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Experiments were performed to study the mechanism of corrosion of steel in carbonated concrete in cyclic
wetting/drying exposure. It was found that the corrosion rate increased during wetting, followed by a decrease
during drying. The increase and decrease of the corrosion rate can be explained by changes in electrochemically
active steel area as a function of the moisture state of the mortar and its porosity. The corrosion rate achieved in
the wet phase stabilizes during the first few wetting and drying cycles. The mechanism of the electrochemical
process is discussed on the basis of theoretical considerations. It is concluded that the corrosion kinetics are
under activation control. The availability of oxygen does not seem to be a limiting parameter for the corrosion
process in cyclic wetting/drying exposure.

1. Introduction
The worldwide attempt to reduce carbon emission is strongly
affecting the cement production, which accounts for approximately
5–8% of man-made produced CO2 [1–4]. The industry is shifting to
wards binders with lower CO2 emissions during production. For those
modern binders to be sustainable over their entire service life, it is
important that they offer comparable corrosion protection to the rein
forcing steel embedded in concrete structures as the traditional Portland
cement. Unfortunately, the low carbon binders are generally more sus
ceptible to carbonation, as they are lacking in Portlandite, which acts as
pH buffering agent in the highly alkaline pH range [5–7]. It is widely
known that the pH reduction upon carbonation can, under some con
ditions, promote corrosion of the reinforcing steel and, eventually, to
damage at the structural level, such as cracking and spalling of the
concrete cover [8–11].
The highest risk for carbonation-induced corrosion is present in
conditions of environmental exposure characterized by wetting and
drying cycles [8] (in the European standards, for instance, this is
considered with exposure class XC4 [12]). Over the last decades, a
number of studies investigated the corrosion of steel in carbonated
concrete, and some of them also carried out wetting and drying cycles
[13–21]. It was generally found that in the wetting phase, the system
reaches the highest corrosion rates, which starts decreasing as soon as

the specimens dry out. Nevertheless, the underlying mechanism has not
been fully clarified [22]. Generally, empirical relationships such as the
one between the concrete electrical resistivity and the corrosion rate
have been widely used [11]. Another common mechanism to explain
corrosion in concrete, in conditions of high water saturation, is the hy
pothesis of oxygen control [8,23–25]. Since oxygen reduction is an
effective cathodic reaction to sustain the corrosion process, its diffusion
through the concrete is assumed to be of primary importance for the
corrosion kinetics. Based on the well-known fact that oxygen diffusion in
gaseous phases is faster than when dissolved in an electrolyte, it is
generally hypothesized that with increasing water content of the con
crete, the corrosion rate becomes restricted through limited oxygen
availability at the steel [23]. However, this mechanism of oxygen
transport control is not in agreement with the corrosion rate data re
ported in numerous studies [11]. These studies show the highest
corrosion rates when the water content is the highest, at least for wetting
cycles of limited time (a few days to weeks) as opposed to long-term
immersion [11]. In summary, there is a need to deliver fundamental
understanding about the mechanism that controls the corrosion rate of
steel in carbonated concrete in cyclic wetting/drying exposure.
Recent advances in the understanding of the mechanism of steel
corrosion in porous media [22,26] allow studying this question from a
new perspective. The proposed mechanism considers the effect of water
penetration through the concrete cover to the steel surface as the factor
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determining the so-called “electrochemically active steel surface area”,
and consequently the measured corrosion rate. The porosity of the
cementitious material plays a major role in controlling the contact area
between electrolyte and steel as well as for the transport of ionic species,
especially the diffusion of Fe2þ released upon corrosion and the pre
cipitation in the pore system. This Fe2þ transport and precipitation in
fluences the corrosion rate by affecting the reversible potential of the
anodic reaction and thus the corrosion rate [26,27].
In this work, we present original experimental results about the
corrosion rate evolution of steel embedded in mortar over several wet
ting and drying cycles. These results show that the behaviour over
consecutive cycles is not a constant, but rather a stabilization process,
from an initial virgin state to one where corrosion rate and dynamics of
corrosion products diffusion have reached a quasi-steady state. We
analyse the data both with traditional (oxygen diffusion control) and
novel (effects of Fe2þ transport and rust formation in the cementitious
porous medium surrounding the steel) hypotheses. On this basis, the
novelty of our work is to provide fundamental understanding about the
mechanism controlling the corrosion rate of steel in carbonated concrete
subjected to wetting and drying exposure.

complete carbonation in 3–7 days for CEM II mortars, and 7–14 days for
CEM I mortars. The phenolphthalein test [30] was used to check that the
samples achieved complete carbonation. To ensure complete carbon
ation, the samples have been exposed to carbonation for a one week
extra-time, CEM II mortars were carbonated for 2 weeks and CEM I
mortars for 3 weeks.
2.4. Exposure conditions
Wetting and drying cycles - For cyclic exposure, the samples were
exposed to demineralized water (pond mounted with a silicon sealed
wall) (Fig. 1b). The lateral and lower surfaces of the specimens were not
sealed, so that they could allow for gaseous and liquid exchange.
Particularly, it is important for the air in the pores to have an escape
route. A 3 mm thick film of demineralized water was placed on the
samples (ponding), for wetting the samples; for drying, the samples were
left in a low humidity environment at approx. 40% RH. Demineralized
water was used in order to avoid adding external ions to the system, and
try to preserve the chemistry of the pore solution resulting from the
simple equilibrium between the carbonated mortar and the water.
Although this may potentially have led to some leaching of ions from the
specimen to the demineralized water film, no efflorescence due to pre
cipitation of salts on the surface of the samples could be noticed upon
drying. The cycles duration was kept between 1.5 and 2 days, which was
sufficient to allow for three stages, namely water uptake upon placing
water in the pond, wet stage during which the water in the pond
evaporated but with the mortar continuously in contact with liquid
water, and finally the drying stage where the mortar dried towards the
initial condition. Slight differences in cycle duration are related to the
different moisture absorption/desorption behaviour of the different
mortar mixes. Up to 6 wetting/drying cycles were carried out.
Wetting and slow drying - This test was carried out in order to confirm
that the oxygen control is not acting as a mechanism controlling the
corrosion rate. One sample, realized with CEM II and w/b 0.6, was
stored in a 95% relative humidity room. Wetting (ponding, as described
above) and the first stage of drying was carried out in this climate. The
high relative humidity allowed for a very slow drying of the sample,
which allowed us to study if an eventual increase of corrosion rate oc
curs once the surface of the mortar starts to dry and the oxygen diffusion
layer becomes thinner. Finally, after initial drying at 95% RH for about
20 h, the specimen was further dried in the laboratory environment at
approx. 40% RH.

2. Methods
2.1. Sample design
The test setup consists of small mortar samples (8 � 8 � 0.6 cm3).
They are instrumented with 5 carbon steel wire electrodes (cover depth
from both sides 3 mm), a reference electrode (Ag/AgCl), and a stainless
steel grid counter electrode (Fig. 1a). The thin sample allows for equil
ibration with environmental humidity in a short time and rapid full
carbonation (max 3 weeks in 4% CO2) [28,29].
2.2. Materials
Two different cement types were investigated: CEM II/B-M (T-LL)
42.5, with clinker replaced up to 35% by limestone and burnt oil shale,
and CEM I 52.5 R, an ordinary Portland cement. The w/b ratios tested
were 0.5, 0.6 and 0.85; the sand/binder ratio was 2 and the sand had a
maximum particle diameter of 1 mm. A poly-carboxylate ether super
plasticizer with de-foaming agent was added to the mix 0.5 (0.2% by
weight of binder) in order to increase the fluidity and be able to fill the
moulds. This mix design gave the fluidity needed to cast the thin sam
ples, while maintaining a high stability of the cementitious suspension.
The specimens were demoulded after one day and cured at 95% RH for 7
days before being carbonated.

2.5. Corrosion rate measurements
All the electrochemical experiments were performed using a poten
tiostat Metrohm Autolab PGSTAT30. As a reference electrode, the
embedded Ag/AgCl sensor was used, its reference potential was cali
brated against an external Ag/AgCl reference electrode. The embedded
carbon steel wires were used as working electrode, while the stainless

2.3. Carbonation procedure
The samples were carbonated in a carbonation chamber at 20 � C,
57% relative humidity and 4% CO2 concentration. The samples reach

Fig. 1. a) Schematics of the mortar specimen’s configuration (8 � 8x0.6 cm3). b) Simple representation of the procedure used for ponding and drying of the samples.
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steel grid was used as counter electrode. The instantaneous corrosion
current density was determined by linear polarization resistance (LPR)
measurements [31]. The LPR was measured at � 10 mV around the open
circuit potential with a scan rate of 0.1 mV/s. The mortar IR-drop was
measured by impedance spectroscopy measurements (50 frequencies
logarithmically distributed between 105 and 10 Hz). The impedance
measurements were performed right after each polarization resistance
test. The ohmic resistance (RΩ) was extrapolated by fitting the first
semicircle appearing in the Nyquist plot and considering the value first
intercepted on the real impedance axis. The obtained RΩ was subtracted
from the total resistance Rp’ to get the IR-free polarization resistance
values Rp.
The Stern Geary relation was used to calculate the corrosion rate (eq.

(1)):
�
icorr ¼ B Rp

(1)

where B is a parameter depending on the electrochemical properties of
the considered system; commonly a value of 26 mV is used for iron in
actively corroding state [32]. In order to calculate the corrosion current
density, the steel embedded surface area was considered (1.256 cm2).
The use of the Stern Geary relation is appropriate in this study, as
carbonation generally leads to relatively uniform microcell corrosion.

Fig. 2. a) Corrosion current densities during wetting and drying cycles (markers ¼ average values, whiskers ¼ standard deviations, out of 6 steel wires per sample
type). Measured corrosion rate evolution over the 2nd wetting and drying cycle for the six different porous systems. The duration of the cycles is determined by the
time it takes for the water placed on top of the samples to evaporate (approx. 1.5–2 days). b) Ohmic resistance (RΩ) variation during the cycles, measured by
impedance spectroscopy, illustrating how the wetting and drying process affects the mortar surrounding the steel. c) Measured corrosion rates reached in each cycle
in the wet phase, illustrating that a steady state was achieved for all specimens after the 3rd cycle. d) Measured corrosion rate and OCP variation during the cycle of
wetting and slow drying, carried out initially in a 95% relative humidity climate chamber, and afterward in the laboratory (approx. 40% RH). e) Total porosity for the
six carbonated mortar mixes from MIP.
3

M. Stefanoni et al.

Cement and Concrete Composites 113 (2020) 103717

2.6. Mercury intrusion porosity (MIP)

about the OCP values during the transitions between saturation states.
For these reasons, only the evolution over time is shown, which should
be interpreted only in qualitative terms.

MIP measurements were carried out with a porosimeter from Ther
moscience (Pascal 140/440). Mortar samples were produced without
embedded electrodes. After carbonation, the samples were saturated
with isopropanol, which was replaced every day for one week. After
ward, the samples were dried into a desiccator under vacuum and with
silica gel. At the moment of the test, five small mortar pieces of similar
size and shape were cut. The measurement started from a pressure of
0.012 MPa up to 400 MPa, which allows for intrusion in pores down to
theoretically 2 nm radius (assuming a contact angle of 140� ). Repeti
tions showed good reproducibility.

3.3. Mercury intrusion porosity tests
The mercury intrusion porosimetry of the carbonated mortars shows
that the different mixes cover a wide range of porosities (Fig. 2e). From
one extreme to the other, the total porosity increases of about 75%
(16.9% for CEM I 0.5–28.4% for CEM II 0.85). The microstructure in the
range of the nano-pores (<20 nm) does not show particularly relevant
differences based on the w/b ratio, but CEM I exhibits a bigger amount
of these pores with respect to CEM II. The critical pore radius increases
almost always consistently with the total porosity. In general, higher w/
b ratio and CEM II lead to a higher porosity.

3. Results
3.1. Wetting and drying cycles

4. Discussion

Upon cyclic wetting and drying of the samples, the corrosion rate
varied as shown in Fig. 2a. The corrosion rate increased as the samples
were wetted, until reaching a constant corrosion rate in the wet state.
Once the water in the pond had evaporated, the samples started to dry
out and, concurrently, the corrosion rate started decreasing. It was
observed how the corrosion rate varied consistently with the moisture
state of the samples, as shown by the ohmic resistance measured by the
impedance spectroscopy measurements (Fig. 2b). The observed corro
sion rates within one system were very reproducible as is apparent from
the low scatter in Fig. 2a. The different mortar mixes exhibited a
consistent behaviour, with respect to their response to the cycles:

4.1. Reasoning on oxygen control
As mentioned earlier, cathodic control of the corrosion process,
based on a limited diffusion of oxygen to the steel surface, is one of the
most popular mechanisms used to explain corrosion of steel in porous
materials. Several models developed over the years consider this
mechanism as controlling the corrosion process in concrete, when close
to water saturation [23] [24,34–38]. According to this theory, when
water fills up the pore structure, oxygen diffusion from the outside to the
rebars is hindered by the presence of water in the pores. Under this
condition, the cathodic reaction of the electrochemical process, that is
corrosion, is considered limited due to the lack of reagent (O2), and it is
generally assumed that this controls the overall reaction rate. In this
situation, the overall reaction rate is defined by the limiting current
density (i0c) of the cathodic reaction (viz. oxygen reduction), according
to Evans diagram (Fig. 3b).
Assuming this mechanism is applicable for the experiments carried
out in this work, an increase in corrosion rate should be detected when,
because of drying, the diffusion layer gets thinner. When the wet sam
ples are drying, the mortar dries from the outside, enhancing oxygen
diffusion through the increasingly present gas phase, and, at the same
time, the steel surface within the mortar remains wet, allowing for the
electrochemical reactions to take place. This phenomenon is schemati
cally represented in Fig. 3a. If we consider two different stages during
drying, one at the beginning and one later on, the thickness of the watersaturated mortar covering the steel is different. Assuming the concen
tration of oxygen in the air is constant and the diffusion coefficient of
oxygen (DO) through a water-saturated mortar is also constant, the
diffusion layer thickness between the steel surface and the gaseous air
phase is changing (Fig. 3a). Therefore, the concentration of oxygen at
the steel surface is supposed to be higher when the diffusion layer is
thinner, that is when the specimen is in a more advanced drying stage. In
this condition, a higher cathodic limiting current would be achieved in a
more advanced drying state, meaning that a higher corrosion rate would
be measured (Fig. 3b).
With this in mind, the experiments carried out in this study do not
show any sign of such behaviour. Both in the several wetting and drying
cycles and in the slow drying experiment, which was carried out spe
cifically for this purpose, no increase of current could be detected
(Fig. 2a and d). Therefore, our experimental results suggest that cathodic
control based on limited oxygen availability is not the controlling
mechanism during cyclic wetting and drying exposure. The OCP values
reported in Fig. 2d support this hypothesis, as it shows that when the
corrosion rate starts decreasing, the OCP increases. As can be evinced
from Fig. 3b, the opposite behaviour would be expected from corrosion
theory for the case of oxygen diffusion limited cathodic control, where a
decrease in corrosion rate would correspond to a decrease in OCP. In a
corrosion process controlled by oxygen and its limiting reduction

� A precise order could be established for the corrosion rate in the wet
state, that is: CEM II 0.85 > CEM I 0.85 > CEM II 0.6 > CEM II 0.5 >
CEM I 0.6 > CEM I 0.5.
� During the wetting and drying phases, the variation of corrosion rate
over time also followed the same order, with the samples getting wet
the fastest being also the ones drying out the fastest.
In the first cycle, the corrosion rates were higher than in the
following ones (Fig. 2c); typically, after 3–4 cycles a steady state was
achieved. It appears that the steady state current in the wet state de
creases after the first cycle of about 60% and reaches constant and
repeatable values in the following cycles (Fig. 2c). The corrosion rates
reached in the wet phase in these later cycles appeared in the same
order, as earlier described, throughout the different mixes.
3.2. Wetting and slow drying
During wetting (ponding) the corrosion rate remained constant for
all the time water was present in the pond. Once the sample was exposed
to slow drying at 95% RH, corrosion soon started to slow down. Upon
further drying at 95% RH and after that in the laboratory environment
(approx. 40% RH) the corrosion rate kept decreasing, until equilibrium
was achieved with the exposure environment (Fig. 2d). At the same
time, the OCP initially decreases until a stable low value in steady wet
conditions. As soon as the specimen starts to dry the OCP shifts towards
more positive potentials (Fig. 2d). Open circuit potentials were
measured vs. an embedded Ag/AgCl electrode. However, we noticed
that the reference value of the embedded Ag/AgCl electrode was
affected by the moisture content. During the wet/dry cycles, the refer
ence potential tended to shift by about 50–100 mV, probably as a change
in the amount of free chloride around the sensor. Also, we found that
diffusion/streaming potentials between the embedded reference elec
trode and the steel wires were present, and that these were changing
depending on the moisture state as well [33]. These factors make the
conversion of the OCP measured vs the internal reference electrode to an
absolute potential scale difficult. While the reference was stable in the
short time frame of LPR measurements, we cannot be completely sure
4
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Fig. 3. Simplified schematic represen
tation of the commonly assumed mech
anism by which the moisture state of the
concrete cover affects the oxygen avail
ability at the steel surface and thus the
corrosion rate. Here, two different
stages of the drying process are shown.
a) Case 1 represents an early stage,
while case 2 is for a more advanced
drying. The blue areas represent the
water-saturated zone, the grey area is
the dry mortar. The red lines show the
theoretical decrease in oxygen concen
tration through the water-saturated
diffusion layer, their slope is a function
of the O2 diffusion coefficient, which is
not affected by the thickness of the
diffusion layer. b) The variation of the
limiting current density for the oxygen
reduction reaction is represented in
reference to the two cases from (a). It
appears clear how the corrosion rate
would increase from case 1 to case 2, if
the corrosion process was controlled by
the oxygen diffusion process. As this
increase was not observed both in our
study and in the literature, we suggest
that this mechanism of oxygen diffusion
limited control is not operative in con
ditions of cyclic wetting and drying.
Instead, the corrosion process is
considered as under activation control.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this
article.)

current, the OCP is expected to be more negative than in an activationcontrolled system. Similar experimental data can be found in other
studies reported in the literature [13,14,16–18,39]. In all these studies,
the corrosion rate was measured in a variety of exposure conditions, and
it was found that the highest values were always reached in the moister
conditions (100% RH, partial or total immersion).
Moreover, it can be shown that, if the corrosion process was
happening in a fully water-saturated system and under oxygen control,
the measured corrosion rates would be much lower than the values here
reported. In order to show this, we can use the diffusion coefficient of
gas in water-saturated cementitious materials (approx. 10 13 m2s 1)
[23] applied to Fick’s first law (eq. (2)):
J ¼D

c1

c2

where F is the Faraday constant (96485C=mole ).
From these numbers, it is evident that the corrosion process in our
experiments cannot be considered as controlled by oxygen diffusion
from the mortar surface through the water-saturated mortar cover. The
calculations for this case of saturation lead to about 3–4 orders of
magnitude lower current densities with respect to the measured corro
sion rates in wet conditions (Fig. 2a).
In summary, the corrosion rate in our experiments does not seem to
be limited by the cathodic (oxygen diffusion) limiting current. Thus,
oxygen might never be completely depleted during the wet phases of the
studied cyclic wetting/drying conditions. In this situation the corrosion
process behaves according to activation control (Fig. 3b), which implies
that the corrosion rate is defined by the thermodynamics and kinetics of
the involved reactions, mainly the anodic reaction, rather than the
limited oxygen availability. This will be discussed in more details in
section 4.2.
Please note that we do not claim that cathodic control is irrelevant in
general. There may be other conditions where cathodic control applies,
but it seems that in cyclic wetting and drying exposure of atmospheri
cally exposed reinforced concrete, oxygen limited cathodic control is not
operative.

(2)

x

where J, the diffusion flux, depends on the concentration gradient ðc1 x c2 Þ
of a certain species (in this case O2) and its diffusion coefficient D. The
concentration gradient can be easily expressed as the difference between
the concentration of O2 in water in equilibrium with air (c1, 2.8 � 10 4
M) and the concentration at the steel surface (c2, 0 M when the corrosion
process is assumed under oxygen control), divided by the diffusion layer
thickness x (Fig. 3). Referring to the dimensions of the specimens used in
this study (mortar cover 3 mm), the oxygen flux calculated by eq. (2) is:
JO2 ¼ 9:3⋅10

12

�
mol m2 s

4.2. Possible alternative mechanisms

(3)

There are different reasons that could explain the observation that
corrosion of steel in carbonated concrete is not affected by oxygen
diffusion limitations. One major reason may be the fact that the wetting/
drying cycles were carried out over a relatively short time (1 or 5 days).
It is known that it can take a long time for the entrained air to leave the
porous system (years to decades) [40–42], thus providing oxygen stor
age for the corrosion process. As a matter of fact, complete water

By knowing the amount of O2 that reaches the steel per unit area and
time, we can then calculate how many electrons O2 can exchange (n ¼
4mole =molO2 ) per unit of area and time:
�
iO2 ¼ JO2 nF ¼ 3:6⋅10 4 μA
cm2

(4)
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saturation (including the overcapillary pores) that would lead to very
low oxygen availability and diffusion is an extremely rare situation. In
the most common scenarios, entrapped air is always present and can
thus sustain the corrosion process, at least for some time.
Another explanation could lie in the reactivity of corrosion products.
As reported in literature, corrosion products are not inert compounds.
Upon wetting, Fe(III) in the corrosion products can be partially reduced
to Fe(II) and thus act as cathodic reaction driving the corrosion of steel
also in situations with low oxygen content [43–45]. Research in the field
of atmospheric corrosion showed how the Fe(II) -rich corrosion products
can oxidise to Fe(III) products during the drying stage, and later, during
wetting, reduce back, providing a cathodic reaction for the corrosion
process [43]. The main question remains how long it would take for both
oxygen and reactive Fe(III) to be consumed in wet conditions. Stratmann
proposes an estimate of the current that rust is able to sustain, 1g of rust
corresponds to approx. 150 A*s [43]. This means that a corrosion cur
rent of 1 μA/cm2 could be sustained by 1 mg of rust for approx. 42h. As a
comparison, a corrosion rate of 1 μA/cm2, maintained for 24h, can lead
to the formation of approx. 0.04 mg of FeOOH. Thus, it is unlikely that
sufficient Fe(III) compounds were formed in these experiments within
the first 6 wetting/drying cycles to completely sustain the corrosion
process with the cathodic half-cell reaction merely being the reduction
of Fe(III). Nevertheless, this mechanism is expected to at least contribute
to the cathodic process, together with oxygen reduction.

shown in Fig. 4 are virtually parallel. This means that the difference in
corrosion rate, between the first wetting and drying cycle and the steady
state, is always the same, irrespective of the mortar mix tested. This
indicates that the extent of this decrease in corrosion rate from the first
to subsequent cycles is not related to a variation of the electrochemically
active area. In other words, the electrochemically active steel surface
area is the same in every wetting cycle.
4.4. Decrease of corrosion rate over consecutive cycles
The decrease of corrosion rate in the wet phase over the cycles could
be explained by the concept of a physical barrier created by the corro
sion products at the steel surface. This barrier supposedly hinders mass
transport processes, such as the transport of O2 to the steel surface,
leading to the corrosion rate decrease [49].
However, based on experimental evidence, we would like to propose
an alternative explanation.
As we discarded the hypothesis of cathodic control in cyclic wetting/
drying exposure (Section 4.1), we consider the corrosion process being
under activation control. The observed decrease of steady state corro
sion rate over subsequent cycles, for each tested specimen type, corre
sponds to a factor of about 2 (Fig. 2c). To explain the decrease in
corrosion rate from the first to subsequent wetting/drying cycles, we
propose an effect related to the accumulation of corrosion products over
time.
The two species in solution that can affect the electrochemistry of the
corrosion process, and therefore the final corrosion rate, are O2 and
Fe2þ. The concentration of these species in the proximity of the metal
surface affects the reversible potential E of the reactions they are
involved in, respectively the cathodic EO2 =OH and the anodic EFe=Fe2þ
potential. In theory, also the pH could influence the corrosion rate, but
we consider it as constant over the wetting and drying cycles (pH 8–9.5)
[50,51]. This is because of the extremely high solid/liquid ratio around
the steel surface, which keeps the concentrations of most species in the
electrolyte close to or at saturation.
The Evans diagram depicts the mixed potential theory that is used to
represent electrochemical processes, such as corrosion, on the base of
reversible potentials, exchange current densities and Tafel slopes
(Fig. 5a) [52]. The relationship between species concentration and
reversible potential is described by the Nernst equation (eq. (5)):

4.3. Corrosion rate in the wet state
To explain the increase of corrosion rate with increasing moisture
state, we propose to consider the concept of “electrochemically active
area”, as in more detail described in Refs. [15,22,26,46]. With this
approach, it is possible to explain the difference between mortar mixes,
in terms of corrosion rate, by the effect of the porosity on the electro
chemically active area of steel that gets in contact with water. The fact
that the presence of water at the steel-concrete interface might be the
controlling factor has already been suggested by several authors [15,19,
46–48]. Fig. 4 shows the relationship that was found between the
corrosion rates in the wet state and the porosity of the mortars. It can be
noticed that both in the first cycle, when the corrosion rate was not yet
stabilized, and in the steady state, there exists a linear relationship be
tween the corrosion rate and the porosity, in agreement with the theo
retical mechanism proposed in literature [26]. The two linear curves

Fig. 4. Corrosion rate vs. total porosity; values in the wet phase for the first cycle and for the steady state. The red data represents the difference (1� cycle – steady
state). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Representation of the corrosion
process by means of the Evans diagram.
a) The potential-current relationship of
the anodic (red) and cathodic (blue)
reactions is represented, the intersection
defines the corrosion potential and cur
rent density. For this representation the
following parameters have been
assumed: anodic Tafel slope (60 mV),
cathodic Tafel slope ( 160 mV). b,c) A
magnification of the area where the
lines intersect. b) shows the effect of a
100-fold increase of Fe2þ concentration
on the anodic reversible potential and
final corrosion rate. c) shows the effect
of a 100-fold decrease of O2 concentra
tion on the cathodic reversible potential
and final corrosion rate. A variation in
Fe2þ concentration has double the effect
of the same variation of O2. (For inter
pretation of the references to colour in
this figure legend, the reader is referred
to the Web version of this article.)

(9)

we suggest to analyse the iron concentration in the pore solution and the
formation of corrosion products in the pore system.
The phenomena of corrosion products formation are described in
literature [27] and schematized in Fig. 6 (from Ref. [27]). The con
centration of the iron ions, Fe2þ, released by the corrosion process, is the
key to understand the behaviour here discussed. The fate of Fe2þ can be
simplified and described by two main processes, it either diffuses (pro
cess E) or precipitates (processes B, C and D). The Fe2þ concentration at
the steel surface is dependent on how much it diffuses from the release
point to the bulk of the mortar, which depends on the concentration
gradient between these two points as described by Fick’s first law (eq.
(2)).
In turn, the resulting concentration of Fe2þ at the steel surface affects
the corrosion rate by defining the reversible potential of the anodic re
action [26,27], as expressed in the Nernst equation (eq. (9)).
A lower Fe2þ concentration depresses the reversible potential of the
Fe/Fe2þ reaction, which in turn leads to an increase in the corrosion
current density, as based on well-established considerations regarding
corrosion kinetics [8] (Fig. 5). More information on this effect may be
found in Ref. [26]. With this information, we can analyse the data of
Fig. 2c as follows:

These equations can be used to approximate the influence of a
change in the concentration of Fe2þ or O2 on the corrosion rate. To this
aim, we need to assume the values of the electrochemical parameters of
the system, namely the Tafel slope of the cathodic and anodic reactions,
e.g. based on literature [52]. For our case, we use a cathodic Tafel slope
of 160 mV and an anodic one of 60 mV. The exchange current densities
are considered as constant for a given system.
Fig. 5 illustrates how the electrochemical kinetics, especially changes
in reversible potential according to equations (7) and (9), affect the
corrosion rate. In particular, to account for the experimentally observed
decrease in corrosion rate decrease by a factor 2, it would be necessary
to have a O2 concentration decrease by a factor 200, or a Fe2þ concen
tration increase by a factor 100. The difference (200 vs 100) is due to the
different number of electrons exchanged by the two species, 4 for O2 (eq.
(6)) and 2 for Fe (eq. (8)).
The consecutive wetting and drying cycles in this study were carried
out all in exactly the same way. Therefore, the oxygen diffusion process
is the same during all the consecutive cycles, and there is no reason to
believe that the oxygen concentration should decrease by a factor of
200. Thus, the observed decrease in corrosion rate from the first cycle to
steady state cannot be explained by the oxygen concentration. Instead,

� 1� cycle: The first time the sample is directly in contact with liquid
water, the water filled porosity is interconnected, which drastically
increases the possible diffusion of iron ions released by the corrosion
process away from the steel surface. As there is almost no Fe2þ in the
pore solution at this stage, the concentration gradient and the asso
ciated diffusion flux according to equation (2) are comparatively
high. This initial condition leads to the strongest possible reduction
of Fe2þ concentration at the steel surface. The anodic reversible
potential E is the lowest (eq. (9)) and therefore the corrosion rate the
highest, according to the Evan’s diagram [8,26,27].
� Following cycles: at the end of the first cycle the samples dry out and
corrosion products precipitate in the pores. The presence of precip
itated corrosion products in the pore structure has been confirmed in
a parallel work [26]. When the mortar samples get wet again in the
second cycle, the concentration of Fe2þ in the pore solution is not
0 anymore. Therefore, the diffusion driving force (eq. (2)) is lower,
the iron ion concentration [Fe2þ] at the metal surface is higher than
in the first cycle. As a consequence EFe2þ (eq. (9)) is more positive,
which decreases the corrosion rate compared to the first cycle. Over
the cycles, this mechanism leads to a steady state of the corrosion
rate in the wet phase, in equilibrium with a pore solution containing

E ¼ E0 þ

RT Ox
ln
nF Rd

(5)

where E is the reversible potential, E0 is the standard equilibrium po
tential of the reaction, n is the number of electrons exchanged, F is the
Faraday constant, R is the gas constant, T is the temperature, Ox is the
concentration of the oxidised specie of the reaction and Rd the con
centration of the reduced specie.
When we apply the Nernst equation to the cathodic and anodic re
actions that are usually considered for corrosion of steel in concrete, we
have:
Cathodic reaction
O2 þ 2H2 O þ 4e →4OH

(6)

RT
O2
ln
4F OH

(7)

EO2 =OH ¼ E0 þ

Anodic reaction
Fe → Fe2þ þ 2e
EFe=Fe2þ ¼ E0 þ

RT
ln Fe2þ
2F

(8)
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Fig. 6. Schematic representation of the fate of Fe (steps A to E) from steel corrosion to formation of solid corrosion products in the (water filled) pore system of
concrete. The dashed vertical lines represent imaginary vertical slices of the concrete. From Ref. [27].

a certain amount of Fe2þ ions. The concentration of Fe2þ ions is
expected to stabilize at a concentration below or at the saturation
level (approx. 10 3 mol/L at pH 8 [53]). The level at which the
ferrous ion concentration at the steel surface stabilizes is governed by
the pore structure (determining transport) and the rate of Fe2þ
oxidation to Fe3þ as illustrated in Fig. 6 [53,54].

- Mechanism 1; the electrochemically active area. When the moisture
content of the mortar is high (WET conditions) a large portion of the
steel surface gets in contact with electrolyte and, as a consequence
starts corroding, leading to the measurements of high corrosion
rates. On the opposite, when the mortar is DRY, the surface area that
was previously in contact with electrolyte is now dry; electro
chemical reactions cannot take place without an electrolyte, which
restricts the measured corrosion rate to low values.
- Mechanism 2; oxygen reduction. In WET conditions the O2 dissolved
in the pore solution can reduce at the active steel surface. Also, Fe
(II)-rich phases in the rust layer allow for oxygen reduction and
can catalytically accelerate it. The cathodic area is enlarged thanks to
the high surface area of the corrosion products. When the mortar is
DRY, oxygen reduction is inhibited due to the transformation of the
rust into Fe(III)–rich phases, which are electrically insulating [55].
The electrochemically active area is greatly reduced and O2 cannot
be present in dissolved form.
- Mechanism 3; the reactivity of corrosion products. Corrosion prod
ucts (rust) are not inert, they can react electrochemically. In the WET
state, the corrosion products that were previously dry and oxidised
into a Fe(III) state can now be reduced to Fe(II) compounds and
couple with the anodic dissolution of the steel, potentially
substituting oxygen in the reduction reaction. When the mortar

A supporting evidence of the explanation proposed above comes
from the shift of OCP of the carbon steel electrodes over consecutive
wet/dry cycles (Fig. 7). Fig. 5 shows how an increase in the Fe2þ con
centration at the steel surface would affect the electrochemical system
and lead to a decrease of corrosion rate, because of a shift of the
reversible potential of the anodic reaction in positive direction. Due to
this, the open circuit potential of the system is also supposed to shift
towards more positive potentials, which is in fact apparent from Fig. 7.
4.5. Mechanism of corrosion in carbonated concrete under cyclic wetting/
drying exposure
Throughout this manuscript, different mechanisms affecting the
corrosion rate have been mentioned. Fig. 8 summarizes the way these
mechanisms might act, depending on the moisture state of the mortar.

Fig. 7. Shift of the open circuit potential of the steel wires embedded in the different mortar mixes in the wet phase of the cycles. The values were normalized by
referencing to the open circuit potential of the wet phase of the 1st cycle. These measurements illustrate the change in reversible potential over the cycles.
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Fig. 8. Schematic representation of the different mechanisms affecting the corrosion process in WET and DRY state.

becomes DRY, the rust is oxidised again to Fe(III) and it becomes
electrically insulating.
- Mechanism 4; the diffusion processes in the mortar. In the WET state,
Fe2þ ions, released at the metal surface, can diffuse through the
water filled pores of the rust scale and the cementitious phases; this
process, together with Fe2þ oxidation in solution, defines the anodic
reversible potential of the Fe/Fe2þ electrode and affects the corro
sion rate in the WET state. Dissolved O2 slowly diffuses through the
liquid phase towards the steel, both from the external concrete sur
face and from gaseous air bubbles entrapped within the concrete.
When the system gets DRY, the dissolved ferrous ions precipitate and
oxidise. When the cementitious pore system is largely air-filled (dry
state), oxygen can diffuse relatively fast in the gaseous phase and it
can replenish the oxygen content in the system. However, it can
hardly react at the metal surface due to the absence of electrolyte.

3) Based on theoretical considerations related to oxygen transport
through the mortar cover in the different moisture states occurring
during the wetting/drying cycles, it was not possible to find evidence
supporting lack of oxygen availability as a mechanism controlling
the corrosion process. Thus, cathodic control due to limited oxygen
diffusion is considered as unlikely in wetting/drying exposure con
ditions. This was explained by a mechanism that allows for replen
ishing the oxygen in the pore system during the drying stage as well
as a mechanism in which the rust layer precipitated at the electrode
surface acts as additional cathodic reaction during the wet stage that
also gets restored during the drying stage (Fe(II)/Fe(III) couple).
4) The increase and decrease of the corrosion rate upon wetting and
drying (conclusion 1) can be explained by an area effect, that is, a
change in electrochemically active area as a function of the moisture
state of the surrounding mortar.
5) The stabilization of the corrosion rate over the first 3–4 wetting/
drying cycles (conclusion 2) could be explained based on the effect of
the accumulation of corrosion products at the metal surface over
time, which affects the electrochemistry of the corrosion process, in
particular the anodic partial reaction.
6) Concerning further research on corrosion of steel in carbonated
concrete, we recommend that a) the role of the presence of rust on
the steel surface be studied in more detail, b) attempts to develop
numerical models take these findings into account, and c) future
experimental studies consider the behaviour over consecutive wet
ting/drying cycles.

The different mechanisms are characterized by one common point,
which is that all favour corrosion to take place in WET conditions.
5. Conclusion
We experimentally studied the corrosion kinetics of steel embedded
in carbonated concrete exposed to wetting and drying cycles. Based on
our work, we suggest a mechanism for corrosion of steel in carbonated
concrete under cyclic wetting/drying exposure. The following major
conclusions are drawn:
1) The corrosion rate was found to increase during wetting, followed by
a decrease in corrosion rate during the drying.
2) The maximum corrosion rate achieved in the wet phase was highest
in the first wetting cycle, and decreased towards a steady state
corrosion rate within the following 3–4 wetting/drying cycles.

Data availability
The experimental data supporting the findings of this study and used
to create the figures are available from the corresponding author upon
reasonable request.
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