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Abstract

This paper deals with the determination of the corrosion current density in chloride-induced corrosion in reinforced concrete structures. Because the
corrosion of steel bars is generally localized, calculations of the densities of corrosion current need to take the real surface areas of anodic zones into
account. Nowadays, in the lab or on site, the calculation of densities of corrosion are based on arbitrary steel surface areas, which merge anodic and
cathodic zones. As a result, the order of magnitude of corrosion current density is not correct; it is underestimated. A second aspect of the paper is the
relationship between corrosion current density and the prediction of service life in RC structure when including a part of the propagation phase. The
consequences of the corrosion current density on mechanical properties such as corrosion-induced cracking or load-bearing capacity must consider that

anodic areas grow both laterally and in-depth.
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1 Introduction

The problem of corrosion of concrete reinforcement is a very
important one, recently recalled and analyzed in its many
aspects by Angst [1]. A crucial parameter among all those
involved is the value of the corrosion current density.

Nowadays, New or future standards (such as FIB Model Code
2020) concerning the requalification of existing structures
exposed to corrosion are being drawn up to predict their
remaining service life. In the same way, prediction of service
life of new structures will be including a part of the
propagation phase. Criteria for the end of service life are then
proposed, such as the appearance of the first corrosion-
induced crack, and some proposed models use the corrosion
rate, which is based on values established during the work of
the RILEM TC 154 EMC committee [2] and then calculated
using the total surface area of the steel bars.

The criterion of end of service life corresponding to the
appearance of the first visual damage (first corrosion -induced
cracks) is a relevant criterion since it corresponds to a change
in the corrosion process. As the beginning of the propagation
phase, chloride-induced corrosion is localized with small
anode areas which exchange current with large cathode
areas: it corresponds then to macrocell corrosion. In this
paper, the macrocell corrosion corresponds to the situation

where active dissolution (oxidation of iron) and the
corresponding cathodic reaction (reduction of oxygen) do no
take place at the same location: it corresponds then to the
presence of a corrosion spot. The pH of cementitious
materials is fundamentally very high, and each corroding spot
is surrounded by large cathodic areas, where oxygen is
reduced and significant amounts of OH- (hydroxide) ions are
generated and attracted to the adjacent anodic zone by the
macrocell electric field, thus impeding large pH decrease. As a
result, this macro-cell process leads to more lateral growth of
anodic spots, than in-depth penetration [3]. The author of this
paper has studied and monitored the development of
chloride-induced corrosion of different set of reinforced
concrete beams exposed to salt fog spraying during 28 years.
A statistical analysis, not yet published, allow to show that
there is a clear change in the in-depth penetration in pitting
zones, before and after appearance of corrosion-induced
cracks. One explanation is probably, that after the
appearance of corrosion-induced cracks, anodic zones in front
of cracks move gradually to a mix between macrocell and
microcell corrosion. In microcell corrosion process facing to
corrosion-induced cracks, an acidification may take place
inside the pit [4] increasing the in-depth penetration process.
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Traditionally, when we speak of corrosion current density, we
refer to the values resulting from the work of the RILEM TC
154 EMC committee, with values of corrosion current
densities said to be significant or important from 1 pA / cm?
[2]. These values are identical to those identified by
Broomfield et al. [5].

Table 1. Ranges of corrosion and penetration rates with the
corresponding corrosion levels [2].

I[‘JZ Jem?] \[I;;’r; Jyear] Corrosion level
< 01 < 0.001 Negligible
0.1-0.5 0.001-0.005 Low

0.5-1 0.005-0.010 Moderate

>1 >0.010 High

These corrosion current density values are still used as an
order of magnitude to characterize corrosion in the
propagation phase. As a result, most models that can be
found in the literature for the propagation phase lead to
current densities of the order of 1 uA / cm?to 2 pA / cm?[6-
9].

Corrosion current densities from Table 1 are used to calculate
a uniform reduction of reinforcing bar cross-section and, if the
density is assumed to be constant over 1 year, this
corresponds to a reduction in the reinforcement radius of
about 0.01 mm / year. For a reinforcement with a diameter of
16 mm, this corresponds to a loss of cross-section of 0.3% /
year, which makes it possible to guarantee the mechanical
stability for decades [10] (taking the load bearing capacity into
account), and could justify the use of this value a posteriori.

The authors of the TC RILEM 154 EMC report [2] were aware
of the existence of a galvanic corrosion process (or macrocell
corrosion process) at least coexisting with that of uniform
corrosion, but they decided that the uniform corrosion
current density was greater than that of galvanic current.

Moreover, as explicitly pointed out by Andrade [10], a large
proportion of the community working in the field of corrosion
of reinforcements in concrete continues to consider that the
corrosion process is mainly uniform or micro-cell corrosion,
which justifies the concept of | defined by the RILEM TC
154-EMC committee [2].

There are some models, analytical [11,12] or numerical [9,13-
15], that take account of the existence of a galvanic process
by adding a cathode to anode ratio into the calculation of the
corrosion current density. However, the main problem lies in
defining the size of the anodic area.

To take the localized aspect of corrosion into account, the
authors involved in the work of the RILEM TC 154 EMC [16,17]
defined a pitting corrosion current density (Eq. 1) with a
multiplying coefficient of the corrosion current density: o,

lpie=apie | [A/cm?] Eq. (1)

with ay; varying between 3 and 10. A high corrosion current
density for pit growth is therefore 10 pA / cm?.

Elsener [18] also points out that local penetration rate can be
up to 5 or 10 times the calculated corrosion rate.

Many authors have also used the concept of pitting factor to
predict the difference between the loss of cross-section in
general corrosion and the maximum pit depth, especially for
chloride-induced corrosion [19-24]. They find a ratio between
maximum and average corrosion ranging between 2.4 and
16.1. Because local loss of cross-section is not necessarily
related to the pit depth, Harnisch and Raupach [25] introduce
a residual cross section factor. Nevertheless, pitting factor
measurement could only be destructive and would frequently
correspond to measurements made after the appearance of
corrosion-induced cracks. In this case, the corrosion process
is different from that occurring before the appearance of
corrosion-induced cracks. Secondly, the location of most
severe pitting is likely to change with time [26] and then the
pitting factor is not related to the difference between the
anodic corrosion current and the average corrosion current.
Finally the calculation of the average loss of cross-section is
also questionable since it merges corroded zones with non-
corroded zones.

The diagnosis of corrosion of concrete structures is mainly
based on visual inspection and mapping of steel/concrete
potential measurements but it does not lead to information
on the corrosion kinetics. To obtain some information about
corrosion rate, on-site measurements are based on indirect
measurements of corrosion current density using commercial
devices based on an anodic and cathodic polarization of the
reinforcements via the Linear Polarization Resistance
technique (LPR). The results are then interpreted in terms of
polarization resistance (Rp), which is transformed into
corrosion current density using the Stern-Geary formula [27].
The corresponding values are then interpreted according to
the densities resulting from the work of TC RILEM 154-EMC to
define the corrosion state of the structure [2].

It is now well recognized and understood that indirect
measurements of the corrosion current are subject to
multiple errors in the case of corrosion of reinforcements in
concrete [28-32]. The corrosion type is “non-uniform” or
“localized” or “galvanic”, which corresponds to the presence
of spatially separated anodic and cathodic zones. In this
configuration, there are 3 major errors in the indirect
measurement of the corrosion current: 1/ the assumption of
identical polarization of the anodic and cathodic zones, 2/ the
assumption of the surface area of polarized steel, which
would be related to the geometry of the measuring device, 3/
the interpretation of the apparent measurement of Rp based
on the Stern-Geary equation, which is invalid for “localized”
corrosion. This observation does not negate the very real
possibility that the measurement of the “apparent”
polarization resistance Rp could be related to the corrosion
current density; this point was highlighted by Angst and
Blchler [29] and Laurens [33]. To date, however, the
interpretation of "apparent" Rp is not able to give a corrosion
current density.

It should be mentioned that many authors [2,10,12,34-38]
have found LPR based corrosion rates to correspond to mass
loss measurements. Mass loss measurements give obviously
a relevant information of corrosion losses, but in localized
corrosion process such as chloride-induced corrosion, the
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corroded zones do not correspond to the entire surface of the
re-bar which is weighed. As a result, the corrosion rate
calculated from mass loss merge non-corroded area and
corroded area and is then not representative of the corrosion
current density.

To be able to predict the service life of existing or new
structures, it is necessary to have reliable values of corrosion
current density. This would allow the actual local reduction in
cross-section to be calculated, which is the key parameter for
re-evaluation of corroded reinforced concrete structures [25].

To establish such values of corrosion current density, it is
necessary to recall the phenomenological aspect of corrosion
in reinforced concrete structure.

It is also necessary to recall that i is the loss of electrons
occurring at the anodic site, per unit of steel surface, of the
corrosion cell and is measured in microamps per square
centimeter: without knowledge of the size of the anodic site,
the calculation of icrr is erroneous. It is similar to the situation
of a structural engineer calculating the tensile stress in the
reinforcement of a concrete beam without knowing the
cross-section of steel reinforcement.

The first part of this paper will be dedicated to the calculation
of the corrosion current density by using experimental results
from Chalhoub et al. [39], where the anodic surface was
calculated.

The second part will highlight the effect of resistivity on the
corrosion current density, due to the mitigation of exchanges
between anodic and cathodic zones.

The third part will recall that corrosion engineers must be
aware that corrosion current density may be used by
structural engineers and so there is a need for a clear
definition distinguishing between corrosion current density
and loss of steel cross-section.

2 Corrosion process in reinforced concrete

structure

The chloride-induced corrosion in reinforced concrete
structures is localized (Figure 1). It corresponds to a
separation between anodic and cathodic areas, and then
could be also qualified as “galvanic corrosion”. In RC
structures, at the beginning of the corrosion process, a high
ratio between cathodic and anodic areas exists. Indeed, RC
structures have several longitudinal (or main) reinforcement
layers that are intended to take up tensile stresses (for tie rods
and bent elements) or to ensure non-brittleness for
compressed elements. Main reinforcements are in electrical
continuity by means of the transverse reinforcements
(stirrups) which have the object of bearing shear forces or
simply allowing the positioning of the longitudinal
reinforcements in the formwork. Most part of the
reinforcement is still passive (Figure 1) because not
contaminated by chloride ingress at the beginning of the
corrosion process.
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Figure 1. Localized corrosion due to chlorides.

In the case of "galvanic" corrosion, it is possible to measure a
corrosion current between the anode and the cathode
"directly", via an ammeter, or a potentiostat in ZRA mode, or
by measuring the potential difference at the ends of a
calibrated resistance connecting anode and cathode,
provided that the anodic and cathodic zones are clearly
identified and defined.

This is the case in the experimental protocol developed by
Chalhoub et al. [39], which physically separates the anode and
cathode to measure the corrosion current flowing between
them (Figure 2). Based on the comparison between mass loss
measurement and macrocell corrosion rates, it was
concluded that residual microcell rates were negligible in
comparison with the macrocell rate itself. Such results are
also found in [40,41].
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Figure 2. Cathode-anode coupling and measurement of the galvanic
current (from [39]).

Localized corrosion process which occurs in reinforced
concrete, with separation of the anodic zone and the cathodic
zone, leads to a relationship between the corrosion current
density and the resistivity of the concrete. This relationship
will, of course, depend on the geometry of the structure
studied. However, to fix orders of magnitude, the relationship
between corrosion current density and resistivity will be given
for the geometry of the experimental protocol developed by
Chalhoub et al. [39].
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Because it is very difficult to find corrosion current density
that takes the real anodic surface area into account in the
literature, this paper gives an order of magnitude of corrosion
current density using the results obtained by Chalhoub et al.
[39]

The protocol used by Chalhoub et al. [39] is suitable to
describe the on-site chloride-induced corrosion process.
Firstly, on RC structures, at the beginning of the propagation
phase of corrosion, there is a high Cathode/Anode ratio (C/A)
due to the fact that the deeper layers of reinforcing bars play
the role of cathode. Secondly, on RC structures, the macro-
cell process involved in chloride-induced corrosion, lead to
increase the chloride content at anodic area due to the
electro-migration of chlorides [42]. Thirdly, on RC structures,
the chloride-induced corrosion occurs for high saturation
degree because of the hygroscopic properties of sodium-
chloride solution, which lead to reduce the vapor pressure
saturation [43] in pores.

Finally, the short duration of the experiments (only 7 days) do
not appear to be a limitation since others experiments in
process at LMDC [44] show the same order of magnitude for
corrosion current density after one year.

The main limitation of the paper is the case of permanently
submerged RC structures with a possible lack of oxygen for
cathodic reaction which is not taken into account in this

paper.

3 Experimental protocol used to measure
corrosion current densities

The experimental protocol developed by Chalhoub et al. [39]
consists of an anode containing a ribbed steel bar 1 cm long
and 6 mm diameter, which will be called the apparent anode
and which can be polluted by chlorides, and a cathode of
variable dimension that remains in the passive state. The
typical value of the cathode / apparent anode ratio chosen by
Chalhoub et al. [39] is 16 (Figure 2).

In the case of corrosion induced by chlorides, the apparent
anode, despite its small size, is not entirely active: it also
comprises anodic areas and cathodic areas. This confirms the
intrinsically localized aspect of corrosion induced by chlorides
with small local depassivation zones. The actual size of the
anodic areas can only be determined from X-Ray tomographic
analysis or by destroying the sample.

This article summarizes the results obtained with a standard
mortar (M1) based on CEM | (composition shown in Table 2)
and published by Chalhoub et al. [39].

Table 2. Mortar formulation.

CEM | Mortar mixture

Materials Quantity (kg/m?)
Siliceous sand 0/4 1408

CEMI 52.5 R (Lafarge company) 512

Water 281.4
Water/Cement 0.55

4 Corrosion current densities for corrosion
induced by chlorides

4.1 Corrosion current density (calculated from
the anodic surface)

For the standard M1 mortar, Chalhoub et al. [45] studied the
evolution of the galvanic corrosion current, I, between the
apparent anode, contaminated by different levels of
chlorides, and the cathodes.

The protocol for contamination by chlorides carried out by
imbibition can be found in Chalhoub et al. [39].

Beyond the chloride threshold initiating corrosion, the
galvanic current I increases with chloride concentration, the
relationship between the free chloride content and the
apparent current density (calculated versus the total surface
of the apparent anode) being quasi linear (Figure 3).
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Figure 3. Galvanic current I between the apparent anode and the
cathode as a function of the concentration of free chlorides at the
anode.

The galvanic current I; was expressed in terms of apparent
corrosion current density by Chalhoub et al. [45] because this
value is easy to calculate at the end of the test. To determine
the corrosion current density, it is necessary to know the
actual anodic surface area of the apparent anode.

As shown in Figure 4, only part of the apparent anode is
actually corroded, and this really anodic surface of the
apparent anode depends on the level of free chlorides.
Chalhoub et al. [45] measured the actual corroded area of
different apparent anodes, and then calculated the corrosion
current density. The calculation of the size of anodic zones is
performed by image analysis by comparing the X-ray
microtomography at a given time with the initial one without
any corrosion.
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Figure 4. The sample (shown from different angles) is contaminated with
a free Cl content of 2.07 %/wt. binder (X-ray Tomography (CEA Saclay,
France)) (from [45]).
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Figure 5. Evolution of the actual anodic surface on an apparent anode as
a function of the content of free chlorides.

From the measurement of the real corroded surface area of
the apparent anode (Figure 5), we can calculate the corrosion
current density icorr , by dividing I per the anodic surface, as a
function of the amount of free chlorides present near the
reinforcement in the porosity of the concrete (Figure 7).
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Figure 7. Evolution of the corrosion current density icorr according to the
free chloride content.

The corrosion current density varies between 50 pA/cm?,
immediately above the chloride threshold, up to values of 150
to 300 pA/cm? for free chloride contents above 2 % by mass
of cement. The corrosion current density for ordinary
concrete is therefore greater than 50 uA/cm? as soon as
corrosion becomes active beyond the threshold for
depassivation by chlorides. It is therefore clear that the
conventional value of corrosion current density (Table 1)
indicating significant corrosion (1 pA/cm?) is largely under-
estimated.

However, the corrosion current density value will depend on
the resistivity of the concrete and this point will be the subject
of the next section.

The corrosion current densities shown Figure 7, far-away
from the conventional values (Table 1), may seem shocking if
it is transformed into a loss of section of reinforcements on
the basis of the usual assumption, which is that the total
corrosion current leads to a reduction of the cross-section. In
reality this is not the case: Figure 10 recalls the "localized"
corrosion mechanism of the reinforcements, which leads to
maximum activity on the edges of the anodic area. As a result,
the anode areas extend in length rather than in depth (Figure
11) [3].
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Sh. S 3 3 K o

3 A \ ! / ; R
e s Y L T 0,
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Figure 9. Localized corrosion mechanism : extension in length of anodic
zone due to higher current density at the border between anodic and
cathodic zones: adapted from [3].
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Figure 10. Localized corrosion mechanism: on site evidence on reinforced
steel bar.

Therefore, the corrosion current density cannot be
unequivocally linked with the loss of reinforcement cross-
section. Probably, but this remains an open question, the
fraction of the corrosion current density leading to the
reduction in the reinforcement cross-section is very small
compared to that corresponding to the extension of the
anode areas. This is also highlighted in [25] by Harnisch and
Raupach, who explain that the reduction of pitting factor with
time could be due to more lateral corrosion damage at
corrosion spots. Results from Robuschi et al. [46] also support
the laterally extension of anodic area.

Different authors [14, 47,48] used experiments based on
macro-cell corrosion process: they measured apparent
"galvanic" corrosion currents that were of the same order of
magnitude as those of Chalhoub et al. [39-45]. Jaggi et al. [47]
measured macro-cell corrosion currents between separate
anodes and cathodes and found values of the order of
magnitude of 10 to 20 uA/cm? but, in their study the surface
of the anode actually corroded is unknown. Warkus and
Raupach [14] measured macro-cell corrosion currents
between anodes and separate cathodes and found values of
the order of 3 to 4 uA/cm? but, here again, the surface of the
anode actually corroded was unknown. Yalgyn and Ergun [48]
measured densities of corrosion currents in concrete polluted
by chlorides (1.7% of CI added during casting) and found 2.2
pA/cm? at 28 days.

Bolzoni et al. [19] and Ormellese et al. [49] made some
measurements of the maximum depth of localized corrosion
in comparison with both average mass loss and the LPR
method to evaluate corrosion rate. They found a localized
penetration rate in the range of 350-400 um/year
corresponding to a range of 8-10 um/year for average mass
loss, and 15-24 um/year for LPR. The ratio between mean
value and maximum penetration rate was then about 40.

4.2 Corrosion current density based on the total
surface area of steel (merging anodic and
cathodic parts)

In the case of uniform corrosion, the corrosion current density
is calculated according to the total area of the steel bar. In the
case of localized corrosion, calculating the corrosion current
density according to the total area of the steel bar leads to a
conventional corrosion current density (Table 1) since the
total area of the steel bar corresponds to the sum of cathode
and anode areas.

Figure 12 shows the conventional corrosion current density
icor () Calculated from the total surface of steel bars and
corresponding to the galvanic currents presented in Figure 3.
From Figure 12, it can be seen that above the chloride
threshold for corrosion initiation in the apparent anode, the
conventional corrosion current density is higher than 0.1 uA /
cm2 and becomes higher than 1 pA / cm2 for free chloride

contents around 1.5 to 2% / wt cement. As a result,
conventional current density is closer to the value of the
corrosion densities given by the RILEM TC 154 EMC
committee (Table 1) , which considers that the localized
corrosion current density could be represented by the
uniform corrosion current density, which obviously uses the
entire surface of the steel (by summing the anodic and
cathodic areas).
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Figure 11. Conventional corrosion current icorr (C) density as a function of
the concentration of free chlorides at the anode.

5 Corrosion current density and resistivity of
concrete

The approach for measuring and calculating the corrosion
current density of corrosion presented in this article leads
intuitively and necessarily to a strong relationship between
corrosion current density and resistivity of the concrete acting
as electrolyte.

In the literature [6,50], we also find relationships between
corrosion current density and resistivity. Nevertheless, these
corrosion current densities always refer to an arbitrary
density calculated according to the total surface area of steel,
the meaning of which depends on the geometry of the test
samples used.

In the case of corrosion by chlorides, given the intrinsically
localized nature of corrosion, it is logical that the response to
a polarization, via the LPR method, which gives an “apparent”
polarization resistance, should be influenced by the resistivity,
which governs the exchange of current between anodic and
cathodic areas. However, interpretation using the uniform
corrosion hypothesis (Stern-Geary) does not provide a
reliable relationship between corrosion current density and
resistivity.

In a "localized" corrosion process, where the anode and the
cathode are spatially separated, there cannot be a single
resistivity in the system. In the case of contamination by
chlorides, the anode zone shows a much lower resistivity than
the cathode zone, due to the ionic movements favored by the
presence of chlorides and the degree of saturation, which is
also modified. Given the reserve of cathodic surface provided
by the stirrups connecting several always passive
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reinforcement layers, one of the important parameters is the
influence of the resistivity at the cathode.

Thus in the case of corrosion by chlorides and the
measurements carried out by Chalhoub et al. [51], Figure 13
shows a difference of 6.5 between the corrosion current
measured between an apparent anode and two different
cathodes of different resistivities, which corresponds to the
difference in electrical resistance between the two cathodes
used at the time the test was carried out: 113 Q.m and 737
Q.m for the cathodes M1-055 and M10SF-043 respectively.

Anodes M1-055 (permutation of cathodes)
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Figure 12. Influence of the resistivity at the cathode on the “galvanic”
corrosion current.
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Figure 13. Effect of resistivity on corrosion current density (expressed as a
ratio of the value for 100 Q.m concrete).

Warkus and Raupach [14] have measured macrocell
corrosion currents between anodes and cathodes for
different resistivities, and they found results (Figure 14) which
are consistent with those found in this paper. In Figure 14, the
macro-cell corrosion currents are normalized and plotted as a
ratio of the value for a resistivity reference of 100 Q.m.
Hornbostel et al. [52] did not find such direct correlation,
which was explained by the fact that diffusion of chloride ions
and the availability of water and oxygen are also involved in
the macro-cell corrosion process.

The effect of the resistivity on the corrosion current density is
not only linked to the ohmic effect (Ohm's law): there is also
an important effect of the quantity of cathode surface that
can be mobilized in the process of “localized” corrosion,
which depends on the resistivity [53]. This point is also
support by Angst et al. [54] when corrosion process is

established. In 1D approach, the quantity of cathode surface
mobilizable could be represented by a maximal distance
(Cmob) Where a significant cathodic reaction occurs. This
significant cathodic reaction could be defined as value higher
than 10% of the one occurring closed to the anodic site as
proposed in [51]. Figure 14 summarizes this concept of zone
of influence, making it very clear that the cathodic surface
that can be mobilized to exchange with an anodic area
decreases very quickly with resistivity [51,53].

Cmob (m)
10
9 L © Results
é ——Fitting model
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4
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1 F o
0 : : . L
0 200 400 600 800 1000 1200
P (Q.m)

Figure 14. Influence of resistivity on the cathodic length (Cmob parameter
(m)) that can be mobilized in a “localized” corrosion process [51].

This phenomenon, well-known in cathodic protection and, in
particular, for buried pipelines [55,56], is a major parameter
allowing a reduction in the densities of real anodic corrosion
in civil engineering structures using concretes more resistive
than those based on CEM .

6 Corrosion current density and structural
consequences

Proper evaluation of corrosion current density is a key factor
for the application of models related to the propagation of
corrosion. The propagation phase of corrosion needs to be
separated, a minima, in 2 stages: a first step of corrosion
process before the appearance of corrosion-induced cracks
and a second step of corrosion process after the appearance
of corrosion-induced cracks. The duration of the propagation
phase must be associated with a level of corrosion related to
a pre-defined limit state corresponding to structural or
durability performance. This limit state could not be the same
in the two stages of the propagation phase. The appearance
of the first corrosion-induced cracks is very relevant since it
corresponds to the end of the first stage of the propagation
phase and is already a criterion which is used in the work of
the FIB — AG4 -TG8-9 — WP2 [57].

According to author experience, the first stage of propagation
phase corresponds to a localized process where small anodes
spots exchange current with large cathodes areas. In this case,
electrochemical model such as those propose in [58] orin [42]
show that the local corrosion current density is higher at the
interface between the anodic spot and the cathode area and
then decrease along the anodic area. As a result, the lateral
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expansion is favored and is more important than the in-depth
penetration [42]. This effect is influenced by the resistivity of
the concrete and is then more pronounced in the case of
concrete close to the saturation. In the large cathodic area,
significant amounts of OH" (hydroxide) ions are generated and
attracted to the adjacent anodic zone by the macrocell
electric field, thus impeding large pH decrease which avoid
the acidification of the anodic spot. After the appearance of
corrosion-induced cracks, the corrosion process is modified in
anodic area since the exchange between anodic spot and
cathodic areas is reduced due to the presence of discontinuity
in concrete. The pH is then likely to be reduced in anodic spot
leading to a local acidification which increases the in-depth
penetration instead of lateral expansion of anodic area. As a
result, deep pits appear and are dangerous for the safety of
structures due to a more brittle behavior of steel bar. Here
also, wetting period are more likely to favor this process.

To avoid this brittle behavior of concrete structures, it is then
suitable to use the end of the first stage of propagation phase
as a limit state of the service life of concrete structures.

Several models [57,60-64] were developed to predict the
time to reach the appearance of the first corrosion-induced
crack based on the corrosion current density (icorr). As a result,
nowadays, there is a trend for current densities to be used by
structural engineers to calculate losses of steel cross-section
in order to predict the lifetime of structures [65]. However,
according to the problem of the unknown anodic area,
corrosion current densities are relative to an average
between anodic and cathodic areas. A conversion in a
reduction of re-bar cross-section is then questionable.

Long term observations of localized corrosion pattern of
reinforcement bars, in the first stage of propagation phase,
show that the extension of the anodic area on the length of
the rebars (lateral extension AL,) (Figure 15) is generally more
marked than the cross-section steel loss (the extension in-
depth Ae;) (Figure 15) [3]. Indeed, the corrosion current
densities are higher at the boundary of the anodic site
resulting in a higher galvanic coupling at the surface than at
depth [42]. Hence, it can be assumed that the corrosion
current contributes not only to cross section steel loss
(extension in-depth), but also to the extension of the anodic
area on the length of the rebars (lateral extension).

A possible approach to solve the problem of relationship
between corrosion current density and loss of cross-section,
is to separate the corrosion current density in two parts : one
which contributes to the lateral extension of the anodic site
and one corresponding to in-depth penetration [66]. Pit
growth rate in a rebar in concrete was already mentioned to
be a 3D phenomenon by Polder et al. [58] : their approach
was very promising but at this time did not go further than a
conceptual approach. Garcia [42] proposes also an
electrochemical approach allowing to show that the most
significant part of the corrosion current leads to increase the
surface of the anodic spot while only a small part of the
corrosion current leads to in-depth penetration.

Figure 15 proposed a geometry of the corrosion pit based on
the one presented in [3], where, at a given propagation time
torops €p IS the pit depth, L, the pit length, A, the anodic surface

of the pit. D is the diameter of the re-bar and ¢ is the
penetration angle of the pit. AL, and Ae, represent the
extents of the pit at At +tyrp. From this geometry, it is possible
to determine the relationship between the corrosion current
density and the mass loss of the steel bar.

Ala : lateral extension
i ! La Aa I
I

A€p :in-depth extension .
Figure 15. Localized corrosion of reinforcement rebar : in-depth and
lateral extension of anodic site.

At a given time tyrop, the area of the anodic zone is given in Eq.
2 and the volume of the anodic zone can be calculated with
Eg. 3. The loss of mass due to corrosion is then calculated
using Faraday law (Eq. 4) using only a part of the corrosion
current leore Which contribute to the in-depth corrosion. The
corrosion current is then share in two parts : leorre for in depth
penetration of anodic area and Il for lateral extension of
anodic area. The corrosion current lcoore and leoor. are linked to
the corrosion current density i Using the anodic surface A,
as shownin Eq.5and Eq. 6.

A,=2 L, D tan(¢) Ea. (2)
V,=A.e, Ea. (3)
m=V, p, = % Eq. (4)
leorre= Keloorr= Kiicorm Ag Eq. (5)
leornt= (1 = K)leor= (1 = Koicorr Aa Eq. (6)

where:

e A, is the surface of the lateral extension of the active
anodic area (m?);

e L, is the length of the active anodic area (m);

e ( is half of the opening angle of the triangle that is
considered equal to % (according to [3]);

e V,isthe volume of the anodic zone (m?);

® o is the corrosion propagation duration (s);

e  Misthe molar mass of iron;

® e isthe corrosion current density contributing to
the in-depth extension of the anodic area;

e K, is the factor corresponding to the part of
corrosion current leading to steel cross-section loss
which need further research to be characterized;

® i« isthe corrosion current density based on the real
anodic surface.

As a result of this approach, only a part of the corrosion
current density will be used to calculate the cross-section
mass loss.

The on-site evaluation of the corrosion current density could
then be correlated to the loss-of cross-section by using the
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Eg.5, which allow to separate the in-depth and lateral
expansion of anodic areas. As a result, this is a clear
relationship between corrosion and mechanics useful for
structural engineers.

Others approaches have been done to link the pitting depth
to the chloride-induced corrosion activity (namely leor the
corrosion current or i the corrosion current density by
considering the anodic area A,). A pitting factor oy was
introduced by Gonzales et al. [16] and Ullig et al. [67], but the
applicability of the factor is questionable as it is poorly related
to the residual steel cross-section as quoted by Harnisch and
Raupach [25]. Val and Melchers [68] try to give a less
conservative calculation of the residual cross-section based
on the pitting depth, using a dome shaped corrosion pit.
Harnisch and Raupach [25] introduced a residual cross section
factor alA(t) which is time dependent and represent the ratio
between the corrosion depth calculated from the minimum
residual cross-section and the general corrosion depth
calculated from leorr.

The pitting factor is a non-time dependent geometrical factor
between average corrosion loss in a cross-section and
maximal pit depth. The residual cross-section factor is based
on the examination of the residual cross-section of corroding
steel, it needs extensive laboratory tests and examination of
existing structure. Nevertheless, both factors are two-
dimensional, while pitting is clearly a 3D phenomenon [58]].
Therefore, pitting factor or residual cross-section factor are
totally different of the ratio between in-depth penetration
and lateral extension (K) defined in this paper which could be
modelled and predicted using electrochemical mechanisms.

Conclusion

In the view of service life evaluation of corroding concrete
structures, it is important to consider that the propagation
period of corrosion encompasses two stages: before and after
corrosion-induced cracking. The concluding remarks of the
paper concerns only the first stage of the propagation period,
and the limit state of service life of concrete structures is then
defined as the appearance of the first corrosion-induced
crack.

It is then necessary to be able to measure and predict the
actual corrosion current density in corroding structure in the
first stage of propagation, considering the phenomenon of
localized corrosion induced by chlorides. An example of
physically realistic measurement protocol, suitable for
laboratory measurement, is the one developed by Chalhoub
et al. [39]. From this protocol, it appears that the corrosion
current density could be in the order of 50-200 uA/cm? before
the appearance of the corrosion-induced cracks. These values
correspond to a high saturation degree in concrete and then
to the upper values which could be found during the
corrosion process.

It is also necessary to completely review the in-situ diagnostic
methods for the evaluation of anodic corrosion densities.
These methods must imperatively be able to evaluate the real
geometries and surfaces of the anodic zones in order to allow
a realistic calculation of the corrosion current densities.

A new approach was recently proposed by Angst and Blichler
[69] based on galvanostatic pulse measurements and the
analysis of the polarization behavior of the anodic part of the
macrocell. Nevertheless, the size of the anodic zone is not
characterized and so the corrosion current density is still
unknown even if the measurement takes the real physical
aspect of the corrosion process in reinforced concrete
structures into account.

In localized corrosion process, the cathode areas close to the
anode spots have stronger activity, which decreases as the
distance from the anode area increases [51,53]. The increase
in electrical resistivity reduces the cathode-anode distance
allowing a significant current flow (mobilizable C-A distance).
Therefore, a higher resistivity would restrain the corrosion
current density in anodic areas. As a result, binders using silica
fume or slag would be beneficial to reduce corrosion activity
induced by chlorides.

Although the measurement of the current corrosion densities
is correct, there is still a need to characterize which fraction of
this corrosion current is used to reduce the cross-section and
which fraction is used in lateral expansion of the anodic area.
An approach was proposed by Chalhoub et al. [66] where the
corrosion current leading to a reduction of cross-section is
only a part of the total corrosion current through a coefficient
K. (Eg. 5). Further research is needed to characterize this
parameter factor K. Numerical modelling using
electrochemical mechanisms as conceptualized by Polder et
al. [58] and tentatively drafted by Garcia [42] is a promising
approach to characterize the ratio between lateral extension
and in-depth penetration in anodic area (factor K.). From the
actual corrosion current density in anodic area, the
determination of K. would allow to determine the part of
corrosion current density leading to in-depth penetration and
then the load-bearing capacity. The characterization of both
lateral expansion and in-depth penetration of anodic area
would allow to predict the time for the appearance of
corrosion-induced cracks corresponding to a limit state of
reinforced concrete service life.

List of symbols

leorr corrosion density in case of localized corrosion in RILEM TC-154-
EMC (A/cm?);

Ipit corrosion density at the pitting site in RILEM TC-154-EMC
(Afem?);

lg Galvanic (macrocell) corrosion current between apparent anode

and cathode in Chalhoub et al. experiment (A);

icorr corrosion current density equal to the Galvanic current
(macrocell) divided by the actual anodic surface (A/cm?);

icorr () conventional current density equal to the Galvanic current
(macrocell) divided by the total surface of the steel (sum of
anodic zones and cathodic zones) (A/cm?);

leorre corrosion current contributing to in-depth corrosion (A);

icorre corrosion current density contributing to in-depth corrosion
(A/cm?);

Ke factor corresponding to the part of corrosion current density
leading to cross-section loss;

m metal loss (g);

M molar mass of steel equal to 55.8 g/mol;

torop corrosion propagation duration (s);
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z metal valence equal to 2;

F Faraday constant equal to 96500 A.s/mol;

Crnob mobilizable cathodic length in a macrocell process (m);

As is the surface of the lateral extension of the active anodic area
(m?);

L, is the length of the active anodic area (m);

® is half of the opening angle of the triangle that is considered

equal to % (according to [3]);
Va is the volume of the anodic zone (m?);
tprop is the corrosion propagation duration (s);
Olpit pitting factor;

aAs(t)  residual cross-section factor.
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