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Abstract: Southern exposure test specimens were used to evaluate corrosion performance of epoxy-coated reinforcing bars in

chloride contaminated concrete by electrochemical impedance spectroscopy method. The test specimens with conventional bars,

epoxy-coated bars and corrosion inhibitors were subjected 48 weekly cycles of ponding with sodium chloride solution and drying.

The polarization resistance obtained from the Nyquist plot was the key parameter to characterize the degree of reinforcement cor-

rosion. The impedance spectra of specimens with epoxy-coated bars are mainly governed by the arc of the interfacial film and the

resistance against the charge transfer through the coating is an order of magnitude higher than that of the reference steel bars. Test

results show good performance of epoxy-coated bars, although the coatings had holes simulating partial damage, and the effec-

tiveness of corrosion-inhibiting additives. The corrosion rate obtained from the impedance spectroscopy method is equivalent to

those determined by the linear polarization method for estimating the rate of corrosion of reinforcing steel in concrete structures. 
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1. Introduction

The deterioration of concrete structures has received significant

attention in recent years. A major contributing factor to this deteri-

oration is reinforcing steel corrosion. Much research has been per-

formed to investigate possible solutions to the problem. Some of

the remedial measures that have been studied include the use of

corrosion-inhibiting admixtures, epoxy-coated reinforcing steel,

waterproofing membranes, sealers, galvanized reinforcing steel,

electrochemical removal of chlorides, and cathodic protection.

The principal function of these corrosion-protection systems is

to prevent aggressive agents, mainly chloride ions, from attacking

the surface of the reinforcing bars. Desalination removes chloride

ions from the surface of reinforcing steel by electrical mitigation.
1, 2

The use of epoxy-coated bars has been considered as one of the

most cost-effective solutions to the wide spread corrosion problem

due to their convenient and economical application to concrete

structures.
3,4
 Epoxy-coating provides a physical barriers to the

ingress of aggressive agents, and cathodic protection electrochem-

ically stabilizes the steel /concrete interface.

The actual corrosion process is electrochemical. There are sev-

eral methods of measuring the true, instantaneous rate of corrosion

and many of these are electrochemical methods. They rely on

measuring changes in the half cell potential as it is perturbed, and

use electrochemical theory to calculate the corrosion current and

hence the rate of corrosion. Linear polarization technique has

proven itself to be useful in measuring corrosion rates of reinforce-

ment in concrete. The corrosion density can be determined by the

concept of reaction rates and polarization of electrochemical reac-

tions at the metal surface.

Electrochemical impedance spectroscopy (EIS) is one of the

widely used analysis techniques in the field of electrochemistry,

electrode kinetics, solid state devices and corrosion.
1,2,5

 The

advantages of the EIS method are principally the precision with

which a small sine-wave perturbation can be measured in an elec-

trically noisy environment.

The use of this impedance spectroscopy technique in reinforced

concrete corrosion study was initiated only in the 1980s.
6
  EIS

methods have been applied to corroding system in as an effort to

determine the mechanisms of the corroding process, or to measure

the corrosion resistance.
7,8
 Gu et al. studied corrosion inhibitor

performance in chloride contaminated concrete by electrochemi-

cal impedance spectroscopy method. An equivalent circuit model

considering the physical characteristics of the rebar/concrete inter-

face was used to simulate the impedance spectra. Andrade et al.

studied the importance of geometrical considerations in the mea-

surement of steel corrosion in concrete by means of AC imped-

ance.
7
 However, interpretation of an impedance spectrum is

difficult due to the complexity of cement paste and concrete

micro-structural changes taking place on steel surfaces. The analy-

sis is strongly dependent on how the electrical components are

selected and the extent to which they represent the microstructure

of the steel/concrete interface.
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This experimental study explores the role of the epoxy-coated

rebar/concrete interface on corrosion by the electrochemical imped-

ance spectroscopy technique. This paper describes the test results

to evaluate corrosion performance of epoxy-coated bars used in

chloride contaminated reinforced concrete structures.

2. Experimental program

2.1 Materials and concrete mix
Coarse aggregate (crushed granite with nominal size of 19mm)

and fine aggregate (a fineness of modulus of 2.8) were used in this

experiment. Aggregate gradation, which complied with ASTM

C33 was used, as well as ordinary. Portland cement (Type 1),

which complied with ASTM C114. The mix properties of con-

crete are given in Table 1.

The materials tested also include epoxy-coated bars, conven-

tional reinforcing steel and concrete containing corrosion inhibi-

tors. D16 bars were used and each bar was 305 mm long. Epoxy-

coated bars with holes simulating cracks or minor damage during

construction were used. The epoxy coating was intentionally dam-

aged by drilling four holes of 3.2mm diameter through the coat-

ing on each epoxy-coated bar, as studied by Balma et al. 

The current study evaluated three corrosion inhibitors, DCI-S

(calcium nitrite), Rheocrete 222+ (amines and ester) and Hycrete.

Darex Corrosion Inhibitor is considered to be and anodic inhibitor

since it works to minimize the anodic reaction by reacting with

ferrous ions to form a γ-ferric oxide, layer at the anode. DCI-S is

composed of approximately 30% calcium nitrite and 70% water

(specific gravity = 1.2~1.3, solids content = 33%). Rheocrete 222+

is a combination of amines and esters in water (specific gravity =

0.98~0.99, solids content = 10~16%). This inhibitor protects the

reinforcing steel in forming a protective film on the steel surface

and reducing the penetration of chloride ions into the concrete.

Hycrete DSS consists of approximately 75% of water and 25%

mixtures of organic alkenyl dicarboxylic acid salts and additives

(specific gravity = 1.04~1.07, solids content = 19.5~20.5%).
4,9,10 

The material combinations and the number of specimens are

summarized in Table 2.

2.2 Test specimens and experimental set-up
The southern exposure specimens in this study consist of small

concrete slabs containing two mats of steel as illustrated in Fig. 1.

The slabs are subjected to alternating ponding and drying cycles

with a salt solution. The southern exposure test was originally

developed by Pfeifer and Scali to simulate the exposure conditions

in southern climates, thus named Southern Exposure.
11
  A flexural

crack was induced in the specimens to evaluate the behavior of

cracked concrete. 

To determine the corrosion rate of the reinforcing bar, the test

specimens were placed in a tap water bath containing 15 percent

sodium chloride. The solution was aerated for at least fifteen min-

utes prior to testing. The cycle for these tests consisted of ponding

the specimens for 100 hours with a 15 percent NaCl solution fol-

lowed by drying in a heat chamber at 38 C for 68 hours. This

weekly cycle is repeated 48 times.

The specimen consists of six reinforcing bars embedded in a

concrete slab with a length of 305mm, a width of 305mm and a

height of 178mm. Two reinforcing bars as the top mat were

placed with a clear cover of 25mm and the bottom mat consists of

four bars. The bars were drilled and tapped at both ends so that

bolts can be fixed in molds to provide an electrical connection to

the bars during tests. The top mat and bottom mats were con-

nected to separate biding posts. The posts were connected by 10

resistors. A dam was cast around the top surface of the specimen

to facilitate ponding during the test. For the cracked slab speci-

mens, a slot was cut at the bottom of the slab and a 0.3mm and

300mm long stainless steel shim was inserted to produce a simu-

lated crack to the steel surface. Between 8 and 10 hours after cast-

ing, the stainless steel shim was removed, and a uniform crack

was created in the slab. 

Table 1 Concrete mix proportions.

Water

(kg/ m
3
)

Cement

(kg/ m
3
)

CA

(kg/ m
3
)

FA

(kg/ m
3
)

AE

(mL/ m
3
)

Rheocrete

(mL/m
3
)

DCI-S

(mL/ m
3
)

Hycrete

(kg/ m
3
)

160 355 874 852 90 - - -

156 355 874 852 320 5000 - -

147 355 874 852 140 - 15000 -

154 355 874 852 35 - - 8

Inhibitor dosage rate 

Rheocrete 222+ : 5 L/m
3
, DCI-S: 15L/m

3
, Hycrete: 2.25% of cement

Table 2 Bench scale test specimens.

Specimens

designation

Steel

designation*
w/c Inhibitors

CB -N Conv. 0.45 None

CB-ERC ECR 0.45 None

CB-ERC-DCI ECR-4h 0.45 DCI-S

CB-ERC-HY ECR-4h 0.45 Hycrete DSS

CB-ERC-RH ECR-4h 0.45 Rheocrete 222+

*Conv. = conventional steel. ECR = normal epoxy-coated steel

4h = epoxy coated bar penetrated with 4 holes of 0.3 mm diameter

Fig. 1 Schematic diagram of a typical concrete test.
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2.3 Electrochemical impedance spectroscopy test
In the tests, the top mats of the reinforcing bar were used as the

working electrode, a saturated calomel electrode immersed in salt

solution on the top of the specimen was used as the reference elec-

trode, and a platinum strip immersed in salt solution on the top of

the specimen is used as the counter electrode. 

The surface area, the equivalent weight, and the density of steel

were 304 cm
2
, 27.93 g and 7.8 g/cm

3
, respectively. The corrosion

cell setup is shown in Fig. 2. The tests were performed using a

PC4/750 Potentiostat and EIS300 Electrochemical Impedance

Spectroscopy system, from Gamry Instruments.
12

A small sinusoidal voltage signal of 10mV was applied over

the range of frequencies 100 kHz to 0.05Hz. The current required

to cause this voltage perturbation was measured as well as the

phase shift of the current and voltage characteristics. These tests

were done with EIS HF Frequency Response Analyzer and asso-

ciated software to control the test procedures and analyze the data.

2.4 Linear polarization test
Results of AC impedance are compared with previous results

obtained by linear polarization (LP) resistance technique. Tests of

LP were conducted using a Potentiostat/Galvanostat and an associ-

ated software package to control the test procedures and analyze the

data.
13
  A linear fit of the data to a standard model gives an estimate

of the potential resistance Rp, used to calculate corrosion density Icorr.

Polarization experiments were performed at a scan rate of 0.1mV/s

(ASTM G59 recommends a scan rate less than 0.1667mV/s). They

were initiated at 20 mV below the corrosion potential and termi-

nated at a maximum of 20 mV above the corrosion potential.

The duration of each test was between 6 and 7 minutes.

Tests were performed on each specimen with at least 15 min-

utes between consecutives on the same sample to allow the rein-

forcement to depolarize. The software provided by Gamry uses a

linear fit of data in the selected range to find polarization resis-

tance. Details of the polarization test for the same group of the

specimens were described on the paper by the author.
14

3. Results and discussions

3.1 Impedance behavior and simulation of the

steel-concrete interface
The impedance spectra obtained from the specimens with con-

ventional steel and epoxy-coated bars are shown in Fig. 3 and Fig.

4. Data are presented in the Nyquist plots of Real impedance ver-

sus Imaginary impedance shown in Fig. 3. Bode plots, Phase

angle versus Log (frequency) and Log (modulus) versus Log (fre-

quency) are shown in Fig. 4. Different symbols of the curves cor-

respond to the test specimens with different inhibitors.

Examination of all the impedance spectra shows some common

characteristics given as follows. One partial arc and an entire arc

were observed in two frequency regions in the Real vs. Imaginary

plots for all the specimens as shown Fig. 3. A tail of an arc

depicted in the high frequency range 10 kHz and higher) was fol-

lowed by a depressed arc at frequencies ranging form 10 kHz to 1

Hz. In the very low frequency region a large and incomplete arc

corresponding to the surface corrosion process was observed.

A previous study by Gu et al. simulated using a modified electri-

cal equivalent circuit and observed three frequency regions and two

partial arc. As shown in Fig. 5, the circuit consists of three parallel

combinations of a pure resistor and a frequency dependant capaci-

tor representing the concrete matrix, the interface film, and steel

surface corrosion process arcs in the Real versus Imaginary plot. 

In this study, the Nyquist plots for the specimen with epoxy coat-

ing show one partial and one large entire arc, although the speci-

men with conventional bar appears to show the one partial and one

small entire arcs. The impedance spectra of specimens with

coated bars are mainly governed by the arc of the interfacial film.Fig. 2 Corrosion control cell by anodic EIS.

Fig. 3 Impedance spectra of Real vs. Imaginary plot.
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The two regions corresponding to these two arcs can also be

distinguished in the Bode plots where peaks or partial peaks of the

phase angle shift were observed in the phase angle versus logarith-

mic frequency plots as shown in Fig. 4.

Two slope changes in the logarithmic modulus, , versus log-

arithmic frequency plots were also observed. The Real versus

Imaginary plot is good enough to judge the excellence of the sim-

ulation since the simulation of the high frequency portion can be

seen clearly.   

Presenting the simulation results in the Bode plot format can

provide additional information. Specific comparisons and corro-

sion rates for the test specimens are described as follows.

3.2 Rp and corrosion rate
The key parameters from impedance spectra of the specimens

with conventional steel bar and epoxy-coated bars along with cor-

rosion inhibitors are determined from the Nyquist and Bode plots

and listed in Table 3.

From Nyquist plots, the values of Rp+ RΩ are determined for

each specimen. At very high frequency, the imaginary component,

Z", disappears, leaving only the solution resistance, RΩ and at very

low frequency, Z" again disappears, leaving a sum of RΩ and the

polarization resistance, Rp. The polarization of resistance of con-

ventional bar is much lower than those of specimens of epoxy-

coated bars. The values of Rp are determined by multiplying the

surface area of bars and listed in the Table 3. The maximum val-

ues of phase angle of each specimen and the values of relative
slope changes in the logarithmic modulus, log , versus fre-

quency f in cycles per second from Bode plots are also presented

in the Table 3.
The maximum absolute value of the phase angel of the steel

kinetic arc has been used to describe the degree of surface corro-

sion of steel. The decrease of maximum phase angle was also

observed in reinforced concrete specimens immersed in chloride

solution. In Fig. 6, the plots of absolute value of phase angle ver-

sus specimen type are given. Specimens with epoxy coated bars

Z

Z

Fig. 4 Impedance spectra of Phase Angle and Modulus vs.

Log (frequency) plot.

Fig. 5 Three parallel combinations representing three arcs in

the Nyquist plot.

Table 3 Spectra of specimens from EIS test results.

Specimens
(Rp+ RΩ)-(RΩ)

(ohm)

Rp+ RΩ

(ohm)

Rp

(ohm cm
2
× 10

6
)

CB –N 0.22 95.7 0.0291

CB-ERC 0.95 1710 0.520

CB-ERC-DCI 1.35 2480 0.754

CB-ERC-HY 1.07 1500 0.456

CB-ERC-RH 0.75 1770 0.538
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have large values of maximum absolute phase angle compared to

that of the specimen with conventional bar. The decrease of maxi-

mum absolute phase angle is attributed to the decrease of corro-

sion resistance of the reinforcement steel in concrete.

The values of relative slope changes in the logarithmic modu-

lus, log , versus frequency f in cycles per second from Bode

plots indicate the similar feature. In Fig. 7, the relative slope

changes versus specimen types are plotted. Specimens with epoxy

coated bars have large values of slope change compared to the

specimen with conventional bar.
The corrosion rate can be estimated through the polarization

resistance, Rp, determined in the simulation of the experimental

spectra. This approach is useful especially at very low frequencies

when data is difficult to obtain experimentally due to time or

equipment limitations.
15, 16

  Corrosion current density is calculated

using the Stern-Geary equation as expressed below. 

(1)

Where, “B” is a function of the anodic and cathodic Tafel

slopes, and 

(2)

For the reinforcing bar corrosion, a “B” value of 26mV has

been used in the calculation for the steel in the active and passive

stage, respectively as in other studies.

The guidelines for estimating the rate of corrosion from mea-

sured current density in reinforced concrete is given in Table 4.

This correlates with the transition from moderate to high corrosion

conditions. Rodriguez et al.
17
 found that cracking due to corrosion

occurs when the section loss is in the region 10~30 µm/year for
cover/rebar diameter ratios of 1 to 3. In the case of localized pit-

ting, corrosion rates can be 5~10 times the general corrosion rate. 
Table 5 illustrates Rp obtained from the impedance spectra sim-

ulation, the corrosion current densities calculated using Stern-

Geary equation and the corrosion current densities obtained

from the linear polarization tests. Test results in this study show

that the current density of the specimen with conventional steel is

0.893 µA/cm2
 which means the steel bars are in moderate or high

corrosion condition based on the criteria for corrosion rate of steel

in concrete. However, the specimens with epoxy coated bars show

that the current densities are below 0.1 µA/cm2
 and they are in a

passive condition as illustrated in Fig. 8 (a) and (b). These results

were equivalent to those corrosion rates determined by the linear

polarization measurement for estimating the rate of corrosion

based on the guidelines.  
The value Rp from Nyquist plot is the most relevant parameter

since it represents the corrosion resistance compared to other

impedance spectra. It is evident from the results that the corrosion

parameters of the reinforcing steel are in the usual expected pat-

tern in accordance with the likelihood of active corrosion in the

five different slab specimens. Impedance measurement in the low

frequency region provides information related to surface corrosion

occurring in reinforced concrete. The polarization resistance obtained

impedance simulation, especially the value Rp from Nyquist plot,

can be used to characterize the degree of corrosion for steel in chlo-

ride contaminated concrete structures.

3.3 Effectiveness of epoxy coating with local
damage

The Florida DOT performed a series of laboratory and fields

studies to find possible reasons for corrosion of epoxy-coated rein-

Z

IC
B

Rp

------=

B
βaβc

2.303 βa βc+( )
-------------------------------------=

Fig. 6 Plot of phase angle vs. specimen type.

Fig. 7 Plot of (Rp+ RΩ)-(RΩ) vs. specimen type.

Table 4 Criteria for corrosion rate of steel in concrete.

Corrosion rate (µA/cm
2
) Corrosion condition

Icorr< 0.1 Passive condition

0.1 < Icorr< 0.5 Low to moderate corrosion

0.5 < Icorr < 1.0 Moderate to high corrosion

1.0 < Icorr High corrosion

Table 5 Corrosion current densities of specimens from EIS

and Polarization test results.

Specimens

EIS Polarization

Rp

(ohm cm
2×106)

Icorr

(µA/cm2
)

Rp

(ohm cm
2×106)

Icorr

(µA/cm2
)

CB -N 0.0291 0.893 0.036 0.715

CB-ERC 0.520 0.050 1.567 0.0168

CB-ERC-DCI 0.754 0.0345 2.723 0.00957

CB-ERC-HY 0.456 0.0570 1.078 0.0244

CB-ERC-RH 0.538 0.0483 1.698 0.0154
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forcement. The research suggested that electrochemical disband-

ing of epoxy coatings could be initiated due to exposure to salt

water and subsequent macrocell action. It was assumed that han-

dling and storage in a salty environment caused additional surface

damage of the coating. 

 In this study of epoxy-coated bars, the epoxy coating was inten-

tionally damaged by drilling four holes of 3.2mm diameter

through the coating. This study of electrochemical impedance

spectroscopy tests indicates that the resistance against the charge

transfer through the coating is an order of magnitude higher than

that of the reference steel bars. These results were similar to those

corrosion rates determined by the linear polarization measurement

as indicated. Epoxy coating avoids corrosion reaction although the

coating is damaged. The epoxy coating extends the service life

and in the case of local damage, the epoxy coating is still effective.

Considering this test results, an extension of service life seems to

be possible, compared to uncoated reinforcement by means of a

durable of limitation of the cathodic area.

3.4 Effectiveness of corrosion inhibitors

To compare the effectiveness of corrosion inhibitors, the speci-

mens with epoxy-coated bars and no corrosion inhibitors were

used as the control specimen. Sodium nitrite is a typical anodic

corrosion inhibitor. It is known that nitrite ions compete with chlo-

ride ions for ferrous ions and react with ferrous ions to produce

ferric oxide.
17, 18 

 This reaction is much more rapid than the transport of ferrous

ions via chloride ion complex formation and nitrite ions aid in the

production of the stable passive layer. 

↑ + (3)

The corrosion current densities of specimens containing a com-

bination of amines and esters or mixtures of organic alkenyl dicar-

boxyl acid salts and additives are almost equivalent with the

specimen with epoxy-coated bars and no inhibitors. However, the

corrosion protection performance provided by calcium nitrite is

better than other three specimens. These results were similar to

those corrosion current densities determined by linear polarization

measurement as indicated in Fig. 8. Considering the electrochemi-

cal techniques used to study the inhibiting action of nitrites for

reinforcing steel in chloride environment, compared to other

inhibitors, it has been proved that they detail the corrosion process,

although only from polarization resistance it is possible to obtain a

quantitative value of the corrosion rate.

4. Conclusions

Based on this research from the test results of specimens with

48 weekly cycles of ponding with sodium chloride solution and

drying, the following conclusions can be drawn.

1) Impedance measurement in the low frequency region pro-

vides information related to surface corrosion occurring in rein-

forced concrete. The polarization resistance obtained impedance

simulation, especially the value Rp from Nyquist plot, can be used

to characterize the degree of reinforcement corrosion.

2) The corrosion current density can be estimated by knowing

the polarization resistance using the Stern Geary equation. The

values of corrosion current densities determined by impedance

measurement were equivalent to those determined using linear

polarization techniques referring the criteria for estimating the rate

of corrosion of reinforcing steel in concrete structures. 

3) The impedance spectra of the specimens with epoxy-coated

bars are mainly governed by the arc of the interfacial film. The

resistance against the charge transfer through the coating is an

order of magnitude higher than that of the reference steel bars. The

epoxy coating extends the service life and in the case of local dam-

age, the epoxy coating is still effective.

4) The corrosion protection performance provided by calcium

nitrite appears to be better than those by a combination of amines

and esters or mixtures of organic alkenyl dicarboxyl acid salts and

additives.
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