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Patch repair is a commonly used method for rectifying localized corrosion damage in reinforced concrete
members. However, the ring-anode effect, which is corrosion at the intersection between the substrate
and the repaired concrete, is a commonly observed failure mechanism after patch repairs. In this study,
the kinetics of the corrosion in the ring-anode zones of repaired concrete structures is investigated by
numerical modeling. All simulations, in agreement with the existing experimental and in situ observa-
tions, have demonstrated the formation of a ring-anode zone in the 2-5 cm portion of the substrate from
the interface between the substrate and the repaired concrete. Furthermore, the anodic current density in
the ring-anode zone is found to have a peak near the repaired concrete and to asymptotically approach to
the corrosion current density observed in the substrate before the patch repair. More importantly, the
simulations demonstrate quantitatively how various parameters affect the ring-anode corrosion. It was
found that the resistivities of substrate and repair concretes are the most significant factors that influence
the magnitude of macrocell corrosion, followed by the availability of oxygen in the patch. It was observed
that the ring-anode effect is a localized problem that occurs in the substrate near the repair bond line, and
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the size of the patch and the cover thickness are not significant factors affecting the phenomenon.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion of steel in concrete is one of the most costly durability
problems that causes the degradation of concrete structures in
terms of structural safety, integrity, and serviceability. Patch repair
is a commonly used method for rectifying localized damage in
reinforced concrete members such as highway bridge decks and
columns. The process of patch repair consists of the removal of
loose concrete that has cracked, spalled, or delaminated; (often)
the application of surface treatment on the steel; and the replace-
ment of the defective concrete with patching materials that nor-
mally reestablish the original form of the member. Any repair of
corrosion-induced damage must aim at stopping one or more of
the following processes that are required for the corrosion process
to proceed: (1) the anodic process; (2) the cathodic process; and/or
(3) the electrolytic conduction between the anodic and cathodic
sites on the steel reinforcement [1]. The main objective of the
patch repairs of corrosion-induced damage in concrete structures
is, at the very least, to prevent the anodic reaction from recurring
in the repaired area.
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Many patch repairs, however, have been found to last for only a
few months to a year before the appearance of new corrosion dam-
age. Recurring corrosion after patch repair can initiate in one of the
three areas: the substrate (adjacent unrepaired area), patch area, or
at the interface between them [2-8]; however, it has often been
noted to occur in the substrate very close to the interface or at
the interface. This is known as ring-anode effect, and the cause
has been attributed to macrocell corrosion formed between the
steel in the repaired patch (macrocell cathode) and the steel in
the substrate (macrocell anode), as evidenced by experimental
demonstrations [2-6]. It is well understood that the driving force
for macrocell corrosion is the electrochemical incompatibility be-
tween the patch and the substrate [9-13], which can be defined
as the imbalance in electrochemical potential between different
locations of the reinforcing steel because of their dissimilar envi-
ronments caused by the patch repair [11]. The dissimilar environ-
ments can be due to the differences in both physical properties
(e.g., porosity) and chemical compositions. For example, the newly
patched area is usually free of chloride, while the substrate is not.
Consequently, the corrosion potential of the steel in a patch can be
much higher than that in a substrate; this electrochemical poten-
tial imbalance was shown to be as high as 500 mV [4].

Electrochemical potential imbalance explains the thermody-
namics of macrocell corrosion caused by patch repairs. The kinetics
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of macrocell corrosion - the corrosion current density and its dis-
tribution along the reinforcing bar - that directly leads to deterio-
ration, however, is not well understood, and limited knowledge
exists on the key factors that affect these key characteristics [14].
Understanding the distribution of the corrosion current density
along the rebar is critical to predict the location and the severity
of the corrosion damage. Experimental approaches are not practi-
cal or, in most cases, useful to map the current density distribution
along the steel reinforcement because of the complex and highly
inhomogeneous nature of reinforced concrete and the limitation
of conventionally used electrochemical equipment for isolating
the influence from adjacent macrocells when a localized corrosion
is measured.

Besides the distribution of the anodic current density, the pre-
cise location of the anodic site - whether it is in the substrate or
at the interface - is still not clear. There are two contradictory
experimental findings. Castro et al. [5] monitored the current flow
between segmented steel bars to identify the interfacial corrosion
and the corrosion in the substrate. They found that the interface
was mostly anodic, which was directly controlled by the corrosion
activity in the patch (macrocell cathode). The corrosion in the sub-
strate was in turn determined by the corrosion activity at the inter-
face. This is illustrated by the corrosion current distribution in
Fig. 1a, in which the current flow (only the current flow in the con-
crete is illustrated; the direction of electron flow in the steel would
be in the opposite direction) is from the interface to both the patch
and the substrate. Their experiments showed that the anodic site
extended in both directions (patch and substrate) for 4 cm from
the interface. Barkey [15] reported however, that the interface re-
mained passive and suggested that this passive region might ex-
tend out of the repaired region into the substrate. An
examination of the corrosion products revealed that the inner
boundary of the anode in the substrate was 1-2 cm away from
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Fig. 1. Schematic illustration of two proposed model for ring-anode effect.

the interface (repair bond line). As demonstrated by his model in
Fig. 1b, the macrocell current bypassed a (1-2 cm) portion of rebar
outside the repair bond line, driving the chlorides out of this region
with a possible rate of 2-3 mm/month under a macrocell potential
of 300 mV. As a result, the interface was protected from corrosion
and remained passive.

Further study to clarify the location of active corrosion, either
along the repair bond line or in the substrate, is important to
understand the mechanism and to take preventive measures. Cas-
tro et al.’s model implied that the quality of the interface (i.e., the
repair bond line) between the patch and the substrate was the
most critical factor for the induced corrosion, and therefore a
strong bond between the repair concrete and the substrate should
be beneficial in preventing the ring-anode effect. In contrast, Bar-
key’s model showed the steel at the interface remains in a passive
state bypassed by the macrocell current. Numerical modeling is
considered as a suitable and useful tool to study the kinetics of
reinforcement corrosion after patch repairs in concrete structures
and to specifically address the following questions [14] on the
ring-anode effect: (1) is the anodic site after a patch repair at the
interface or in the substrate? and (2) what are the anodic corrosion
characteristics of the steel after patch repair with regards to the
size of active corrosion (e.g., affected length of rebar) and its
current density?

2. Numerical approach
2.1. Initial active microcell corrosion in the substrate

After a patch repair, the steel in the substrate often undergoes
more active corrosion than in the patch. This is mainly due to
the fact that the substrate concrete, either by chloride contamina-
tion or carbonation, is usually more corrosive than the newly
patched concrete. It is also suggested that the substrate can devel-
op more active microcell corrosion after a patch repair, because the
patch repair removes the damaged area, which was an anodic site
for the adjacent substrate, and consequently, its cathodic protec-
tion on the steel in the substrate is lost [16]. In the current inves-
tigation, it is therefore assumed the steel in substrate undergoes
uniform microcell corrosion as an initial condition right after a
patch repair, and the investigations will focus on the interactions
of the passivated steel in the patch area and the steel in the sub-
strate and their final respective corrosion equilibrium state, espe-
cially the corrosion of the steel in the substrate (see Fig. 2).

The initial microcell corrosion current density of the steel in the
substrate, icormic (A/m?), as illustrated in Fig. 2a, can be calculated
from exchange current density following the polarization and the
mix potential theories [17] as follows:

(1) Anodes polarize through activation polarization such that
i
ba= 0%+ palos () 1)
oa
Activation

where ¢, (V) is the anodic corrosion potential, ¢; (V) is the
equilibrium potential of the anodic reaction, B, is the anodic
Tafel slope (V/dec), and i,q (A/m?) is the exchange current
density of the anodic reaction.

(2) Cathodes polarize through activation and concentration (due
to the limiting effect of oxygen availability around the catho-
dic sites) polarization such that

o= g2+ pelog (1) + 227 tog (27 @)

ioc iL - ic

Activation Concentration
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Fig. 2. Schematic illustration of the patch repair effect on the mechanism of rebar corrosion (the numerical results were obtained by the authors using substrate resistivity of

500 Q m, patch resistivity of 1000 Q m, cover thickness of 100 mm, and i, of 0.2 A/m?).

where ¢, (V) is the cathodic corrosion potential, ¢2 (V) is the
equilibrium potential of the cathodic reaction, 8. is the catho-
dic Tafel slope (V/dec), ioc (A/m?) is the exchange current den-
sity of the cathodic reaction, i, (A/m?) is the limiting current
density, R (~8.314 J/(mole K)) is the universal gas constant,
(F ~ 96,500 C/mole) is the Faraday’s constant, T (K) is tem-
perature, and z. is number of electrons that are involved in
the cathodic reaction. The limiting current density, i (A/
m?), is a measure of oxygen availability around the cathodic
sites on the steel surface, and in the current study, is defined
by Eq. (3) as a function of concrete cover thickness, d (m),
oxygen diffusion coefficient, Dy, (m?/s), and amount of dis-
solved oxygen on the surface of concrete, Cy, (mole/m®)[18]:
Do, C;
% (3)
(3) When the equilibrium is reached, at any point on the steel
surface, the rates of anodic and cathodic reactions, i, (A/
m?) and i. (A/m?), respectively, will be equal to each other
and to the microcell corrosion current density, icormic. Since
the distance between the anodic and cathodic sites on the
steel surface are very small, the effect of concrete resistivity
(i.e., IR drop) can be ignored [19], and consequently, the
potentials of anode and cathode can be considered equal in
microcell corrosion. Therefore, using Eqgs. (1) and (2), the
microcell corrosion current density, icormic, On the steel sur-
face in the concrete before the patch repair can be obtained
by numerically solving the following non-linear equation:

i]_ = ZCF

(i) ¢a + ﬂc lOg ( COTmlC) ﬁa lOg (ICOI‘ mlf)

loa
2.303RT i\
z.F : <l ) =0 (4)

2.2. Corrosion of steel at the intersection of the substrate and the patch

L — lcor,mic

The process of patch repair consists of (1) the removal of the
damaged concrete, (2) the application of surface treatment on
the steel, and (3) the replacement of the defective concrete with
new concrete that is free from chlorides (see Fig. 2). After the appli-
cation of the patch repair, it is assumed that the reinforcing steel in
the repaired zone is repassivated, while the steel in the unpatched
zone (the substrate or the old concrete) remains active due to the
presence of chlorides, or later becomes active when chloride con-
centration exceeds a threshold. Reinforcing steel sections in both
zones continue to experience microcell activity, albeit at different
rates: the steel sections in the repaired chloride-free zone experi-

ence very slow microcell corrosion rates in the vicinity of passive
current density of steel in concrete, while the steel sections in
the substrate undergoes higher microcell activity in the vicinity
of microcell corrosion rates that were experienced before the re-
pair that can be calculated by Eq. (4). In addition, the electrochem-
ical potential imbalance between the steel in the repaired zone and
the steel in the substrate results in macrocell activity. Therefore,
after the patch repair, the corrosion mechanism of steel reinforce-
ment in concrete changes from uniform microcell corrosion to a
combination of microcell and macrocell corrosion, hence the corro-
sion current density distribution varies along the rebars and devi-
ates from the microcell corrosion rate calculated from Eq. (4) [20],
as illustrated in Fig. 2b.

In the repaired zone, the polarization curve of the anodic micro-
cell reaction no longer follows the activation polarization equation
given in Eq. (1) due to the formation of the protective film but
shows an s-shape behaviour as illustrated in Fig. 3 [21]. This polar-
ization behaviour can be estimated through the following modified
anodic polarization equation [21,22]:

1 .
d)apatch = ¢a + ﬁa log ( alpatch) + la,patchRf (5)

oa

where g paren (V) is the anodic corrosion potential of steel in the re-
paired region, R; (Q m?) is the electrical resistance of the protective
film, and iq parch (A/m?) is the anodic current density of steel in the
repaired region. The polarization curve of the cathodic microcell
activity in the repaired area still follows the same equation as the

(V)
Eq.5

Eq.1
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Fig. 3. Schematic illustration of anodic polarization of rebar in the repaired zone.
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cathodic polarization equation (Eq. (2)); therefore the following
equation can be written:

i 2.303RT i
Beparcn = B0 + B log (2 4 log (— (6)
z.F i

loc lc,patch

where ¢ pgen (V) and i parn (A/m?) are the cathodic corrosion poten-
tial and the cathodic microcell corrosion density of steel in the re-
paired zone, respectively.

In the substrate, where the concrete is still contaminated, the
anodic and cathodic polarization reactions follow the same equa-
tions that have been introduced earlier (Egs. (1) and (2), respec-
tively) and can be written respectively as:

ia.su strate
¢a,substrute = ¢Z + B log <#) )

loa

lOC
2.303RT ( ip )
+ lo
z.F

i
0 c,substrate
¢c.substrate = ¢c + .Bc lOg <7>

iL - ic.substrate (8)
where ¢ qpsirae (V) and g substrate (A/m?) are the anodic corrosion po-
tential and the anodic microcell corrosion density of steel in the
substrate, respectively; and ¢cqpsrare (V) and icsubserace (A/M?) are
the cathodic corrosion potential and the cathodic microcell corro-
sion density of steel in the substrate.

If the two-dimensional problem that is illustrated in Fig. 1 is
simplified as a hypothetical one-dimensional setup (as in the case
of two parallel rebars, separated by concrete, and experiencing
macrocell corrosion - similar to the ASTM G109 [23] test setup),
the theory behind the macrocell activity in patch repairs can be
visualized better. For the simplified one-dimensional macrocell
problem, since the corrosion potentials of the two zones (i.e., the
repaired zone and the substrate) are not the same (see Fig. 4), mac-
rocell corrosion will proceed such that:

¢patch - ¢substrate = IReon (9)

where ¢pqeen (V) and ¢gyperqe (V) are the potentials of the repaired
zone and the substrate, respectively, R.,, (Q2) is the concrete resis-
tance, and I (A) is total macrocell corrosion current. Due to this mac-
rocell corrosion current, the microcell activities in the repaired zone
and substrate are also affected. Macrocell current shifts the anodic
current density along the steel in the substrate towards larger val-
ues while the cathodic current density of the same segment be-

comes smaller, as illustrated in Fig. 4b. However, since the
electrical neutrality must be preserved, the difference between ano-
dic and cathodic current densities in both zones (i.e., the substrate
and the repaired zone) should be identical [24] such that:

(10)

lc,patch - la.patch = lasubstrate — lc,substrate

2.3. Numerical solution

Although the one-dimensional simplification described by Eq.
(9) is useful for theoretically explaining the concept of macrocell
corrosion in a patch repair, the actual problem given in Fig. 1 needs
to be solved in the two-dimensional domain (approximating 3D
phenomenon); therefore, a closed-form solution is not possible.
In this study, a non-linear finite element solution technique is used
to solve the governing differential equation for the electrical po-
tential distribution in the domain of analysis, as illustrated in
Fig. 5, and to calculate the corrosion current densities on the steel
surface. The governing equation for electric potential distribution
is given by:

1
V-V¢=0 (11)

p
where ¢ (V) is the electrical potential and p (€ m) is the concrete
resistivity. Once the nodal potentials (hence the potential gradients
are determined), the current density distribution on the steel sur-
face in both the patch and substrate areas is calculated using Ohm'’s
law such that

. 1 3¢

lpatch = - ppumh % (12)
and

. 1 0

Lsubstrate = — _d) (13)

Psubstarte on

where ppaecn (Q m) and Psupsirare (2 M) are the concrete resistivities
of the patch and the substrate area, respectively, and n is the direc-
tion normal to the equipotential lines.

At each node of the boundary on the steel surface, two condi-
tions should be satisfied. In the patch zone, the anodic and the
cathodic potentials (given by Egs. (5) and (6), respectively) need
to be equal such that

< =
s - IR k=
‘g ¢[)al(‘/l B ¢subs1mie - con L
g &
£
¢p(m‘h
¢ ® I R con
substrate
¢ . e e i
cor,mic

I Y V
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Le,substrate  Umic

Corrosion rate, i
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La, substrate
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ia, patch l c,patch

Corrosion rate, i

(b) Patch repair

Fig. 4. Anodic and cathodic polarization curves.
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(/)patch = ¢a.patch = d)c‘patch (14)

and the current density, ipaich (A/m?), is equal to the difference of
anodic and cathodic current densities as per

ipatch = ic.patch - iu‘patch (15)

Solving these two equations simultaneously, ¢, is obtained
for each node of the boundary in the repaired area. These values
are used as Dirichlet boundary conditions at each node on the sur-
face of steel in the patch area. In the substrate, the anodic and the
cathodic potentials (given by Eqgs. (7) and (8), respectively) are also
identical such that

¢substrate = ¢a.substrate = ¢c.substrate (16)

and the current density, isupsrace (A/m?2), is calculated as:

Lsubstrate = la substrate — lc substrate (1 7)

The boundary values at each node on steel in the substrate,
bsupstrate» 1S Calculated by simultaneously solving Eqs. (16) and
(17) and is used as Dirichlet boundary condition for steel in the
substrate.

During the solution of Eq. (11), the electric neutrality condition,
which is defined in Eq. (10), is persistently enforced. Due to the
non-linear nature of the boundary conditions, the solution of Eq.
(11) requires a non-linear solution algorithm with an appropriate
iteration method. Here, the modified direct iteration method that
is based on a relaxation algorithm is implemented to seek conver-
gence. Nevertheless, attaining the convergence by this method can
also be difficult at times, especially when the oxygen concentration
around the steel in the substrate becomes low, resulting in signif-
icant concentration polarization of the cathodic reaction. The de-
tails of the non-linear solution procedure, the finite element
algorithm and the numerical difficulties associated with it can be
obtained from [25-27]; therefore they will not be provided here.

Using the described approach, a numerical investigation was
carried out to study the kinetics of reinforcement corrosion after
patch repairs and to identify the governing parameters that affect
the process. As illustrated in Fig. 5, the analysis is carried out in a

domain that is 300 mm long; the cover thickness of concrete was
a variable of the investigation. Preliminary simulations have dem-
onstrated that, mostly due to the high resistivity of concrete, mac-
rocell activity is limited to a narrow area that spans both sides of
the boundary between the substrate and the repaired zone; hence
300 mm length of the domain was found to be sufficient to simu-
late the patch repair problem accurately. The domain is discretized
by 5 x 5 mm square finite elements, again, after a preliminary sen-
sitivity analysis that aimed at finding the optimum element size
that establishes a balance between accuracy and numerical effi-
ciency. The values of the constant parameters of the simulations
(e.g., exchange current densities, Tafel slopes, etc.) are presented
in Table 1. These constants were selected to represent typically
measured properties during corrosion of steel in concrete. Further
information on the effect of these constants on the results of the
simulations can be found in another paper [28].

3. Results and discussion
3.1. Ring-anode phenomena

All numerical simulations carried out in this study have clearly
demonstrated the formation of a ring-anode zone in the substrate.
As illustrated in Fig. 6, which is a plot of the current density along
the length of the reinforcing steel for a typical simulation, the for-
mation of the ring anode is mainly due to the increased corrosion
density along the 2-5 cm portion of the steel reinforcement from
the intersection between the repaired zone and the substrate.
The size of the ring anode observed in the simulations is also in
agreement with the experimental and in situ observations. The
anodic current density (steel dissolution rate) in this narrow ring
has a peak near the intersection and asymptotically approaches
to the initial microcell corrosion density before their interactions.
The current density in the repaired zone experiences a sharp de-
crease at the intersection to negligible values (which can be con-
sidered as passive state) towards the centre of the patch. The
inference from these results is that although the patch repair sys-
tem decreases the microcell corrosion rate of the repaired area to
the level of passive current density, the macrocell corrosion rate
created due to the potential gradient between the two zones in-
creases the anodic corrosion rate, particularly for the region close
to the border of repair (see Fig. 2).

The simulations show that the ring-anode zone starts exactly at
the interface between the substrate and the repaired zone, and this
result may initially seem different from Barkey’s observation that
the passive region might extend out of the repaired region into
the substrate such that the inner boundary of the anode in the sub-
strate is 1 cm or 2 cm away from the interface. As Barkey [15] also
pointed out, the shift of the ring anode into the substrate can be
attributed to the movement of the chlorides from the interface into
the substrate hence creating a narrow 1-2 cm zone from the inter-
face at which the chloride threshold value is not exceeded. As a re-
sult, the interface was protected from corrosion and remained
passive. Since the numerical approach used in this study did not

Table 1

Model input parameters and their assumed values.
Parameter Value
Cathodic exchange current density (ioc) 0.00001 A/m?
Anodic exchange current density (ioq) 0.0003 A/m?
Cathodic standard potential (¢2) 0.16 V
Anodic standard potential (¢3) -0.78V
Passive film electrical resistance (Ry) 500 Q@ m?
Cathodic slope () —0.180 V/dec
Anodic slope () 0.090 V/dec
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Fig. 6. Anodic and cathodic current density of rebar after the patch repair in the
substrate and in the patch repair.

consider the movement of chloride in the concrete, the shift of the
ring anode is not obvious in the results; however, as also stated by
Barkey [15], the macrocell potential gradient at the interface be-
tween the substrate and the patch can drive the chloride at rates
as high as 2-3 mm/month and shift the passive zone by 1-2 cm
within a year. However, it should be noted that, as demonstrated
in the current study, the movement of chlorides is not a require-
ment for the formation of the ring-anode zone. The ring-anode
zone form mainly due to the combined macrocell and microcell
activity after the patch repair. In summary, the numerical simula-
tions, which incorporate the kinetics of combined microcell and
macrocell corrosion in the ring-anode zones after a patch repair,
support Barkey’s observations.

3.2. Effect of patch size and concrete cover thickness

The effect of patch size on the kinetics of the corrosion along the
steel reinforcement is investigated by numerically simulating three
scenarios for the repair of a 100 Q m concrete with patches of the
same (100 Q m), lower (50 Q m) and higher (200 Q m) resistivi-
ties, but with different sizes such that the substrate-to-patch ratios
(S/P) were 0.5, 1.0, and 2.0. The results of this investigation are
illustrated in (Figs. 7 and 8). It can be observed from this figure that
the patch size (i.e., S/P ratio) does not have any significant effect on
the distribution of the current density in the ring-anode zone. The
peak current density at the interface and also the size of the ring
anode were not affected by the S/P ratio or by the selection of
the resistivity of the patch (see Figs. 7 and 8). Therefore it can be
stated that the ring-anode problem is a much localized problem
that is governed by the kinetics of corrosion around the interface
between the substrate and the repaired zone. The size of the patch
is not a significant factor that positively or negatively affects the
ring-anode characteristics.

The effect of concrete cover thickness on the corrosion current
density due to the patch repair was studied numerically using
the developed model. Three concrete resistivities (100, 200, and
500 Q m) were simulated with S/P of 0.5. In these cases, the limit-
ing current density was set to 0.2 A/m? in order to have enough
oxygen available around the surface of the reinforcement. The re-
sults of simulations are presented in Figs. 9 and 10. As illustrated
in Figs. 9 and 10a, the cover thickness does not influence the peak
current density and the distribution of corrosion rate in the ring-
anode zone. However, as the cover thickness becomes larger a
slight rise of corrosion current density along the rebar in the sub-
strate due to the macrocell corrosion can be observed. As illus-
trated in Fig. 10b, the area under the corrosion current density
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Fig. 7. Effect of the patch size on the corrosion current density of rebar: (a) S/P = 0.5,
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Fig. 8. Effect of patch size on the maximum corrosion rate at the ring anode, ipeq.

curve of the ring-anode area (i.e., corrosion current, I) increases
by the increase of cover thickness, and this increase is larger when
patch with higher resistivity than that of the substrate is used. In
other words, when patch with higher resistivity than that of the
substrate is used, the dependency of the total corrosion current
to the cover thickness is more pronounced. Therefore, in the fol-
lowing investigations, S/P value and concrete cover thickness are
selected as 0.5 and 50 mm, respectively.

3.3. Effect of concrete resistivity

In order to investigate the effect of resistivity on the distribu-
tion of corrosion current density along the rebar in concrete after



366 S. Soleimani et al./ Cement & Concrete Composites 32 (2010) 360-368

Substrate Patch repair
N &
i 7 X 7

£ o5 ] o
< i (a) Patch resistivity=500 Q.m
) -
‘7
Z i
5}
3 i
£ 004
g:: -
=
3 i

0 -
E 008 = — - (b) Patch resistivity=200 Q.m
< .
2 .
%)
Z .
15}
3 .
E 004
t -
=
3 .

03

0.12 — Lo

. ] (¢) Patch resistivity=100 Q.m
E .
< E —di
2 0.08 —
R 4 Substrate resistivity= 200€2m, S/P=0.5
_§ 7 Cover thickness=100 mm
2 : Cover thickness=50 mm
E 0.04 — Cover thickness=25 mm
=] g . )
O | — — — Corrosion before repair

0 T I T I T I T I T I

0 0.2 0.4 0.6 0.8 1
Normalized Length

Fig. 9. Effect of cover thickness on the corrosion rate of rebar after the patch repair
(i =0.2 A/m?).

2
o
2 1.6
g & 3 Q Patch resisitivity= 50Q.m
2 1247 i +| —e—— Patch resisitivity= 100Q.m
BN
=4 ——+— Patch resisitivity= 200Q.m
2 08

0.4 +————1——

T 1
20 40 60 80 100
Cover thickness (mm)

(a)

9.8E-5
9.6E-5

9.4E-5
9.2E-5
9E-5

—— Patch resisitivity= 50Q.m

—©— Patch resisitivity= 100Q.m

—+—— Patch resisitivity= 200Q.m
8.8E-5 //

8.6E-5 +—+——T——71——7—
20 40 60 80 100
Cover thickness (mm)

(b)

Fig. 10. Effect of cover thickness on (a) iyeqk tO icor,mic ratio (b) total corrosion current
(I) (substrate resistivity = 100 Q m, S/P=0.5, i; = 0.2 A/m?).

Total corrosion current (A)

a patch repair, three corroding concrete structures with three dif-
ferent resistivities of concrete (Psupstrare) (lOoW resistivity:

100 Q@ m, medium resistivity: 200 Q2 m, and high resistivity:
500 Q@ m) were simulated. The rebar cover thickness of 50 mm
and the S/P ratio of 0.5 were used for each case. The limiting cur-
rent density (i;) is set to 0.2 A/m? in order to eliminate the effect
of concentration polarization that may be more obvious in satu-
rated concrete in which there would be limited oxygen availability.
For each case, three different types of patch repairs with resistivi-
ties lower, equal, and higher than those of the substrate are exam-
ined. In Table 2, the values of the patch resistivities (ppqcn) for each
case are presented. The results of the simulations are presented in
Fig. 11.

In general, as illustrated in Fig. 11, it is obvious that substrate
with low resistivity experience the most significant ring-anode ef-
fect, regardless of the resistivity of the patch used in the repair. For
example, for cases with patch resistivity of 200 Q m, the peak cur-
rent density in the ring-anode zone decreases from 0.1070 A/m? for
a substrate with resistivity of 100 Q m to 0.0981 A/m? for a sub-
strate with resistivity of 500 Q m. In each case, the lowest peak
corrosion current density in the ring-anode zone was obtained
when a patch with resistivity higher than that of the substrate
was used. As illustrated in Fig. 12, the total corrosion current in
the repaired member decreases as the patch resistivity increases.
In other words, if concrete resistivity can be used as an indicator
of the quality of concrete and the patch (assuming higher quality
may be correlated to higher density and higher electrical resistiv-
ity), using a higher quality patch (i.e., with higher resistivity that
of the substrate) corresponds to a better repair strategy. Therefore
based on the results obtained in this numerical investigation, it can
be stated that using a patch with higher resistivity (i.e., quality)
with respect to the substrate concrete diminishes the ring-anode
effect. However, if the quality of the substrate and the patch are
significantly different from each other, it is also possible that there
may be mechanical compatibility problems at the interface be-
tween the patch and the substrate (e.g., bond failure between
two surfaces), which may, in long term, cause cracking and in-
crease the rate of deterioration of the patched zone. It should also
be pointed out that if the resistivity of the substrate is low, regard-
less of the patch quality, the ring-anode effect will be significant;
therefore, for these cases, the best solution is the replacement of
the entire chloride-contaminated substrate concrete with a high
quality concrete with high resistance to chloride penetration.

3.4. Effect of oxygen availability

The amount of oxygen available on the surface of rebar affects
the limiting current density through Eq. (3) and affects the concen-
tration polarization characteristics. Therefore the oxygen concen-
tration is an important parameter that should be considered in
the study of corrosion kinetics in patch repairs. For this purpose,
a series of patch repair cases were simulated such that the limiting
current density was the variable of the investigation. The results of
this investigation are illustrated in Figs. 13 and 14.

In Fig. 13, the corrosion current density of reinforcing steel after
a patch repair is plotted for the different limiting current densities,
varying from 0.008 to 0.6 A/m2. In the figure, the corresponding
microcell corrosion current densities before the repairs are also
plotted. The common expectation is that the decrease of the limit-
ing current density (i.e., lower oxygen concentrations around the
reinforcement) would reduce both microcell and macrocell corro-
sion rates; hence the ring-anode effect would be diminished. It
has been observed in the simulations that even at very low values
of limiting current density, the ring anode can still be observed;
however its damaging effect is less severe when the limiting cur-
rent density is low.

The ratio of peak corrosion current density, ipeqr, to microcell
corrosion density before the repair, icormic, versus limiting current
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Table 2
Three different cases for investigating the effect of patch resistivity.
Cover Limiting current  Old concrete Patch
thickness density (A/m?) resistivity resistivity
(mm) (Qm) (Qm)
Case 1 50 0.2 100 50, 100, 200
Case 2 50 0.2 200 100, 200,
500
Case 3 50 0.2 500 200, 500,
1000
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Fig. 11. Effect of patch resistivity on the corrosion of rebar in concrete for three

different hypothetical cases (cover thickness = 50 mm, S/P = 0.5, i; = 0.2 A/m?).

I
0 200 400 600 800

Patch resistivity (€.m)

< 2.0x10°

_‘é 16x10° — —<—— Substrate resisitivity= 500 Q.m
‘g g —+—— Substrate resisitivity= 200 Q.m
E 1.2x10° —@—— Substrate resisitivity= 100 Q.m
Q

3 o

§ 8.0x10

5 J

<

E  4.0x10°

s J

° 0

= 0.0x10 T T T T T T T T 1

I
1000

Fig. 12. Effect of patch resistivity on the total macrocell corrosion current.

densities is plotted in Fig. 14 for the different patch resistivities. As
illustrated in this figure, the ratio increases by decreasing the lim-
iting current density for all S/P ratios. For the limiting current den-
sity less than 0.08 A/m?, the rate of increase is significantly large;
however, the change is not significant for the limiting current den-
sities beyond this value. Additionally, it can be observed that the
patch resistivity also plays an important role; the higher resistivity
of patch results in the lower magnitude of peak corrosion current
density. As concluded before, the S/P ratio does not remarkably af-
fect the corrosion kinetics in the ring anode.
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Fig. 13. Effect of i; on the corrosion rate of rebar due to the patch repair (substrate
resistivity = 100 Q m, patch resistivity =200 Q m, cover thickness =50 mm, S/
P=05).
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4. Conclusions

A comprehensive numerical investigation on the kinetics of cor-
rosion after patch repairs of reinforced concrete structures have
been carried out. The outcome of the study revealed the following
conclusions:

e Numerical simulations carried out in this study have clearly
demonstrated the formation of a ring-anode zone in the
substrate, supporting the experimental observations made by
Barkey [15].

e The size of the ring anode observed in the simulations, which
spans a 2-5cm portion of the steel reinforcement from the
intersection between the repaired zone and the substrate, is in
agreement with the experimental and in situ observations.

e The anodic current density in the ring-anode zone has a peak
near the intersection of the substrate and the repaired concrete
and asymptotically approaches to the microcell corrosion den-
sity observed before the patch repair.

e Barkey’s observation of the shift of the ring anode into the sub-
strate can be attributed to the movement of the chlorides from
the interface into the substrate, hence creating a narrow 1-
2 cm zone from the interface at which the chloride threshold
is not exceeded. However, as demonstrated in the current study,
the movement of chlorides is not a requirement for the forma-
tion of the ring-anode zone. The ring-anode zone form mainly
due to the combined macrocell and microcell activity after the
patch repair.

e The ring-anode problem is a much localized problem that is gov-
erned by the kinetics of corrosion around the interface between
the substrate and the repaired zone. The size of the patch or the
thickness of the concrete cover is not a significant factor that
positively or negatively affects the ring-anode characteristics.

e The substrate with low resistivity experience the worst ring-
anode effect, regardless of the resistivity of the patch used in
the repair.

e If concrete resistivity can be used as an indicator of the quality of
concrete and the patch (assuming higher quality may be corre-
lated to higher density and higher resistivity), using a higher
quality patch (i.e., with higher resistivity that of the substrate)
corresponds to a better repair strategy. However, considering
the fact that the high quality patch may also cause mechanical
compatibility problems at the interface between the patch and
the substrate, choosing patches with similar properties as the
substrate is recommended.

o If the resistivity of the substrate is low, regardless of the patch
quality, the ring-anode effect will be significant; therefore, for
these cases, the best solution is the replacement of the entire
chloride-contaminated substrate concrete with a high quality
concrete with high resistance to chloride penetration.

e At very low values of limiting current density (i.e., during peri-
ods of oxygen deprivation), the ring anode can still be observed;
however its damaging effect is less severe when the limiting
current density is low.
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