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Abstract

In the context of the prediction of the long-term behaviour of reinforced concrete
structures involved in the nuclear waste storage, the corrosion mechanisms of the steels have
to be assessed and modelled. When nuclear wastes are embedded in reinforced concrete
containers, the chemical environment of the reinforcement is progressively modified, due to
the diffusion of the carbonation front inside the concrete matrix. This modification leads to
the variation of the properties of the iron oxides formed at the steel/concrete interface, and the
active corrosion can be initiated.
In order to understand and modelled the mechanisms of steel corrosion in concrete, the
equilibrium of two main systems must be separately described with the help of
thermodynamic data issued from the literature:
• The mineral phases, lime and calcium silicate hydrate (C-S-H), in equilibrium with the pore
solution during the propagation of the carbonation front,
• The iron oxides in equilibrium with the aqueous solution.
For this purpose, the nature of aqueous species present in the pore solution was
calculated in the whole range of pH encountered during the cement paste degradation by
carbonation. As a matter of fact, as the pH decreases, calcium concentration decreases and
silicates concentration increases due to the calcium carbonate formation and C-S-H
dissolution. The pH of a carbonated concrete ranges between 8.3 and 10, depending on the
partial pressure of carbon dioxide in the porosity and the conversion degree of carbonation. In
this pH range, the iron oxides equilibria were analysed as a function of the redox potential and
aqueous species (carbonates and sulphates present in the solution) present inside the solution.
In a reductive solution and in presence of carbonates, the high solubility of iron oxides may
prevent passivation or generate the dissolution of the passive film.
Moreover, the relevance of thermodynamics calculations has been confirmed by
corrosion tests of mild steel immersed in solutions containing carbonates, in the pH range 8.3
to 10.
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Introduction

Reinforced concrete is a structure material largely used in the french nuclear industry,
for nuclear plants, and for nuclear waste storage. Steel reinforcement is used to improve the
tensile strength of concrete structures.
In the case of nuclear waste storage, reinforced concrete structures provide not only
improved mechanical properties but also the confining of radionucleides. The growth of
cracks in concrete would alter its confining properties. The cracking of concrete can be due to
chemical degradation, frost/thaw cycles, wetting/drying cycles or corrosion of reinforcement.
Non-alloyed or low alloyed carbon steel is often used as reinforcement in these
structures. Thanks to the high pH of the concrete interstitial solution, reinforcement remains
at a passive state. Very low corrosion rate are measured and no mechanical degradation is
generated. Unfortunately, concrete is a porous material which may react with the surrounded
media. Especially, the atmospheric carbon dioxide generates carbonation of concrete.
Carbonation alters physical and chemical properties (pH decrease) of concrete. Moreover, in
carbonated concrete, the corrosion state of the rebar does no longer remain in its passive state
and high corrosion rate can be evaluated. The growing of new iron oxides at the steel concrete
interface generates tensiles stresses in the carbonated concrete which may lead to the
cracking. Thus, the time evolution of the steel concrete interface is often schematized by the
diagramm of Tuutti [1].
2

Corrosion modelling: state of the art

Investigations on the electrochemical and corrosion behaviour of iron immersed in
alcaline solutions (NaOH, KOH 0,1 M to 1 M) have highlighted its very low oxydation
kinetic [2,3,4]. The passive oxide layer remains very thin [5] and can not lead to the cracking
of concrete. Chemical degradation of concrete (leading to high corrosion rate of the rebar) is
necessary for cracking occurence.
The chemical degradation of concrete due to chloride ingress or carbonation is well
known. Moreover, the depassivation conditions in terms of chloride concentration or pH
decrease have been subject to a lot of investigation [6,7,8]. Thus, the time to depassivation
may be predicted with an almost good accuracy.
A lot of experimental data are disponible on the corrosion rate of steel reinforcement
in degraded concrete. However, no literature was found about the mechanistic modelling of
reinforcement corrosion in carbonated concrete. Some mechanistic models do exist but most
of the time, they describe mild steel corrosion in other aqueous environnements.
Three kinds of model may be used to predict the long term evolution of corrosion [9]:
a material balance approach, semi empirical approach or mechanistic modellling. However,
the mechanistic modelling is the only method which can be extrapolated to very long time
which can not be reached in laboratory experiments.
The mechanistic models are based on the integration of elementary mechanisms in
analytical or numerical model. Those models requires the implementation of kinetic reaction
constants, diffusion constants, dissolution constant which are not mentioned in the literature.
The evolution laws deduced from those models may be then compared to semi-empirical law
evaluated from laboratory tests.
A few authors have tried to model iron corrosion in degraded concrete [10,11]. They
all propose to evaluate corrosion rate with the Butler-Volmer activation law. This law permits
to evaluate corrosion rate as a function of the anodic and cathodic overpotentials and Tafel
coefficient. Nevertheless, those models do not take into account the aqueous transport of
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reactive species in the porosity of degraded concrete. Actually, the reaction kinetics at the
interface may not be the controlling factor of the corrosion rate.
For example, the corrosion modelling of mild steel in deep reductive clays is based on
a dense corrosion layer between metallic substract and the clay. In this particular case, the
growing of the oxides layer is limited by species motion in the solide phase: electron or point
default motion (anionic or cationic) [12,13].
In the case of atmospheric corrosion of low alloyed steels during the storage, the
wetting and drying cycles have been identified as critical to evaluate the metal loss over time.
In particular, the oxygen reduction during the wet period leads to high metal loss. The
reduction of oxygen has been modelled 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 the system [14,15].
3

Mechanistic modelling of corrosion in carbonated concrete

This section presents the basis of a new mechanistic model for rebar corrosion in
carbonated concrete. The model is based on the analysis of ancient ferrous artefacts and
laboratory experiments performed on mild steel immersed in carbonated solution. Actually,
investigation on ancient ferrous artefacts embedded in carbonated binders have shown a
structuring of the oxides at the steel concrete interface [16,17], this oxide being porous, even
in the vicinity of the iron substract [18]. Corrosion tests of mild steel immersed in carbonated
solution have shown a structuring of the born oxides at the steel concrete interface into two
layers. This basis layer is adhesive to the substract and the upper layer is less-adhesive [19].
The model will be structured upon the latter observations on two units (Fig. 1):
1. The first unit will describe the formation of iron oxides by co precipitation of the
ferrous/ferric cations couple to the transport by diffusion of aqueous species, in the
carbonated concrete [20]. In this part of the model, the local chemical equilibrium of mineral
phases is considered to be always respected.
2. The second unit will describe the corrosion of the iron substract in the presence of
a porous and thin oxide basis layer. In this case a local chemical disequilibrium will be
assumed. Then reaction kinetics will be therefore introduced.
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Figure 1 : Schematic representation of the corroding steel concrete interface.
3.1

Unit 1: Reactive transport modelling of iron aqueous species

Reactive transport modelling is largely used for geological application. The coupling
of geochemical reaction and hydrogeological processes such as transport by diffusion,
integrated in a numerical model, allows, for example, the prediction of the release of nuclear
waste in clay or concrete barriers [21]. Moreover, those numerical models have been
3
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successfully used for aqueous degradation of hydrated cement paste [22,23]. Nevertheless,
those models, applied to corrosion of mild steel in soil or carbonated concrete, are new and
usefull tools to predict the decrease of the total concrete porosity in the vicinity of the
steel/mineral barrier interface [24].
Before using hydrogeochemical model, the description of the chemical equilibrium of
mineral phases is necessary. In the CaO-SiO2-H2O system, calcium silicates hydrates
precipitate for a calcium aqueous concentration greater than ≈ 1 mmol/L. In presence of C-SH, the pH is set by the ratio [Ca]aq/[Si]aq. The pH ranges from 10 for low Ca/Si ratio (≈0.8) to
12.5 for high Ca/Si ratio (1.8) [25].
The introduction of carbon dioxide in the porosity of concrete leads to the lime
dissolution (Ca(OH)2) and decalcification of calcium silicates hydrates (C-S-H).
Ca(OH)2 + CO2 ⇒ CaCO3 + H2O
In the CaO-H2O-CO2 open system, the pH is fixed by the presence of calcium carbonate
(CaCO3) and the partial pressure of carbon dioxide. In the atmosphere, pCO2 = 0.3 mbar and
the resulting pH is around 8.3.
In a wide pH range, the pH of the interstitial solution is fixed by the mineral phases of
the hydrated cement paste. The formation reaction of iron oxides depends on the pH as weel
as on the redox potential of the solution. In our case, the CaO-H2O-CO2 open system set the
pH value (8.3). Thus the solubility of iron oxides does only depend on the redox potential of
the aqueous solution, this is the ferric to ferrous cations ratio. For example, the formation
reaction of siderite, magnetite and goethite can be written:
Fe[2+] + HCO3[-] ⇒ FeCO3 + H[+]
Fe[2+] + 2 Fe[3+] + 4 H2O ⇒ Fe304 + 8 H[+]
Fe[3+] + 2 H2O ⇒ FeOOH + 3 H[+]
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Figure 2: Nature of iron oxides at thermodynamic equilibrium as a function of redox
potential. [Fe]tot = 50 µmolal, pH = 8.3, pCO2 = 0.3 mbar. Thermodynamic data selected in
reference [26].
As shown on figure 2, siderite is the most stable oxide in a reductive solution (Eh < 400 mV/NHE). For less reductive solutions, magnetite is the most stable phase (-400
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mV/NHE < Eh < -250 mV/NHE). In oxidizing solution, iron is completely converted into
goethite [26,27].
Even in reductive solutions, the aqueous concentration of ferrous ions in equilibrium
with siderite is very low (≈ 10 µmolal). Moreover, the higher is the redox potential of the
solution, the smaller is the concentration of aqueous iron. For redox potential values over -400
mV/NHE, iron is completely converted into magnetite or goethite, thus the aqueous
concentration of iron can be neglected. However, complexation reaction of iron by carbonates
increases the concentration of aqueous iron.
With a pertinent knowledge of the iron speciation in degraded concrete interstitial
solution, the 0-D (0 dimensionnal) iron chemistry in carbonated water can be coupled to
transport species through interstitial solution. The flux of iron species in concrete porosity and
the oxide formation in the porosity may be evaluated by means of numerical models [21].
Moreover, those models take into account the variation of the porosity and the effective
diffusion coefficient. Results of reactive transport modelling of iron in degraded concrete will
be presented in a next paper.
3.2

Unit 2: Corrosion modelling

The aim of this section is to identify the limiting step of iron corrosion in presence of a
thin (micrometric) and porous basis layer. There are two kinds of limiting steps : reaction
kinetics or species transport. Here is considered anionic and cationic transport through
capillar porosity of the iron oxides and electron motion through solid phase depending on its
conductivity (Fig. 3). The reduction of oxygen and the formation of iron oxide are considered
as reactions controlled:
O2 + 2 H20 + 4 e- ⇒ 4 OHFe2+ + 2 OH- ⇒ Fe(OH)2
e02-
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Figure 3: Schematic representation of elementary mechanism for the growing of the iron
oxides layer.
3.2.1 Cathodic reaction
In this section, the cathodic reduction current density is evaluated. The following
hypotheses are drawn before calculation:
• The saturation degree of concrete is below 0.9. Thus, the oxygen permeability of concrete
is sufficient to maintain oxidising conditions at the oxide/concrete interface.
• The oxide layer is water saturated. Actually, the porosity of the oxide is in the nanometric
scale [18] and permits water condensation.
5
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•
•

The porosity of concrete is described by a simple net of tortuous capillary.
The properties of the oxide layer are homogen in the whole layer (porosity, specific
surface).
• All transport mechanisms are in stationnary state.
• The oxygen reduction follows a 1st order reaction kinetic and can be written as follow :
V ( x) = k c( x)
(1)
• Two cases are then considered depending on the electrical conductivity or the iron oxide :
Case I : The oxide layer is not an electrical conductor. This is the case of the most oxides or
oxi-hydroxides which are semi-conductive (n or p) with a band gap around 2 eV [20]. Oxygen
is then reduced at the steel/oxide interface.
Case II : The oxide layer is considered as an electrical conductor. This is the case of
magnetite which is semi-conductive with a little band gap of 0.1 eV [20]. Thus magnetite
becomes conductive under low thermal activation. Then, reduction of oxygen may take place
in the whole oxide layer, on its pores surface. Anodic and cathodic reactions take place on
opposite reaction sites.

3.2.1.1

Case 1: Non-conductive oxide layer.

In the case of a non-conductive oxide layer, the one dimensional mass balance
equation, applied to oxygen in an elementary volume, can be written as follow:
φ ∂ 2c
∂c
=0= D 2
(2)
∂t
τ ∂x
The latter equation can be solved with the next boudary conditions:
c = c 0 at x = 0
(3)
φ ∂c
− j diff = D = k φ c L at x = L
(4)
τ ∂x
Thus, the oxygen concentration profile in the oxide layer can be evaluated:




x
1

(5)
c = c0 1 −

D L
 1+
τ L k 

and the oxygen reduction current density can be calculated:
1
(6)
i = n F φ k c0
τ Lk
1+
D
3
with c
oxygen concentration at x (mole/m sol),
oxygen concentration at x = L (mole/m3sol),
cL
co
dissolved oxygen concentration imposed by the Henry’s law (2,4 10-4 mol/l
under pO2 = 0,2 bar).
k
kinetic constant of oxygen reduction (≈ 10-5 m/s),
D
oxygen diffusion coefficient in water (1,9 10-9 m²/s),
φ
total porosity of the oxide layer (between 0,1 et 0,3),
τ
tortuosity (≈ 3),
n
amount of electron involved in the reaction (= 4),
F
Faraday constant (96500 C/mole),
oxygen flow.
jdiff
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Equation (6) indicates that the oxygen reduction current density depends on the
value of the ratio τ L k . Depending on its value, cathodic reaction is under reactive, dual
D
or diffusion control. A numerical application is shown on figure 4:
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Figure 4: oxygen reduction current density as a function of oxide layer thickness : illustrating
the three cases of kinetic control.
The cathodic current density is under diffusion control only when the thickness is greater than
the critical length D/kτ. Below this critical value, oxygen reduction is under reactive control.
As the layer thickness is supposed to range in the micrometric scale [16], the corrosion
process should not be under oxygen diffusion control but under reactive control.
3.2.1.2

Case 2: Conductive oxide layer.

In the case of a conductive oxide layer, the one dimensional mass balance equation,
applied to oxygen in an elementary volume, can be written as follow:
∂c
φ ∂ 2c
φ = 0 = D 2 − sa k φ c
(7)
∂t
τ ∂x
(8)
with s a = (1 − φ ) ρ S a
3
ρ
oxide density (kg/m ),
Sa
specific surface (m²/g),
specific surface (3,7 107 m2/m3 [18]).
sa
The mass balance equation is a 2nd order differential equation, that can be simplified as
follow:
∂ 2c
(9)
λ2 2 − c = 0
∂x
D
(10)
with λ =
τ sa k
Equation 9 is solved in the case of a half infinite oxide layer. At the oxide/concrete interface
the oxygen concentration is c0. Thus the oxygen concentration profile in the oxide layer can
be evaluated:
 x
c = c0 exp − 
(11)
 λ
and the oxygen reduction current density can be calculated by integration of the local current
density on the whole oxide layer
i = n F s a k λ φ c0
(12)
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From the latter equations (11 and 12) and the numerical application, the following
assessments can be drawn:
• λ is the characteristic length on which oxygen is reduced. λ is a function of oxide layer
properties (D, sa) and kinetic constant. As λ is small (λ ≈ 1 µm), equation 12 indicates that
oxygen reduction is under reactive control.
• the oxygen reduction current density value is 200 µA/cm². This valus is saλ (≈20) greater
than the one evaluated for the non-conductive oxide layer (under reactive control). The
porous oxide layer increases the total surface on which oxygen is reduced.
• 5λ down the external surface, the oxygen concentration is c0/100.
•
•
•

•

The validity domain of the model is limited by the following points:
The model cant not be applied to describe the initial stages of corrosion because the
thickness of the new born oxide layer is smaller than the caracteristic length λ. Thus, the
initial surface state of the rebar is of major importance.
The model does not take into account heterogeneities in the oxide layer that could induce
preferential transport path.
The oxygen reduction current density does not depend on the oxide layer thickness. Thus
the corrosion rate should not decrease over time. This result is in contradiction with the
general assumption that corrosion rate decreases with aging of the sample. Actually,
corrosion rates usually follow a logarithm law : I = k t -n
The model disregards the induced increase of the pH. Actually, a pH increase reduces
solubility of the oxide. Thus, the porosity should decrease in the oxygen reduction zone.
3.2.2 Anodic reaction

The same mass balance equation as (9) may be applied to the formation of ferrous
hydroxide under the following assumptions:
• The formation reaction of ferrous hydroxide Fe(OH)2 does only depend on the
concentration of ferrous cations. The supply of hydroxide ions should be sufficient.
• The flow of aqueous ferrous cations at x = -e is set by the oxygen reduction.
• The mass balance equation is solved for a half infinite oxide layer.
Thus, the solution of the mass balance equation can be written:
 x

I
λ  − λ 
C (x ) = O 2
(13)
e
nFS Da
Assuming a kinetic constant in the same order of magnitude as for the reduction of
oxygen, the ferrous hydroxide formation takes place in the same characteristic length λ from
the steel/oxide interface. The mineral formation leads to a decrease of the porosity in the
vicinity of the rebar. The model does not take into account any spatial or time distribution of
the porosity. However, the critical length λ decreases with the total porosity of the oxide layer
(see equation 13 and 10). Thus, after a few time step, the precipitation of oxide should lead to
the formation of a dense oxide acting as an diffusion barrier.
The calculation takes into account only ferrous cations in solution, all other species
concentration being fixed. It means that the diffusion coefficient of ferrous cations is far
smaller than those of other aqueous species. Nevertheles, the mobility of aqueous species is
very similar. Thus there is no reason to attribute different diffusion coefficient to each species.
Anodic and cathodic reaction does not take place on the same reaction sites. At the
steel/oxide interface, ferrous cations are formed and at the opposite oxide/concrete interface
hydroxide ions are produced. Thus, a potential gradient appears due to the charge space
distribution. The motion of ions in the solution should be solved with the Nernst Planck
equation, which takes into account the potential gradient on ionic transfert.
8
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Conclusion

The long term prediction of the corrosion of reinforcement in carbonated concrete
needs the understanding and modelling of the iron oxide formation at steel concrete interface.
Actually in the literature, only short terms laboratory experiments are presented and no
mechanistic model of reinforcement corrosion has been established. In this paper, the basis of
a mechanistic model has been constructed on two units. The first unit described the speciation
of iron in carbonated concrete solution, assuming the local equilibrium. Depending on the
redox potential, siderite (FeCO3), magnetite (Fe3O4) and goethite (α-FeOOH) should
precipitate. The low solubility of those oxides, even in a reductive media, should limit the
transfer of iron aqueous species in solution. The second unit aims to evaluate the corrosion
rate of the reinforcement in presence of a thin and porous oxide layer, assuming the local
disequilibrium. Calculations have shown that the corrosion rate should not be under cathodic
control, whatever the conductivity of the iron oxides is, but under anodic control. Actually,
iron oxide precipitation should lead to the formation of a dense diffusion barrier layer.
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