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Condition Assessment of Reinforced
Concrete Systems with Fusion-Bonded
Epoxy-Coated Rebars

Deepak K. Kamde,t* Sylvia Kessler,** and Radhakrishna G. Pillai***

Corrosion assessment of reinforced concrete (RC) structures with fusion-bonded-epoxy (FBE)-coated steel rebars is a challenge because the
common inspection methods and data cannot be applied or interpreted in the same way as that for the systems with uncoated rebars. If corrosion
detection tools based on techniques such as half-cell potential (HCP), linear polarization resistance (LPR), or electrochemical impedance
spectroscopy (EIS) are used for the assessment of systems with FBE-coated steel rebars without considering the difference in the electro-
chemical conditions between coated and uncoated systems, then the interpretation can result in the inability to detect ongoing corrosion.
Therefore, the objective of this paper is to examine the suitability of these inspection methods and data to be applied to the RC systems with FBE-
coated steel rebars. For this, the suitability of test methods on HCP, LPR, and EIS for assessing corrosion conditions of RC structures was
assessed using laboratory specimens and field structures. Field investigation using HCP shows that the HCP could not detect corrosion of FBE
rebars unless the coating was severely disbonded due to corrosion of steel rebars. Also, the suitability of test methods based on HCP, LPR, and
EIS was assessed by additional laboratory specimens. Although complex, only the EIS technique could reliably detect the corrosion conditions of
the FBE-coated steel rebars embedded in concrete. Therefore, a way forward to assess RC structures using the EIS technique is proposed.
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INTRODUCTION

he motivation to use fusion-bonded-epoxy (FBE)-coated

steel rebars in concrete structures is to prevent or delay the
initiation of corrosion of steel rebars. However, a lot of literature
reports that reinforced concrete (RC) structures with FBE-coated
steel rebars can exhibit corrosion within a few decades of
service, especially in a chloride-laden environment.’ For instance,
Florida has a stock of approximately 300 RC bridges with FBE-
coated steel rebars in the marine environment. Some of these
bridges have experienced corrosion within two decades after
construction.” Similarly, numerous RC structures with FBE-coated
steel rebars might already be experiencing corrosion that is
probably yet to be noticed. In such cases, corrosion can propagate
under the film and may not be visible until it is too late. FBE-
coated steel rebars with damage/degraded coating undergo lo-
calized corrosion, which may lead to significant loss of structural
capacity.” Hence, there is a need to assess the effectiveness of the
epoxy coating on steel rebars in controlling corrosion. The first
step to control corrosion is to know the corrosion condition of steel
rebars in concrete using electrochemical inspection techniques.
A lot of literature reports the strategies to assess the condition of
RC structures with uncoated steel rebars, namely (a) updating
the probabilistic residual service life estimates of RC structures or
(b) by periodic inspections using electrochemical tests, such as
measurement of half-cell potential (HCP) mapping.®” measuring
the rate of corrosion etc.®'° Many of these references propose

guidelines and recommendations to do condition assessment of
RC structures with uncoated steel rebars. However, the con-
dition assessment of RC structures with FBE-coated steel rebar
can be challenging due to the high resistance of good-quality
FBE coatings and unknown locations of defects and associated
changes in the electrochemical behavior. Therefore, the strat-
egy for condition assessment of RC structures with uncoated steel
rebars cannot be directly implemented to assess the structures
with FBE-coated steel. This paper investigates the capability of test
methods based on HCP, linear polarization resistance (LPR), or
electrochemical impedance spectroscopy (EIS) in assessing the
RC systems with FBE coated steel rebars in the lab and field.
Results from this paper show that the existing test methods used
for RC systems with uncoated steel rebars may not be suitable
to assess the corrosion condition of RC systems with FBE coated
steel rebars. Also, this paper provides directions toward de-
veloping a suitable electrochemical method to assess the corro-
sion condition of RC systems with FBE-coated steel rebars.

1.1 ] Corrosion of Fusion-Bonded Epoxy-Coated
Rebars

The function of FBE coating is to serve as a barrier for the
electronic and ionic movements between the steel and concrete
and along the steel/concrete interface—to delay the initiation
of corrosion. The electrical resistivity of a good-quality FBE
coating is significantly high (>10° Q-cm).""""® Generally, FBE-
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coated steel rebars initiate corrosion when a sufficient amount of
chloride ions penetrate through the concrete and coating and
reach the steel rebar (beneath the coating)."*'® But, possible
defects (say, scratches, cracks, peeling off, etc.) in the coating
due to the inadequate production, transportation, handling, and
installation processes can adversely affect the barrier func-
tion"'®"%—leading to localized corrosion. The challenge of
corrosion assessment of such systems is to identify the
locations of corrosion (mostly localized) of steel rebars. In sys-
tems with FBE-coated steel rebars, the information of possible
flaws or defects in the coating is important because corrosion
initiation can take place extensively at those locations. Even
though steel corrosion initiates at a flaw, the resulting rate of
corrosion is limited due to restricted polarizable steel surface
area.t Ideally, only steel at the flaws (cracks, scratch, etc.) on the
same rebar can serve as anode and cathode because they
need to be connected electrically. However, in many structures
(e.g.. many structures in the Florida Keys), an appreciable
degree of interconnectivity has been observed between FBE-
coated steel rebars due to unintended damage, such as
scratches, cracks, etc., in FBE coating at the intersections of the
rebars. Also, the polarizable area can increase over time due to
the cathodic and anodic disbondment of the coating.’® In ideal
cases without damage to the coating, the microcells and
macrocells can form on the same rebar (i.e., cathodes and
anodes exist on the same rebar).2° Therefore, the high elec-
trical resistance of the coating can complicate common corro-
sion condition assessment methods used for uncoated steels.
The suitability of test methods based on these techniques is
discussed next.

1.2 [ Half-Cell Potential Measurements

HCP measurement is a common technique used to assess
the probability of corrosion of steel in RC systems.?’24 This is
based on the principle that actively corroding areas on steel can
show a more negative electrical potential than the passive areas
on steel. The resulting potential field is detectable with a
voltmeter by measuring the potential difference between the rebar
in concrete (via an electrical connection) and a reference
electrode, which is attached electrolytically to the concrete sur-
face. HCPs of embedded steel rebars are measured at various
points (say, grid points) on the concrete surface. The locations with
more negative potentials than the adjacent points and com-
bined with pronounced potential gradients are indicators of the
high probability of corrosion. However, HCPs provide only the
information about the probability of corrosion during the mea-
surement and do not provide estimations on past or future
corrosion conditions or the rate of corrosion. The interpretation of
HCP data can be challenging in case of varying moisture
conditions in the concrete and when the resistivity of concrete is
high.222527 All these are well-reported for concrete with un-
coated rebars. The following two are the main factors affecting the
application of the HCP technique in RC systems with FBE-
coated steel rebars. First, the significantly high resistance of FBE
coating; and second, the restricted potential fields due to the
FBE coating. Potential fields can develop only between the ex-
posed steel portions at the flaws or cracks in the coatings.
Nondestructively detecting the locations of flaws/cracks is an-
other challenging task. Some references report that the EIS-
based test methods could evaluate the coating condition of FBE
coating in concrete structures.>?® However, assessing the
condition of FBE coatings and FBE-coated steel rebars in large
infrastructure systems such as bridges and buildings is not fully
explored. Therefore, one objective of the current paper is to

investigate the applicability of the HCP technique in detecting
corrosion of FBE-coated steel rebars in concrete.

1.3/ Linear Polarization Resistance Measurements

LPR technique is widely used to assess corrosion in RC
systems. During LPR measurements, the embedded rebar is
polarized slightly by applying small voltage variations, typically
less than +20 mV, from its corrosion potential. The resistance to
polarization is the ratio between the applied potential and the
corresponding difference in measured current across the free
corrosion potential. In other words, the corrosion current
density can be obtained by dividing the Stern-Geary constant (B)
by the R, taken into account the polarized area.® Ideally, the
polarized area is not the entire steel surface in contact with
concrete, as current attenuation from the counter electrode
causes nonuniform polarization in extended systems unless the
area is restricted using a guard ring. Therefore, for simplicity,
the nominal surface area of the steel rebar is considered, which is
in contact with the concrete. Therefore, surface-normalized
resistance to polarization (Ry) is calculated by multiplying the
surface area of the working electrode to the resistance of
polarization.?® For FBE-coated steel rebars, the nominal surface
area of steel is equal to the total area of the defects, which is
not possible to measure in most cases. Because the area of the
defects is unknown, the resulting corrosion rate measure-
ments can only be indicative of the relative corrosion activity.
Accurate quantification of the rate of corrosion is not possible
unless the area of damage is quantified. In addition, the LPR
measurements give the bulk electrochemical response (i.e., a
combined response) from solution, mortar, coating, steel/coating
interface, etc. As the resistance of pristine FBE coating is
significantly high, the combined response will be dominated by
the resistance of the coating, which makes it difficult to extract
the resistance to polarization of the steel/coating interface and
monitor Rp to detect ongoing corrosion processes. Consid-
ering the high resistance of FBE coating, the LPR technique may
be useful to detect corrosion if the coating is significantly
damaged (say, when the polarizable area is large).*°3" In a seven
y study on FBE-coated rebars in chloride-contaminated con-
crete, the assessment of corrosion using LPR measurements
was possible only because of the high corrosion rates of steel
rebars in some specimens.®?> However, the ability of the LPR
technique in assessing corrosion conditions for systems with
FBE-coated steel rebars is not well reported in the literature,
which is one of the foci of this paper.

1.4 | Electrochemical Impedance Spectroscopy
Measurements

The EIS technique is based on the application of an
alternating current (AC) signal of small amplitude (say, 1 to 10 mV)
to the working electrode. The working electrode is the metal at
which the electrochemical reactions of interest occur. Typically,
materials with pure electrical resistance follow Ohm's law, i.e.,
R=V/l, where R is the resistance of the systems, V is the potential
difference between the anode and cathode, and | is the mag-
nitude of current between anode and cathode. However, the steel/
concrete interface is not a purely resistive system. It consists of
other circuit elements such as capacitor and inductor. For such
systems, the impedance (Z) is the measure of the ability to
prevent the electrochemical reactions in the system; and Z is
measured by applying sinusoidal potential excitation and
measuring the response as an AC signal. Unlike bulk response
from LPR, the EIS provides the component response (i.e., from
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each element) of the system being assessed.>® Sagues and Zayed
proposed one of the first methods based on EIS to calculate the
corrosion rate of FBE-coated steel rebars in concrete with dam-
aged coating.34 However, adequate calculations on corrosion
rates are possible only when the damaged area of the coating is
known, which makes it difficult to apply in the field structures
with embedded FBE-coated steel rebars. Lau proposed another
test method based on the EIS technique to estimate the
damaged surface area of the coating. In this, the ohmic resistance
of the electrolyte was measured, which is assumed to be filling
the defects or flaws in the coating. The measured ohmic resis-
tance of the coating was reported to be inversely proportional
to the area of defects.?8%® These results are a first step toward
applying EIS as a diagnostic technique to assess the perfor-
mance of FBE-coated steel rebar and possible field applications.
A few recent references suggest assessing RC systems with
FBE-coated steel rebars using the EIS technique in laborato-
ries.'#2836-43 The test methods developed for laboratory
specimens may be modified for assessing such systems in RC
structures. From the laboratory studies, it is clear that the
corrosion condition of steel/coating interface responds to low
frequencies (say, 1 Hz or less),** which can be assessed by
monitoring the parameters, such as resistance to the polarization
of steel/coating interface, Rp, s.c; Phase angle, 6; etc.

EXPERIMENTAL PROGRAM

The experimental program is divided into two phases.
Phase 1 includes the field assessment of RC systems with FBE-
coated steel rebars using the HCP technique, which was
conducted with the support of the Department of Civil and
Environmental Engineering at the University of South Florida,
Tampa, Florida, USA, and Florida Department of Transportation.
Phase 2 includes the laboratory studies using HCP, LPR, and
EIS techniques in assessing corrosion of FBE-coated steel
rebars. Phase 2 was conducted at the laboratories of the
University of South Florida, Tampa, Florida, USA, and the Indian
Institute of Technology Madras, Chennai, India.

2.1 Phase 1: Field Assessment (Using Half-Cell
Potential) of Fusion-Bonded-Epoxy-Coated Rebars
2.1.1] Condition Assessment of Niles Channel Bridge
Figure 1(a) shows the location of the Niles Channel Bridge
(built in 1982) between Ramrod Key and Summerland Key in the
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tropical zone of Florida. The bridge was built with FBE-coated
steel rebars complying to ASTM 775 and placement guidelines
valid during construction.*® The guidelines allowed a maximum
of 2% unrepaired coating damage. The Niles Channel Bridge was
built with drilled shafts supporting columns with connecting
struts. A majority of the columns had visible severe corrosion and
large cracks on the concrete surface, spalled/delaminated
concrete. Most of them were repaired with conventional patch
repair and corrosion protection procedures with sacrificial
sprayed-zinc anodes in 1996. Field investigation observed that
some of the repair work had deteriorated. After the visual survey,
Strut 12 (size: 0.9 m x 1.8 m; Figure 1[b]) was selected for further
measurements because it was not repaired in previous main-
tenance. The lower part of the strut showed large cracks (with a
width up to 2.6 mm), which appeared to be the only visually
apparent deficiency. No concrete delamination was observed or
detected by hammer sounding. There was no option to establish
an electrical connection to the rebar, the HCP measurement has
been studied with a second reference electrode placed at one
corner being a reference point.*® The grid size was 15 cm x 15 cm,
and the concrete surface was prewetted at 20 min prior to the
measurement according to the German specification.?*

2.2 [ Phase 2: Laboratory Assessment (Using Half-Cell
Potential, Linear Polariztion Resistance, and
Electrochemical Impedance Spectroscopy) of Fusion-
Bonded-Epoxy-Coated Rebars
2.2.1 | Applicability of Half-Cell Potential
Measurements on Fusion-Bonded-Epoxy-Coated
Rebars

The specimens used for the laboratory investigation of
HCP were part of a former project on the corrosion performance
of FBE-coated rebar;*” see Figures 2(a) and (b). Each specimen
contains five FBEcoated rebars; Specimen 1—Rebars A to E and
Specimen 2—Rebars F to J. A total of four coating defects
were created on each rebar by cutting the coating with a sharp
knife and peeling off small sections of the epoxy layer to reveal
the metal substrate (see Figure 2[c]). The individual defect size is
about 3 mmx 5 mm, which corresponds to a total defect area
of 15 mm?, which is 1% of the total surface area of the rebar.
These defects were made on the coating surface facing the
concrete surface used to measure the HCP. Additionally, titanium
reference electrodes were installed close to each rebar, which

(b)

FIGURE 1. Niles Channel Bridge location and the investigated strut (0.9 m x 1.8 m). (a) Google map and (b) photograph of the strut.
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FIGURE 2. Details of column specimens used for laboratory studies using HCP [Alphabets A to E and F to J indicate the rebar IDs in Specimens 1
and 2]. The surface area of cathode was taken as several times the surface area of nominal surface area of working electrode (i.e., coated steel
rebar). (a) Schematic, (b) photograph, (c) closeup of rebar showing damage to coating, and (d) schematic showing the procedures to measure the

HCPs.

are calibrated against an external copper/copper-sulfate-
electrode (CSE) before starting and at the end of each elec-
trochemical measurement. The potential shift before and after
each measurement was less than 2 mV. Considering the
challenges associated with the measurement of HCP of FBE-
coated steel rebars, the HCP measurements were recorded in
three ways (see Figure 2[d]): (i) electrical connection with Rebar A

and Rebar F, RA/RF; (ii) electrical connection to each rebar,

ER; and (iii) without electrical connection to the rebar but with
a fixed reference electrode as reference (D); see Figure 2(d).
For Method D, one of the CSE was maintained at the constant
reference position while the second CSE was moved along the
concrete surface and used to measure the corrosion potentials
of the isolated rebars. However, some FBE-coated steel rebars
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may have an electrical connection between them due to damage
or scratches to coating, if any, at the intersection of two
rebars. In addition, such systems with damage will have reduced
ionic resistance between adjacent rebars. To simulate this
condition, the rebars were short-circuited externally with elec-
trical wires, this condition is indicated as “sc".

The aim of the laboratory experiment is to study the
detectability of ongoing corrosion at the flaws of FBE-coated
rebar under controlled conditions. Therefore, after finishing
the corrosion-free experiments, Specimen 2 was placed in 3%
NaCl solution up to the level of the rebar “J". The rebars in
Specimen 1 were polarized by impressed current technique to
simulate ongoing corrosion. For this, the positive end of the DC
power supply was connected to the Rebar E. A cathode (stainless
steel mesh) with a several times larger surface area of the
Rebar E was connected to the negative terminal of the DC power
source without any resistor in between the rebars. A potential
difference was applied between Rebar E and the cathode until an
impressed corrosion current density was = 0.5 pA/cmz2. The
polarization potential for Rebar E was =240 mVcge. Then, to
simulate the condition where one of the coated rebars is
corroding and they are in physical contact with each other by
highly resistive FBE coating, the adjacent rebars were inter-
connected with resistors of electrical resistance of 8.2 MQ and
5.6 MQ. Note that resistors with one electrical resistance were
connected at a time. For example, first, all adjacent rebars were
connected to each other by resistors with electrical resistance
of 8.2 MQ); then, the resistors were replaced with resistors of
5.6 MQ. The electrical resistance of 8.2 MQ and 5.6 MQ were
chosen as they are similar to the electrical resistance of typical
FBE coating on rebars in structures.*® Similar to the “sc” case
for RC systems with “no corrosion,” rebars were short-circuited
to account for the effect of corrosion and damage to coating
on various corrosion measurements, these conditions are indi-
cated as "1 pol ER sc,” "1 pol RA sc,” and “1 pol D sc."

2.2.2 [ Condition Assessment of Fusion-Bonded-
EpoxyCoated Steel Rebar Using Linear Polarization
Resistance and Electrochemical Impedance
Spectroscopy

Figure 3(a) shows the schematic and photographs of
lollipop-type specimens used to evaluate the suitability of LPR
and EIS. Five lollipop specimens (total of 15) each with (i)
uncoated steel, (i) FBE-coated steel with no damage (FBEC-ND),
and (iii) FBE-coated steel with scratch damage (FBEC-SD) were
cast. For FBEC-SD specimens, controlled defects were created
by scratching the coating on central seven to nine ribs of steel
rebar using emery paper. The maximum total defect size was
limited to 0.6% of the surface area of the steel rebars, which is
less than the allowable damage level of 1%, as prescribed in
ASTM A775-17.%° Figures 3(a) and (b) show the procedure to
prepare the lollipop specimens. For this, uncoated FBEC-ND and
FBEC-SD steel rebars of 8 mm diameter were cut to 110 mm
length. Then, one end of all of the steel was drilled with a 3.4 mm
diameter hole (see Figure 3[a]), and a threaded stainless-steel
rod was fastened to make the electrical connections required for
the electrochemical tests. The uncoated steel pieces were
cleaned and degreased using ethanol and ultrasonic cleaner, and
FBE-coated steels were degreased using ethanol. Then, 5 mm
long portion at the end of the steel rebars, the junction of FBE-
coated steel rebar and stainless steel, and about 5 mm to
threaded stainless steel, were covered with the heat-shrink tube.
The gap, if any, between the threaded stainless-steel rod and

SCIENCE SECTION

heat-shrink tube was filled with low viscous epoxy to avoid the
entry of moisture/chlorides (Figure 3[b]). The prepared steel
pieces were placed in 110 mm long cylindrical molds (say,
centrifuge tubes, with conical bottom) and centered by
passing it through the hole at the center of the plastic cap. Mortar
with water: binder: sand ratio of 0.5: 1: 2.75 was placed in
molds to achieve a cover of about 10 mm. Then, the specimens
were cured in plastic molds for one day in the laboratory
environment (25+2°C and 65+5% relative humidity). After
demolding, to allow only the center 50 mm portion of the
specimen to be in direct contact with the immersion solution, the
top and bottom portions of the specimens were coated with
three layers of epoxy, as shown in Figure 3(c). Each layer of epoxy
was cured for 2 h to 3 h, as per the manufacturer's guidelines.
After curing of epoxy layers, the lollipop specimens were moved
to the fog room (25+2°C and >95% relative humidity) for curing
until 28 d. Then, the specimens were moved out of the curing
room for chloride exposure and corrosion testing.

Figure 3(d) shows the photograph of the corrosion cell
(three-electrode system) used for LPR and EIS tests. The em-
bedded steel rebar was the working electrode. A nickel-
chromium mesh of at least two times the surface of the nominal
surface area of coated steel rebars was placed circumferen-
tially to the lollipop specimen was the counter electrode, and a
saturated calomel electrode (SCE) was the reference electrode.
The simulated concrete pore solution (0.03% Ca(OH), + 2.23%
KOH + 1.04% NaOH + 96.6% of distilled water) contaminated
with 3.5% NaCl was used as the immersion solution. The speci-
mens were exposed to 2 d of wet followed by 5 d of a dry period.
LPR and EIS tests were performed after every wet period.

For LPR measurements, the scan rate and scan range are
two important input parameters, and their choices can alter the
measured corrosion characteristics. The scan rate controls how
fast the applied potential is scanned. The faster scan rates can
lead to reduction in the size of the diffusion layer®°—resulting in
higher measured output currents. It is reported that the scan rate
of 0.05 mV/s is sufficient to charge the capacitance of double
layer in steel-cementitious systems with low resistivity (say, sur-
face resistivity <21 kQ-cm; OPC systems).*? The scan rate
greater than 0.05 mV/s can result in a decrease of calculated R,
due to the increase of disturbance in the double layer (i.e.,
charging current across the double layer). To avoid any distur-
bance, a scan rate of 0.05 mV/s would be suitable, as recom-
mended by Ameer, et al., and Rengaraju, et al.>’>? In the case of
scan range, a value greater than +15 x 1073 V vs. open-circuit
potential (Vocp) can lead to a nonlinear response.®’ Therefore, the
following testing parameters were used: scan range of+0.015 V
with respect to the OCP at a scan rate of 0.05x 1073V/s. The
coated steel surface area within the exposed surface area of
mortar (i.e., the surface area within 50 mm midlength, 12.6 cm?)
was considered as the surface area of the working electrode.

For the EIS measurements, AC potential amplitude of
+10 mV, frequency range from 10° Hz to 0.01 Hz, and DC
potential maintained at OCP were used; and 10 data points per
decade were collected. The coated steel surface area within the
exposed surface area of mortar (i.e., the surface area within
50 mm midlength, 12.6 cm?) was considered as the surface area
of the working electrode. The total coated steel surface area
was considered because the surface area of the defect (pinholes,
cracks on coating, etc.) was not measured. Also, such mea-
surements are not possible at the site. The signal response was
analyzed, and resistances offered by each layer (denoted as
Rp, M Rp, ¢, and Rp, s_¢ for mortar, coating, and steel/coating
interface, respectively) were quantified using the proposed
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FIGURE 3. Details of lollipop specimens used for laboratory studies using LPR and EIS. The surface area of a counter electrode was taken as
several times the surface area of nominal surface area of a working electrode. (a) 110 mm long cut epoxy-coated steel rebar, (b) heat shrink tube
applied at the end of FBE-coated steel rebar and epoxy filled in the gap between heat shrink tube and stainless steel, (c) schematic of lollipop

specimen, and (d) photograph of the corrosion cell.

EEC, which is discussed later. Then, the resistance offered by the
steel/coating interface (Rp, s-c) with respect to the exposure
time was monitored. A statistical approach similar to that pre-
sented in Kamde and Pillai,'* was used for detecting the
initiation of corrosion. In addition to the monitoring of Rp, 5.c, the
phase angles at low frequency (0.1 Hz) were extracted from
Bode Phase plots and monitored for the specimens with FBE-
coated steel rebars. Note that this phase angle is the actual
impedance phase angle as measured by the EIS analyzer.

RESULTS AND DISCUSSION

3.1[Phase 1: Field Assessment (Using Half-Cell
Potential) of Fusion-Bonded-Epoxy-Coated Rebars
3.1.1 [ Condition Assessment of Niles Channel Bridge
Figure 4 shows the HCP measurement at Niles Channel
Bridge obtained using (i) a second reference electrode placed at
one corner as a reference point (see Figure 4[a]), and (ii) the
potential differential method*® (see Figure 4[b]). The equipotential

plot shows a clear potential gradient with high potential differ-
ences in the direction toward the upper center of the strut. The
potential gradient plot has high gradient values in the same spot,
but the area with a high probability of corrosion is restricted to a
small region (between 0.9 m to 1.15 m width and 0.4 m to 0.8 m
length). Unfortunately, the strut could not be autopsied for the
visual inspection of FBE-coated rebars. However, as almost all of
the columns and strut of this bridge have undergone corrosion and
associated repairs, it can be expected that the investigated strut
also has a high probability of corrosion. The potential gradients are
formed either due to the corrosion of steels at locations with
large coating defects and/or due to the disbondment of coating
from the base metal. Generally, under this exposure condition and
concrete with a chloride diffusion coefficient of < 2x 107" m?/s,
the formation of macrocells is likely when the coating is damaged

or disbonded. Consequently, it is expected that the corrosion in
FBE-coated steel rebars can be detected if the defect size and
corroding area in the FBE-coated steel rebar are much larger than
the permitted defect sizes.
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FIGURE 4. HCP measurements and gradient plots from a strut
(0.9 m x 1.8 m) of the Niles Channel Bridge. (a) Equipotential plot and
(b) potential gradient plot.

3.1.2 | Applicability of Half-Cell Potential for Corrosion
Assessment of Reinforced Concrete Systems with
Fusion-Bonded-Epoxy-Coated Rebars

The ability of the HCP technique in detecting corrosion in
RC systems with FBE-coated rebars is significantly impaired due
to the high electrical resistance of the coating. Even though the
defects in the coating in the size of the permitted defect sizes can
act as anodes and cathodes, no pronounced potential gradients
at the concrete surface were found independent of the HCP
measurement procedure. The resulting potential field in the
FBE-coated rebar is dominated mainly by the resting potentials of
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each rebar and the moisture distribution. In the field mea-
surements, the potential gradients up to 200 mV were measured
on the concrete surface for the structure with FBE-coated
rebars. It could be concluded that corrosion in FBE-coated rebars
can be detected if the defect size, anode size, etc. are above
some limits. The detectable anode size is probably significantly
greater than the permitted defect size and the detectable
anode area in conventional uncoated reinforcement. Conse-
quently, corrosion at locations with small defects cannot be
detected with HCP measurement. The rebar corrosion is de-
tectable only after the corrosion propagates and the anode size
increases significantly due to anodic or cathodic disbondment or
loss of steel-coating adhesion prior to placement of concrete.

3.2 [ Phase 2: Laboratory Assessment (Using Half-Cell
Potential, Linear Polarization Resistance, and
Electrochemical Impedance Spectroscopy) of Fusion-
Bonded-Epoxy-Coated Rebars
3.2.1| Experimental Study on the Applicability of Half-
Cell Potential Measurements on Fusion-Bonded-
Epoxy-Coated Rebars

The first step was the determination of the cell constant
based on the geometry of the defects of the coated bar because
the defect areas are the only parts of the steel surface that
contribute to the electrochemical system. The resulting cell
constant of the column is 3.85 cm™". The knowledge about the
cell constant enables the calculation of the concrete resistivity
from the concrete resistance values.'® The concrete resistivity
of both columns during the measurements was in the range of
100 O'm to 150 Q'm, which is in accordance with RC systems
exposed to cyclic wetting with chloride and subsequent drying.>®
In this range, reinforcement corrosion can easily be initiated
and maintained.>* Due to the relatively small sample size, the
measurement grid size was chosen to be 5 cmx5 cm.

3.2.1.1 ] Influence of Half-Cell Potential Measurement

Procedure

Figure 5 shows the comparison of the capability of var-
ious methods in detecting corrosion conditions of RC systems
with FBE-coated steel rebars with and without short-circuit (sc)
of the rebar. Figure 5(a) shows that the potential values derived
from the measurement methods “ER" and “RA or RF" are close
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FIGURE 5. Comparison of the three HCP measurement procedures under the two conditions: (i) no corrosion and (ii) partly short-circuited (sc);
["1"and “2"in legend indicate specimen numbers in each casel. (a) "RA or RF" and “ER" of both specimens and (b) "RA” and “D” of Specimen 1.
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to each other. The scatter between both measurement methods
is in the range of typical scatter of repeated HCP measure-
ments due to changes in the surface moisture condition.?” The
potentials of both, Specimens 1 and 2, are in a comparable
range between -0.15 Vcse up and 0.1 Vesg—indicating no signs
of rebar corrosion, which is the true corrosion condition of
rebar embedded in concrete. Figure 5(b) shows the comparison
of HCP measured using the procedure “D" and “RA" with open
and short-circuit of the rebars. The potential readings of the
differential method "D" are in a different range, but the trend of
the curve and the absolute potential gradient of around 0.2 Vis in
good agreement with the data from the other measurement
methods, “ER" and “RA" or “"RF" (see Figure 5[a]). Additionally, the
potential values are similar in the opened and short-circuit of
the rebars—indicating that there is no difference between the
methods under corrosion-free conditions. The question arises

if these measurement methods will be able to detect the cor-
rosion conditions or not, which is discussed next.

3.2.1.2 | Influence of Corrosion Condition

Figure 6 shows the probability plot of the HCPs under
polarized and nonpolarized conditions measured with each
measurement procedure. As expected, the intact coating with
resistance greater than 5.6 MQ prevented the electrical con-
nectivity between rebars. When considering the HCP mea-
surements from procedures “RA" and "D", no significant differ-
ence in the potential readings is noted when the rebars are not
directly short-circuited. However, the measurement procedure
"ER" indicates an increase in potential gradient due to polar-
ization. In this case, the voltmeter is directly connected to the
corroding rebar, which is normally unknown under realistic
conditions. When the rebars are short-circuited to each other
(i.e., electrically connected to each other) like in the case of
uncoated rebars, the polarization provokes a clear shift of the
potential reading, and the gradient of potential becomes more
pronounced. In this case, rebar corrosion is detectable, but this
situation does not represent the situation of FBE coated
rebars in concrete. Therefore, it can be concluded that the
corrosion of FBE-coated rebars cannot be detected using
conventional HCP measurements and differential HCP mea-
surement methods. The results from the field study presented
in this paper also indicated that HCP measurements could not
detect the corrosion of FBE coated rebars embedded in
concrete.

3.2.2 | Condition Assessment of Fusion-Bonded-
Epoxy-Coated Steel Rebars Using Linear Polarization
Resistance

Figure 7 shows the linear polarization curves obtained
from lollipop specimens with (a) uncoated steel rebars and (b)
FBE-coated steel rebars without any intentional damage
(FBEC-ND). The linear polarization curves for the uncoated steel
rebars intersect the zero current line throughout the exposure
time (see Figure 7[a]). The slopes of curves at that point can give
rates of corrosion. For the initial exposure period, the linear
polarization curves obtained from the specimens with uncoated
steel rebars intersect the zero-current line between the po-
tential range of -0.05 Vgce to -0.12 Vgce. This indicates that the
uncoated steel rebars are in the passive state. After a few wet-
dry cycles, the polarization curves started intersecting the zero-
current lines between the potential range of -0.5 Vgcg to
-0.55 Vgce. This indicates the possible initiation of corrosion of
uncoated steel rebars, which was later confirmed by visual
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FIGURE 6. Condition assessment of RC systems with FBE-coated
steel rebar condition: polarized and partly short-circuited (sc) with
different resistances in series. (a) Comparison of the HCP measure-
ment procedures: “ER"” method, (b) comparison of the HCP measure-
ment procedures: “RF/RA” method,and (c) “D" of Specimen 1.

inspection of corroded steel rebars extracted from lollipop
specimens. Also, note that the range of values in the ordinates
of the LPR curves for uncoated rebars at the initial exposure time
is significantly lesser than when corrosion is initiated—which is
supporting the interpretation from the measured OCPs. This
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FIGURE 7. LPR curves obtained from lollipop specimens. (Note: current density is calculated based on the total nominal surface area of rebar,
equal to that of exposed steel on uncoated bars, and of coating plus coating defects on FBE coated steel rebars.)

indicates that the corrosion conditions of uncoated steel
rebars embedded in low resistive cementitious systems can be
estimated by periodic, repeated measurements of OCP or the
rate of corrosion calculated using LPR data.

For specimens with FBE coated steel rebars, the linear
polarization curves do not intersect the zero-current lines (Fig-
ure 7[b]). The sweep of applied potential is either in the anodic
or cathodic side. Therefore, the calculation of surface-normalized
resistance to polarization (R,) using these curves was not
possible. Figure 7(b) includes the response from the lollipop
specimens with FBE-coated steel rebars without any inten-
tional damage to the coating. However, the FBE coating gets
damaged or degraded due to inadequate construction site
practices. Such damage can result in an unintentional short-
circuit of coated rebars or low electrical resistance at dam-
aged locations of FBE coating. Specimens with such conditions
may not result in such inspectability issues when tested using
test methods based on LPR techniques. However, knowing
locations with damage/degradation may not always be pos-
sible. Such a response can be due to the difficulties in the
calculations arising from the following: (i) exact defect area of
the coating or the polarized area of the steel is not known; (ii)
inability of the potentiostat in measuring the OCP of steel
beneath the FBE coating due to high resistance of FBE coating;
and (iii) predominant reactions at steel surface is either anodic
or cathodic due to localized anodic sites.>® The sweep of
+0.015 V during polarization across the measured OCP of steel
rebar did not polarize the embedded steel across the true OCP.
As aresult, Rp cannot be evaluated using the LPR technique for
RC systems with highly resistive FBE-coated steel rebars. Also,
the locations and areas of flaws such as cracks and pinholes
on the FBE-coated rebars embedded in concrete structures
would not be known at the time of inspection.

3.2.3/ Condition Assessment of Fusion-Bonded-
Epoxy-Coated Steel Rebars Using Electrochemical
Impedance Spectroscopy

Figures 8(a) and (b) show the ideal Nyquist plot from
FBEC-ND steel rebars embedded in cementitious systems and
the EEC, respectively. The EIS technique can capture
responses from each element (i.e., cover mortar, coating, and
steel/coating interface) of the working electrode or test
specimen. Typical EIS response from FBE-coated steel em-
bedded in mortar can have three pure loops corresponding to
mortar, FBE coating, and steel/coating interface. The EEC
from*284956 can be modified and used to analyze the response
from RC systems with FBE-coated steel rebars. The Rp, s
was quantified using the EEC. The higher the Rp, s.c, the lesser
the corrosion rate, enabling the use of Rp s.c as one of the
representative parameters to detect corrosion initiation.” The
possibility of inspectability of RC systems with FBE-coated steel
rebar using EIS is presented next.

Figures 9(a) and (b) show the typical impedance spectra
(Nyquist and Bode plots) from FBEC-ND and FBEC-SD speci-
mens, respectively. For FBEC-ND, Figure 9(a) shows that the
Rp, s-c at the end of the first wet period (W1) is more than
108 kQ-cm?, which is significantly high and indicates a passive
state of steel rebars. At the same time, for lower frequencies
(1 Hzto 0.01 Hz), the impedance is inversely proportional to the
frequency (see Bode plot)—indicating that the electrochemical
processes are dependent on the presence of chlorides.®*

A similar response with a slightly lower inverse relation between
impedance modulus and frequency was observed after ten
wet-dry exposure cycles (W10). The slow rate of change in the
behavior of the Bode plot indicates that the diffusion through
FBE coating is a slow process. However, once the corrosion
initiates (here, at the end of about 17 to 20 wet-dry cycles), the
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drying cycles at the time of measurement.) (a) FBEC-ND (no damage) specimen and (b) FBEC-SD (scratch damage) specimen.

magnitudes of impedance (denoted as |Z|) at low frequencies do  or crevice corrosion of steel can continue without further dif-

not change significantly, indicating that the corrosion process fusion of chlorides through the coating.
is independent of further diffusion of chlorides. Therefore, after Figure 9(b) for FBEC-SD specimens shows that the
this stage, if the oxygen and moisture are available, underfilm magnitudes of impedance at low frequencies are constant from
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the beginning of the exposure (i.e., at the end of first wet cycle
W1)—indicating that the underfilm or crevice corrosion can
initiate even without chlorides at steel surfaces. With further
exposure to chlorides, the impedance modulus was found to be
rapidly decreasing within 3 to 5 wet-dry exposure cycles (W3
to W5) using chloride solution. The decrease in the impedance
modulus indicates a rapid increase in the rate of corrosion.
The results presented in this paper are from laboratory-scale
small specimens. The use of EIS in the field can be chal-
lenging because it is time-consuming, expensive, and difficult to
conduct tests in the field due to possible heavy traffic, lack of
saturation of concrete, and difficulty in accessing the structural
elements with instruments. In addition, interpretation of data
obtained from EIS needs expertise. Considering these chal-
lenges, use of EIS for the assessment of concrete structures
with FBE-coated steel rebars is still in a nascent stage. To
simplify the interpretation, this paper suggests using phase
angle at low frequency to qualitatively assess the corrosion
condition of steel rebar underneath the coating embedded in
concrete.

Figure 10 shows the variation of phase angle (denoted as
0) at 0.1 Hz with respect to the exposure time of specimens and it
is seen that the phase angle of RC systems with FBE-coated
steel rebars reduces significantly at the time to initiation. For all of
the specimens tested, a significant reduction in the phase
angle indicated that the change in the magnitude of phase angle
could give qualitative information on the corrosion of FBE-
coated steel rebars. The corrosion of FBE-coated steel rebar was
confirmed by visual examination of the extracted FBE-coated
steel from lollipop specimens. The coating surface on extracted
FBE coated steel rebars was apparently intact. However, when
FBE-coated steel rebars were cut transverse or coating was
peeled, the steel was corroded. The cross-sectional loss or
mass loss was not carried out, as the corrosion was not signif-
icant—this stage could be identified as the initiation of cor-
rosion. The threshold phase angle needs to be decided by testing
many specimens, which is not included in the scope of this
paper. Also, Figure 9(b) shows that the phase angle for FBEC-SD
was found to be significantly low because the beginning of the
exposure of these specimens. Therefore, the measurement of
phase angle at low frequencies (e.g., frequency <0.1 Hz) can
be a good representation of the corrosion condition of FBE-
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FIGURE 10. Variation of phase angle over time with cyclic exposure of
2 d wetting with 3.5% NaCl solution and subsequent 5 d drying to the
laboratory environment.
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coated steel rebars in concrete structures. Although the phase
angle does not give quantitative information, such as the rate of
corrosion, it can indicate the corrosion condition of the steel
underneath the coating or at locations with damaged/degraded
coating. After detecting the initiation of corrosion using this
approach, the lollipop specimens were autopsied, and corrosion
products were observed on the steel surface. Hence, this
approach based on EIS can be suitable for detecting early
corrosion of FBE coated rebars in concrete.

In summary, the results presented earlier in this paper
show that the test methods based on HCP and LPR could not
detect the early corrosion of FBE-coated steel rebars. Test
methods based on EIS show potential in detecting early corro-
sion on laboratory specimens. However, their validity for FBE-
coated steel systems in the field is yet to be checked. This paper
proposes the use of phase angle to assess the corrosion
condition of RC systems with coated steel rebars, which can be a
way forward for the assessment of RC systems with FBE-
coated steel rebars. Another challenge in front of practitioners is
to repair such infrastructure with durability in mind. The con-
ventional patch repair may not be durable, as the underfilm/
crevice corrosion and halo effect may be possible.”%8-%° Also,
the electrochemical repair may lead to coating disbondment—
resulting in accelerated corrosion and bond loss between
coated steel and concrete.?° Therefore, future research on RC
systems with FBE-coated steel rebar need to focus on the
following areas: (i) early detection of corrosion in the field
structures and (ii) designing repair strategies to arrest further
corrosion without adversely affecting the steel-coating bond and
hence, the rebar-concrete bond.

SUMMARY AND CONCLUSIONS

> The suitability of test methods based on HCP, LPR, and EIS
techniques to assess the corrosion conditions of FBE-coated
steel rebars in cementitious systems was investigated. The
HCP technique failed to detect early corrosion. The high re-
sistance of the coating and random damage locations on the
coating makes it challenging to assess the electrochemical
potential and polarization resistance of the steel underneath
the FBE coating. The potential difference gradient analysis
could provide information on the area with maximum corro-
sion probability only after the rebars undergo significant cor-
rosion or coating disbondment. These conclusions were
supplemented by results from the field and laboratory studies.
Also, the assessment using LPR could not provide informa-
tion on resistance to polarization due to the high resistance of
the FBE coating and the unknown surface area of the ex-
posed steel rebar. As there are no suitable techniques to
quantify the defects in the coating of FBE-coated steel rebar
embedded in concrete, LPR cannot be used for field assess-
ment. On the other hand, test methods based on EIS could
provide information on the resistance offered by each element
of the steel-coating-concrete (S-C-C) system. It is concluded
that the change in the magnitude of phase angle (at <0.1 Hz) in
the EIS response can provide possible qualitative information
of the ongoing corrosion activities at the steel surface em-
bedded in mortar in laboratory specimens—and can detect
corrosion initiation of FBE coated rebars in concrete. The
application of the proposed EIS-based test method for field
structures (with varying properties of concrete cover and
coating) is yet to be validated. Also, due to the lack of
adequate test methods, future research on RC systems with
FBE-coated steel rebar needs to focus on detecting early
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corrosion in the field structures and developing durable repair

strategies without adversely affecting the rebar-concrete
bond properties.
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