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ABSTRACT: For the study of long term atmospheric corrosion of rebars embedded in concrete, a reactive
transport model has been developed, considering the kinetic of oxygen diffusion through the system and its
consumption at the metal/dense product layer interface as a function of concrete water saturation degree. Corrosion products growth can then be simulated and used as input to a mechanical model capable of predicting
the damage induced by corrosion. This multi-physics model has been implemented and first applied to a simple bi-dimensional reinforced concrete slab. Then the model has been applied to a three-dimensional beam,
inspired from chloride corrosion experiments performed at LMDC (INSA Toulouse). Special attention has
been given to the outer environmental conditions, in order to investigate their role in the corrosion degradation phase.
1 INTRODUCTION
1.1 General context of the study
Cracking of concrete due to corrosion is a very
common pathology that can be observed on various structures. Corrosion is initiated by the penetration of chlorides or of carbon dioxide in most
cases. As reinforced concrete is a common material used in the nuclear industry for the construction of power plants and nuclear waste storage
facilities, the degradation of infrastructures has to
be mechanically understood and modeled. In this
context, the CIMETAL research program has
been launched by the French Commissariat à
l’Energie Atomique (CEA), for the prediction of
the evolution of cement/metallic material systems
in an open unsaturated environment. It deals first
with interactive studies dedicated to short term
experimentations, then with modelling to predict
the corrosion and the mechanical behavior of objects for
several hundred years, and finally with validation of
some hypotheses by analyses of old corrosion systems
(L’Hostis et al. 2008).
1.2 Previous modeling work
The expansive nature of the corrosion products
which are formed at the rebars surface cause the de-

velopment of mechanical tensile stresses in the
concrete, as well as confining stresses on the rebars. When the tensile stresses reach the concrete
traction strength, some cracks develop first around
the rebars, and then further on, according to the
rebars arrangement ( position in the structure,
number of rebars, cover, etc), some through cracks
are formed, which can be observed at the concrete
surface. The numerical modelling of concrete
cracking due to corrosion, has been first achieved
by means of the CORDOBA model which consists
in using a damage model, such as the Mazars’
model (Mazars 1984), for the concrete, together
with an interface element for the corrosion products layer (Millard et al. 2004). Starting with the
onset of the active corrosion phase, a given corrosion rate, possibly variable with time, is used to
evaluate the growth of the corrosion layer thickness. This model has proved capable of reproducing the cracks development as well as the final
crack pattern observed in experiments on centimetric slabs containing a reinforcement (Nguyen
et al. 2006). The corrosion was artificially accelerated using a prescribed electric current. The comparison between the observed and predicted cracks
patterns is presented on figure 1.

J = − Dand
( h, T )C
∇O2
h the oxygen concension products porosity
tration. The coefficient 4/3 is linked to the stochiometric coefficients
of the reaction
which D(h,T)
The proportionality
coefficient
involves 3 oxygen moles for 4 iron moles.
moisture
permeability
and itthus
is are-nonlinea
The determination
of the
corrosion rate
of
the
relative
humidity
h
and
temperature
quires the calculation of the saturation degree,
by
Najjaras1972).
Thethemoisture
means of a drying&model,
well as
oxygen mass
con- balanc
thatofthea diffusion
variation model.
in time of the water mas
centration by means

volume of concrete (water content w) be eq
divergence of the moisture flux J

2.2 Drying model

Figure 1. Comparison of cracks pattern, after 40 hours of accelerated corrosion, between experiment (top) and prediction (bottom).

In the case of corrosion due to carbonation under
atmospheric conditions, the corrosion rate can be estimated in the cases where the carbonation depth can
be measured on a given corroded reinforced concrete
structure, assuming a mainly diffusive process.
However, in the more general case, the corrosion
rate depends on the environmental conditions and on
the transfer properties of concrete and should therefore be predicted. The development of such a model
is exposed in the following paragraph.
2 ATMOSPHERIC CORROSION MODEL
2.1 Model hypothesis
The following model has been proposed by Huet et
al. (2005), Chitty et al. (2008). In this model, the
corrosion reactions take place at the interface between the iron and the already formed corrosion
products. These reactions are on one hand the iron
oxidation, with OH- ions, and on the other hand, the
oxygen reduction. It is assumed here that the iron
oxidation rate is much greater than the oxygen reduction rate. Therefore, the corrosion rate is controlled by the amount of oxygen which depends on
the diffusion through the concrete and the corrosion
products, and on the chemical reaction kinetic. It
also depends on the amount of water which is present in the porous material surrounding the rebar,
and which can be characterized by the saturation degree Sr,CPD. The following expression of the corrosion rate has thus been adopted:
M Fe k ϕ
(1)
vcorr (x,t) = 4
S r,CPD (x,t) C O2 (x,t)
3 ρ Fe
where x corresponds to any point of the rust-iron interface, MFe denotes the molar mass of iron, ρFe its
density, k the reaction kinetic constant, ϕ the corro-
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Figure 2. Mesh of the half slab (symmetry axis along AB).
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various ages (Di Luzio & Cusatis 2009b).
3.2 Results
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Nevertheless, in both cases, the cracks initiate
around the rebar. Then, for a small concrete cover a
through crack forms along the symmetry line, starting from the outer boundary (Fig. 2 top). On the
contrary, for a large concrete cover, two inclined
through cracks are formed, leading to a concrete
spalling (Fig. 2 bottom). Note that in these figures,
the times corresponding to cracks formation are not
necessarily the same.
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Figure 3. Evolution of the cracks pattern with time.
Top: 3 cm concrete cover, bottom: 6 cm concrete cover.

Some other sensitivity analyses have been conducted on the concrete Young’s modulus and the coefficient of expansion of the rust.
In these calculations, it appears clearly that the
mesh should be refined to better capture the cracks
propagation stage, but the main goal here was rather
to demonstrate the possibilities of the model. Its applicability to a three-dimensional structure will be
the subject of the next paragraph.
4 CORROSION OF A BEAM UNDER 3 POINTS
BENDING LOAD
4.1 Studied beam and model set-up
As in the bi-dimensional case, an hypothetical structure has been inspired from real experiments performed at LMDC (Castel et al. 2007) since 1984,
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isotherm for HPC is influenced by many parameters,
especially those that influence extent and rate of the
chemical reactions and, in turn, determine pore
structure and pore size distribution (water-to-cement
ratio, cement chemical composition, SF content,
curing time and method, temperature, mix additives,
etc.). In the literature various formulations can be
found to describe the sorption isotherm of normal
concrete (Xi et al. 1994). However, in the present
paper the semi-empirical expression proposed by
Norling Mjornell (1997) is adopted because it
Figure 7. Oxygen concentration distribution after 50 years.
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water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as
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where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate K1 as one obtains

Figure 8. Cracks pattern after 25 years.
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature
constant.
Figure
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maximum 35°C temperature are supposed to be
reached in summer, while a maximum 90% relative
humidity and a minimum 5°C temperature are
reached in winter. It must be noted that the temperature variations are not used for a thermal analysis,
but they are solely used in conjunction with the relative humidity in Kelvin’s law to derive the corresponding capillary pressure.
Because of the variable outer conditions, the saturation degree follows a more complex and slower
decreasing evolution. The cycles lead, after 50 years,
to a value in the mid layer of the beam of 0.62 instead of 0.55. This difference can be explained by
the fact that, although the cycles are symmetrical
with respect to the mean values, the relative water
permeability is larger for the wetting phases than for
the drying phases, thus leading to a resaturation
faster than the desaturation.
The consequence on the oxygen concentration is
a reduction, because of the lower diffusion coefficient for a higher saturation degree. Finally, the corrosion rate is also lower, which leads to a slower
corrosion induced degradation of the beam. This can
be seen on figures 9 and 10, where the crack pattern
obtained after 25 years does not yet show any visible
effect of corrosion, while the crack pattern after 50
years of cyclic environmental conditions is comparable to the one obtained after 25 years under constant conditions.

Figure 10. Cracks pattern after 25 years, under cyclic environmental conditions.

Figure 11. Cracks pattern after 50 years, under cyclic environmental conditions.
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
The relation between the amount of evaporable
water and relative humidity is called ‘‘adsorption
isotherm” if measured with increasing relativity
humidity and ‘‘desorption isotherm” in the opposite
case. Neglecting their difference (Xi et al. 1994), in
the following, ‘‘sorption isotherm” will be used with
reference to both sorption and desorption conditions.
By the way, if the hysteresis of the moisture
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structure and pore size distribution (water-to-cement
ratio, cement chemical composition, SF content,
curing time and method, temperature, mix additives,
etc.). In the literature various formulations can be
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paper the semi-empirical expression proposed by
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physically bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as
c α c+ ks α s
G (α c α s ) = k vg
c vg s

(5)

,

1

where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate K1 as one obtains
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this

