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Abstract

Patch repair is commonly used to rectify localized corrosion induced damage in concrete structures. However, inadequate durability
in patch repair systems caused by new corrosion attack is prevalent. From the prevailing understanding, the mechanism is attributed to
macrocell corrosion formed between repaired area (called patch) and its adjacent unrepaired area (called substrate), and thereby ensuring
electrochemical compatibility between the two areas is deemed to be the key element to reduce the corrosion risk and thus to achieve a
successful repair. This paper examined the corrosion mechanism and the concept of compatibility in patch repair systems from funda-
mental electrochemical principles and experimental verification. It was illustrated that both macrocell and microcell corrosion mecha-
nisms could play significant roles, and the total corrosion could be underestimated if the latter is overlooked. Although the
incompatibility serves as the driving force for the macrocell corrosion, in light of corrosion kinetics, it was shown that the corrosion

magnitude depends more on the individual corrosion kinetics of the anode or cathode.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Corrosion of the reinforcing steel is a major deteriora-
tion problem of concrete structures. Corrosion prevention
and repair of concrete structures will continue to be an
important strategy for the rehabilitation of corrosion-dam-
aged structures. Patch repair is a commonly used method
in concrete structures, especially on highway bridge decks,
for rectifying localized damage in concrete induced by
corrosion of the reinforcing steel. The repair process entails
removal of loose concrete that has cracked, spalled, or del-
aminated, often by surface treatment of the steel reinforce-
ment and the old concrete, then replacing the defective
concrete with patching materials. From an electrochemical
viewpoint, a patch repair is designed to remove the anodic
reaction on the reinforcing steel that existed before the
repair and to prevent it from recurring by making it a pas-
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sive area. The change of corrosion state in the repaired
area, however, brings about new corrosion risk in the sur-
rounding areas because they are often in electrical contact.
Many patch repairs and their surrounding areas have
exhibited new corrosion damage after a few months to a
year.

In patch repair systems, the repaired area (called
patch) and the adjacent unrepaired areas (called sub-
strate) provide the embedded steel bars with dissimilar
electrochemical environments. The protective high pH
of sound concrete, such as in a newly repaired area, nor-
mally passivates the embedded reinforcing steel. If the
concrete is contaminated by chlorides and/or becomes
carbonated, such as in the substrate, active corrosion
can initiate in the reinforcing steel. When the active steel
and passive steel are put into electrical contact, macrocell
corrosion can form between them, in which the former is
polarized anodically and the latter polarized cathodically.
In patch repair systems, active corrosion damage often
occurs in the substrate or at the interface, known as
incipient corrosion or ring-anode effect, because concrete
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in the substrate is normally more corrosive than in the
patch. It was found that the patch repair induces or
enhances the active corrosion in the substrate if its chlo-
ride content is above a threshold level and sufficient mois-
ture is present [1,2] as supported by many experimental
detections of the macrocell corrosion formed between
them [1-5]. This has led to the prevailing understanding
that the main corrosion mechanism in patch repair is
the macrocell corrosion.

The total dissolution of the steel in the active area how-
ever, is determined by both the macrocell and microcell
corrosion currents that might coexist. The role of microcell
corrosion has not been fully addressed in patch repair sys-
tems. The microcell corrosion could also be induced in the
substrate by the patch repair. For example, the damaged
area, before the repair, was more corrosive to the steel than
its surrounding substrate and served as an anodic site, with
the steel in the adjacent substrate thus being cathodically
protected. The repair would therefore remove the corrosive
environment and consequently, the cathodic protection on
the steel in the substrate. As a result, the microcell corro-
sion could occur spontancously in the substrate, especially
if its chloride content is higher than the threshold level
[5,6]. Some limited data have enabled a comparison of
the magnitude of microcell and macrocell corrosion activi-
ties. Li and Yuan [2] showed that steel bars in the substrate
near the repair interface would lead to corrosion exacerba-
tion and the influenced area increased with the increase of
the repaired region. Their results conformed to the theoret-
ical illustration that a newly induced macrocell might not
necessarily surpass the existing microcell corrosion if a
cathodic area is not much larger than the anodic area [7].
Note that the technique to measure macrocell corrosion
cannot measure microcell corrosion, and as a result, the
contribution of the latter is easily overlooked and the real
degree of total corrosion could be seriously underesti-
mated. Thus, it is essential to identify the underlying mech-
anism and distinguish the degree of participation of both
types of corrosion as to whether the induced corrosion in
the patch repair system is mainly due to macrocell or
microcell corrosion or both.

Another prevailing understanding is that the compatibil-
ity of patching materials with substrate is the most critical
factor for a successful patch repair [8-10], because the
incompatible properties between the patch and substrate
leads to an electrochemical potential difference that serves
as the driving force for the formation of macrocell corro-
sion [11]. The incompatibility can arise from physical
properties (e.g. porosity), chemical compositions and elec-
trochemical properties. Therefore a significant incompati-
bility between patch and substrate will result in a larger
driving force for the macrocell corrosion to occur. A larger
driving force, however, does not necessarily mean a higher
rate of corrosion, because the behavior of the individual
active area or passive area in terms of their reaction rates
often outweighs the thermodynamic driving force in deter-
mining the rate of corrosion [12]. Some experiments also

showed that a seemingly “incompatible’ repair, in which
stainless steel was used to replace the carbon steel in the
damaged area, brought about low macrocell corrosion with
the carbon steel in the substrate [13-15]. This implies that
the key factors affecting the characteristics of macrocell
corrosion itself are not well understood and the concept
of compatibility needs further examination with regards
to corrosion kinetics, in addition to the thermodynamic
driving force.

This paper presents a theoretical examination of the
prevailing understanding of the corrosion mechanisms
and their causes in patch repair systems, as well as an
experimental demonstration to validate the suggested
mechanisms. This study will attempt to clarify fundamental
mechanism of the corrosion in concrete patch repair and
enhance the current understanding of the importance of
the microcell corrosion and its relation to the macrocell
corrosion.

2. Theoretical consideration
2.1. Microcell corrosion

The corrosion of steel in concrete is an electrochemical
process involving the transfer of electrons from one chem-
ical species to another. Microcell corrosion refers to a
corrosion process in which the mechanism is within a
microscopic scale. The reactions involving consumption
of metal and release of electrons are anodic reactions:

Fe — Fe** + 2e” (1)

The Fe*" ions react with OH™ to form ferrous hydroxide
[Fe(OH),:

Fe’" +20H™ — Fe(OH), 2)

The Fe(OH), commonly reacts further with oxygen to form
various oxide species such as hydrated ferric oxide (Fe,O5-
H,0) and hydrated magnetite (Fe;O04-H,0), depending on
pH and availability of oxygen:

4Fe(OH), + O, — 2Fe,05 - H,0 + 2H,0 (3)
6Fe(OH), + O, — 2Fe;0, - H,O + 4H,0 (4)

As a contrary, reactions involving consumption of elec-
trons and dissolved chemical species are referred to as
cathodic reactions, which most likely incorporate the fol-
lowing steps depending on the availability of oxygen, pH
of the solution, and electrochemical potential:

2H,0 4 O, + 4¢~ — 40H™ (5)
2H,0 +2e~ — 20H™ + H, (6)

In concrete, oxygen is usually able to penetrate through the
pores and micro-cracks into the steel surface and the over-
potential for oxygen reduction reaction (Eq. (5)) is low,
thereby making this reaction the prevailing cathodic reac-
tion. As the corrosion process becomes stable, the anodic
oxidation and the cathodic reduction reactions will reach
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equilibrium, and no net current can be measured externally
under this condition.

For normal concrete, the pH of the pore solution varies
between 12 and 13.5, and a passive film is formed on the
reinforcing steel embedded in this high alkaline environ-
ment that protects it from corrosion. For a passive steel,
the open circuit potential is high (more positive) but the
corrosion rate is very low (e.g. less than 0.1 pA/cm?), and
the overall reactions can be represented by the anodic (A)
and cathodic (C) polarization curves in Fig. 1.

Active corrosion can develop on reinforcing steel when
the concrete alkalinity is reduced to a certain level (usually
pH <9) due to carbonation or when the concentration of
chlorides around the steel in the concrete exceeds a critical
level. Under these conditions the passive film breaks down
and corrosion initiates. Active corrosion is characterized by
a low open circuit potential and a high corrosion rate,
which is normally greater than 0.5 pA/cm? [16]. The corro-
sion of active steel in a concrete pore solution with
sufficient supply of oxygen can be expressed by the polari-
zation curves A and C in Fig. 2. The availability of oxygen
in the concrete pore solution at the steel surface is often
limited, however, the cathodic reaction rate is thereby
restricted to a limiting current as shown by the bent curve
B. As a result, the overall corrosion rate of active steel in
concrete is commonly controlled by the rate of oxygen dif-
fused to the metal surface.

Compare a passive steel to an active steel; the corrosion
potential of the latter is more negative and corrosion rate
(i.e. the anodic dissolution current) is much higher. For
both types of corrosion processes, all the electrons released
in the anodic reaction are consumed in the cathodic reac-
tion by the principle of charge conservation, denoted by
the following equation:

iy = i (7)
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Fig. 1. Anodic (A) and cathodic (C) polarization curves of a passive
reinforcing steel.
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Fig. 2. Anodic (A), cathodic (C) and limiting cathodic (B) polarization
curves of a corroding reinforcing steel.

where i, is the anodic current and i, the cathodic current.
Both anodic and cathodic reactions can occur in micro-
areas (even on an atomic scale). Therefore no net current
can be measured externally. Moreover, the metal normally
takes up a more or less uniform electrode potential, often
called the corrosion potential (E..). The corresponding
rate of metal dissolution at this potential is referred to as
the corrosion rate (i.o;;) and has the following relation:

icorr - ia - ic (8)
2.2. Macrocell corrosion

Corrosion of reinforcing steel in concrete structures is
often not uniform. Some areas are more corroded than
others due to non-homogeneity and cracks in concrete or
to localized chloride attack. This can also occur following
a patch repair of a reinforced concrete structure, e.g. when
there is a significant difference in chloride concentration
between the new patch (chloride free) and its surrounding
substrate (chloride contaminated). In such a commonly-
occurring case, the steel becomes passivated in the patch
and its electrochemical potential shifts to more positive val-
ues than that of the steel in the substrate. Especially when
active corrosion is initiated in the steel embedded in the
substrate, its electrochemical potential shifts significantly
towards more negative values and the difference between
their electrochemical potentials will be even greater. As a
result, galvanic corrosion can occur between the two visibly
separated areas if their reinforcing steel bars are electrically
connected. This galvanic corrosion is also known as macro-
cell corrosion.

2.2.1. Macrocell corrosion between passive and active
reinforcing steels

A simple two-electrode macrocell corrosion system con-
sists of one passive steel (electrode 1) and one active steel
(electrode 2) as illustrated in Fig. 3. When these two elec-
trodes are in electrical contact in an electrolyte or concrete,
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Fig. 3. Macrocell current formed between passive steel (1) and corroding steel (2) when these two steels are in electrical contact in electrolyte.

the potentials of the two steels will shift to a common
potential and reach a new equilibrium, assuming the resis-
tance of the electrolyte is negligible. The active steel, which
has a more negative potential (E), Will be anodically
polarized to a more positive potential E’, while the passive
steel, having a more positive potential (E.q1), Will be
cathodically polarized to a more negative potential E’, as
shown in Fig. 3. Accordingly, the anodic dissolution cur-
rent in the active steel is increased from i...» (the corrosion
current before coupling) to #, and the cathodic current
decreased from icoo to i,. In the passive steel however,
the anodic current is reduced from g1 to #, and the
cathodic current increased from igo.; to i,. At the new
equilibrium, the whole electrode system will have the
following relation:

. . ./ ./

lcl + lc2 = lal + la2 (9)
Besides the microcell corrosion, in which electrons are
transferred from the anodic to cathodic sites in each of
the electrodes, some electrons are also transferred from

one electrode (the active steel) to the other (the passive
steel), resulting in a galvanic current (macrocell current)

Imac-
. _ o/ _ ./ _ o _ ./
Imac = lcl Ta =l ch (10)

In the active steel, this macrocell current acts partially to
enhance the anodic steel dissolution and partially to reduce
the oxygen reduction reaction. The increase in the corro-
sion rate in the active steel, induced by the macrocell corro-
sion, can be calculated by the following equation:

. . .
Alcorr = Ly — Leorr2 (1 1)

The above two equations show clearly that the increased
anodic dissolution current density (Ai.,,) is smaller than
the magnitude of the macrocell corrosion current density
(imac)- This is because part of i, (about 40%) has to com-
pensate for the decrease in the cathodic current of the ac-
tive steel and only the remaining part (about 60% of iyac)

contributes to the increase in the corrosion current density,
Aicorr. The proportions of the two parts of i, (40% and
60%, respectively) was calculated from the Tafel slopes of
anodic (40 mV/decade) and cathodic polarization
(60 mV/decade) measured on a steel electrode, and these
measured slopes conformed to the results obtained by
Kabanov et al. [17]. Therefore, the increased anodic corro-
sion rate is a more direct value than the macrocell current
density to show the change in the corrosion of the active
steel after it is connected with a passive steel.

In practice, the situation is much more complex in
concrete structures. Many reinforcing steel bars with differ-
ent corrosion potentials are connected together, forming a
large electrode system. Based on the previously mentioned
galvanic coupling principle, each steel (site) provides its
contribution to the macrocell corrosion, with the individual
contribution depending on the corrosion potential, corro-
sion rate and surrounding concrete resistance of the rein-
forcing steel.

2.2.2. Macrocell corrosion between passive reinforcing
steels

Macrocell corrosion can also occur between two passive
steels embedded in a patch repair and its substrate, respec-
tively, if there is an oxygen concentration difference
between the two areas. This can be induced by the applica-
tion of a dense concrete to a patch repair on a porous con-
crete substrate. Oxygen diffuses much slower through dense
concrete than through porous concrete, leading to an oxy-
gen concentration difference at the steel surface, and even-
tually a difference in the electrochemical potential as shown
in Fig. 4. Curve A is the anodic reaction, curve C; repre-
sents the cathodic reaction in a porous concrete substrate,
and curve C, represents the cathodic reaction in a dense
concrete where the oxygen concentration is lower and so
is the electrochemical potential. Therefore macrocell corro-
sion can occur when these two bars are electrically
connected. The reinforcing steel embedded in the dense
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Fig. 4. Macrocell current formed between two passive steels when these two steels are in electrical contact in electrolyte.

concrete is polarized anodically, which subjects it to anodic
reaction, while the steel embedded in the porous concrete is
polarized in the cathodic direction and will develop a
cathodic reaction. In such a macrocell corrosion, however,
the increase in the dissolution rate of the steel is relatively
small due to the passive film. Experimental investigations
have also shown that the oxygen gradient corrosion in
the patch is unlikely to occur under in-service conditions
because the steel in the patch is most likely to be passivated
[2]. The present study therefore will focus only on the mac-
rocell corrosion between passive steel and active steel.

2.2.3. Thermodynamics and kinetics of macrocell corrosion

The electrochemical potential difference between active
reinforcing steels (in chloride contaminated substrate
areas) and passive steels (in chloride-free patch repair
areas) is the driving force for the macrocell corrosion (i.e.
the tendency of macrocell corrosion to occur). This macro-
cell corrosion enhances the anodic corrosion of the active
steel embedded in the chloride contaminated substrate
area. However, the greater driving force in terms of poten-
tial difference does not necessary mean a higher corrosion
rate. The rate of macrocell corrosion is often limited by
the cathodic reaction on the passive steel (subjected to
the cathodic polarization after coupling with the active
steel). The rate of the cathodic reaction can often over-
weigh the thermodynamic driving force and can make the
macrocell corrosion kinetically slower. For example, if
stainless steel reinforcement is used to replace the carbon
steel reinforcement in a repair, the electrochemical poten-
tial difference would be greater between the patch area
and substrate than if a carbon steel reinforcement is used
in the repair. As a result, the driving force for macrocell
corrosion to occur will be larger between the stainless steel
and the adjacent carbon steel. The rate of this macrocell
corrosion has been found however, lower than that
occurred between two carbons steel reinforcement when a

carbon steel is used in the repair [18,19]. The reason is that
the low oxygen reduction rate in stainless steel, compared
to passive carbon steel, can slow down the macrocell corro-
sion. Hence under such a condition the kinetics of the
cathodic reaction dominates the macrocell current density,
and electrochemical incompatibility in terms of the driving
force does not necessarily result in significant macrocell
corrosion in this situation.

Macrocell current density is also affected to a great
extent by the magnitude of the electrical resistance of
concrete and the ratio of the anodic and cathodic areas.
Dry concrete, which has a high electrical resistance, can
cause a large potential drop and a reduction in the rate
of macrocell corrosion. Relatively larger cathodic areas
tend to cause more severe macrocell corrosion on anodic
areas. The passive steel is usually more polarizable (i.e. a
low current density induces a large potential change) than
the active steel. Therefore the common potential (as shown
in Fig. 3) is closer to the potential of the active steel after
they are coupled.

3. Experimental

The designed experiments included two types of test: (i)
test in electrochemical cells for mechanistic study, and (ii)
test in concrete specimens for verification.

3.1. Tests in electrochemical cells

The steel electrodes were cylinders of 70 mm in length
and 12.5 mm in diameter machined from reinforcing steel
bars, including stainless steel (SS) 304LN, 316LN, 2205
and carbon steel (CS). The electrodes were threaded so that
another rod of same type of steel could be mounted to
make an electric connection. The steel electrode was
isolated by an epoxy resin except a fixed steel surface of
28.6 cm? designed to be exposed to the solution. The
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exposed steel surface was polished with #600 silicon car-
bide papers, degreased with acetone and cleaned with de-
ionized water. The CS electrodes were classified into two
groups; passive electrode and active electrode (or corroding
electrode). The passive CS electrodes were prepared by
leaving the electrodes in saturated calcium hydroxide
[Ca(OH),] solution (pH = 12.6) for one week. The corrod-
ing CS electrodes were prepared by storing the electrodes in
a humidity room for three weeks to allow the rust to accu-
mulate on their surfaces.

The electrochemical experiments were carried out in a
saturated Ca(OH), solution or a saturated Ca(OH), solu-
tion with 3% NaCl (by weight). De-ionized water (resistiv-
ity > 18.3 MQ cm?, Milli-Q) was used to prepare the
solutions. The tests were conducted in three-compartment
electrochemical cells in which the working electrode was
a prepared CS or SS electrode, the counter electrode was
made of platinum foil or mesh, and the reference electrode
was a saturated calomel electrode (SCE). In this paper, all
the potentials presented are relative to SCE. A Luggin cap-
illary was used to reduce the potential drop between the
reference electrode and the working electrode (IR drop).

The macrocell corrosion experiments were carried out
using a setup consisting of two electrochemical cells that
are connected by a salt bridge as shown in Fig. 5. This
setup is designed to simulate the galvanic coupling of two
steels in concrete and to study mechanistically the correla-
tion between microcell corrosion and macrocell corrosion
after the latter is formed. The electrical resistance of the
salt bridge can be easily controlled and modified by chang-
ing the concentration of the electrolyte in it. The salt bridge
was made of a U-shaped glass tube with an internal diam-
eter of 9.4 mm or 3.1 mm (depending on the type of exper-
iments). The two ends of the U-shaped glass tube were
sealed with a Celgard® 2500 microporous membrane to
prevent solution flow and to reduce the chloride ion diffu-

Potentialstat
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° § ° 9
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Fig. 5. Galvanic coupling measurement set-up.

sion. The glass tube was filled with saturated Ca(OH),
solution with or without 3% NaCl depending on the exper-
imental conditions. The macrocell current between two
electrodes (in a 1:1 ratio of apparent surface areas) was
measured and recorded using a Keithley 485 picoammeter
connected to a PC computer.

The linear polarization technique was used to determine
the electrochemical polarization resistance (Rp) and the
corrosion rate (i.o) Of the electrodes in the electrochemical
cell. The potential of the steel electrode was scanned at a
rate of 0.01 mV/s. The measurements were initiated at
10 mV below the corrosion potential (E.,,;) and terminated
at 10 mV above it, while recording the polarization current.
The Rp was defined as the slope of a potential-current den-
sity plot at the potential of E..,.. The i, is calculated from
the following equation:

leorr = RE; (12)
where B is the Stern—Geary constant that is related to the
Tafel slopes for the anodic and cathodic reactions. The
open circuit potential was recorded before every measure-
ment. Sufficient time was allowed between the measure-
ments for the steel electrodes to fully depolarize. The
linear polarization and potential dynamic measurements
were carried out using a Solartron 1480 multistat or solar-
tron SI 1287 electrochemical interface, which was
controlled by a computer using Corr-Ware software.

3.2. Tests in concrete specimens

In addition to the above mechanistic study, macrocell
current measurements were carried out on different pairs
of reinforcing bars (rebars) in concrete specimens with a
size of 20 x 15 x 8 cm®. The composition of the concrete
mixtures (including NaCl) and the compressive strength
of the prismatic specimens are listed in Table 1. The spec-
imens were cured for 35 days in a 95 4+ 5% relative humid-
ity (RH) and 22 4+ 2 °C environment. Two parallel rebars
were embedded in each specimen. The two ends of the
rebars were coated with epoxy resin and covered by a
shrinkable sleeve, leaving a length of 15 cm (surface area
~70.7 cm?) exposed to the concrete. The two rebars were
connected by an external wire.

The concrete samples were then put in an environmental
chamber, in which the RH was kept at 80% and the tem-
perature cycled between 25 °C and 45 °C daily (four hours
of temperature increase from 25 °C to 45 °C, eight hours of

Table 1

Composition of concrete specimens for galvanic coupling tests

NaCl Chloride % Water Cement Fine Coarse 7 Days

(kg) (wt of cement) (kg) (kg) aggre. aggre.  strength
(kg) (kg (MPa)

0 0 575 11.5 23 34.5 39.2

0398 1.5 8.00 16.0 32 48.0 39.7

1.289 3.5 11.25 225 45 67.5 35.8
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constant temperature at 45 °C, four hours of temperature
decrease from 45 °C to 25 °C, and then eight hours of con-
stant temperature at 25 °C) to accelerate the corrosion pro-
cess of the rebars. The high temperature was changed from
45 °C to 50 °C during the stage corresponding to days 220
and 300 to accelerate further the corrosion process. The
macrocell current between these two rebars was measured
by using a Keithley 485 picoammeter. The coupling poten-
tial was measured using a Keithley 617 multimeter and a
copper/copper sulfate (Cu/CuSQ,) reference electrode
(converted relative to SCE). Both measurements were car-
ried out on a weekly basis and an average of three samples
were used in the analysis.

4. Results and discussion

4.1. Macrocell corrosion between passive and active carbon
steels

In order to study mechanistically the macrocell corro-
sion, the macrocell current density was directly measured
between two electrodes having one to one surface areas
after a corroding carbon electrode was connected with a
passive carbon electrode in the electrochemical cells. In
Fig. 6, the line with solid symbols was the macrocell
current density measured between a corroding CS electrode
(Ecorr = — 0.55V) and a passive CS eletrode. It showed
that the macrocell current rate decreased gradually with
time until it reached a stable value after the initial pulse,
which was due to charging of double layer capacitors in
the interface of electrolyte/electrodes.

The macrocell current density can also be deduced from
the polarization curves yielded by the two electrodes. This
provided a tool to verify the measured macrocell current
density. Fig. 7 shows that the cathodic polarization curve
of the passive CS intersects with the anodic polarization
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Fig. 6. Galvanic current density of corroding CS coupled with different
steels in a saturated Ca(OH), solution.
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Fig. 7. Polarization curves of corroding CS, passive CS and SS 316LN
measured in a saturated Ca(OH), solution.

curve of corroding CS electrodes. If the effect of the IR
drop (potential drop in the salt bridge) is negligible, the
intersection point provides the macrocell corrosion poten-
tial (2E.,, of corroding electrode) and the corresponding
current density. However, if a correction is made for the
IR drop (i.e. E.or —IR), then the macrocell corrosion
potential at the cathode is more positive than the intersec-
tion point.

Table 2 presents the measured and calculated macrocell
current densities for two corroding CS electrodes
(Ecorr =—0.55V and —0.6 V vs SCE) when coupled with
a passive CS electrode, respectively. The results show that
the calculated macrocell current values were very close to
the measured values after correction for the IR drop. It is
confirmed that the macrocell current density calculated
based on the polarization curves was reliable.

Table 3 lists the measured microcell corrosion rate, mac-
rocell current density, and their proportions for three cor-
roding CS electrodes when they were coupled with a
passive CS electrode, respectively. The three corroding
CS electrode with different corrosion potentials
(Ecorr=—0.6V, —0.55V, —0.42V vs SCE) represented
different corrosion conditions of the reinforcing steel. For
the electrode with the corrosion potential of —0.6 V vs
SCE, the microcell corrosion rate measured by a linear
polarization technique was 13.3 4+ 0.4 pA/cm?, and the

Table 2
Measured and calculated 7y, values for various corrosion potentials at the
corroding electrode

Eeor at ige (A/cm?)

corroding Measured Calculated Calculated
electrode (V) (Eeor) (Ecorr — IR)
—0.55 0.44 0.52 0.48

—0.60 0.53 0.70 0.59
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Table 3

Relationship between macrocell and microcell current densities for
passive carbon steel coupled with corroding carbon steel at different
Ecorr (vs SCE)

Ecorr at imac imic imac/imic Aicorr/icorr
corroding (nA/em?)  (pAfem?) (%) (%)
electrode (V)

—0.60 0.53 13.3 4.0 2.4

—0.55 0.44 12.8 34 2.0

—0.42 0.04 1.42 2.8 1.7

Imac and in;c are the average measured values.

macrocell current density was ip,,. = 0.53 pA/cmz. As men-
tioned earlier, Ai..,, was about 60% of i,,.., and therefore
the increase in corrosion rate caused by the macrocell effect
was about 2.4%, as shown in Table 3. The results illustrate
that microcell corrosion was the dominant corrosion pro-
cess on the corroding carbon steel.

When E,,, at the corroding electrode changed to a less
negative potential, from —0.60 V to —0.42V, both the
microcell and macrocell current densities at the corroding
electrode became lower. The percentage increase in the cor-
rosion rate due to the macrocell effect was also reduced.
This indicates that the effect of macrocell corrosion would
diminish with an increase in E,,, while the microcell corro-
sion would increasingly dominate the whole corrosion
process.

The above results provide a quantitative evaluation of
the macrocell and microcell corrosion rates caused by the
galvanic coupling between the corroding and passive car-
bon steels, based on the 1:1 electrode ratio. It is more appli-
cable for reinforcing steel with relative large corrosion
areas since the non-corroding area on surrounding rebars
are in similar or comparable size. However for pitting cor-
rosion, which produces a very small corrosion area (such as
pin holes), the non-corroding area on surrounding rebars
could be relatively large and the effect of macrocell corro-
sion could become very important in the form of corrosion.

4.2. Macrocell corrosion between stainless steel
and carbon steel

Stainless steel, with its superior corrosion resistance, has
a chloride threshold that can be five to eight times higher
than that of carbon steel [20]. The use of stainless steel rein-
forcement in patch repair areas could be a viable option for
reducing repeated repairs in vulnerable areas and extending
the service life of concrete structures. However, the risk of
macrocell corrosion between two different metals has been
a major concern that prevented this approach from being
used in the field.

Since stainless steel has a much higher chloride corro-
sion threshold, it is very likely to become polarized cathod-
ically when coupled with carbon steel. The macrocell
current density between stainless steel and passive carbon
steel is not a concern because these two steels can be polar-

ized each other without causing significant macrocell cur-
rent when they are both in the passive condition. The
macrocell corrosion between stainless steel and corroding
carbon steel would however be of concern.

The macrocell current density between stainless steel
(2205, 304LN and 316LN) and corroding carbon steel elec-
trode measured in the electrochemical cell are presented in
Fig. 6 with empty symbols. The macrocell current densities
gradually approached a stable value after the initial pulse.
From these results, it can be seen that the macrocell current
density between the corroding carbon steel and stainless
steel was less than half of that between the corroding car-
bon steel and the passive carbon steel. The galvanic cou-
pling effect introduced by stainless steel was smaller
because the rate-determining step of the macrocell corro-
sion process is a cathodic reduction reaction on stainless
steel, which is significantly lower than that on passive car-
bon steel. Therefore, the use of stainless steel reinforcement
in patch repair areas that are reinforced by carbon steel will
not increase the risk of corrosion on the carbon steel rein-
forcement, even when these bars are in direct (electrical)
contact.

4.3. Macrocell current tested in concrete specimens

The macrocell current was measured in concrete speci-
mens between corroding CS and passive CS or stainless
steel. Fig. 8 shows the galvanic coupling potential and mac-
rocell current of the corroding carbon steel in concrete con-
taining 1.5% chloride, coupled with stainless steel in the
presence of 3.5% chloride ions. Before the two rebars were
connected, the open-circuit potential of the carbon steel
was more negative than that of the SS. Since the carbon
steel was in the concrete containing 1.5% chloride ions, it
was likely becoming active due to attack by chloride ions.
After the two rebars were connected, the coupling potential
was about —0.15V to —0.25 V over 220 days (see Fig. 8),
while the temperature cycle was between 25°C and
45 °C. During this time, the macrocell current densities
were relatively low (about a few nA/cm?), indicating no sig-
nificant macrocell current, even though the carbon steel
was in the concrete containing 1.5% chloride ions. The
current pulse, which was observed in the electrochemical
cell, did not appear because the small initial potential dif-
ference between the electrodes and the high electrical resis-
tivity of concrete compared with the electrolyte in the cell.
After 220 days, the upper temperature was changed from
45 °C to 50 °C, causing the coupling potential to shift to
more negative values (about —0.35 V), and the macrocell
current density to increase from 5 nA/cm? to 80, 120 and
200 nA/cm? for stainless steels 2205, 304LN and 316LN,
respectively. The gradual decrease in the iy, that occurred
after this high current density period as shown in Fig. 8
was due to the formation of cracks in the concrete around
the corroding carbon steel rebars.

The galvanic coupling potential and the macrocell cur-
rent density measured from the active carbon steel coupled



S. Qian et al. | Cement & Concrete Composites 28 (2006) 685-695 693
250 100
a

o 150 @
[&]
» 50 e
2 ° 8
2 501 5
£ Li50- §
© I--100 BM
< -250 ~
2 -350 |
5 <

-450 T T T T T T T -200

-100 0 100 200 300 400 500 600 700

250 200
—_ b
w150+ ®)
8 100
o 507 _—> .
> 3
> -50 —
E o 3
= -1501 o
£ 3
§ -250 00 =
o
o -350- <

-450 - T T T T T T -200

-100 0 100 200 300 400 500 600 700
250 300
@ 150 ©)
§ - 200
2 ] :
= -0 F100 2
< 150 / o 5
€ -250- 3
< L-100
a -350
-450 T -200
-100 1 00 200 300 400 500 600 700
Time (day)
Fig. 8. Galvanic coupling potential and current densities measured in concrete specimens for CS in 1.5% CI~ coupled with a SS alloy in 3.5% CI: (a) SS

2205; (b) SS 304LN; (c) SS 316LN.

with the passive carbon steel are shown in Fig. 9. Two car-
bon steel rebars were embedded in each concrete specimen,
one in chloride-free concrete and the other in concrete
containing 1.5% chloride ions. During the first 220 days,
the coupling potential fluctuated around —0.15V, and
the coupling current density remained very low (<10 nA/
cm?). After 275 days, the coupling potential dropped to
—0.4 'V, and the coupling current density increased rapidly
to 800 nA/cm? then decreased to a very small value. This
current density decrease was due to concrete cracking near
the rebars.

These results show that the macrocell current density
between active and passive carbon steels was much higher
than that between active carbon steel and stainless steel,
even when the stainless steel was in concrete containing a
3.5% concentration of chloride ions. This confirms the
results measured in the electrochemical cells, which found
that for the case of stainless steel coupled with corroding
carbon steel, the macrocell current density was much lower

(about 200 nA/cm?) than in the case of coupling between
passive and active carbon steels (about 500 nA/cm?).
Therefore, the use of stainless steel instead of carbon steel
reinforcement in patch repair areas would not increase the
risk of corrosion in the carbon steel reinforcement.

4.4. Effect of electrical resistance

Concrete electrical resistance can have a considerable
effect on the rate of macrocell corrosion in reinforced con-
crete. With the increase of this concrete resistance, the
potential drop between the two coupled steels can increase,
resulting in a smaller rate of macrocell corrosion. This was
demonstrated by the experiment performed in the electro-
chemical cell with different salt bridge resistances.

Table 4 shows the change in the values of i,. with the
resistance of the salt bridge, measured by galvanic coupling
experiments in an electrochemical cell. When the resistance
of the salt bridge was increased from 0.9 kQ to 33.0 kQ,
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Table 4 2. The effect of macrocell corrosion is less significant

Measured macrocell current density, im,., in electrochemical cells with
different salt bridge resistances

Resistance of salt bridge (kQ) 0.9 23 33
Measured ipq (1A/cm?) 0.44 0.32 0.18

imac Of the coupling between the passive and corroding
carbon steel electrodes decreased from 0.44 pA/cm® to
0.18 pA/cm?. Obviously, the percentage of the corrosion
rate due to the macrocell effect is decreased, correspond-
ingly. This indicates that the macrocell corrosion effect
can be reduced in concrete with high resistivity.

The change in resistance values in electrochemical cells
from 0.9 kQ to 33.0 kQ cover a wide range of concrete
resistance and corresponds to a wide range of rebar corro-
sion rates (from low to high). Therefore, changes in i,
with an increase in the resistance of the salt bridge have a
practical implication for reducing the macrocell corrosion
by increasing the electrical resistivity of concrete.

5. Conclusions

This paper presented a theoretical analysis and an exper-
imental study of the relationship between macrocell and
microcell corrosions in patch repairs of concrete structures.
Based on the results, the following conclusions can be
drawn:

1. A quantitative comparison was made for the macrocell
and microcell corrosion rates for the coupling between
corroding and passive carbon steels based on a 1:1
apparent electrode surface ratio. Microcell corrosion
was found to be the dominant corrosion process on
the corroding carbon steel when coupled with passive
carbon steel.

when the corrosion potential of the corroding electrode
becomes less negative. However, the effect of macrocell
corrosion can become important when the area of active
steel is very small compared with the areca of passive
steel.

3. The magnitude of macrocell corrosion decreases with
increase in the resistance of the salt bridge in the electro-
chemical cell. This confirms that the effect of macrocell
corrosion is reduced in the reinforced concrete with high
resistivity.

4. The cathodic reduction current on stainless steel is sig-
nificantly lower than that on passive carbon steel, lead-
ing to a lower macrocell current density induced by
stainless steel when it is electrically connected with cor-
roding carbon steel.

5. The experiments carried out in concrete specimens con-
firmed that the macrocell current density between stain-
less steel and active carbon steels was much lower than
that between active and passive carbon steels (even when
the stainless steel was in concrete containing 3.5% chlo-
ride ions). Therefore, the use of stainless steel reinforce-
ment in patch repair areas within the concrete structure
already reinforced by carbon steel will not increase the
corrosion risk on carbon steel reinforcement even when
these bars are in direct (electrical) contact. It implies that
the use of stainless steel instead of carbon steel reinforce-
ment in repair areas can be a cost effective approach to
reduce the frequency of repairs and extend the service
life of reinforced concrete structures.
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