total corrosion calculated for macrocell specimens with uncoated 4 

steel rebars.  The horizontal dash line represents the limit of 150 C prescribed by ASTM G109, 5 

indicating the initiation of corrosion.  The calculated total corrosion values spiked to 150 C at 6 

the same instance when HCPs dropped below – 270 mVSCE.  This indicates the good agreement 7 
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between initiation of corrosion and criteria prescribed in ASTM G109 and ASTM C876 for the 1 

specimens with uncoated steel rebars.  The initiation of corrosion was confirmed with autopsied 2 

macrocell specimens.  Figure 8(b) and (c) show the total corrosion for macrocell specimens 3 

with FBEC- ND and FBEC-SD steels, respectively.  Here, very low corrosion or no detectable 4 

pattern in the total corrosion was observed even after one year of exposure to 15% NaCl 5 

solution.  However, the onset of corrosion was detected using EIS based test method after about 6 

100 days of exposure to chloride solution, which is discussed later.  However, the exposure of 7 

macrocell specimens to chloride solution and testing was continued for more than one year to 8 

confirm that the existing criteria on HCP and MC current measurements do not show detectable 9 

patterns even after prolonged exposure to chloride solution and corrosion. 10 

Figure 9(a) and (b) show the difference in the macrocell corrosion circuits in the case 11 

of uncoated and FBE coated steel rebars.  The resistance offered by FBE coating is significantly 12 

high; hence, the corrosion cell forms across various points in the top rebar itself – without the 13 

participation of another (bottom) rebars.  Such corrosion may not be reflected in the MC current 14 

measurements made across the resistor (see Figure 9 (a) and (b)) in the ASTM G109 type MC 15 

current tests.  Likewise, because of the high ohmic drop across the FBE coating, the HCP 16 

measurements made using ASTM C876 did not reflect the true corrosion activities at the steel 17 

surface.  Similar concerns were also raised by researchers to highlight the challenges associated 18 

with existing criteria on the interpretation of HCP measurements of uncoated [28] and coated 19 

steel rebars [30,72] embedded in concrete.  Figure 9(c) shows visible corrosion of steel on the 20 

scratches at the center of the rebar and possible formation of localized corrosion cell – proving 21 

the inadequacy of MC current measurements in detecting the ongoing corrosion in coated 22 

rebars.  This also shows that only one rebar is required for the assessment of FBE coated steel 23 

rebars.  Therefore, lollipop specimens were cast to evaluate the suitability of LPR and EIS [see 24 

Figure 4]. 25 
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4.1.3 Linear polarization resistance (LPR)  1 

Figure 10 shows the variation of 1/Rp obtained from lollipop specimens with FBEC-2 

ND steels, which include LPR and EIS data. Measurements using LPR (circular markers) failed 3 

to detect the initiation of corrosion (no rise in 1/RP).  Measurements using EIS (square markers) 4 

indicated a rise in 1/RP of steel-coating interface at the time of initiation of corrosion.  Further 5 

details on the efficiency of the EIS technique will be discussed in the next subsection with 6 

another set of test specimens.  Also, photographs of FBEC-ND steel rebars from lollipop 7 

specimens in Figure 10 show that the time of autopsy of specimens was not the time of initiation 8 

of corrosion – indicating that the LPR measurements could not detect the initiation of corrosion.  9 

A small peak in 1/RP was observed in case of FBEC-ND4 where the FBE coating was found 10 

to be cracked due to expansive force exerted by corrosion products.  The cracked locations in 11 

the coating could have provided a path for ionic conduction and electrochemical measurements.  12 

In large scale RC systems, the location of corrosion, disbondment, and cracking of coatings are 13 

not known.  Also, the high resistance of FBE coating in remaining locations, makes it 14 

impossible for LPR to get a response from underlying steel rebars, irrespective of ongoing 15 

corrosion.  Similar conclusions were made by [37,73] for steel embedded in highly resistive 16 

concrete systems.  Note that the resistance to polarization (RP) using the LPR technique is the 17 

combined response from mortar, coating, and steel-coating interface [37,40].  Therefore, the 18 

effect of reduction in resistance to the polarization of the steel-coating interface could be 19 

significantly less to be detected in the change of total RP. 20 
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 1 

Figure 10 LPR and EIS measurements, and photographs of corroded FBE coated steel 2 

rebar surfaces after three cycles of detection of initiation of corrosion using EIS tests 3 

4.1.4 Proposed methodology based on Electrochemical impedance spectroscopy (EIS) 4 

Figure 11 shows the ideal Nyquist plot from FBEC-ND steel rebar embedded in 5 

cementitious systems and the ECC.  Testing based on the EIS technique can capture responses 6 

from each element of the working electrode/test specimen (i.e., mortar, coating, and steel-7 

coating interface).  As shown, the response has three pure loops, corresponding to mortar, FBE 8 

coating, and steel-coating interface (S-C).  The EEC was modified from [23,64,74,75] and used 9 

in this study.  The response were analyzed, and resistance offered by each layer (mortar, 10 

coating, and steel-coating interface) were quantified using the EEC.  In Figure 11, RS is the 11 

resistance of the electrolyte solution; CPEM and RM are the capacitance and resistance of the 12 

mortar, respectively; CPEC and RC are the capacitance and resistance of the coating, 13 

respectively.  In the present study, RC was monitored throughout the testing to assess the 14 
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degradation of FBE coating due to moisture and chloride ingress.  The CPES-C and RP, S-C are 1 

the capacitance and resistance of polarization of the steel-coating (S-C) interface, respectively.  2 

To verify the reliability and stability of EIS results, the error in the fitting of each component 3 

was restricted to 20%, and the overall chi-square value was maintained below 0.005 by using 4 

Kramers-Kronig Transformations (KKT) [43].  This enables the monitoring of resistance of 5 

coating (RC), resistance to the polarization of steel-coating (RP, S-C), and detecting initiation of 6 

corrosion.  Therefore, monitoring the response from the steel-coating interface (RP, S-C) could 7 

detect the initiation of corrosion.  Note that RM was not monitored in this study because the 8 

same mortar was used for all the specimens. 9 

 10 

 

 

(a) Ideal Nyquist plot (b) Equivalent electrical circuit (EEC) 

Figure 11 Ideal EIS response from FBE coated steel rebar embedded in the 11 

cementitious system and corresponding EEC 12 

4.1.4.1 Degradation of FBE coating 13 

Figure 12 demonstrates four stages of coating degradation and corresponding Nyquist 14 

plots obtained from lollipop specimens with FBE coated steel embedded in mortar and exposed 15 

to chloride solution.  Figure 12 (a) shows the Nyquist plot obtained from lollipop specimen 16 

with FBE coated steel rebar with an initial exposure period (Stage 1).  It consists of three loops.  17 

First, second, and third loops corresponding to cementitious mortar [not visible in Figure 18 

12 (a)], FBE coating, and steel-coating interface, respectively.  At this stage, the impedance 19 

modulus of the steel-coating interface at low-frequency was found to be significantly high (103 20 

   
 

   
(k
Ω
.c
m

 
)

C E 

   , S C
  C

   (kΩ.cm )

   

 

C ES C

 S

C EC

 S
C E 

  C EC

 C C ES C

  , S C
 



Page 30 of 50 

 

– 104 kΩ.cm2).  Therefore, the response from the steel-coating interface is a pure loop with 1 

high resistance – indicating that the FBE coating has a barrier layer and prevents the ingress of 2 

moisture/oxygen/chlorides [48].  The schematic of steel-coating-concrete in Figure 12(a) 3 

describes that the FBE coating is not degraded, and resists the ingress of pore solution – 4 

resulting in no corrosion activities at the steel surface. 5 

Figure 12 (b) shows that with further exposure, the resistance of FBE coating and steel-6 

coating interface decreases (Stage 2).  During this stage, the FBE coating may have degraded 7 

due to ingress of moisture and chlorides [see schematic in Figure 12 (b)].  Therefore, the 8 

resistance of the FBE coating was decreased from ≈ 40 kΩ.cm2 to ≈  0 kΩ.cm2.  At this stage, 9 

the low-frequency impedance modulus of the steel-coating interface was high (102–10 

103
 kΩ.cm2) – indicating that the steel surface may remain electrochemically inactive due to 11 

unavailability of sufficient oxygen and moisture at the steel surfaces. 12 

Figure 12 (c) shows that the resistance offered by FBE coating was increased from 13 

20 kΩ.cm2 to 30 kΩ.cm2 (Stage 3).  This increase in RC can be attributed to the filling of pores 14 

in coating at the steel-coating interface with insoluble corrosion products (FeXOY). These 15 

insoluble corrosion products increase the resistance of coating due to their insulating nature 16 

[48,76].  Due to the formation of insoluble corrosion products at the steel-coating interface, the 17 

moisture may not reach the steel surface.  As a result, the RP, S-C of the steel-coating interface 18 

was found to increase by about 70% of RP, S-C during Stage 2.  Figure 13(a) shows the evidence 19 

on the filling of corrosion products in the pores at the steel-coating interface.  The EDX 20 

response from the corrosion products did not have chlorides in it – indicating the formation of 21 

FeXOY corrosion products, which are insoluble in nature. 22 
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EIS response Coating and corrosion condition 

Figure 12 EIS response from lollipop specimens with FBE coated steel at various stages 1 

during exposure to chloride solution 2 

With further exposure when moisture with chlorides reaches the steel surface, the 3 

entrapped corrosion products may move out of pores due to radially outward pressure by the 4 
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new corrosion products with chloride (FeXClY), which are soluble in water.  These corrosion 1 

products may fill the available pore space in coating and move out of the thin coating film.  2 

These corrosion products can get absorb moisture and provide a low resistance path – resulting 3 

in the gradual reduction of resistance of the coating and a significant reduction in resistance to 4 

the RP, S-C (i.e., Stage 4).  Figure 12 (d) shows the Nyquist plot, where RC and RP, C-S is 5 

significantly low as compared to that obtained in Stage 1, 2, and 3.  The schematic in Figure 6 

12 (d) shows the significant degradation of coating and initiation of corrosion due to chlorides 7 

at the steel surface.  The initiation of corrosion and corrosion products were confirmed by the 8 

micrograph and EDX analysis of corrosion products [see Figure 13 (b)]. 9 

 10 

  

(a) Insoluble corrosion products (without 

chlorides) filled in coating – Stage 3 

(b) Soluble corrosion products (with 

chlorides) oozing out of coating – Stage 4 

Figure 13 Evidence of corrosion products filled in pores of FBE coating [Note: other 11 

elements such as C, Ba, Ca, Ti, and Zn are not shown in the EDAX analysis] 12 

Figure 14(a) shows the relative coating resistance of FBE coating at various exposure 13 

time.  The relative coating resistance was obtained by normalizing the resistance of coating at 14 

time ‘t’ to the  C at the starting of the exposure.  The RC was found to follow a trend in four 15 



Page 33 of 50 

 

stage.  The same is summarized in the schematic with changes in coating pore structures and 1 

typical coating resistance trend shown in Figure 14(b).  The relative resistance of coating after 2 

about 160 days of exposure was reduced to ≈ 0.  The resistance of coating has got reduced 3 

significantly due to the specimens were exposed to one additional cyclic exposure after the 4 

initiation of corrosion was detected.  The specimens were exposed to one additional cycle to 5 

confirm the initiation of corrosion.  This might have lead to the propagation of corrosion – resulting 6 

in microcracks in the coating due to radially outward forces generated by additional corrosion 7 

products with a larger volume than the volume of steel.  These microcracks may lead to the 8 

shortcircuit between the underlying steel and measurement tool.  Therefore, the overall resistance 9 

of coating may not be zero, but due to localized cracking and shortcircuiting, the RC may show as 10 

zero. 11 

The FBE coating degradation is proposed to be a 4-stage degradation when exposed to 12 

an alkaline solution with chlorides.  Stage 1 is defined when RC was constant for a few weeks 13 

of exposure – indicating that the FBE coating could resist the ingress of moisture for about 14 

three to four weeks.  The unfilled elliptical empty pores in the schematic represent that the pore 15 

solution could not penetrate through the coating.  Stage 2 is defined when RC started to decrease 16 

due to ingress of pore solution (possibly with chlorides) in FBE coating to some depth of the 17 

coating – resulting in the decrease in the RC of FBE coating.  On availability of moisture and 18 

oxygen, insoluble corrosion products may form and fill the pores at the steel-coating interface 19 

– increasing RC, defined as Stage 3 [34] [see Figure 13 (a)].  Subsequently, with further 20 

exposure when pore solution and chlorides reach the steel surface, corrosion may progress due 21 

to the availability of chlorides, moisture, and oxygen.  These corrosion products may exert 22 

radial pressure on coating and may result in cracking.  Therefore, Stage 4 is defined when RC 23 

continues to decrease due to the increase in the interconnectivity of pores and cracks. 24 
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(a) Relative coating resistance 

 

(b) Changes in coating pore structure and mechanism of degradation of 

coating 

Figure 14 Proposed 4-stage coating degradation process 1 

4.1.4.2 Initiation of corrosion 2 

Figure 15 shows the variation of 1/RP, S-C for FBEC-ND and FBEC-SD specimens.  The 3 

1/RP, S-C for values for FBEC-ND, showed a spike up for all the specimens at around 40 days 4 

of exposure.  This can be attributed to the formation of oxide/passive layer (FeXOY) on the steel 5 

surface.  However, once these insoluble corrosion products are formed, steel rebars remain 6 

passive until the chlorides reach to the rebar surface.  The larger visible spikes in the 1/RP, C-S 7 

at about 150 days of exposure for FBEC-ND and at about 50 days for FBEC-SD specimens 8 

represent the initiation of corrosion, illustrated with the filled markers.  Note that the rate of 9 

corrosion of FBEC-SD specimens were about one order higher than that of FBEC-ND steel 10 

rebars. 11 

Upon initiation of corrosion was detected using statistical analysis of 1/RP, S-C, the 12 

specimens were autopsied and visually inspected.  For FBEC-ND steels, corrosion was not 13 
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visible on the coating surface of FBE coated steels extracted from lollipop specimens [see 1 

Figure 16(a)].  The coated steels were cut at various locations, for example, Section 1-1 to 5-2 

5.  The initiation of corrosion was confirmed by visible underfilm corrosion in the coated steels.  3 

Figure 16(a) shows the enlarged image of the cross-sections with corrosion under the coating.  4 

Similarly, Figure 16(b) shows that the FBEC-SD coated steel rebar undergo pitting corrosion.  5 

It can be concluded that the proposed EIS based methodology can detect the initiation of 6 

corrosion in FBE coated steel rebars embedded in the cementitious system at the early stage.  7 

It is also observed that the FBE coated steel rebars with damaged coating can undergo 8 

premature initiation of corrosion with a significantly high rate of corrosion. 9 

 10 

Figure 15 Detection of initiation of corrosion (unfilled and filled markers indicate 11 

passive and active corrosion measurements, respectively) 12 
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(a) Underfilm corrosion in FBE coated steel rebar 

with no damage to coating 

(b) Localised corrosion pits on steel surface at 

locations with scratched location 

Figure 16 FBE coated steel rebar extracted from a lollipop specimen after initiation of 1 

corrosion has been detected using EIS tests 2 

4.2 Parameters to estimate the service life of RC systems with FBE coated steel rebars  3 

4.2.1 Diffusion coefficients of coatings  4 

The chloride profiles were obtained from five of the FBE coating samples and are 5 

presented elsewhere [58].  Among all the coating samples tested, the chloride concentration 6 

next to the exposed surface of coating was found to be significantly lower than the chloride 7 

concentration at the exposed surface of the coating.  The significant ddifference in the chloride 8 

concentration can be attributed to the dense microstructure of FBE coating due to adequate 9 

curing during the coating process [77].  This closed microstructure can restrict the penetration 10 

of chloride in the coating.  The average diffusion coefficient of FBE coating (Dcl, coating) was 11 

found to be ≈ LN (1.6, 0.  )   10 − 20
 m

2/s.  The Dcl, coating is significantly low, which can delay 12 

the transport of chloride in the coating. 13 
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4.2.2 Chloride thresholds 1 

Figure 17 shows that the Clth of uncoated, FBEC-ND, and FBEC-SD steel specimens are 0.40, 2 

0.12, and 0.22% bwob, respectively.  The average Clth for uncoated steel rebars from macrocell 3 

specimens was found to be 0.39% bwob, which is comparable to the Clth obtained from lollipop 4 

specimens.  Here, the Clth for FBE coated steel with no damage and FBE coated steel with 5 

scratch damage was found to be 70% and 50% less than the Clth of uncoated steel rebars, 6 

respectively.  Note that the Clth of FBEC-ND is less than FBEC- SD because the Clth for FBEC-7 

ND was determined from the chloride concentration in the coating interface at the steel-coating 8 

interface.  On the other hand, for FBEC-SD, Clth was the chloride concentration in the mortar, 9 

which was in contact with the damaged locations.  The initiation of corrosion in FBEC-SD 10 

specimens is not governed by the diffusion of chlorides through the coating.  Therefore, the 11 

service life of RC system with FBEC-ND steel can be higher than FBEC-SD and uncoated 12 

steel rebars because the chlorides have to travel through the coating film with significantly low 13 

diffusion coefficients. 14 

 15 

Figure 17 Chloride thresholds of uncoated, and FBE coated steel rebars with and 16 

without damage to coating 17 

4.2.3 Coating thickness 18 

Figure 18 shows that the coating thickness (tcoating) of FBE coated steel rebars varies 19 

from 100 µm to 1000 µm.  The horizontal dash line at 175 µm and 350 µm are the lower and 20 
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the upper limit of tcoating as specified by ASTM A775.  The circular markers are the measured 1 

tcoating of the FBE coated steel rebars at locations between two ribs and on the top of ribs.  It 2 

was found that the tcoating at most of the locations exceeded the permissible limits specified by 3 

ASTM A775.  The tcoating > 350 µm can result in a significant reduction in bond strength 4 

[78,79] and the tcoating < 175 µm can lead to premature initiation of corrosion [78]. However, 5 

some of the standards or guidelines recommend minimum tcoating as 100 µm [80].  Therefore, a 6 

parametric study was conducted, and the effect of coating thickness on time to initiation of 7 

corrosion was estimated, which is discussed next. 8 

 9 

Figure 18 Variation of coating thickness in FBE coated steel rebars 10 

4.3 Estimation of service life 11 

Figure 19 shows the cumulative distribution function for the time to initiation of corrosion in 12 

RC systems with uncoated, FBEC-SD, and FBEC-ND steel rebars with a tcoating of 300 µm, 13 

200 µm, and 100 µm.  It was found that the service life for RC systems with FBEC-ND steel 14 

rebars with tcoating of 200 and 100 µm was about 30 and 50% less than the service life of RC 15 

systems with FBE coated steel rebars with tcoating of 300 µm, respectively.  The service life of 16 

RC system with FBE coated steel rebars with tcoating of 100 µm was only about 20% more than 17 

that of ti for RC systems with uncoated steel rebars.  Note that the coating of the coated steel 18 

rebars gets damaged due to poor construction practices.  Therefore, the service life for RC 19 
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systems with FBEC-SD rebars was estimated and it was found to be 35% less than the service 1 

life of RC systems with uncoated steel rebars. 2 

 3 

Figure 19 Effect of coating thickness and damage to coating on the service life of RC 4 

structures with FBE coated steel rebars 5 

5 RECOMMENDATIONS 6 

Based on the experimental results, the following recommendations are made for FBE coated 7 

steel rebars: 8 

• Test method based on EIS should be used to detect the initiation of corrosion in RC 9 

systems with FBE coated steel rebars 10 

• No single recorded coating thickness measurement shall be less than 0.8 times the 11 

specified minimum thickness or more than 1.2 times the specified maximum thickness. 12 

• The allowable damage level in coating = zero; no damage to coating should be 13 

acceptable 14 

• The RC of FBE coating > 1 × 103 kΩ.cm2  15 
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6 CONCLUSIONS 1 

Detection of corrosion initiation in reinforced concrete (RC) systems with fusion-2 

bonded-epoxy (FBE) coated steel rebars is challenging due to the unavailability of the suitable 3 

test method.  For this, test methods with existing techniques such as half-cell potential, 4 

macrocell corrosion current, linear polarization resistance, and electrochemical impedance 5 

spectroscopy (EIS) were assessed.  Experimental investigations show that only test method 6 

based on EIS could detect the initiation of corrosion.  Repeated measurement of resistance of 7 

coating (RC) reveals that the degradation of FBE coating is a four-stage process.  Based on 8 

cyclic wet-dry exposure of lollipop specimens, repeated EIS (Nyquist and Bode plots) 9 

measurements, statistical analysis of 1/RP, S-C, and chemical & EDX tests, the chloride 10 

thresholds (Clth) for uncoated, FBEC-ND, and FBEC-SD steel rebars were determined to be 11 

0.40, 0.12, and 0.22 %bwob, respectively.  The Clth of uncoated steel rebar was double of the 12 

Clth of FBEC-SD steel rebars.  Also, it was about four times the Clth of FBEC-ND steel rebars.  13 

Also, a framework was proposed to estimate the service life of RC structures with FBE coated 14 

steel rebars by considering the diffusion of chlorides through concrete and coating, and the Clth 15 

of coated steel rebars at coating-steel interface.  Based on the results from this paper (Dcl, coating, 16 

and Clth), and other concrete properties, a case study was conducted, the service life of RC 17 

systems.  The service life of RC system with FBE coated steel with a coating thickness of 18 

200 and 100 µm was about 30% and 50% less than the service life of RC systems with FBE 19 

coated steel with coating thickness of 300 µm. Whereas, the service life RC systems with FBE 20 

coated steel rebars with damage was found to be 35% less than the service life of RC systems 21 

with uncoated steel rebars, which is about 70% less than RC systems with FBE coated steel 22 

rebars.  The present study recommends avoiding the usage of FBE coated steel rebars unless 23 

adequate coating thickness can not be achieved and damage to coating can not be avoided. 24 
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