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A  B  S  T  R  A  C  T  

 

Numerous reinforced concrete (RC) structures have been constructed along the coastal region with significant chloride exposure and with a 

target service life of 100+ years.  In anticipation of achieving such long target service lives, the steel reinforcing bars (‘rebars,’ herein) in many 

of these structures are coated with Fusion-Bonded-Epoxy (FBE).  However, the FBE coated steel rebars are scratch damaged and exposed to 
sunlight/UV during transportation, storage, bending, and other construction activities.  These inadequate practices can adversely affect the 

corrosion of steel reinforcement; hence, chloride threshold and the service life of such steel-coating-concrete systems. The practitioners tend to 

use existing test methods that are meant for uncoated steel rebars to test corrosion performance of coated rebars.  However, the results from 
such tests may lead to erroneous conclusions on the corrosion performance of coated rebars – highlighting a need for a suitable test method for 

FBE coated rebars in concrete.  In addition, the single-step chloride diffusion models used to estimate the service lives of RC systems with 

uncoated rebars may not be valid for coated rebar systems.  The degradation of coating and its characteristics must be accounted for service life 
estimations.  In short, this paper presents develops test methods, generate database on chloride threshold (Cl th), and develop suitable service life 

estimation models for RC systems with FBE coated rebars, and with field practices in mind. 
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1 Introduction 

A lot of reinforced concrete (RC) structures, such as 

highway/railway bridges, high-rise buildings, and power plants, 

have been constructed along the coastal region with significant 

chloride exposure and with a target service life of more than 

100 years.  To achieve this target service life, the steel-cementitious 

(SC) systems in these structures must have good corrosion 

resistance, especially when exposed to chlorides.  In anticipation of 

enhanced corrosion resistance, the steel reinforcing bars (‘rebars’, 

herein) in many of these structures are coated with organic 

materials.  Usually, these coatings are made of either a polymer or 

a polymer-modified material and work by (i) providing a 

shield/physical barrier between the underlying steel and the 

deleterious elements, such as moisture, oxygen, chlorides, and (ii) 

restricting the ionic flow between anodic and cathodic areas [1]–[3]. 

One of the widely used coated rebar in construction industry is 

fusion-bonded-epoxy (FBE) coated steel rebars. FBE coating is 

obtained by placing the clean and hot (at about 200 oC) steel rebars 

in a mist of powdered epoxy, which is allowed to fuse and bond to 

the steel surface [4].  This fusion-bonding and subsequent 

quenching help to form a uniform, continuous, and well-adhered 

epoxy coating on the steel surface [5].  A good quality FBE coating 

is expected to insulate and protect the steel surface from the 

corrosive/chloride environment and delay the initiation of corrosion.  

However, Figure 1 (a) shows that the FBE coated rebars are 

inadequately handled during transportation, storage, bending/cutting 

of rebars and during the placement/vibration of concrete at 

construction sites.   

 

Figure 1 Examples of inadequate practices/quality associated 

with the use of FBE coated steel rebars at construction sites 

The poor practices can lead to scratching, cracking, and/or 

degradation of the epoxy coating, which in turn reduces its corrosion 

resistance and premature initiation of corrosion [6]. Considering the 
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current quality control measures, it is challenging to avoid damage 

and degradation at construction sites.  Many field studies on coated 

steel rebars report the premature initiation of corrosion, 

disbondment of coating, or permanent corrosion-induced failure of 

structures [6]–[10] (see Table 2).  On the other hand, many 

laboratory studies report good performance of coated steel rebars 

[3],[11]–[15](see Table 3).  This difference in opinion from lab and 

field studies can be due to difference in (i) quality of coated steel 

rebars used at sites and at laboratories, (ii) the techniques used for 

assessing corrosion.  Due to the unavailability of standard test 

methods, the practitioners tend to use existing test methods that are 

meant for uncoated steel rebars.  A few literatures report the 

assessment or comparison of coated steel rebars embedded in 

cementitious systems using Electrochemical Impedance 

Spectroscopy (EIS) [16]–[25].  The authors developed and reported 

a test method named ‘cs-ACT’ to detect the “initiation” of corrosion 

of FBE coated rebars embedded in concrete [26], which is briefly 

presented in this paper. 

Traditionally and conservatively, the service life of RC structures is 

defined as the time to the initiation of corrosion of rebars (ti) [27]–

[29].  The estimation of ti necessitates the estimation of the chloride 

threshold of embedded steel systems.  However, literature do not 

provide sufficient quantitative and probabilistic data on the chloride 

threshold of coated steel systems.  This makes it difficult to estimate 

the service life of such systems.  Therefore, authors investigated and 

reported the first set of chloride thresholds for FBE coated steel 

rebars with various damaged and degraded coating conditions 

[26],[30]–[32], which is summarized in this paper. Also, the 

existing service life models made for uncoated steel rebars are not 

valid for systems with coated steel rebars because they do not 

consider the chloride ingress through the coating and the associated 

corrosion initiation.  Therefore, there was a need to develop a 

framework to estimate the service life of RC structures with coated 

steel rebars. Authors reported a modified service life model for RC 

structures with FBE coated steel rebars in [26,32], which is 

summarized in this paper. Therefore, this paper presents effect of 

various damages and degradation of coating on the service life of 

RC structures with FBE coated steel rebars. 

2 Research Significance 

Worldwide, many countries/states have either banned or 

recommended not to use the FBE coated steel rebars (see Table 1). 

In India, still, a large number of infrastructures are being 

constructed using FBE coated steel rebars.  Many of the structures 

are built with poor quality control measures.  To take any action to 

regulate the use of coated steel rebars, approving authorities are 

asking the data showing the performance of coated steel rebars.  

However, there is a lack of data available on how the poor site 

conditions and practices affect the electrochemical characteristics, 

chloride threshold, and time to corrosion initiation.  Also, many 

literatures focus on rate of corrosion, mass loss of coated steel 

rebars, etc. showing reported literatures show different opinion than 

the performance of FBE coated steel rebars at construction sites.  

This paper presents data on service life estimates in terms of 

corrosion initiation, which can be used to modify national and 

internation standards on specifications for FBE coated steel rebars 

to help achieve durable structures with FBE coated steels.  

Table 1 Field studies and their opinion on the performance of FBE 

coated steel rebars 

Location Age 

(years) 

Conditions/Observations References 

Florida, 

USA 

20 

 

Outdoor storage; severe 

corrosion in five out of 

300 structures. 

[7] 

Minnesota, 

USA 

< 35  Minor cracks and 

disbondment of coating  
New York, 

USA 

NA 17,000 structures 

performed good (age not 

mentioned) 

South 

Dakota, 

USA 

33 1,300 structures 

performing good based on 

visual inspection 

Various 

states in 

Canada 

5 to 16 Disbondment of coating; 

under film corrosion 

[33] 

Virginia, 

USA 

5 Disbondment of coating [10] 

Various 

states (MI, 

WI, NY, 

PA, OH, 

VA, and 

IA) in 

USA 

< 20 Underfilm corrosion, 

cracking, blistering, and 

disbondment of coating 

[8],[34],[35] 

Various 

bridges in 

USA 

<30 Early corrosion in Florida 

bridges was the result of a 

combination of the highly 

aggressive environment 

(such as heat cooling 

cycle, ultraviolet 

exposure), highly 

permeable concrete, and 

flaws & damage to FBE 

coating 

[36] 

 

3 Chloride induced corrosion of FBE coated steels  

3.1 Test method to detect initiation of corrosion in systems 

with FBE coated steels 

To assess the feasibility of MCC and HCP to detect initiation of 

corrosion in FBE coated steel rebars, ten macrocell specimens (see 

Figure 2) of each with following rebars were cast, (i) uncoated steel, 

(ii) FBE coated steel with no damage (FBEC-ND), and (iii) FBE 

coated steel with scratched damage (FBEC-SD). 

 
(a) photograph (b) Schematic 

Figure 2 Macrocell corrosion (MCC) test specimen with FBE 

coated rebars [44] 
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Table 2 Laboratory studies and their opinion on the performance of FBE coated steels [32] 

Test method/technique Observations Opinion 
References/ 

Country 

Salt spray, bendability, long-

term exposure of prism 

specimens to artificial and 

natural exposure conditions 

Good adhesion, toughness, good resistance 

to saltwater spray and alkaline solution 

Good [13]/India 

Half-Cell-Potential (HCP), 

Macrocell corrosion current 

(MCC) 

FBE coated steel performs well with a 

damage to coating < 1% of the defect size. 

Good [11],[13],[14],[37]

USA, India 

HCP, MCC Performs good when all the condition as 

per ASTM A775 are satisfied 

Conditional [3],[12]Germany 

Linear polarization resistance 

(LPR)/weight loss 

The corrosion rate of undamaged FBE was 

found significantly low.  However, the 

corrosion rate increased with an increase in 

the damaged area.  

Good [38]Saudi Arabia 

Visual observation (VOB), 

HCP, MCC 

FBE coated rebars were intact even after 

exposure to chloride solution for about 8.5 

years 

Good [15]/USA 

Electrochemical Impedance 

Spectroscopy (EIS), VOB 

No evidence of corrosion even with 

cracked concrete; the resistance of the high-

frequency loop was low with the damaged 

coating 

Good [17]/USA 

HCP, EIS Measurement of HCP can be misleading, 

delamination of the coating after 1-year 

long exposure to 3.5% NaCl solution.  

However, the corrosion rate was low. 

Good [39]/UK 

VOB, HCP, MCC,  EIS Review paper Mixed [40]/USA 

Coating adhesion, HCP, MCC No correlation between the rate of 

corrosion and measured corrosion potential. 

Mixed [2]/USA 

LPR, EIS Underfilm corrosion Poor [41]/Saudi Arabia 

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

with holidays) 

(c) Damaged FBE coated steel 

Figure 3 Total corrosion and half-cell potential (HCP) of uncoated and damaged FBE coated steels in mortar [26],[32]
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Table 3 Details on the ban of FBE coated steel [32] 

Country; 

Reference 

Recommendation on the use of FBE 

coated steel rebars 

Florida, USA; [9] In 1979, banned to be used in bridges 

and large infrastructure. 

Florida, USA  In 1988, banned from all the 

construction projects. 

Oregon, USA; [42] In 1989, (recommended to stop using 

FBE coated steel rebars. 

Quebec, Canada; 

[33] 

In 2000, the further use of FBE coated 

steel rebar was not recommended. 

Onterio, Canada; 

[43] 

In 2000, the use of FBE coated steel 

rebar was not recommended based on 

technical reasons and life-cycle cost 

analysis. 

Virginia, USA; [10] In 2000, recommended stopping to use 

FBE coated steel rebar. 

The spikes and drops in Figure 3 (a) show that the MCC and HCP 

test methods, respectively, could detect the initiation of corrosion of 

uncoated steels.  However, the very low corrosion and lack of a 

detectable pattern in Figure 3 (b) and (c) [for ND (no damage) and 

(SD) scratched damage cases] and a comparison with the visual 

observations of autopsied rebars showed that these methods failed 

to detect the initiation of corrosion in FBE coated steel rebars.  The 

reason for this is discussed next.  

Figure 4 (a) and (b) show the difference in the macrocell corrosion 

circuits in the case of uncoated and coated steels.  The resistance 

offered by FBE coating is significantly high and hence, the 

corrosion cell forms across various points in the top rebar itself – 

without the participation of other rebars.  Such corrosion may not 

be reflected in the macrocell corrosion current measurements made 

across the resistor (see Figure 4 (a) and (b)) in the ASTM G109 type 

MCC tests.  Likewise, because of the high ohmic drop across the 

FBE coating, the HCP measurements made using ASTM C876 did 

not reflect the true corrosion activities at the steel surface. Figure 4 

(c) shows visible corrosion of steel on the scratches at the center of 

the rebar - proving the inadequacy of MCC and HCP measurements 

in detecting the ongoing corrosion in coated rebars.  This also shows 

that only one rebar is required for assessment of FBE coated steel 

rebars.  Therefore, steel-embedded mortar (lollipop) specimens 

were cast to evaluate the feasibility of LPR and EIS [Figure 5 (a)]. 

Ten lollipop specimens each with (i) uncoated steel and (ii) FBE 

coated steel (with no damage; FBEC-ND) rebars were cast.   Figure 

5(b) shows the photograph and schematic of lollipop specimen and 

schematic of corrosion cell used for EIS and LPR tests.   Figure 6(a) 

shows an ideal EIS response with three semicircles, (i) response 

from the cement mortar, (ii) response from the coating (RC), and 

(iii) response from steel surface/ steel-coating interface (herein, 

RP, S-C).  

Monitoring of RC revealed the slow degradation of coating, and the 

monitoring of RP, S-C could detect the initiation of corrosion in FBE 

coated steel rebars. Figure 7(a) shows that the LPR measurements 

failed (no rise in 1/RP) to detect the initiation of corrosion in FBE 

coated rebars, whereas EIS could detect the corrosion (sudden 

increase in 1/RP, C-S).  Note that the EIS measurements could detect 

the initiation of corrosion at early stages, even before significant 

rust spots were formed.  For example, Figure 7(b) shows the 

photograph and micrograph of steel cross-section at the time when 

initiation of corrosion was detected using EIS - deposits of 

corrosion products between the steel and coating are visible. Hence, 

a systematic methodology based on EIS technique was developed to 

detect the initiation of corrosion and determine chloride threshold of 

FBE coated steel rebars embedded in cementitious systems. Note 

that initiation of corrosion was observed where the thickness of 

coating was found less than 175 µm (see Figure 8). Also, the bond 

of systems with coating thickness more than 370 µm is a concern. 

3.2 Degradation of FBE coating 

A total of 45 as-received FBE coated steel rebars without damage or 

degradation (denoted as FBEC-ND; each with 8 mm diameter and 

50 mm length) were kept in UV chamber for 60 days.  Three 

specimens each were removed after regular interval of exposure.  

Then, micrographs of these samples were obtained.  The chemical 

composition and atomic bond characteristics of three coating 

samples (with 0 and 10 days of UV exposure) were obtained using 

EDAX, Fourier Transform - Infra Red (FT-IR) spectra.  SE 

micrographs indicated that the exposure to UV rays for about one 

month can crack the FBE coating. Further exposure to FBE coating 

can result in crack widening and formation of new cracks.  EDAX 

study on these samples revealed that the cracking occurred 

preferentially at the locations where photo-stabilizers were not 

adequately available.  In addition, FT-IR analysis of these samples 

revealed that the FBE coating cracks because of shrinkage-induced 

due to the formation of carbonyl bonds.  Then, ten lollipop 

specimens, each with following steel reinforcement were cast with 

uncoated, FBEC-ND, and FBEC-UV rebars, to understand the 

degradation mechanism of FBEC-ND and FBEC-UV specimens.  

Also, these specimens were used to estimate the effect of UV 

exposure on chloride threshold of FBE coated steel rebars using the 

test methodology developed [30].  The lollipop specimens were 

subjected to cyclic wet-dry exposure.  The RC of coating was found 

to change as a function of exposure.  A 4-stage and a 2-stage 

degradation processes are proposed for FBEC-ND and FBEC-UV 

rebars, respectively (see Figure 8 and [26]). 

3.3 Mechanism of corrosion in systems with FBE coated steel 

rebars 

For FBEC-ND specimens (see Figure 8 (a)), the Stage 1, when the 

resistance (RC) of ND coating specimens (i.e., without UV exposure) 

was constant during the first few weeks of exposure to chloride 

solution – indicating that the FBE coating could resist the entry of 

moisture for about three to four weeks.  Later, in Stage 2, RC 

decreased to about half of the RC after 1st wet period.  During this 

time, the moisture and chlorides might have penetrated through the 

epoxy coating – resulting in the decrease in the RC of ND coating.  

Then, when sufficient moisture and oxygen are available at the steel 

surface, corrosion may initiate and propagate.  In Stage 3, RC was 

found to be increasing.  This can be attributed to the additional 

resistance offered by pores in the coating that are filled with the 

insoluble corrosion products [46], which was confirmed by SE 

micrograph and XRD analysis of filled products in the pores (see 

Figure 8 (a)).  These corrosion products can obstruct the further entry 

of deleterious elements and delay the corrosion process.  However, 

in Stage 4, the expansive stresses from the corrosion products 

continues to build and crack the coating, which in turn enhances the 

interconnectivity of pores/pinholes/cracks.  This allows the entry of 

more moisture into the cracked coating filled with corrosion 

products.  The coating with interconnected pores/pinholes/cracks 

filled with moist corrosion products can exhibit a low coating 

resistance in Stage 4.  
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(a) Macrocell corrosion circuit in 

case of uncoated steels 

(b) Macrocell corrosion circuit in 

case of damaged FBE coated steels  

(c) Evidence of corrosion in 

damaged FBE coated steel 

Figure 4 Difference in the macrocell corrosion circuits (see arrows) in cases of uncoated and damaged FBE coated steels embedded in 

mortar/concrete [26],[32] 

  
(a) Lollopop specimen (b) Schematic of the 3-electrode corrosion cell and test setup 

Figure 5 Corrosion test specimen and test setup used for the LPR and EIS tests [32] 

  
(a) Ideal EIS response  (b) Representative EIS response 

Figure 6 Ideal and representative EIS responses from coated steel rebar in mortar [26],[31],[32] 

 
(a) Data showing the failure and success of corrosion 

detection using LPR and EIS, respectively 

(b) Underfilm corrosion observed at the time of 

detection using EIS technique 

Figure 7 Detection of corrosion initiation of FBE coated steels in cement mortar [32] 
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Figure 8 Variation of coating thickness in commercially 

available FBE coated steel rebars and associated corrosion 

[45] 

Figure 8 (b) shows the 2-stage degradation of UV exposed FBE 

coating and then embedded in mortar.  Stage 1 is when RC offered 

by FBEC–UV coating was significantly high. Within four cycles of 

exposure to moisture (with chlorides), RC decreased significantly.  

Unlike FBEC-ND, no increase in RC was observed on FBEC-UV 

specimens.  The corrosion products can diffuse or permeate out 

through the cracks in coating.  With further exposure, RC continued 

to decrease in Stage 2, which can be attributed to the presence of 

moisture and chlorides in the damaged epoxy coating.  

3.4 Chloride threshold of FBE coated systems 

The chloride threshold was determined using the lollipop specimens 

and the test method developed in [26],[32].  The difference in the 

determination of chloride threshold of uncoated and coated rebars is 

discussed next.  The average chloride concentrations on the coating 

surface (at the coating-mortar interface) of FBEC-ND, SD, and UV 

specimens were found to be 0.75, 0.20, and 0.53 % by weight of the 

binder (%bwob) [26,30–32].   

However, these chlorides in mortar of FBEC-ND and FBEC-UV 

specimens do not participate in the corrosion process.  Therefore, 

chlorides below the FBE coating (at the steel-coating interface) were 

estimated by obtaining the chloride profiles through coating using 

the EDAX technique.  Data from five coating specimens each 

showed that the average diffusion coefficient of FBEC-UV was 

about two orders of magnitude higher than that of FBEC-ND 

coating.  Also, the average chloride concentration at the steel surface 

beneath the coating [defined as chloride threshold (Clth)] for FBEC-

ND and FBEC-UV steel rebars were found to be 0.12 and 0.08 

% bwob, respectively; whereas, the Clth for uncoated and FBEC-SD 

steel rebars were found to be 0.40 and 0.20 %bwob, respectively [see 

Figure 10 (a)].  The low Clth of FBE coated steel rebars can be 

attributed to the low pH ≈ 6 ± 1 beneath the coating.  In case of 

FBEC-SD, chloride profiles were not obtained because the steel at 

damage locations are in direct contact with mortar/cementitious 

systems.  Therefore, chlorides do not need to travel through the 

coating to reach the steel surface and initiate corrosion.  Figure 9(c) 

demonstrates the proposed corrosion initiation mechanism in FBEC-

UV steel rebars.  The steel below one of the deep cracks can act as 

an anode, and the remaining steel surface below other deep cracks 

with enough oxygen and moisture can act as cathode.  These cracks 

can provide the low resistive path for ionic transfer, and lead to 

initiation of corrosion.  Further, they can allow the entry of moisture, 

oxygen, and chlorides to the steel surface, and accelerate the 

corrosion. 

3.4.1 Proposed framework and estimation of service life 

The corrosion characteristics of coated steel rebars are affected by 

the quality of handling and storage of FBE coated steel rebars at the 

construction sites.  It was found that the chloride concentration on 

the coating surface can mislead the estimation of time to initiation 

of corrosion (ti).  Therefore, Figure 10(b) shows the proposed two-

stage chloride diffusion model, where transport of chlorides to steel 

surfaces takes through concrete and then coating.  An existing 

service life estimation model (SL-Chlor) was modified, and a 

function for the chloride diffusion coefficient and thickness of 

coating was introduced in the program.  Then, the ti for a structural 

element was estimated as a case study.  Figure 10(c) shows the 

schematic of a bridge element considered for this.  Using the service 

life model proposed in Figure 10(b), it was found that the service life 

of RC systems with SD [coating thickness (CT) = 0 at damaged 

location] and UV (CT = 300 µm) was significantly less than SL of 

RC systems with uncoated and FBEC-ND (CT = 300 µm ).  Note 

that once corrosion was initiated, it was visually observed that the 

FBE coated steel rebars undergo a rapid under film corrosion 

process.  Therefore, the propagation time for FBE coated steel rebars 

can be considered negligible. 
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Figure 9 Variation in the relative resistance of FBE coating during the exposure time [26] 

   
(a) Corrosion products in the 

pores in the coating 

(b) Corrosion products in the cracks 

in the UV-damaged coating 

(c) Corrosion mechanism for UV-

damaged FBE coated steel rebars  

Figure 10 Coating degradation stages and the mechanism of initiation of corrosion [32] 

  

(a) Chloride thresholds of FBE coated steel rebars (b) Framework for estimating service life 

 
(c) CDF for time to corrosion initiation 

Figure 11 Chloride threshold, service life model (with chloride ingress though coating), and a case study on probabilistic service life of 

concrete with FBE coated steels [26] 
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4 Conclusions 

ASTM G109 type MCC tests, ASTM C876, and test methods based 

on LPR failed to detect the initiation of corrosion in FBE coated 

steel. A test methodology is proposed to detect the initiation of 

corrosion in FBE coated steel rebars in cementitious systems using 

EIS technique. Corrosion mechanisms for FBE coated steel rebars 

are proposed. About one month of exposure to UV radiations can 

result in shrinkage-induced cracking of the FBE coatings due to the 

formation of carbonyl groups and irregular distribution of photo 

stabilizers. 4-stage and 2-stage coating degradation mechanism was 

proposed for FBE coating before and after exposure to UV 

radiation, respectively.  Exposure to UV radiation can significantly 

reduce corrosion resistance.  Also, result in premature initiation of 

corrosion. Damage to coating can result in premature and localized 

corrosion. A service life model based on chloride transport through 

the coating is proposed for FBE coated steel rebars.  SL-chlor, a 

MATLAB® program, was modified to include the diffusion of 

chloride through the coating.  Then, this program was used for the 

estimation of service life of RC systems with FBE coated steel 

rebars. The probabilistic service life of structural elements with 

damaged/degraded coating due to UV exposure exhibited initiation 

of corrosion even before the initiation of corrosion in uncoated steel 

rebars. 

   References 

[1]. B. Bíaz, X.R. Nóvoa, C. Pérez, A. Pintos, EIS study of epoxy resin 

applied on carbon steel using double-cylinder electrolyte cell, Prog. 

Org. Coat. 124 (2018) 275–285. 
https://doi.org/10.1016/j.porgcoat.2018.02.002. 

[2]. E.V. Cortés, Corrosion Performance of Epoxy-Coated 

Reinforcement in Aggressive Environments, The University of 
Texas at Austin, 1998. 

[3]. S. Kessler, M. Zintel, C. Gehlen, Defects in epoxy-coated 

reinforcement and their impact on the service life of a concrete 
structure A study of critical chloride content and macro-cell 

corrosion, Structural Concrete (2015) 398–405. 

https://doi.org/10.1002/suco.201400085. 
[4]. M. Criado, I. Sobrados, J.M. Bastidas, J. Sanz, Progress in Organic 

Coatings Corrosion behaviour of coated steel rebars in carbonated 

and chloride-contaminated alkali-activated fly ash mortar, Prog. 
Org. Coat. 99 (2016) 11–22. 

https://doi.org/10.1016/j.porgcoat.2016.04.040. 

[5]. F. Tang, G. Chen, J.S. Volz, R.K. Brow, M.L. Koenigstein, Cement-
modified enamel coating for enhanced corrosion resistance of steel 

reinforcing bars, Cem. Concr. Compos. 35 (2013) 171–180. 

https://doi.org/10.1016/j.cemconcomp.2012.08.009. 
[6]. L.S. Cividanes, E.A.N. Simonetti, M.B. Moraes, F.W. Fernandes, 

G.P. Thim, I. Tecnol, Influence of Carbon Nanotubes on Epoxy 

Resin Cure Reaction Using Different Techniques : A 
Comprehensive Review, Polym. Eng. Sci. (2014) 2461–2469. 

https://doi.org/10.1002/pen.23775. 

[7]. D. McDonald, Epoxy-Coated Reinforcing Steel Bars in Northern 
America, Epoxy Interest Group of CRSI (2009). 

[8]. J. Zemajtis, R.E. Weyers, M.M. Sprinkel, An Evaluation of the 

Performance of Epoxy-Coated Reinforcing Steel in Concrete 
Exposure Specimens, Final Contract Report by Virginia 

Transportation Research Council (1998) 147 p. 

[9]. D.G. Manning, Corrosion performance of epoxy-coated reinforcing 
steel: North American experience, Constr. Build. Mater. 10 (1996) 

349–365. https://doi.org/10.1016/0950-0618(95)00028-3. 

[10]. W.A. Pyć, R. . Weyers,  . Weyers, D.W.  okarem, J. Zemajtis, 
Field performance of epoxy-coated reinforcing steel in virginia 

bridge decks, Virginia Department of Transportation, 

Charlottesville, Virginia, 2000. 
[11]. K.Z. Kahhaleh, E. Vaca-cortés, J.O. Jirsa, H.G. Wheat, R.L. 

Carrasquillo, Corrosion performance of epoxy-coated reinforcement 

– macrocell tests, Texas, USA, 1998. 
[12]. S. Kessler, U. Angst, M. Zintel, B. Elsener, C. Gehlen, Epoxy-coated 

reinforcement in concrete structures: Results of a Swiss pilot project 

after 24 years of field exposure, Materials and Corrosion 67 (2016) 

631–638. https://doi.org/10.1002/maco.201608863. 

[13]. R.N. Swamy, S. Koyama, Epoxy Coated Rebars The Panacea for 

Steel Corrosion in Concrete, Constr. Build. Mater. 3 (1989) 86–91. 

[14]. M.S.H.S. Mohammed, R.S. Raghavan, G.M.S. Knight, V. 

Murugesan, Macrocell Corrosion Studies of Coated Rebars, Arab. J. 
Sci. Eng. 39 (2014) 3535–3543. https://doi.org/10.1007/s13369-014-

1006-x. 

[15]. W.T. Scannell, K.C. Clear, Long-Term Outdoor Exposure Evaluation 
of Concrete Slabs Containing Epoxy-Coated Reinforcing Steel, 

Transp. Res. Rec. (1990) 70–78. 

[16]. S.C. Kranc, Alberto A. Sagues, Detailed modeling of corrosion 
macrocells on steel reinforcing in concrete, Corros. Sci. Paper (2001) 

1355–1372. https://doi.org/http://dx.doi.org/10.1016/S0010-
938X(00)00158-X. 

[17]. K. Lau, A.A. Sagüés, Coating Condition Evaluation of Epoxy-Coated 

Rebar, The Electrochemical Society 3 (2007) 81–92. 
[18]. S.M. Cambier, R. Posner, G.S. Frankel, Coating and interface 

degradation of coated steel, Part 1: Field exposure, Electrochim. Acta 

133 (2014) 30–39. https://doi.org/10.1016/j.electacta.2014.04.004. 
[19]. D. Jolivet, D.M. Bonen, S.P. Shah, The corrosion resistance of coated 

steel dowels determined by impedance spectroscopy, Cem. Concr. 

Res. 37 (2007) 1134–1143. 

https://doi.org/10.1016/j.cemconres.2007.04.004. 

[20]. J. Ryou, T. Voigt, M.S. Konsta-Gdoutos, D.J. Varacalle, T. Mason, 

S.P. Shah, Corrosion resistance of functionally graded coatings on 
plain steel rebars, Journal of Advanced Concrete Technology 3 

(2005) 69–75. https://doi.org/10.3151/jact.3.69. 

[21]. S.C. Kranc, Alberto A. Sagues, Detailed modeling of corrosion 
macrocells on steel reinforcing in concrete, Corros. Sci. Paper N#13 

(2001) 1355–1372. https://doi.org/http://dx.doi.org/10.1016/S0010-

938X(00)00158-X. 
[22]. K. Lau, A.A. Sagüés, Coating Condition Evaluation of Epoxy-Coated 

Rebar, The Electrochemical Society 3 (2007) 81–92. 

[23]. S.M. Cambier, R. Posner, G.S. Frankel, Coating and interface 
degradation of coated steel, Part 1: Field exposure, Electrochim. Acta 

133 (2014) 30–39. https://doi.org/10.1016/j.electacta.2014.04.004. 

[24]. D. Jolivet, D.M. Bonen, S.P. Shah, The corrosion resistance of coated 
steel dowels determined by impedance spectroscopy, Cem. Concr. 

Res. 37 (2007) 1134–1143. 

https://doi.org/10.1016/j.cemconres.2007.04.004. 
[25]. J. Ryou, T. Voigt, M.S. Konsta-Gdoutos, D.J. Varacalle, T. Mason, 

S.P. Shah, Corrosion resistance of functionally graded coatings on 

plain steel rebars, Journal of Advanced Concrete Technology 3 
(2005) 69–75. https://doi.org/10.3151/jact.3.69. 

[26]. D.K. Kamde, R.G. Pillai, Corrosion initiation mechanisms and 

service life estimation of concrete systems with fusion-bonded-epoxy 
(FBE) coated steel exposed to chlorides, Constr. Build. Mater. 277 

(2021) 122314. https://doi.org/10.1016/j.conbuildmat.2021.122314. 

[27]. J. Karuppanasamy, R.G. Pillai, A short-term test method to determine 
the chloride threshold of steel – cementitious systems with corrosion 

inhibiting admixtures, Mater. Struct. 50 (2017) 1–17. 

https://doi.org/10.1617/s11527-017-1071-1. 
[28]. K. Tuutti, Service life of structures with regard to corrosion of 

embedded steel, (n.d.). 

[29]. B. Bhattacharjee, Some issues related to service life of concrete 
structures, The Indian Concrete Journal (2012) 23–29. 

[30]. D.K. Kamde, R.G. Pillai, Comparison of Corrosion of Damaged 

Fusion-Bonded-Epoxy- Coated ( FBEC ) and Uncoated Steel Rebars, 
in: International Conference on Advances in Construction Materials 

and Systems, RILEM, Chennai, 2017. 

https://www.rilem.net/publication/publication/512?id_papier=117 

[31]. D.K. Kamde, R.G. Pillai, Effect of sunlight/ultraviolet exposure on 

the corrosion of fusion bonded-epoxy (FBE) coated steel rebars in 
concrete, Corrosion (Houston) 76 (2020) 843–860. 

https://doi.org/https://doi.org/10.5006/3588. 

[32]. D. Kamde, Electrochemical, bond, and service life parameters of 
coated steel - cementitious systems exposed to chlorides, Ph.D. 

Thesis, Indian Institute of Technology Madras, 2020. 

[33]. F. Pianca, H. Schell, G. Cautillo, The performance of epoxy coated 
reinforcement : experience of the Ontario ministry of transportation, 

Int. J. Materials and Product Technology 23 (2005) 286–308. 

[34]. G.R. Kim, S.H. Lee, H.Y. Song, J.M. Han, Electrochemical 
characterization of epoxy coated steel under cathodic protection, in: 

NACE CORROSION Conference and Expo, 2007: pp. 1–13. 

https://www.rilem.net/publication/publication/512?id_papier=117


RDR 2025-010 

122 

 

[35]. F. Fanous, H. Wu, Performance of Coated Reinforcing Bars in 

Cracked Bridge Decks, Journal of Bridge Engineering 10 (2005) pp 

255-261. https://doi.org/10.1061/(ASCE)1084-

0702(2005)10:3(255). 

[36]. A.A. Sagüés, K. Lau, R.G. Powers, R.J. Kessler, Corrosion of 

epoxy-coated rebar in marine bridges - A 30 year perspective, 
CORROSION 66 (2010) 065001–13. 

[37]. R. Vedalakshmi, K. Kumar, V. Raju, N.S. Rengaswamy, Effect of 

prior damage on the performance of cement based coatings on rebar: 
Macrocell corrosion studies, Cem. Concr. Compos. 22 (2000) 417–

421. https://doi.org/10.1016/S0958-9465(00)00041-X. 

[38]. O.S.B. Al-Amoudi, M. Maslehuddin, M. Ibrahim, Long-term 
performance of fusion-bonded epoxy-coated steel bars in chloride-

contaminated concrete, ACI Mater. J. 101 (2004) 303–309. 
[39]. A.B. Darwin, J.D. Scantlebury, Retarding of corrosion processes on 

reinforcement bar in concrete with an FBE coating, Cem. Concr. 

Compos. 24 (2002) 73–78. 
[40]. J. Zemajtis, R.E. Weyers, M. Sprinkel, W.T. McKeel, Epoxy-coated 

reinforcement - A historical performance review, 1996. 

[41]. D.D.N. Singh, R. Ghosh, Unexpected Deterioration of Fusion-
Bonded Epoxy-Coated Rebars Embedded in Chloride- 

Contaminated Concrete Environments, Corrosion 61 (2005) 815–

829. 

[42]. Griffith, H.M. Laylor, Epoxy Coated Reinforcement Study, Oregon, 

1999. 

[43]. C.M. Hansson, R. Haas, R. Green, R.C. Evers, O.K. Gepraegs, R. 
Al-Assar, Corrosion Protection Strategies for Ministry Bridges, 

2000. 

[44]. D.K. Kamde, R.G. Pillai, Effect of surface preparation on corrosion 
of steel rebars coated with cement-polymer-composites (CPC) and 

embedded in concrete, Constr. Build. Mater. 237 (2020) 1–11. 

https://doi.org/10.1016/j.conbuildmat.2019.117616. 
[45]. D.K. Kamde, M. Zintel, S. Kessler, G.P. Radhakrishna, Performance 

indicators and specifications for fusion-bonded-epoxy (FBE) coated 

steel rebars in concrete exposed to chlorides, Journal of Sustainable 
and Resilient Infrastructure (2021). 

https://doi.org/10.1080/23789689.2020.1871539. 

[46]. X.H. Wang, Y. Gao, Corrosion behavior of epoxy-coated reinforced 
bars in RC test specimens subjected to pre-exposure loading and 

wetting-drying cycles, Constr. Build. Mater. 119 (2016) 185–205. 

https://doi.org/10.1016/j.conbuildmat.2016.05.066. 


