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Abstract

Corrosion of steel reinforcement is the most significant factor in the deterioration of reinforced concrete structures. Applying
corrosion inhibitors to the concrete to reduce the rate of corrosion of the steel has been shown to be effective. Generally, the in-
hibitor is adsorbed on the surface of the metal and modifies the composition and structure of the double layer or induces passivity.

Many types of inorganic- and organic-inhibiting systems are available, including concrete admixtures, rebar coatings and mi-
grating compounds. Conclusions from previous studies on the effectiveness and field performance of these inhibiting systems on

corrosion of reinforcing steel are controversial.

In this paper, eight commercial corrosion-inhibiting systems for reinforcing steel in concrete have been evaluated from a newly
reconstructed barrier wall of a highway bridge. Results from a 5-year field survey and laboratory electrochemical study are pre-
sented. The methods and procedures of testing these systems are also discussed.

Crown Copyright © 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Corrosion of reinforcing steel is a widespread prob-
lem in concrete bridges. Corrosion inhibitors are con-
sidered one of the most cost-effective solutions. During
the last 15 years, they have been used more and more in
both new and existing reinforced concrete bridges.

Earlier studies of corrosion inhibitors focussed on
sodium benzoate [1,2], various nitrites (sodium, potas-
sium and barium) and chromates/dichromates [3,4] as
concrete admixtures to inhibit corrosion in reinforced
concrete. None of these performed satisfactorily without
detrimental effects on the strength development of the
concrete. A study of the efficiency of calcium and so-
dium nitrite as inhibitors was conducted in the 1970s [5].
Since then, calcium nitrite has been a commercially
available admixture, and has been studied and used
extensively for reinforced concrete in the presence of
chlorides [6-8]. During the 1990s, a number of organic
inhibitors were developed, including various amines,
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alkanolamines, their salts with organic and inorganic
acids [9] and emulsified mixtures of esters, alcohols and
amines [10].

Corrosion inhibitors used in concrete may be inor-
ganic or organic, or both. The inhibition mechanisms of
these substances are still not very clear. It is believed
some inorganic-inhibiting compounds act as anodic in-
hibitors, by increasing the rate of formation of an oxide
film barrier on the reinforcing steel surface. Some or-
ganic compounds inhibit corrosion by adsorbing onto
the steel surface, preventing the breakdown of the pas-
sive film.

There are many corrosion-inhibiting systems com-
mercially available: rebar coatings, concrete admixtures
and coatings applied to the concrete surface. Very little
information is available on the effectiveness of these
corrosion-inhibiting systems in field applications, espe-
cially on long-term performance. Engineers and bridge
owners have difficulty selecting corrosion inhibitors that
are more effective in the long term for new concrete
structures, and compatible with the repair materials and
original concrete in restorative applications.

In this paper, the effectiveness and performance of
eight commercial corrosion-inhibiting systems were eval-
uated. Ten consecutive spans of a newly reconstructed
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barrier wall at the Vachon Bridge, located north of
Montreal, Canada were selected as the test site for the
application of the corrosion-inhibiting systems (includ-
ing a span for testing epoxy-coated rebars (Epoxy Span)
and a control span). Field corrosion measurements, such
as half-cell potential, linear polarization, concrete re-
sistivity and measurements on special embedded rebar
ladders were performed (details on the ladder con-
struction and location can be found elsewhere [11]).
Comparison laboratory corrosion tests were also carried
out to evaluate the effects of inhibitors on the corrosion
of reinforcing steel in saturated Ca(OH), and simulated
concrete pore solutions. Tests on concrete properties
were also performed to support the study of corrosion-
inhibiting systems.

2. Experimental
2.1. Field installation and exposure conditions

The rehabilitation work for this study included re-
building ten 35-m spans of a concrete barrier wall using
different corrosion-inhibiting systems installed accord-
ing to the manufacturers’ requirements. Steel reinforce-
ment of the barrier wall consisted of eight 15-mm
longitudinal bars in the wall cross-section (including
four bars near the front surface), and 15-mm transverse
bars spaced at 230 mm along the wall length. The grade
of steel was 400R (CAN/CSA G30.18-M), except in one
of the 10 test spans in which epoxy-coated reinforcement
was used. The concrete had a water—cement ratio of 0.36
and a 28-day compressive strength of 45 MPa tested on
moist-cured 150 x 300 mm cylinders. More details on
the field site, including the concrete mixture design and a
layout of the test spans can be found in a previous
publication [11].

The commercial names of the corrosion-inhibiting
systems tested in this study were not identified in the
paper to maintain confidentiality as requested by the
product suppliers. As shown in Table 1, each test system
has been given an arbitrary label and a brief generic
description.

Over the 5-year duration of the project, the bridge
structure has experienced harsh climatic conditions, as
typically encountered in Canada. Ambient temperature
extremes ranged from —25 °C in the winter to +30 °C in
the summer. Several wet-dry cycles (30-100% RH) and
up to 23 freeze-thaw cycles were measured over five
years. More details on the exposure conditions are
presented in a separate paper [12].

Severe restrained shrinkage cracking was observed in
the barrier wall just a few days after construction [13].
The transverse cracks had an average spacing of 0.8 m
and a maximum width of 0.3 mm. This raised a concern
for premature rebar corrosion due to moisture and salt

Table 1
Corrosion inhibiting systems tested

System Generic description

Control Carbon-steel reinforcement

Epoxy Epoxy-coated reinforcement

Cement-based rebar coating + cement-based
concrete coating

Organic-based concrete admixture
Organic/inorganic-based concrete admixture
Cement-based rebar coating

Organic-based concrete admixture
Organic-based concrete admixture
Organic-based concrete admixture + water-
based concrete sealer

Inorganic-based concrete admixture

Qmmoawm >

jas

ingress. Such cracking usually leads to initiation of re-
inforcing steel corrosion and eventually results in
spalling of the protective concrete cover.

2.2. Field corrosion surveys

On-site corrosion surveys were performed once a year
on the 10 spans and on the special rebar ladders em-
bedded in the bridge spans. The survey included mea-
surement of half-cell potential, the corrosion rate and
concrete resistivity. A saturated copper/copper sulphate
reference electrode (CSE) and a Fluke multimeter 867B
were used to measure the half-cell potentials follow-
ing the procedure provided in ASTM C876-99. The
measurements were taken at 110, 345, 550 and 780 mm
from the top of the barrier walls and horizontally at 300-
mm intervals over the central 15-m section of each 35-m
span of the barrier wall. Half-cell potential readings
were also taken at the centre point of each bar of the
two special rebar ladders installed in every span of
barrier wall. These rebar ladders had different concrete
covers after being embedded in the barrier wall, with
only 13 mm of concrete cover for the upper bar and
25, 38 and 50 mm respectively for the others. This
design allows for the earliest possible evaluation of
the performance of applied corrosion-inhibiting sys-
tems.

Corrosion rates and concrete resistivity were mea-
sured using sensors A and B of a Gecor 6 instrument
(James Instruments Inc., Chicago, IL). In each span,
measurements were taken on vertical and horizontal
bars at cracked and uncracked locations. Two to three
readings were taken and then averaged at each location.

2.3. Laboratory corrosion studies

2.3.1. Electrochemical tests

The electrochemical tests performed in the laboratory
included cycle voltammetry, linear polarization and AC
impedance spectroscopy. These tests were made using a



S. Qian, D. Cusson | Cement & Concrete Composites 26 (2004) 217-233 219

Solartron SI 1287 (or 1286) Electrochemical Interface
coupled with SI 1260 (or 1255) HF Frequency Response
Analyzer (FRA) controlled by a PC computer. Zplot
and Corr-Ware software were used to perform the
electrochemical measurements. All tests were performed
in the electrochemical cells composed of three elec-
trodes: a working electrode (steel sample), a counter-
electrode made of platinum foil or mesh, and a saturated
calomel reference electrode (SCE, -74 mV vs. Cu/
CuSOy). A Luggin capillary was used to reduce the IR
drop between the SCE reference and the working elec-
trodes.

Two types of electrolyte were used for the laboratory
study: a saturated calcium hydroxide [Ca(OH),] solution
(pH=12.6) and a simulated pore solution containing
0.002 M Ca(OH);+0.45 M NaOH+0.26 M KOH
(pH=13.5) [14-16]. The inhibitors were added to the
cells in the concentrations according to the product in-
structions one week after electrode samples were im-
mersed in the solution. Afterward, sodium chloride
(NaCl) was added to the cells. Its concentration was
increased 0.2-0.5% every week until corrosion devel-
oped.

Two sets of steel samples were prepared for each in-
hibitor test. The electrochemical tests for the first set
included half-cell potential and linear polarization; for
the second set, cyclic voltammetry was also carried out.
Cyclic voltammogram was measured at a scan rate of 1
mVs~!'. The potential range of the cyclic voltammetry
was adjusted for different inhibitors to avoid excess re-
duction or oxidation reactions on the electrode surface.
The samples were tested daily. Three linear polarization
measurements were taken and an average polarization
resistance, Rp, was calculated. For the second set, a cy-
clic voltammetry was performed at the end of the linear
polarization measurements. Attempts to correct the IR-
drop between the Luggin capillary of the reference
electrode and the working electrode were made using an
AC impedance method. The effect of the IR-drop was
found to be negligible on these measurements because of
the high electrical conductivity of the electrolyte and the
small current measured.

2.3.2. Preparation of electrodes

Electrode samples used for the laboratory experiment
were machined from reinforcing steel to a size of 10 mm
in length and 8 mm in diameter. Each was soldered to a
10-gauge copper wire, which was isolated from the so-
lution by a glass tube. The carbon steel samples then
were embedded in epoxy to protect all other areas and
left with only one side (surface area of 50.2 mm?) ex-
posed to the solution. Before testing, samples were
polished with 320, 400 and 600 silicon carbide paper and
immersed in a saturated calcium hydroxide solution or a
simulated pore solution.

3. Results from the field corrosion surveys
3.1. Half-cell potential

3.1.1. General considerations

The half-cell potential or corrosion potential of a
steel rebar can be used as an indication of the proba-
bility of corrosion activity in that location. The voltage
reading between a standard half-cell and a steel rebar is
usually compared to guideline values (ASTM C876-99),
which have been empirically developed to indicate rel-
ative probabilities of corrosion activity. Evaluation of a
large number of closely spaced half-cell potentials taken
on a structure is necessary to evaluate the probability of
corrosion of the reinforcing steel in concrete.

The field half-cell potential measurement of the re-
inforcing steel in the test barrier wall was carried out
once a year. The half-cell potentials measured along the
top three horizontal bars in the barrier wall were anal-
ysed using the linear regression method and are shown
in Fig. 1. The half-cell potentials show gradual shifting
toward more negative values in all spans, due proba-
bly to the depletion of the oxygen concentration in
the concrete (since high-density concrete was used) or
the initiation of reinforcing steel corrosion at cracked
areas.

3.1.2. Discussion on interpretation of potentials by the
ASTM standard

According to the ASTM standard, there is a 90%
probability that reinforcing steel corrosion is occurring
if half-cell potentials vs. CSE are more negative than
—350 mV. This guideline is valid only when regular
concrete is used and the concrete thickness is 4-6 cm,
and it is not saturated by water. Under other conditions,
the interpretation of the half-cell results requires modi-
fication based on knowledge of the particular corrosion
conditions. For instance, oxygen depletion caused by
water-saturated concrete can shift half-cell potential
more negatively by 100-200 mV [17]. However, if the
potential is substantially negative and overcomes the
shift caused by other factors and at the same time
the corrosion current shows high values, then a high
probability of steel corrosion can be predicted with
confidence.

For all spans, the half-cell potential values were
about —350 mV starting in 1997 (except in the span with
epoxy-coated rebar and span G). Results were much
more negative than —350 mV in 1998. According to the
ASTM standard, all spans should be rated as having a
high probability of corrosion. Obviously, it is not suit-
able to rate rebars in all these spans as having a high
probability of corrosion within one or two years. Since
high-density concrete was used for the barrier wall, the
oxygen depletion in the concrete could result in the
negative potential shift. It was noticed that earlier age
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Fig. 1. Half-cell potential obtained during the field surveys at the Vachon Bridge from 1997 to 2001.

cracks had appeared in all spans. These cracks could
cause early corrosion of reinforcing steel near these
areas due to moisture, oxygen and salt ingress, leading
to the localized negative potential shift. Another possi-
ble factor to consider is the presence of different corro-
sion-inhibiting systems in the test spans. Some inhibiting
systems are concrete admixtures containing organic
or inorganic chemicals. Some are rebar coatings or
concrete coatings. The addition of concrete admixtures
containing ions possibly affects the half-cell potential
readings. The application of a coating on concrete might
further enhance the oxygen depletion. The characteris-
tics of the concrete probably would be changed more or
less by application of these inhibitors.

3.1.3. Treatment of the measured potentials by the
cumulative frequency method

Fig. 2 shows the cumulative frequencies of half-cell
potentials calculated for the 10 spans carried out in June
1997, May 1999 and May 2001. Curves with gentle
slopes have wide potential spreads (i.e., the potential
readings vary widely with the locations on a given
span—see the curves for the Epoxy Span and system A
in Fig. 2c¢). The more negative potentials are usually
indicative of a higher probability of corrosion activity,
if the same type of concrete is used or if the addition
of the corrosion-inhibiting systems does not signifi-
cantly interfere with the measurement of half-cell po-
tential.

It can be seen that the half-cell potentials were less
negative and spread in a narrower range (except the

epoxy-coated span) in 1997 (Fig. 2a) than in 1999 (Fig.
2b). The half-cell potentials shifted toward a more
negative value and the potentials spread over a wider
range in 2001 (Fig. 2¢). This indicates corrosion, or the
effect of corrosion-inhibiting systems, in these spans is
developing. The cumulative frequency curve on the span
with epoxy-coated reinforcement shows less negative
half-cell potentials than all other spans in 1997 due to
the high resistance of epoxy coating on the reinforce-
ment surface. Its curve had a substantial negative shift
and exhibited a shape with three plateaus in the 2001
results (Fig. 2¢). This is probably due to the galvanic
effect of corrosion on the epoxy-coated rebar. Some
areas with damaged or scratched coatings, or near the
cracked areas, would corrode more than the other areas
leading to a wider potential spread.

It has been noted that span G also showed quite high
(less negative) half-cell potential readings in 1997, 1999
and 2001. This is probably related to the high resistance
of the concrete due to the corrosion-inhibiting system
applied on this span.

In 2001, span F showed the most negative potential
followed by the span with epoxy-coated rebar and span
E. The control span showed an average half-cell reading
while spans G and A showed less negative half-cell po-
tential. It seems the inhibiting systems have some effect
on the half-cell potential of rebar in the concrete.
Therefore, evaluation of the corrosion in these concrete
spans cannot be based on the half-cell potential values.
It is necessary to analyse the results together with other
corrosion measurements.
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Fig. 2. Cumulative frequency distributions of half-cell potential: (a) June 1997; (b) May 1999; and (c) May 2001.

3.2. Corrosion rate and concrete electrical resistance

The average corrosion rates obtained on 10 spans are
shown in Fig. 3. They were calculated based on the re-
sults from field measurements at cracked locations (C)
and uncracked locations (UC) on each span. The cor-
rosion rates were low in all spans in 2001 although some
spans showed relatively high rates in 1997 and 1998
probably due to the formation of the passive film. The
rates decreased with time in almost all spans probably
related to the presence of the corrosion-inhibiting sys-
tems or to oxygen depletion at the metal surface.
Comparing the corrosion rate obtained at different lo-
cations, one can find a higher rate at cracked locations
than at uncracked locations in most spans, as expected.
On the span with epoxy-coated rebar, the corrosion rate
was small, especially at uncracked locations, but in-
creased continuously over time, probably due to the

metal dissolution at the damaged or scratched areas of
the epoxy coating near the cracked areas. In span G,
equipment limitations made it impossible to measure the
corrosion rates in the first three years, due to the poor
conductivity of concrete as a result of the application of
this corrosion-inhibiting system on the concrete. Con-
sidering the overall corrosion rates measured in 2001,
they were in the low rate category (< 0.5 pA/cm?) [18] in
all spans and locations, indicating the effects of inhib-
iting systems. More time is needed to evaluate the ef-
fectiveness of the corrosion-inhibiting systems.

The results of on-site concrete resistivity are shown in
Fig. 4. Concrete resistivity was relatively small in 1997 in
most spans, probably due to the high moisture content
in the new concrete. It increased with time in most spans
except in the Epoxy Span and the control span.

In the Epoxy Span, the resistivity decreased with
time, probably due to the deterioration of the epoxy
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Fig. 3. Corrosion rate measured at cracked (C) and uncracked (UC) locations on the barrier wall from 1997 to 2001.

coating on the rebar. Gecor 6 equipment was used to
measure the resistivity between the rebar surface and a
counter-clectrode, which was placed on the top of the
concrete cover. Although a pulse signal was used to
perform the measurement, the resistivity of epoxy on the
rebar surface was still included in the overall resistivity
readings. Therefore, the coatings applied to the rebar
can lead to a higher resistivity (see 1997 reading on
Epoxy span in Fig. 4). The development of corrosion at
the areas where the epoxy coating was very thin or had
been scratched can lead to reduced overall resistivity.
Due to some measurement difficulties, the resistivity
results on span G were not shown in Fig. 4.

3.3. Measurements on the rebar ladders

Half-cell potentials measured on the special rebar
ladders in each span are shown in Fig. 5. The numbers 1,
2, 3 and 4 shown in this figure represent the rebar level
from top to bottom with concrete cover thickness of 13,
25, 38 and 50 mm, respectively. It can be clearly seen
that the half-cell potentials become more negative with
time in all spans. Half-cell potentials have the most
significant change on the top bars (bar 1) and less
change on the lower bars (bars 2, 3 and 4) in most spans,
including the control span (except in spans D and H).
This is because corrosion occurred sooner at the loca-

70
W 1997
60 1998
B 1999
2000
— 50
E . 02001
N
£ 40 N
S N
N R
g 30 4 N X
= N N
20 4 N
&= \ .
10 -
0

Control

Epoxy A B

Span

Fig. 4. Concrete electrical resistivity measured on the barrier wall from 1997 to 2001.
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Fig. 5. Half-cell potential measured on the rebar ladders embedded in the barrier wall (concrete cover thickness: 13 mm at bar 1; 25 mm at bar 2; 38

mm at bar 3; and 50 mm at bar 4).

tions with a thinner concrete cover due to the salt ingress
to the reinforcement (see Section 3.4).

The half-cell potentials had reached —500 to —600 mV
vs. Cu/CuSO, on the top bars with thinner concrete
cover (oxygen depletion was not likely) in many spans
indicating the corrosion probability was high. On span
D, the half-cell potential difference between the bars is
the smallest, although they also shifted to more negative
values. On span H, half-cell potentials on lower bars
changed more significantly than on the top ones. This
was not expected. The reason behind this unusual result
is still not clear.

The corrosion rate was measured on the top two bars
of embedded ladders in these 10 spans as shown in Fig.
6. The corrosion rate was only measured on the top two
bars, because GECORG6 probe A could not fit on the
areas for the measurements of the lower two bars due to
the geometry of the barrier wall. The corrosion rate was
much higher on the top bar than on the second bar in
most spans (except in spans D and H). This is because
the top bar has a thinner concrete cover (13 mm) than
the second bar (25 mm). Therefore, it takes less time for
chloride to reach the reinforcing bars. On spans E and
G, a horizontal crack and rust stain along the top rebar
were noticed. This is consistent with high corrosion rates

observed at these locations in 2001. Corrosion rate on
span G was not measured in the first three years due to
the poor conductivity of the concrete caused by the
application of this corrosion-inhibiting system.

In spans D and H, the corrosion rate was quite low
on both the top and second bars. Recall the half-cell
potential behaviour (Fig. 5), which was also different
from other spans. It is clear that both potential and
current behaviours are related to the specific corrosion-
inhibiting systems applied on the spans.

3.4. Chloride ion content and profile

To measure the ability of the concrete to prevent the
ingress of chloride ions after the addition of the inhib-
iting systems, the chloride ion content was measured.
The total content of chloride ions by weight of concrete
was determined by the potentiometric titration of chlo-
ride with silver nitrate described in ASTM C114-00. The
test was carried out in the 10 concrete spans at four
depths (0-13, 13-25, 25-50 and 50-75 mm) and at four
different times. The results are shown in Fig. 7. Each
data point is the average of two tests. The initial chlo-
ride ion content was also measured on cylinders of
concrete cast in the field but not exposed to deicing
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salts. An average value of 0.006% and a standard devi- In general, the chloride ion content of any given
ation of 0.0009% were found, which can be considered concrete increases significantly over time. In the first 13
negligible. mm of concrete, the chloride ion concentration in most
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spans is very high, exceeding the critical threshold value
of 0.1% by mass of concrete [19] even after six months of
exposure to de-icing salts (May 1997). Spans G and H
seem to have done quite well with a chloride concen-
tration of about 0.4% in 2001, which was lower than for
the other spans.

The chloride content also decreased significantly with
the concrete depth from 0 to 13 mm, to 50 mm to 75
mm. Twenty-five millimetres to 50 mm corresponds to
a depth where the reinforcement would normally be
located in older bridges, since most of the corrosion-
inhibiting systems tested in this study can be used in
rehabilitation applications as well. The chloride con-
centration in all spans was well below the 0.1% thresh-
old value after the first two winters (1997-1998).
Concrete in spans A, C, E, G and H was still below the
chloride threshold limit in 2000. By 2001, all concretes
had exceeded the critical threshold value. Concrete E
performed the best by exceeding the corrosion threshold
value by only 20% after 4.5 years at the depth of 25-50
mm.

The 50-75 mm depth is where the reinforcement is
located in the Vachon Bridge barrier walls. All concretes
had chloride ion concentrations below the threshold
value of 0.1% after 4.5 years. Concretes E, F and H are
among the ones that blocked chloride ions the most
effectively at the depth of 50-75 mm based on the 2001
results.

Corrosion of reinforcing steel should not begin if the
concrete cover is between 50 and 75 mm, since the
chloride concentration is below the threshold. However,
corrosion is very likely to develop with cracked concrete

when the chloride concentration is high. This is proba-
bly the reason for localized corrosion causing the half-
cell potential to shift to more negative values.

4. Results from the laboratory corrosion studies
4.1. Corrosion inhibitors tested in saturated Ca(OH ),

4.1.1. The effect of inhibitors on cyclic voltammogram

Measuring cyclic voltammogram in the presence of
inhibitors can provide useful information on the reac-
tions of anodic oxidation and cathodic reduction on the
carbon steel surface. This is achieved by scanning the
applied electrode potential from the open circuit po-
tential toward the anodic region, followed by scanning
in the reverse cathodic direction and so on. The scan
rate was slow enough to allow the reaction peaks to
appear clearly on the cyclic voltammogram.

A cyclic voltammogram measured on a carbon steel
electrode in a saturated Ca(OH), solution with bubbling
nitrogen (to purge oxygen out of the cell) is shown in
Fig. 8 (dash line). The peak A; at —0.7 V vs. SCE has
been assigned to ferrous—ferric (Fe(OH),/FeOOH)
transformations [20] . The range of potentials that are
more positive than this peak correspond to the passive
layer formation. In the flat region, the current is very
small, but still enough to maintain the passive film on
the steel surface. When the potential scans positively and
becomes larger than about +0.62 V vs. SCE, the current
rises suddenly and oxygen evolution becomes the pre-
dominant reaction.
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Fig. 8. Cyclic voltammograms obtained on carbon steel in the electrochemical cell open to air or purged with Nj.
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The cathodic peak (C;) at —0.98 V vs. SCE is a
counterpart of the anodic peak (i.e., ferric—ferrous
transformations). With more negative values of around
—1.17 V vs. SCE, the negative current increases rapidly
and hydrogen evolution becomes the predominant re-
action.

When the electrode cycled in the cell open to air (solid
line in Fig. 8), the currents shifted toward more negative
values in both the cathodic and anodic scans for po-
tentials more negative than —0.45 V. This is caused by
the reduction of dissolved oxygen on the steel surface.

Cyclic voltammograms were measured at a carbon
steel electrode in saturated Ca(OH), in the presence of
different inhibitors as shown in Fig. 9. In the presence of
inhibitor C, E or F, the cyclic voltammograms show that
the reaction peaks on both anodic and cathodic scans
disappeared due to the adsorption of organic com-
pounds on the steel surface. This experiment was carried
out in a cell open to air, but the current for the cathodic
oxygen reduction (dissolved oxygen) was also reduced
significantly. The chemical adsorption on the steel was
stronger in the presence of inhibitor E than with inhib-
itors C and F, since the current on the cyclic voltam-
mogram was suppressed to a very small value in the
presence of inhibitor E. It is believed that all three in-
hibitors contain organic compounds, which can be ad-
sorbed on the steel surface forming an organic film. This
works as a physical barrier against the corrosion process
on the steel [21,22].

The cyclic voltammogram in the presence of inhibitor
H shows a different behaviour. Both anodic and ca-
thodic reaction currents have been increased due to the
effect of this inhibitor. It is believed that this inhibitor
reduces corrosion by enhancing the passive film on steel

S. Qian, D. Cusson | Cement & Concrete Composites 26 (2004) 217-233

through oxidation of Fe?* ions [7]. The increase in the
anodic current is due to this oxidation reaction, but the
increase in the cathodic current is just the counterpart of
the anodic reaction.

The cyclic voltammogram in the presence of inhibitor
B shows a current reduction in the anodic scan. The
peaks for ferrous—ferric transformations and its counter-
reaction are not as pronounced as on the steel surface in
the absence of the inhibitor. The anodic current de-
creases with the increase in the cycle number. This is
because this inhibitor also contains some organic com-
pounds that can adsorb on the steel surface and form an
organic film leading to the reduction of the anodic and
cathodic current. However, the organic film formation is
slower in the presence of inhibitor B than with inhibitor
E, Cor F.

4.1.2. Relation between polarization resistance and chlo-
ride content

The linear polarization method is used to measure the
corrosion rate based on the Stern—-Geary equation:

bab,

AEY gl b 0
Ai )y T 23icon(by + be)

2)

where AE and Ai are the changes of potential and cur-
rent over a small range near the open circuit potential;
E.,; and i.,,, are the corrosion potential and current; b,
and b, are the Tafel slope of anodic and cathodic po-
larization curves; and Rp is the electrochemical polar-
ization resistance.
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Fig. 9. Cyclic voltammograms obtained on carbon steel in saturated Ca(OH), solutions in the presence of inhibitors.
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The values of b, and b, can be deduced by correlating
the values of AE/Ai measured on the steel sample. When
the steel surface is passivated, the Tafel slope is often
difficult to deduce. Then the K value (often a value from
0.026 to 0.052 is used) is very likely to be inaccurate and/
or to change markedly as steel surface condition change
in the solution. Therefore, the value of 1/Rp will be used
for comparing corrosion on the carbon steel surface
since the corrosion rate is proportional to 1/Rp. Usually,
values of 1/Rp smaller than 1 x 107> (ohmem?)~! are
indicative of a low corrosion rate.

The relation of 1/Rp and the chloride concentration
in the presence of various inhibitors is plotted in Fig. 10.
In the presence of inhibitor B, 1/Rp started to rise at
around 0.7% NaCl and then increased rapidly with in-
creases in the concentration of NaCl. 1/Rp started to rise
at 1.1% NaCl but increased at a slower rate in the
presence of inhibitor F due to the adsorption of organic
compounds. In the control experiment (i.e., with no in-
hibitor present in the saturated Ca(OH), solution), 1/Rp
rose at around 2% NaCl and increased at quite a fast
rate. 1/Rp increased at around 3% NaCl in the presence
of inhibitor C. In the presence of H, the values of 1/Rp
remained small with increases in the concentration of
NaCl up to 6% but then suddenly increased. In the
presence of Inhibitor E, the 1/Rp value remained small
all the way up to 8%.

The above results clearly indicate that the presence of
inhibitors can delay the corrosion process on carbon
steel in the saturated Ca(OH), solution. Inhibitors E
and H are quite effective in this solution, followed by
inhibitors C and F. Only inhibitor B was not effective in
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delaying corrosion. It has to be noted that inhibitor B
was applied together with a rebar coating in the bridge
span. In the lab test, only the admixture inhibitors were
tested; no rebar coating was applied.

Fig. 11 shows another set of results of 1/Rp vs.
chloride concentration. The difference between these
results and those in Fig. 10 is that the cyclic voltam-
metry was performed after each increase in NaCl con-
centration. When the external potential is applied on the
electrode, this changes the activation energy of the re-
action on the electrode surface. If the passivation film
approaches its critical condition in a certain concentra-
tion of NaCl, the extra anodic potential can overcome
the reaction energy barrier and accelerate the process of
dissolution of the passive film. 1/Rp rises suddenly at
0.5% NaCl in the presence of inhibitor B or F. 1/Rp
starts to rise at 0.5% NaCl but increases much more
slowly in the presence of inhibitor C. In the presence of
inhibitor H, the value of 1/Rp remains small with in-
creases in the concentration of NaCl up to 4.5%. Then,
it suddenly increases. While in the presence of inhibitor
E, 1/Rp remains small up to 6% NaCl. This result is in
very good agreement with the one obtained without
cycling the potential on the electrodes (Fig. 10).

4.2. Corrosion inhibitors tested in simulated pore solution

Cyclic voltammograms were also measured in a simu-
lated pore solution containing 0.002 M Ca(OH), +
0.45 M NaOH +0.26 M KOH (pH = 13.5) in the pres-
ence of various inhibitors. The results show a behaviour
similar to the curves shown in Fig. 9, where both anodic
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Fig. 10. Values of 1/Rp measured on carbon steel in saturated Ca(OH), solutions with increased chloride content in the presence of inhibitors.
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Fig. 11. Values of 1/Rp measured on carbon steel in saturated Ca(OH), solutions with increased chloride content in the presence of inhibitors (cyclic

voltammograms measured after each increase in NaCl concentration).

and cathodic currents were reduced significantly in the
presence of inhibitor E or F. A current reduction was
also observed in the presence of inhibitor C compared
with the control sample. They all contain organic com-
pounds, which can be adsorbed on the steel surface to
form an organic film, acting as a physical barrier against
corrosion on steel. It has been noted that these current
reductions were not as significant as those measured in a
saturated Ca(OH), solution indicating that the adsorp-
tion or the effect of these organic compounds was not as
strong as in the saturated Ca(OH), solution.

The cyclic voltammograms in the presence of inhibi-
tor B or H show similar behaviour as observed in the
saturated Ca(OH), solution. The cathodic reduction
reactions appear earlier, and the anodic oxidation re-
action currents show some increase due to the effect of
these inhibitors which are believed to enhance the pas-
sive film on the steel surface.

The concrete admixtures used in the concrete on the
bridge spans have been tested for their corrosion-in-
hibiting properties on carbon steel in a simulated pore
solution containing 0.002 M Ca(OH), + 0.45 M NaOH +
0.26 M KOH (pH =13.5).

The relation of 1/Rp and the chloride concentration is
plotted in Fig. 12. 1/Rp values were determined by the
linear polarization method (with cyclic voltammetry
performed after each increase of NaCl concentration).
1/Rp starts to rise at an NaCl concentration of 6% or
greater for most inhibitors, including the control solu-
tion (basic solution without any inhibitor). It is sur-
prising to see that 1/Rp rose at NaCl concentrations of
3-4% in the presence of inhibitor E, earlier than for all

the others. This inhibitor was very effective in the inhi-
bition of corrosion in saturated Ca(OH), solution
(pH=12.6) up to 6% NaCl (cf. Fig. 10) but not as ef-
fective as other inhibitors (or even no inhibitor) in this
solution with a higher pH. This shows that inhibitor E is
more suitable for use in a saturated Ca(OH), solution
with a pH of about 12.6. For field application, this in-
hibitor is probably more effective in old concrete with a
lower pH than in new concrete.

4.3. Rebar coatings tested on carbon steel electrodes

Corrosion-inhibiting systems produced by some of
the participating companies include cementitious coat-
ings. The effect of these coatings on rebar corrosion has
also been tested in an electrochemical cell by measuring
corrosion potential and polarization resistance.

A cementitious-inhibitor coating is considered effec-
tive if the corrosion rate (or 1/Rp) is lower in a coated
sample than in a cement-coated control sample at the
same chloride concentration. Those samples coated with
effective cementitious inhibitors should be able to with-
stand a greater salt concentration than those just coated
with cement. The thickness, porosity and other physical
characteristics of the coatings will affect the ability of
chloride ions to penetrate to the rebar surface and the
corrosion behaviour of the rebar sample. The cementi-
tious and cement coatings were of the same thickness of
approximately 1 mm in the laboratory tests.

Fig. 13 shows results from the sample coated with
Portland Type 10 cement (control sample) and some
cementitious rebar coatings. There is a drastic increase
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cell solution over time, 1/Rp continued to increase. The

in 1/Rp at day 16 at 1.0% NaCl on the sample coated
corrosion potential, E,, dropped from —200 to —600

with cement. As more sodium chloride was added to the
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mV vs. SCE and remained at this level with increased
concentrations of NaCl. This indicates the chloride has
reached the surface of the steel electrode and the steel
surface is corroding.

In the sample coated with the cementitious rebar
coating D, 1/Rp started to increase at day 63 (at 4%
NaCl) and the corrosion potential, E.,;, dropped from
—300 to —650 mV vs. SCE. The sample coated with the
cementitious rebar coating A started corroding at 4.0%
NaCl (not shown in this figure). A drop in corrosion
potential, E.., as well as an increase in reciprocal po-
larization resistance, 1/Rp signal the onset of corrosion.
For the sample using coating G, 1/Rp started to increase
significantly at day 135 (at 6% NaCl) and the corrosion
potential, E., dropped from —300 to —600 mV vs. SCE
at the same time.

It is very clear that cementitious-inhibitor coatings
were effective in inhibiting corrosion compared with the
cement coating without an admixture-type inhibitor. In
each case, 1/Rp was smaller and the corrosion potential
was more positive for the inhibitor-coated sample than
the cement-coated samples at equivalent NaCl concen-
trations.

5. Performance comparison and ranking

The relative performance of the corrosion-inhibiting
systems varied from one test to another. Some systems
performed well in one specific test but not in another.
This made the identification of the effective corrosion-
inhibiting systems difficult and challenging. To provide a
meaningful comparison of the performance and identify
the effective systems, a systematic approach was devel-
oped and is defined below.

To determine the performance of corrosion-inhibiting
systems, only tests that directly related to the corrosion
performance were selected and are listed in the first
column of Table 2.

The results of the tests are indicated in the table along
with their respective ranking, indicated in parenthesis
beside each result. For example, the first field test listed
in the table is the half-cell potential measured on the
main reinforcement. For this particular test, system F
had the most negative half-cell potential (the median
value of —487 mV measured in June 2001) and obtained
a performance ranking of 10 (worst performance). In
this test, the difference in potential between the first and
last systems in the group is not big, at only 113 mV. It is
possible to find two systems with the same rank in a
given test if their results are identical (e.g., systems B
and D in the first field test).

For each category of tests, an overall performance
ranking of the various systems was determined. It is the
arithmetic average of the ranks for a given system as
shown in the rows entitled “Overall ranking” in Table 2.

The system with the lowest overall number is considered
to be the most effective for the category.

5.1. Ranking based on the field corrosion tests

The half-cell potentials of reinforcement given in
Table 2 for the tests done on the main reinforcement are
calculated based on a large number of measurement
results. However, since the main reinforcement was
protected by a 75 mm concrete cover, corrosion took a
long time to begin and, therefore, the difference in the
results in the group is not large. On the other hand, the
results for the tests done on the ladders indicate average
values on two ladders in each span. Since ladder bars
were protected by a thinner concrete cover (13-25 mm),
corrosion began sooner and had more effect. The dif-
ference in the results for a given test is larger and pro-
vides a more significant comparison.

In general, the relative performance of a given system
varied substantially from one test to another. However,
the overall ranking of the field tests indicates that system
H consistently had the best overall performance in the
field with a score of 3.7. If only the field tests on the
rebar ladders (thin concrete cover) were considered,
an overall ranking of 1.75 would be obtained for system
H, which would still be the best of the group. Two
other systems had a relatively good performance in
the field, namely the system with and system F. They
had an overall ranking of 4.4 which is considered much
better than the ranking of 5.8 obtained by the control
system.

5.2. Ranking based on the laboratory corrosion tests

The first two tests in this category were conducted on
corrosion-inhibiting admixtures, while the third test was
done on rebar coatings. Note that the test results in this
category might not represent the performance of the full
corrosion-inhibiting systems in the field, since some
systems included both an admixture and a rebar coating.
These lab results, however, may be significant to the
manufacturers which also sell these products separately
(i.e., not within a system) in other applications.

The ranking for the laboratory corrosion tests indi-
cate that systems E and H consistently got the best
performance. They had overall rankings of 1.0 and 2.0,
respectively, which is much better than the ranking of
4.0 obtained by the control system in span 21.

5.3. Overall performance ranking

It appears that System H consistently gave the best
performance of the group during this 5-year study. Two
other approaches were used to analyse the data: one
assessed the performance of each system compared to



Table 2
Performance ranking of the corrosion-inhibiting systems

Spans

21 Ref 12 A

B

C D

E

F

G

H

Units

Field corrosion tests

Half-cell potential of
reinforcement (median
value, June 2001)

Corrosion rate of
reinforcement, no cracks
(average value, June 2001)

Corrosion rate of
reinforcement, cracks
(average value, June 2001)

Potential of rebar ladders,
top bar (average value,
June 2001)

Potential of rebar ladders,
2nd bar (average value,
June 2001)

Corrosion rate of rebar
ladders, top bar (average
value, June 2001)

Corrosion rate of rebar
ladders, 2nd bar (average
value, June 2001)

Chloride content at 25-50
mm (average value, June
2001)

Chloride content at 50-75
mm (average value, June
2001)

Overall ranking

Laboratory corrosion tests

Chloride threshold (linear
polarization + cyclic
voltammetry)

Chloride threshold (linear
polarization)

Chloride threshold tested
on coatings (linear
polarization)

Overall ranking

—415 (4) -453 (8) -374 (1)

0.200 (5) 0.005 (1) 0.125 (2)

0.260 (5) 0.195 (2) 0.200 (3)

—570 (4) -630 (8) —670 (10)

~490 (5) —460 (3) —540 (8)

0.375 (5) 0.290 (3) 0.620 (7)

0.250 (8) 0.200 (6) 0.400 (10)

0.32 (10) 0.19 (4) 0.20 (6)

0.03 (5) 0.04 (8)

5.8 4.4 6.1

Ref
1.0 (3)

2.0 (4)

1.0 (5) 4.0 (3)

4.0 3.0

—420 (5)

0.230 (8)

0.375 (8)

~620 (6)

-520 (6)

0.970 (9)

0.120 (3)

0.22 (7)

0.03 (6)

6.4

0.5 (4)

0.5 (6)

6.0 (1)

3.7

-405 (3) -420 (5)

0.145(3)  0.260 (10)
0270 (7)  0.410 (9)
-623(7)  -515(3)
-570 (9)  —607 (10)
0390 (6)  0.200 (2)
0.100 (1) 0.240 (7)
0.15(2) 0.195 (5)
0.03 (3) 0.037 (7)

4.6 6.4

0.5 (4)

3.0 (3)

4.0 (3)

3.5 3.0

—453 (8)

0.185 (4)

0.230 (4)

—640 (9)

=520 (6)

0.870 (8)

0.163 (5)

0.12 (1)

0.02 (2)

52

6.0 (1)

8.0 (1)

1.0

—487 (10)

0.200 (5)

0.180 (1)

-600 (5)
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0.360 (4)

0.110 (2)
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0.02 (1)

44
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the control system, and the other assessed the perfor-
mance of each system compared to modified threshold
values set for each test. Both approaches reached the
same conclusions as those presented above.

It is important to mention that the field performance
results obtained to date were based on measurements
taken during a relatively short period of time. The per-
formance of the different corrosion-inhibiting systems
will certainly change after a longer period of time.
Further monitoring is needed to confirm these results.

6. Conclusions

1. On-site corrosion surveys show the half-cell poten-
tials are shifting toward more negative values. The
difference in potential from span to span is also in-
creasing. This indicates that corrosion, or the effect
of corrosion-inhibiting systems, in these spans is de-
veloping.

2. Corrosion rates measured by linear polarization
method show the rates were still low (<0.5 pA/
cm?) in all spans and were increasing. It indicates
more time is needed to see the significant corrosion
activity and to evaluate the effectiveness of the corro-
sion-inhibiting systems applied in these spans.

3. Half-cell potentials measured on the special rebar
ladders embedded in the spans had reached —500 to
—600 mV vs. CSE on the top bars in many spans
showing the high corrosion probability in the loca-
tions with thinner concrete cover. The potentials on
the lower bars were also shifting toward more nega-
tive values, indicating the corrosion probability was
also increasing.

4. The cyclic voltammograms measured at the steel elec-
trodes show that both anodic and cathodic currents
reduced significantly in the presence of inhibitor E,
C or F. This is due to the chemical adsorption of or-
ganic compounds contained in these inhibitors. While
in the presence of inhibitor H, these currents were in-
creased to enhance the passive film on the steel.

5. Most inhibitors presented in saturated Ca(OH), solu-
tion (pH =12.6) can delay the corrosion process on
carbon steel. Inhibitors E and H are quite effective
in this specific solution, followed by inhibitors C
and F. Inhibitor B is less effective compared with
the results obtained in the same solution in the ab-
sence of an inhibitor.

6. In a simulated pore solution containing 0.002 M
Ca(OH),+0.45 M NaOH+0.26 M KOH (pH=
13.5), the effectiveness of the inhibitors was not ob-
served since the carbon steel electrode was also able
to withstand an NaCl concentration of 6% before
corrosion initiated.

7. Laboratory tests show cementitious inhibitor coat-
ings applied directly on the rebar can delay or reduce

corrosion compared with the cement-coated samples
at equivalent NaCl concentrations in a saturated
Ca(OH), solution.

8. Based on this 5-year field study, system H has consis-
tently given the best performance of the group. How-
ever five years is still relatively short. The
performance of the different corrosion inhibitor sys-
tems will certainly change with time. Further moni-
toring and study are needed to corroborate these
findings.
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