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Abstract

The prediction of the long-term behavior of reinforced concrete structures involved in the nuclear
waste storage requires the assessment and the modeling of the corrosion processes of steel reinforce-
ment. This paper deals with the modeling of the cathodic reaction that is one of the main mecha-
nisms of steel rebar corrosion. This model takes into account oxygen reduction and oxygen
diffusion through a diffusion barrier (iron oxide and/or carbonated concrete) as a function of water
saturation degree. It is demonstrated that corrosion rate of reinforcement embedded in concrete with
water saturation degree as low as 0.9 could be under oxygen diffusion control. Thus, transport prop-
erties of concrete (aqueous and gaseous phase, dissolved species) are key parameters that must be
taken into account to model electrochemical processes on the reinforcement.
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1. Introduction

Reinforced concrete structures are largely used in the nuclear industry, including
nuclear power plants and nuclear waste facilities. Steel reinforcement is used to improve
the tensile strength of concrete structures, and more generally their mechanical resistance.

In nuclear waste storages, reinforced concrete structures have to provide not only
improved mechanical properties but also the containment of nuclear wastes. Growth of
cracks in concrete due to corrosion of rebars would alter its containment properties.

Non-alloyed or low-alloyed carbon steel is often used as reinforcement in these struc-
tures. Thanks to the high alkalinity of the concrete interstitial solution, reinforcement
remains at a passive state. Very low corrosion rates are expected and no mechanical
degradation should be generated. Nevertheless, concrete is a porous material that may
react with the surrounded medium. Especially, the atmospheric carbon dioxide generates
carbonation of concrete and leads to the alteration of its physical and chemical properties
(pH decrease). Moreover, in carbonated concrete, the corrosion state of the rebars does no
longer remain in its passive state and high corrosion rates can be observed. Growing of
new iron oxides at the steel/concrete interface generates tensile stresses in the carbonated
concrete that may lead to the cracking. Tuutti’s diagram schematizes the time evolution of
the steel/concrete interface [1] with the passive and active periods.

The aim of this study is to evaluate the duration of active corrosion period of reinforce-
ments. More precisely, the authors plan to evaluate to what extent the cathodic reaction
could be the rate-limiting step of the corrosion process during this active period. Concern-
ing the oxygen reduction in degraded concrete, Raupach [2,3], proposes four environmen-
tal humidity scenarios that influences the global oxygen reduction rate: (1) constantly dry,
(2) short-term wetting, (3) long-term wetting, (4) constantly water saturated. This classifi-
cation corresponds to various water saturation profiles that consider only two different
levels of water saturation, whether water saturated (Sr = 1) or non-water saturated
(Sr < 1). As long as a thick concrete layer remains water saturated, then the corrosion rate
is diffusion limited. Otherwise, in a non-water saturated concrete (HR < 100%, i.e., Sr < 1)
oxygen diffusion should never be the rate-limited step and is therefore neglected [2,3].

We propose in this paper an analytical study to evaluate the whole cathodic process as a
function of the water saturation degree of the concrete, considering a continuous evolution
of Sr with environmental relative humidity. The authors aim at answering the following
question: should a determinist model of reinforcement corrosion take into account oxygen
diffusion through degraded concrete even if water saturation degree is lower than 1
(Sr < 1)? In which range of Sr values the cathodic process is respectively under reaction
control or under diffusion control?
2. Corrosion modeling: state of the art

Previous investigations on the electrochemical and on the corrosion behavior of iron
immersed in alkaline solutions have highlighted very low oxidation kinetics [4–6]. The pas-
sive oxide layer remains very thin (several nanometers) [7] and cannot lead to the cracking
of concrete. The chemical degradation of concrete (leading to high corrosion rate of the
rebar) and the onset of high corrosion rate are therefore necessary conditions for cracking
occurrence. The service life of a concrete structure is then determined (1) by the duration



1920 B. Huet et al. / Corrosion Science 49 (2007) 1918–1932
of the ingress of aggressive species, (2) by the critical conditions required for the onset of
active corrosion and (3) by the duration of the active corrosion period.

The chemical degradations of concrete due to chloride ingress or carbonation are well
known. Moreover, the depassivation conditions in terms of chloride concentration or pH
decrease have been subject to many investigations [8–11]. Thus, the time to depassivation
may be predicted with an almost good accuracy.

A lot of experimental data are available on the corrosion rate of steel reinforcement in
degraded (chloride polluted or carbonated) concrete. But to our knowledge no mechanistic
modeling exists for reinforcement corrosion in carbonated concrete. Mechanistic models
have been reported in the literature but most of them describe mild steel corrosion in other
aqueous environments.

Three kinds of model are generally used to predict the long-term evolution of corrosion
[12]: a material balance approach, a semi-empirical approach or a mechanistic modeling.
However, only the mechanistic modeling allows a long-term prediction that cannot be
reached with laboratory experiments.

The mechanistic models are based on the integration of elementary mechanisms in ana-
lytical or numerical models. Those models require the implementation of dissolution, dif-
fusion and kinetic reaction constants, the latter constant being often not mentioned in the
literature. The determinist laws deduced from these models may be then compared to
semi-empirical laws evaluated from laboratory tests.

Few authors have tried to model iron corrosion in degraded concrete [13–15]. They pro-
pose to evaluate corrosion rate as a function of anodic polarization, cathodic polarization
and electrical resistance of concrete. Each anodic and cathodic polarizations are evaluated
with the Butler–Volmer activation law. This law permits the evaluation of corrosion rate
as a function of the anodic and cathodic overpotentials and Tafel coefficient. Nevertheless,
these models do take into account neither the chemical evolution in the oxide layer at the
steel/concrete interface nor the aqueous transport of reactive species in the porosity of
degraded concrete. Actually, the interfacial reaction kinetics may not be the controlling
factor of the corrosion rate.

For instance, the corrosion modeling of mild steel in deep reductive clays is based on
the physical description of the growing of a dense corrosion layer. In this particular case,
the corrosion rate and the growing of the oxides layer is limited by species motion in the
solid phase: electron or point default motion (anionic or cationic) [16,17].

In the case of atmospheric corrosion of low-alloyed steels, the wetting and drying cycles
have been identified as critical parameters to evaluate the metal loss over time. In partic-
ular, the oxygen reduction during the wet period leads to high metal loss. The reduction of
oxygen has been modeled assuming the electrical conductivity of the porous oxide layers.
The transport of oxygen in a thin water layer on the iron oxides is the limiting step of this
system [18,19].

3. Mechanistic modeling of corrosion in carbonated concrete

This section presents the basis of a new mechanistic model for rebar corrosion in car-
bonated concrete. The model is based on the analysis of ancient ferrous artifacts and lab-
oratory experiments performed on mild steel immersed in carbonated solution [11]. Recent
investigations on aged ferrous artefacts embedded in carbonated binders have shown a
structuring of the oxides at the steel/concrete interface [20], this oxide being porous, even
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in the vicinity of the iron substrate [21]. This structuring consists in a stratification of the
iron oxides at the steel/concrete interface into two layers. The first layer is a ‘‘dense’’ prod-
uct layer (DPL) consisting mainly in ferric oxy-hydroxide. The second layer called ‘‘trans-
formed medium’’ (TM) consists in a precipitated ferric oxy-hydroxide in the porosity of
concrete.

There are two kinds of rate-limiting steps: reaction kinetics or aqueous species trans-
port. Each of these mechanisms is individually described in the following parts of the
paper. Then the oxygen reduction rate is evaluated considering each mechanism.
3.1. Elementary steps

The corrosion process may be described by the elementary anodic (Eq. (1)) and catho-
dic (Eq. (2)) heterogeneous reactions of the overall corrosion process (Eq. (3)):

1

2
O2 þH2Oþ 2e� ) 2OH� ð1Þ

Fe) Fe2þ þ 2e� ð2Þ

H2Oþ Feþ 1

2
O2 ) Fe2þ þ 2OH� ð3Þ

Considering that (1) the electrochemical partial reactions are irreversible, (2) the electrolyte
is pH buffered and (3) the ferrous cation concentration remains constant, the corrosion rate
depends only on oxygen concentration and on anodic and cathodic reaction kinetics.

In this work, we will consider that the anodic reaction kinetics is faster than the catho-
dic reaction kinetics. Moreover, we neglect the ohmic drop between anodic and cathodic
area, assuming that the conductivity of porous media (iron oxide and/or carbonated con-
crete) remains high enough. In those conditions, the corrosion rate is controlled by the
oxygen reduction.
3.1.1. Description of elementary steps

The iron oxide layer that covers the iron substrate is considered as porous. The oxygen
reduction in a presence of a porous layer follows different elementary mechanisms, which
are reported in Fig. 1. The iron oxide layer covering the substrate is assumed to be porous
and allow species transport through gas or aqueous phase within the porosity. Oxygen
reduction on iron compound embedded in porous media is then controlled by different ele-
mentary mechanisms. These mechanisms are reported in Fig. 1. So, oxygen is reduced
locally, whether on the internal interface (x = x1) or on the iron oxide surface developed
within its volume. In the latter case, the iron oxide crystal is assumed to be an electrocon-
ductive solid. The only transport mechanism is supposed to be diffusion of oxygen (dis-
solved or gaseous).
3.1.2. Expression of concentrations in porous media
Various mathematical expressions of concentrations are introduced in order to apply

Fick’s laws to porous media. If the porous medium is a homogeneous medium, the relation
between the oxygen concentrations, related to whether the interstitial solution volume or
the total volume of the material (liquid, solid and gas), is expressed according to Eq. (4).
This relation (Eq. (4)) can be extended to porous media that are not water saturated



Fig. 1. Sketch of oxygen transport through a porous media and oxygen reduction. Porous layer is made of either
a conductive iron oxide or of a non-conductive iron oxide or of a carbonated concrete.
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(Eq. (5)), introducing the water saturation degree Sr (Eq. (7)). And in the same way, the
oxygen concentration in gaseous phase ðcg;O2

Þ can be related to the total volume of the
material ðcmg;O2

Þ as reported by Eq. (6):

Cml;O2
¼ /waterCl;O2

ð4Þ
cml;O2

¼ /Srcl;O2
ð5Þ

cmg;O2
¼ /ð1� SrÞcg;O2

ð6Þ

Sr ¼
/water

/
ð7Þ

with
cml;O2

oxygen concentration in the liquid phase related to total material volume (mol/
m3),

cmg,O2
oxygen concentration in the gaseous phase related to total material volume (mol/
m3),

cl,O2
oxygen concentration in the liquid phase related to water volume (mol/m3),

cg,O2
oxygen concentration in the gaseous phase related to air volume (mol/m3),

/ total porosity of porous media (%),

/water water saturated porosity (%),

Sr water saturation degree of porous media (%).
3.1.3. Pure interfacial reaction step

Oxygen reduction is assumed to be governed locally by a first order kinetics law. The
oxygen reduction rate may be written as indicated in Eq. (8) where k is the kinetic constant
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of the oxygen reduction (�10�5 m/s). We assume that only dissolved oxygen in interstitial
solution may be reduced. At ambient temperature (25 �C), the kinetics of gaseous oxygen
reduction is assumed to be far lower than the kinetics of dissolved oxygen reduction. Thus,
whatever the water saturation degree is, the oxygen reduction depends only on the dis-
solved oxygen concentration at the interface as indicated by Eq. (9). However, the latter
equation indicates that the effective kinetic constant of oxygen reduction (ke,l) will depend
on the water saturation degree Sr (Eq. (10)).

For specific conditions, it may be necessary to express the oxygen reduction kinetics
(Eq. (8)) as a function of oxygen concentration in the gaseous phase (Eq. (12)). In those
cases, we assume that the dissolved oxygen is in thermodynamic equilibrium with oxygen
partial pressure ðcv;O2

Þ in the gaseous phase. Thus according to the Henry’s law (Eq. (11)),
Eq. (12)) is written.

Eqs. (10) and (13) indicate that the effective kinetic constant (Ke) of oxygen reduction in
homogeneous porous media is strongly different, depending on which volume, gaseous,
liquid or total, the oxygen concentration is related to

V ðxÞ ¼ kcml;O2
ðxÞ ð8Þ

V ðxÞ ¼ ke;lcl;O2
ðxÞ ð9Þ

ke;l ¼ k/Sr ð10Þ

cg;O2
¼ KH

RT
cl;O2

ð11Þ

V ðxÞ ¼ ke;gcg;O2
ðxÞ ð12Þ

ke;g ¼
k/RTSr

KH

ð13Þ

k kinetic constant of oxygen reduction (�10�5 m s�1[22]),
ke,l effective kinetic constant of oxygen reduction: concentration related to the liquid

phase volume (m s�1),

ke,g effective kinetic constant of oxygen reduction: concentration related to the gas-
eous phase volume (m s�1),

KH Henry’s dissolution constant of gaseous oxygen (7.47 · 104 Pa m3 mol�1),

R perfect gas constant (8.31 J mol�1 K�1),

T temperature (K).
3.1.4. Pure diffusion step

The driving force of diffusion is the gradient of chemical potential. In the case of oxy-
gen, the shift of chemical potential within porous concrete cover is only due to concentra-
tion variation, either in the gas phase or in the liquid phase. The first Fick’s law expresses
mathematically the diffusion mechanism in homogeneous media (here in one dimension,
1D). Moreover, there is a way to extend this formalism to porous media, in the case of
species transport through the liquid phase (Eq. (14)) or gas phase (Eq. (15)).

The combination of the first Fick’s law (Eq. (14)) with the mass balance equation, writ-
ten for a representative volume of porous media, allows obtaining the second Fick’s law
(Eq. (16)). The latter equation may be solved after retaining only the oxygen concentration
related to liquid phase volume (Eq. (17)). In the same way, the second Fick’s law is written
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for the transport of oxygen through the gas phase (Eq. (18)). The latter equations (17) and
(18) indicate that the oxygen diffusion rate within the gas or liquid phase depends on the
water saturation degree of the porous diffusion barrier:

jl;O2
¼ �De;l

ocl;O2

ox
ð14Þ

jg;O2
¼ �De;g

ocg;O2

ox
ð15Þ

ocml;O2

ot
¼ De;l

o2cl;O2

ox2
ð16Þ

ocl;O2

ot
¼ De;l

/Sr

o2cl;O2

ox2
ð17Þ

ocg;O2

ot
¼ De;g

/ð1� SrÞ
o

2cg;O2

ox2
ð18Þ

jO2
¼ �De

cO2
ðx2Þ � cO2

ðx1Þ
X

¼ cst ð19Þ

jl;O2
oxygen flux in liquid phase related to the surface of porous material (mol m2 s�1),

De,l effective diffusion coefficient of species in the liquid phase of porous material
(m2 s�1),

jg;O2
oxygen flux in gaseous phase related to the surface of porous material
(mol m�2 s�1),

De,g effective diffusion coefficient of species in the gaseous phase of porous material
(m2 s�1).

The solution of the second order differential equation (Eqs. (17) and (18)) gives the oxy-
gen concentration profile within the porous layer as a function of time for each initial and
boundary conditions. In steady state, oc

ot ¼ 0, the concentration profile remains linear and
the oxygen flow is constant within the whole porous layer. This oxygen flow may be writ-
ten as a function of oxygen concentration at the boundary of the porous layer cO2

ðx1Þ and
cO2
ðx2Þ as well as its thickness (X), in the same manner for gaseous or dissolved oxygen

(Eq. (19)).

3.1.5. Interfacial reaction and transport coupled step
An interfacial reaction and transport coupled step should be taken into account if oxy-

gen diffuses through a conductive porous solid that is electronically connected to the rein-
forcement. The concrete barrier layer is assumed not to be a conductor of electricity. On
the opposite, the newborn oxides may be electronically conductive (Fig. 2). For example,
magnetite (Fe3O4) becomes conductive under low thermal activation, at room temperature
(25 �C) [23]. In each homogenized elementary volume of the porous oxide layer, a part of
oxygen diffuses (Eqs. (14) and (17)) and the other part is consumed at the iron oxide/inter-
stitial solution interface (Eq. (20)), as drawn in Fig. 1. We assume that this mechanism
may only take place if the oxide layer remains water saturated. Actually magnetite is
not a stable phase in oxidative media generated by atmospheric conditions.

The local consumption of oxygen within the conductive oxide layer depends on the spe-
cific surface (related to the volume) developed locally (sa Ædx) by the porous network, as
indicated by equation (Eq. (20)). Eq. (21) allows converting the specific surface value



Fig. 2. Sketch of the system (corroded steel, carbonated concrete) during the active corrosion period.
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(Sa, m2/g) to the specific surface related to the total volume of the porous media (sa, m�1),
considering a homogeneous porosity and density of the oxide layer.

The mass balance equation (or second Fick’s law, Eq. (17)) is then corrected with a sec-
ond term in its right member, as indicated by Eq. (22). This term expresses the local con-
sumption of oxygen. In steady state, the simplified mass balance equation (Eq. (23)) is a
second order differential equation, considering the variable k (defined in Eq. (24)), which
is homogeneous with a length. The resolution of Eq. (23), which is obtained in the case of
a half finite diffusion layer, gives the oxygen concentration profile within the interstitial solu-
tion (Eq. (25)). This latter equation indicates obviously the exponential decrease of the con-
centration from the outer interface toward the reinforcement/conductive oxide interface.
The hypothesis of half finite layer should not be ruled out as long as the value of k is neg-
ligible compared to the oxide layer thickness. It means that the oxygen concentration should
remain negligible at the steel/conductive oxide interface. Considering the following numer-
ical application (De = 10�12 m2 s�1, sa = 3.7 107 m�1, k = 10�5 m s�1 and / = 0.1), k is
evaluated to be about 1 lm. Thus, this model is valid in the presence of a conductive oxide
layer with an accuracy better than 1% as long as its thickness is greater than 5k, i.e., 5 lm.
V ðxÞ ¼ ksa/cl;O2
ðxÞ � dx ð20Þ

Sa ¼ ð1� /ÞqSa ð21Þ
ocml;O2

ot
¼ De;l

o2cl;O2

ox2
� ksa/cl;O2

ð22Þ

k2 o2c
ox2
� c ¼ 0 ð23Þ

kðEq: ð23ÞÞ is defined as : k ¼
ffiffiffiffiffiffiffiffiffiffi
De;l

sak/

s
ð24Þ

cl;O2
ðxÞ ¼ cl;O2

ðx2Þ exp
x� x2

k
ð25Þ
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q, iron oxide density (kg/m3); Sa, specific surface of the iron oxide (m2/g); sa, specific sur-
face related to the volume (3.7 · 107 m�1 [21]).

In a representative elementary cross-section (S as surface and dx as thickness), the ele-
mentary oxygen reduction current dI (Eq. (26)) is evaluated using the local rate of oxygen
consumption (Eq. (20)) and Faraday’s law. In Eq. (26), saSdx represents the local surface
on which oxygen molecules are reduced. The integration of the elementary current dI on
the whole conductive oxide layer thickness permits to calculate the global oxygen reduc-
tion current density i (Eq. (27)). However, the resolution of mass balance equation is only
valid when k < < (x2–x1). Thus, Eq. (27) is simplified and gives Eq. (28). This equation is
similar to Eq. (9). Only the effective kinetic constant is increased by a factor compared to
the effective kinetic constant in the absence of a conductive oxide layer (Eq. (29)). Thus,
whether a conductive oxide layer is connected to the reinforcement or not, the oxygen
reduction rate will follow a first order kinetics law:

dI ¼ nFsak/cl;O2
ðxÞ � Sdx ð26Þ

i ¼ nFsakk/cl;O2
ðx2Þ 1� exp � x2 � x1

k

� �h i
ð27Þ

i ¼ nFkecl;O2
ðx2Þ ð28Þ

ke ¼ sakk/ ð29Þ

Finally, a simplified model of oxygen reduction does not need to take into account oxy-
gen diffusion through an electronically conductive oxide layer. This model should just con-
sider an increase of the effective kinetic constant, by a factor sak, due to the presence of a
conductive oxide layer.
3.2. Analysis of the rate-limiting step

From the definition and the expression of each of the three elementary mechanisms, one
can evaluate the rate-limiting step of oxygen reduction. The true system, which is consid-
ered to describe oxygen reduction mechanism in the case of steel reinforcement embedded
in carbonated concrete, consist in a multi layer system. Thus, one will consider (1) the mild
steel reinforcement, (2) the porous oxide layer (d) that behaves like an electronic conduc-
tor and consists mainly of magnetite (Fe3O4), (3) a non-conductive iron oxide layer (e) that
consist mainly of ferric oxi-hydroxide (lepidocrocite c-FeOOH and/or goethite a-
FeOOH), (4) the carbonated concrete thickness (L) with an adjustable water saturation
degree Sr, and (5) the atmosphere that consists of an infinite stock of carbon dioxide
and gaseous oxygen.

Case studies presented in literature do not always take into account of the presence of a
conductive oxide layer at steel/carbonated concrete [20,24]. Thus, one should consider two
cases, whether a conductive oxide layer is present or not. However, we demonstrate that
both cases are very similar to each other if one considers only the oxygen reduction mech-
anism. In these conditions, oxygen diffuses first through carbonated concrete, then
through a non-conductive oxide layer and finally oxygen is reduced whether on steel rein-
forcement or on the conductive oxide layer (Fig. 2).

Oxygen flux within the iron oxide layer and concrete cover are mathematically
expressed, as indicated by Eqs. (30) and (31). It could be mentioned that these expressions
are very similar to each other, no matter if dissolved or gaseous oxygen is concerned. The
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dissolved oxygen consumption rate at the internal interface is expressed by Eq. (9) with
x = 0. We demonstrated above the analogy between the oxygen reduction happening
at steel reinforcement or inside the conductive oxide layer. Thus according to
Eqs. (9), (12) and (28), oxygen reduction rate (V) on the internal interface is expressed
by Eq. (32):

ðFlux within oxide layerÞ jO2;Ox2
¼ �De;Ox2

cO2
ðd þ eÞ � cO2

ðdÞ
e

ð30Þ

ðFlux within concreteÞ jO2;Bet ¼ �De;Bet

cO2
ðLþ d þ eÞ � cO2

ðd þ eÞ
L

ð31Þ

V ¼ kecO2
ð0Þ ð32Þ

jO2;Bet ¼ jO2;Ox2
¼ V ð33Þ

Those different elementary steps of the oxygen reduction process are connected in series.
Thus, writing the mass balance equation for each zone and layer, and then for the whole
system, one may establish, in steady state, an expression between the different flux (Eq.
(33)). Finally, according to Eqs. (30)–(33), the oxygen reduction rate is written as a func-
tion of each elementary mechanism:

jO2
¼ cO2

1
ke
þ e

De;Ox2

þ L
De;bet

ð34Þ

The comparison of the terms of the denominator of Eq. (34) allows the determination of
the rate-limiting step of oxygen reduction. We consider here that the only variables of the
system are the water saturation degree and the thickness of the non-conductive oxide
layer. Indeed, the thickness of the conductive oxide layer does not appear in Eq. (34).
However one should remember that its thickness d should be greater than 5k. Finally,
the concrete cover L is constant.

There is lack of data in literature concerning diffusion properties (porosity, effective dif-
fusion coefficient) and hydrous properties of iron oxide layers at steel/carbonated concrete
interface. In this work, we consider the diffusion properties and hydrous properties of oxi-
de(s) to be very similar to each other. Furthermore, the effective diffusion coefficient of
oxygen in liquid or gaseous phase within iron oxide layers is supposed to be equal the
one within carbonated concrete. Based on this assumption and considering the oxide layer
thickness much lower than the concrete cover, Eq. (34) may be simplified to result in
Eq. (35). The latter equation expresses the presence of only one diffusion barrier layer:

jO2
¼ cO2

1
ke
þ L

De;Bet

ð35Þ

Ecrit ¼
De;Bet

ke

ð36Þ

If both terms of the denominator of Eq. (35) are equal to each other, one defines the value
of the critical length Ecrit (Eq. (36)) as the ratio of effective diffusion coefficient to effective
kinetic constant. The value of this parameter depends only of the water saturation degree
of concrete cover. The comparison of Ecrit with concrete cover L allows to determine the
type of kinetic control of oxygen reduction rate (Table 1). One should make this compar-
ison for each water saturation degree of the porous diffusion barrier without neglecting the
evolution of the effective kinetic constant and the effective diffusion coefficient with Sr.



Table 1
Various cases of rate-limiting step as a function of critical length and concrete cover

Condition Denominator Control

L �� Ecrit
1
ke
�� L

De;Bet
Reaction

L � Ecrit
1
ke
� L

De;Bet
Mixed

L �� Ecrit
L

De;Bet
�� 1

ke
Diffusion

Value of the denominator of Eq. (35).
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According to experimental results of gas diffusion (hydrogen) in cement paste (Portland
Cement CEM I, water to cement ratio 0.35), the value of effective diffusion coefficient of
gaseous species De,v increases from 10�13 m2 s�1 to 10�6 m2 s�1, with a decrease of the
water saturation degree Sr from 1 to 0.5 [25] (Fig. 3). Moreover, it is worth noting that
De,g remains constant at low value around 1.0 · 10�10 m2 s�1 in the Sr domain, from
0.9 to 0.95. These values can be used for the present analytical evaluation assuming that
hydrogen and oxygen present the same behaviour in term of gaseous phase diffusion, and
assuming that numerical results will be available for a cement paste.

On the opposite, the value of the effective kinetic constant is less dependent to Sr than
the effective diffusion coefficient. As a matter of fact, ke is proportional to Sr (Eqs. (10) and
(13)): it means that the ke values remain in the same order of magnitude whatever the Sr

value is.
So, the evolution of Ecrit with Sr follows the same trend as the one of effective diffusion

coefficient. Using the experimental results of Sercombe et al. [25], the Ecrit value is calcu-
lated for each value of Sr and compared to concrete cover (respectively dotted line and
strikethrough zone, Fig. 4). We assume that the typical concrete cover ranges from 1 to
10 cm, depending on the type of reinforced structures. Moreover, the oxygen reduction
rate is also evaluated according to Eq. (35) (L = 1, 3 or 10 cm).
Fig. 3. Evolution of effective diffusion coefficient of hydrogen in gaseous phase as a function of water saturation
degree Sr. Experimental results [25] obtained with hydrated Portland cement CEMI, water to cement ratio w/
c = 0.35.



Fig. 4. Evolution of critical thickness as a function of water saturation degree Sr. Graphical assessment of the
rate-limiting process.
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As long the concrete cover remains water saturated (Sr = 1), the Ecrit value is about
1 lm (Fig. 4), which is much lower than concrete cover. In that case, the rate-limiting step
is oxygen diffusion (Table 1) through the concrete cover or even the non-conductive oxide
layer, considering the latter is greater than 1 lm on long-term corroded samples [20]. In
those conditions, the oxygen reduction rate is very low, between 6 · 10�5 and
6 · 10�4 lA cm�2 (L = 10 or 1 cm, respectively; Fig. 5). Considering these boundary con-
ditions, it would take between 100 and 1000 years to form an oxide layer of 1 lm.

For water saturation degrees below �0.8, the Ecrit value becomes much greater than the
concrete cover and increases with the water desaturation of the porous cover. In these con-
ditions (Sr < 0.8), the rate-limiting process is oxygen reduction (Table 1). However, in
those conditions the corrosion rate is very high (�200 lA cm�2, Fig. 5), which is not
Fig. 5. Evaluation of oxygen reduction rates JO2
as a function of the water saturation degree Sr for three concrete

covers (1, 3 and 10 cm).
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consistent with experimental results [1]. Thus the assumption of cathodic limitation of the
corrosion process at low saturation degree (Sr < 0.8) is not relevant. Indeed, as proposed
in literature [15], the rate-limiting mechanism at low Sr value is the anodic reaction.

In the intermediate ranges of Sr value (Sr 2 {0.8; 0.9}), the Ecrit value is in the same
order of magnitude as the concrete cover (centimeter scale). Thus the oxygen reduction
rate is under mixed reaction and transport control (Table 1): i.e., both mechanisms must
be taken into account in order to evaluate the exact value. However, in this Sr range the
calculated corrosion rates are high, between 10 and 100 lA cm�2 depending on Sr and
geometry compared to data in literature by Tuutti [1], Alonso [26], Andrade [27] and Goni
[28] who report typical corrosion rates between 1 and 10 lA cm�2 in that Sr range. Thus it
is more likely, that the corrosion rate would be under mixed anodic and cathodic control
in that Sr range, the cathodic reaction being itself under mixed reaction and transport
control.

For water saturation degree greater than 0.9 (i.e., HR > 80% for this cement paste) but
lower than 1, the Ecrit value becomes smaller than the concrete cover. Thus the oxygen
reduction rate is under diffusion control and depends therefore on the concrete thickness.
Even under diffusion control of gaseous oxygen, the oxygen reduction rate remains high,
between 6 and 50 lA cm�2 (L = 1 and 10 cm, respectively; Fig. 5) for the two Sr values, 0.9
and 0.95. Those results emphasize the critical role of water saturation degree on oxygen
reduction rate, the latter decreasing by more than four orders of magnitude in the Sr range
{0.95; 1}. Finally, the corrosion mechanism of reinforcement in good quality concrete
could be under oxygen diffusion control, even at a water saturation degree of 0.9
(HR � 80%).

4. Conclusion

This work aims at defining the rate-limiting mechanism of cathodic reaction during
steel reinforcement corrosion and the Sr range of validity of cathodic reaction as rate-lim-
iting process of the global corrosion process. Considering only the mechanisms of cathodic
reaction, the reduction rate of oxygen is evaluated as a function of the water saturation
degree (Sr) of the porous diffusion barrier layer. Numerical application of the analytical
results introduced in this work indicates an evolution of the rate-limiting step as a function
of Sr, for a cement paste (CEMI, w/c: 0.35):

• Sr 2 {1.0; 0.9}: cathodic reaction is under diffusion control,
• Sr � 0.9: cathodic reaction is still under diffusion control, but oxygen diffusion rate is

high enough to sustain reduction rates in the order of 10 lA cm�2,
• Sr 2 {0.9; 0.8}: cathodic reaction is under mixed reaction and diffusion control,
• Sr < 0.8: cathodic reaction is under reaction control. Resistivity of the cementitious

material has also to be taken into account.

Those results suggest the following conclusions concerning the overall issue of reinforce-
ment corrosion modeling. The saturation degree of porous media and its diffusion prop-
erties are a key parameter to assess corrosion rates. Thus, it is of great importance to
couple electrochemical reactions on the reinforcement to transport of species that plays
a part in the electrochemical reactions, once active corrosion is initiated. This species
transport include phase transport (aqueous and gas phase) and dissolved species transport
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(O2,aq, Fe2+, HCO�3 and/or Cl�) in concrete and the growing oxide layer. One should keep
in mind that a section of water saturated concrete (here in 1D), whose thickness is greater
than 1 lm, is wide enough to set the oxygen reduction rate under diffusion control and
lead to low corrosion rate, whatever the location of this section is.
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Mater. Corros. 49 (1998) 539–550.
[9] C. Alonso, M. Castellote, C. Andrade, Chloride threshold dependence of pitting potential of reinforcements,

Electrochim. Acta 47 (2002) 3469–3481.
[10] M.A. Climent, C. Gutiérrez, Proof by UV–visible modulated reflectance spectroscopy of the breakdown by

carbonation of the passivating layer on iron in alkaline solution, Surf. Sci. 330 (1995) 651–656.
[11] B. Huet, V. L’Hostis, F. Miserque, H. Idrissi, Electrochemical behavior of mild steel in concrete: Influence of

pH and carbonate content of concrete pore solution, Electrochim. Acta 51 (2005) 172–180.
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