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Résumé - De nombreux ouvrages et structures impliqués dans l’industrie nucléaire sont constitués de 
béton armé. La corrosion des armatures est la pathologie la plus préjudiciable que subissent ces ouvrages 
(les conséquences sont une fissuration de l’enrobage de béton et une perte de capacité portante de 
l’ouvrage). La carbonatation du béton et le transport de chlorures dans l’enrobage sont tous deux à 
l’origine de la corrosion à l’état actif des aciers. Les mécanismes de corrosion à l’état passif doivent 
également être abordés dans un contexte de très longue durée de vie (gestion des déchets). Pour toutes ces 
conditions, disposer de modèles phénoménologiques prédictifs robustes et validés est de première 
importance pour prédire le comportement dans le temps des ouvrages. En 2002, le Commissariat à 
l’énergie atomique  a mis en place un programme de recherché dédié à la prédiction du comportement à 
long terme des ouvrages en béton armé subissant la corrosion de leurs armatures (programme 
CIMETAL). Ce document présente une synthèse des principales avancées issues de ce programme entre 
2002 et 2010, et expose la méthodologie qui a été mise en œuvre dans ce cadre. Cette méthodologie 
implique des expérimentations en laboratoire de «court terme» ainsi que l’étude d’analogues 
archéologiques permettant d’accéder aux faciès de corrosion à «long terme». Les étapes de la mise en 
place et de la validation du modèle phénoménologique pour la corrosion des armatures dans un béton 
carbonaté sont également précisées. Enfin, les récentes expériences et caractérisations mises en œuvre 
afin de préciser les mécanismes de corrosion et les données d’entrée du modèle sont exposées.  
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Abstract - Many of the facilities and structures involved in the nuclear industry call for reinforced 
concrete (RC) in their construction. The corrosion of rebars is the main ageing pathology that those RC 
structures will meet during their service life (leading to concrete cracking and structural bearing capacity 
decrease). Concrete carbonation and chloride ingress in concrete are both at the origin of the active 
corrosion state. Passive corrosion has also to be considered in a context of very long lifetime (waste 
management). It is of primary importance to dispose of accurate and validated tools in order to predict 
where and how damages will appear. In 2002, the Commissariat à l’énergie atomique decided to develop 
an intensive research programme dedicated to predicting the long-term behaviour of RC structures 
affected by steel corrosion (CIMETAL Project). This document aims at synthesise the main outputs 
coming from the project and exposes the scientific strategy was drawn and applied in order to predict the 
long-term behaviour of RCs that were mainly exposed to carbonation conditions. That strategy includes 
experiments for the characterisation of “short-term” and “long-term” corrosion layouts and processes, as 
well as modelling stages, with a view not only to predicting the behaviour of RC, but also to pointing out 
phenomena that are further verified experimentally.  
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1. INTRODUCTION 
 

 

 

 



 

The following paper illustrates the general research approach adopted for this report.  

 

V. L’Hostis, F. Foct and P. Dillmann, "Corrosion behaviour of reinforced concrete: Laboratory 

experiments and archaeological analogues for long-term predictive modelling", Journal of Nuclear 

Materials, Vol. 379, 2008, p. 124-132. 

 

 

 



1 Introduction 
 

Many of the facilities and structures involved in the nuclear industry call for reinforced concrete (RC) 

in their construction. The cooling tower and containment buildings of nuclear-power-plant (NPP) 

structures used for the processing and the long-term management of the radioactive-waste materials 

generated by the NPP fuel cycle are mainly constituted of RC parts. RC is used for many purposes, 

including support, containment, and also environmental protection for different types of facilities: 

e.g. surface structures, shallow subsurface vaults and deep underground repositories. Those structures 

are required in order to ensure a safe and reliable operation not only in challenging and varying 

environments, but also over timescales that may range up to several hundreds of years.  

 

During their operating life, those structures will be subjected to a number of environmental stresses 

(thermal, seismic, etc.) or ageing factors (chemical and physical concrete degradation) that may 

adversely affect their performance and result in shortened service lives. As the knowledge base for 

modern types of concretes is relatively limited in time (i.e., about, 100 years), additional input is 

required in several areas to help ensure that those structures will continue to meet their design 

requirements throughout their operating life.  

 

The corrosion of rebars is the main ageing pathology that those RC structures will meet during their 

service life. Concrete carbonation and chloride ingress in concrete are both at the origin of the active 

corrosion state. During that active corrosion stage, an expansive corrosion-product layer (CPL) grows 

at the steel/concrete interface and leads first to mechanical stresses on the concrete cover and 

ultimately to concrete cracking. Inversely, when localised corrosion develops, important steel-section 

losses may affect the load-bearing capacity of the entire structure. Such corrosion phenomenon will 

happen in all likelihood on all RC structures. It is only possible to extend the lifetime of structures by 

repairing ageing structures, increasing the depth of concrete covers in new structures or using adapted 

protective coatings. Nevertheless, some nuclear RC structures are not accessible and diagnosis or 

repairs are not possible in those cases.  

 

For that purpose, it is of primary importance to dispose of accurate and validated tools in order to 

predict where and how damages will appear.  

 

In 2002, the Commissariat à l’énergie atomique (CEA) decided to develop an intensive research 

programme dedicated to predicting the long-term behaviour of RC structures affected by steel 

corrosion, since results available in the literature were not relevant under those specific conditions: 
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o the “engineering” approach (Eurocode) set the specifications concrete covers for different 

environments, but those values are calculated for a lifetime of about 100 years, which is not 

enough for ”long-term” nuclear applications; 

o papers published in the scientific literature were very descriptive, but did not lead to the 

determination of corrosion processes. Moreover, such studies concerned mainly chloride-

induced corrosion, since it is civil engineers’ main concern (construction in marine regions, 

de-icing salts on roads and bridges, etc.), and few results were available on carbonated-

induced –corrosion, which is the main pathology that most of nuclear structures will face, and 

o several empirical1 and conceptual2,3 models were available, but no phenomenological ones.  

 

Thus, a dedicated research programme on interactions between cementitious and metal materials 

(interactions entre les matériaux cimentaires et métalliques – CIMETAL) has been designed by a 

former colleague, Isabelle Tovena. That program is managed by the CEA’s Laboratoire d’études du 

comportement des bétons et des argiles (LECBA) in co-operation with the CEA’s Aqueous 

Laboratoire d’étude de la corrosion aqueuse (LECA), both reporting to the Service on the Corrosion 

and Behaviour of Materials in Their Environments (Service de la corrosion et du comportement des 

matériaux dans leur environnement – SCCME). The initial programme was joined later by two 

colleagues: Philippe Dillmann from the CEA’s Laboratoire Archéomatériaux et prévision de 

l’altération (LAPA), a specialist in archaeological-analogue studies and Alain Millard from the CEA’s 

Laboratoire de modélisation et de simulation des structures (LM2S), an expert in the numerical 

simulation of mechanical damages. More particularly, Alain Millard was developing a model for the 

corrosion and damages of reinforced concrete (Corrosion et dommage du béton armé – CORDOBA), 

the principle of which did not only associate a mechanical behaviour with steel and concrete materials, 

but also identified some "interface elements" at the steel/concrete interface. Those elements swell over 

time, and their swelling kinetic is determined by several input data, such as: 

o expansion kinetics; 

o the expansion volume, and 

o the mechanical properties of the CPL (Young’s modulus and Poisson’s ratio). 

 

That swelling process creates mechanical stress on the surrounding concrete, thus leading to damage 

propagation within the concrete cover. 

After completing a doctoral thesis at the CEA’s LECA in 2002, I was hired to manage the CIMETAL 

programme after  Isabelle Tovena’s departure.  

 
                                                 
1 D.D. Mac Donald and B. Roberts. “A potentiostatic transient study of the passivation of carbon steel in 1M NaOH”, Electrochimica Acta, 
23, 1978, p. 557-564. 
2 K. Tuutti. Corrosion of Steel in Concrete. Swedish Cement and Concrete Research Institute, 1982. 
3 R. François and G. Arliguie. « Effects of microcracking and cracking on the development of corrosion in reinforced concrete members”, 
Magazine of Concrete Research, Vol. 51, 1999, p. 143–150. 
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Since then, Philippe Dillmann and Alain Millard have joined the team on a phenomenological 

modelling approach aiming primarily at providing relevant input data or, if possible, a modelling tool, 

for the “interface elements” of the CORDOBA model. For that purpose, we have been involved in 

nuclear-research programmes supported financially by Électricité de France (EDF) and by the Agence 

nationale pour la gestion des déchets radioactifs (Andra), as well as in national civil-engineering 

projects, such as the “Benchmark des poutres de la Rance”4, and more recently in the national 

APPLET5 project on “Durée de vie des ouvrages : Approche prédictive performantielle et 

probabiliste”.  

 

 

The adopted research approach is displayed in Figure 1, and the diagram will be used several times 

within this document in order to set the results in perspective with regard to the general strategy, as 

follows: 

 

1. firstly, it was necessary to assess elementary corrosion processes that limited the corrosion 

systems in relation to conditions (passive state, active state due to carbonation or to chlorides). 

For that purpose, it was decided to collect information from laboratory “short-term” 

experiments as well as from older RC structures. Hence, it was possible to recreate the 

scenario of the “corrosion-life film” and to highlight processes that had to be taken into 

account in phenomenological modelling (see Section 2 for further details). That first stage 

took place between 2002 and almost 2006; 

 

2. secondly, considering the inputs from the first step, it was possible to propose theoretical 

assumptions with a view to modelling the growth of the CPL. Those developments led to the 

improvement of the modelling task concerning the primary role of the hydric behaviour of 

concrete. Finally, that first version of the corrosion model was coupled with the CORDOBA 

tool (see Section 3 for further details). That second stage lasted from 2004 until 2010; 

 

3. thirdly, results obtained from the first version of the corrosion model pointed out severe lacks 

in input data, especially concerning CPL properties (hydric, transfer, mechanical, etc.). Thus, 

specific experiments were developed to assess those parameters by means of co-operative 

work with specialists in the different fields. Moreover, since some modelling improvements 

were achieved following theoretical assumptions, it was necessary to validate experimentally 

                                                 
4 V. L’Hostis (dir.), "Benchmark des poutres de la Rance – Diagnostic et modélisation mécanique des poutres en béton armé et précontraint 
atteintes par la corrosion des aciers", Special issue of Revue européenne de génie civil, Vols. 1-2 (janvier 2007). 
5 C. Crémona, L.Adélaide, Y. Berthaud, V. Bouteiller, V. L’Hostis, S. Poyet, J. M. Torrenti, Probabilistic and predictive performance-based-
approach for assessing reinforced concrete structures lifetime – the APPLET project, Proceedings of the Workshop AMP 2010, International 
Workshop on Ageing Management of Nuclear Power Plants and Waste Disposal Structures (EFC Event 334), EPJ Web of Conference 
Proceedings, Vol. 12, 2011. 
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those hypotheses. Hence, dedicated tests were carried out to verify them (see section 4). Those 

activities began in 2006 and are still under way, and 

 

4. the fourth item of the diagram constitutes the prospects of this study. In fact, all actual 

developments are dedicated to assessing input data and modelling improvements for a future 

modelling exercise on a real structure from which a large number of RC samples were 

collected and on which conventional damages were visible in the concrete (cracks).  

 

 

1/ Characterisations v0

2/ Model v0

1a/ Understanding of mechanisms
1b/ Definition of process limiting steps

3/ Tests
Characterisations v1

2a/ Definition of equations
2b/ 1st exercise (input data from literature)

2c/ Couplings and other improvements

3a/ Need to verify mechanisms 
3b/ Specific Input data assessment

4/ Model v1

4a/ Improved equations 
4b/ 2nd input data (from tests)

5/ Characterisations…

 

Figure 1: Diagram illustrating the general approach followed throughout the project.  

 

 

 

 



 

 

2. Characterisation of corrosion processes  

"Beginning-and-end-of-the-film" approach 
 

 



 

Two doctorands were the first to carry out the selected general approach.  

 

Bruno Huet was my first doctoral student (INSA Lyon thesis) from 2002 to 2005. Through his work, it 

was possible to initiate all electrochemical methods (in solution and in cementitious materials). 

Moreover, he launched the corrosion-modelling approach that was adopted definitively at that point.  

 

Later, I shared the supervision of Walter John Chitty’s thesis (at UTC Compiègne) with Philippe 

Dillmann, from 2003 to 2006. Through that work began the “end-of–the-film” part of the project. W.J. 

Chitty also continued working on the modelling aspects left by Bruno Huet, and that improved model 

was the first step of the numerical coupled model developed then by Alain Millard. 

 

 

 

 

1/ Characterisations v0

2/ Model v0

1a/ Understanding of mechanisms
1b/ Definition of process limiting steps

3/ Tests
Characterisations v1

2a/ Definition of equations
2b/ 1st exercise (input data from literature)

2c/ Couplings and other improvements

3a/ Need to verify mechanisms 
3b/ Specific Input data assessment

4/ Model v1

4a/ Improved equations 
4b/ 2nd input data (from tests)

5/ Characterisations…

 

Figure 2: Sketch illustrating the general approach followed throughout the project – Step 1.  

 

 



2 Characterisation of corrosion processes– “Beginning-and-end-of-the-

film” approach 

2.1 Introduction 

The first step of the project consisted in assessing the composition and the evolution of the 

metal/cementitious-material interface under different conditions: passive-corrosion state and active-

corrosion state due to concrete carbonation and to chloride ingress in the concrete.  

 

Those characterisations had two main objectives (Figure 2):  

1. to propose a scenario for the evolution of corrosion systems from the very short-term 

(i.e., concrete curing time) to timescales that may reach hundreds of years (for nuclear-waste 

management essentially), and  

2. to identify the limiting steps of that corrosion system in order to propose further 

phenomenological models.  

 

The same approach was adopted for all three corrosion systems (passive, active by carbonation and 

active by chlorides).  

 

First, corrosion behaviour was analysed in a laboratory. The advantage of that approach was that it 

made it possible to manage the chemistry, temperature and all physico-chemical and environmental 

conditions of the tests. Its shortcoming was the long testing periods, ranging from several weeks to a 

maximum of several years (in that case, the longest laboratory test to be managed lasted four years).  

 

If the aim was to access data corrosion behaviour over the long term through predictions, it was 

imperative not to stop at those laboratory experiments. For that purpose, it was decided to expertise 

old structures, such as cathedrals or other historical “precisely-dated” buildings. When co-operation 

was initiated with Philippe Dillmann in that context, Gérard Santarini, who was director of corrosion-

research at the CEA, often used to say: “Well, you are seeing the image of the end of the film, but you 

have not seen the film yet!”. He pointed out the advantages and inconveniences of that approach, thus 

providing access to the long-term pattern, but its history and environmental evolutions are still 

unavailable.  

 

From that moment on, the approach was designated as the “beginning-and-end-of-the-film approach”, 

as described below for the three corrosion cases.  

 



 

The study of the passive-corrosion-state process was performed thanks to the contribution of several 

students, some of whom deserve a special mention, such as Vincent Amicel (Licence, 3rd year), in 

2009, and Pinar Akpinar (post-doctoral training course) in 2007. 

 

Several papers have been published on that task. A summary report of their conclusions is presented in 

the following paragraph.  

 

V. L’Hostis and E. Amblard, "Passive corrosion of steel in concrete in the context of nuclear-waste 

disposal", proceedings of the 4th International Workshop on Long-term Prediction of Corrosion 

Damage in Nuclear Waste Systems, Bruges (Belgium), 28 June-2 July 2010. 

 

V. L’Hostis, L. Vincent, V. Praca, D. Neff, L. Bellot-Gurlet and P. Dillmann, "Characterization of 

long-term corrosion of rebars embedded in concretes from French historical buildings aged from 50 to 

80 years", Proceedings of the Eurocorr 2007 Conference, Freiburg im Breisgau, 9-13 September 

2007. 

 

F. Miserque, B. Huet, D. Bendjaballah, G. Azou and V. L’Hostis, "X-ray photoelectron spectroscopy 

and electrochemical studies of mild steel FeE500 passivation in concrete simulated water", 

Proceedings of the NUCPERF 2006 Workshop, Cadarache, France, 27-30 mars 2006, Journal de 

physique, IV, Vol. 136, 2006, p. 89-98.  

 

B. Huet, V. L’Hostis, F. Miserque and H. Idrissi, "Electrochemical behaviour of mild steel in concrete: 

influence of pH and carbonate content of concrete pore solution", Electrochimica Acta, Vol. 51, No. 1, 

2005, p. 172-180. 

 

F. Miserque, B. Huet, D. Bendjaballah, G. Azou, V. L’Hostis and H. Idrissi, "X-ray photoelectron 

spectroscopy and electrochemical studies of mild steel FeE500 passivation in concrete simulated 

water", Proceedings of the Eurocorr 2005 Conference, Lisbon, Portugal, 4-8 September 2005, ISBN 

972-95921-2-8. 

 



2.2 Passive corrosion state 

2.2.1 Operational questions and scientific approach 

Initially, concrete-embedded steel is protected naturally from corrosion by the alkalinity of its pore 

solution (12.5 and higher). That high alkalinity enables the formation of a passive film on the rebar 

surface, thus preventing the development of an active corrosion process.  

 

That passive state exists until the depassivation of the steel, either by concrete carbonation, chloride 

ingress in the cover, or oxygen supply (crack or air bubble at the steel/concrete interface).  

 

That passive period is a key point in the long-term behaviour of the system. Since that period may last 

from tens to hundreds of years, if the concrete cover is of a good quality6, a question is raised about 

the evolution of the steel/concrete interface during that phase.  

 

Two main operational questions required answers: 

o is it necessary to consider the fact that the evolution of the passive-corrosion pattern should 

lead to mechanical stresses over the long-term? Is it necessary to apply the CORDOBA 

mechanical model during the passive period? If so, what is the expansion coefficient and 

kinetics of the CPL? In other words, how do the passive film, the initial CPL and the 

transformed medium (TM) evolve in terms of nature and thickness?  

o what is the limiting process of the passive-corrosion system? Consequently, what might be a 

sound modelling approach to simulate the passive period? 

 

The assumption was made that the corrosion system is composed of a passive film surrounding the 

metal substratum, followed by an “initial CPL”, then a TM before the cement material (Figure 3). 

Moreover, it was decided to analyse the corrosion system not only over the short term, but also over 

the long term with a view to highlighting the possibility of an evolution of the limiting processes over 

time. For those purposes, the decision was made to face the problem from three different angles (Table 

1), thus defining what is called the “beginning-and-end-of-the-film” approach, as follows: 

o first, the study addressed the time evolution of the passive film and of the initial CPL for all 

steel types immersed in simulated cementitious solutions (“short-term”, up to one year); 

o second, the study dealt with the evolution of the passive film, of the initial CPL and of the TM 

for mortar-embedded steel when placed under various environmental conditions (“short-term”, 

up to one year), and 

                                                 
6 B. Bary and A. Sellier, “Coupled moisture–carbon dioxide–calcium transfer model for carbonation of concrete”, Cement and Concrete 
Research, Vol. 34, 2004, p. 1859-1872. 
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o third, the sampling of rebars embedded in old structures where the active-corrosion state had 

not begun yet, in order to study the nature and thickness of the initial CPL and TM (“long-

term”, 80-year-old samples). 

 

Metal

« Initial »
CPL

Cementitious
material

Trans-
formed
Medium 

?

Passive 
film?

? ?  

Figure 3: Schematic representation of the assumed cementitious material/steel interface  
in passive state.  

 

Table 1: Definition of tests, parameters, methods and output data for passive-state assessments.  

Test Parameters  Methods Output data 

No. 1. Laboratory: 
Steel immersed in 

solution 

* Solution chemistry 

* Time (up to 1 year) 

* State of steel surface 

Electrochemistry 

Gravimetry  

Analytical methods 

Corrosion rate 

Passive-film 
composition and 

thickness 

No. 2. Laboratory: 
Steel embedded in 

mortar 

* Environmental-
exposure conditions 

* Time (up to 1 year) 

* State of steel surface 

Gravimetry  

Analytical methods 

Corrosion rate 

CPL composition  
and thickness 

No. 3. Field: Steel 
embedded in concrete * Long-time (80 years) Analytical methods CPL composition  

and thickness 

 

2.2.2 Summary of results 

 

Results will be presented according to the main output data obtained from the different experiments, 

starting with passive-film characterisations, followed by the evolution of the CPL present initially on 

the rebars, then the analysis of the TM layer, before ending with a description of how electrochemical 

and gravimetric measurements help identify the limiting process of the system. 
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2.2.2.1 Passive film 

 

The composition and thickness of the passive layer have been identified by X-ray photoelectron 

spectroscopy (XPS) by F. Miserque from the CEA’s Surface and Interface Reactivity Laboratory 

(Laboratoire de réactivité des surfaces et interfaces – LRSI). Analyses concerned the passive films 

formed in solutions (NaOH pH 12.8, Ca(OH)2sat pH 12.5, NaHCO3/Na2CO3 buffer solution pH 10, 

Figure 4) and in mortar (placed at different relative humidities [RH] under aerated/de-aerated 

conditions Figure 5).  

 

For all samples, three iron-oxidation states were identified on Fe-2p3/2 spectra: Fe0; Fe2+ and Fe3+. The 

Fe-2p3/2 peak at 707.0 eV corresponds to iron metal and the Fe-2p3/2 binding energy of the Fe2+ 

compound is around 709.5 eV. A broad asymmetric peak ranging between a bonding energy of 710.0 

and 714.0 eV was observed corresponding to Fe3+. The Fe-2p3/2 peak shape was similar for all 

samples, including initial state, immersion in different solutions and in mortar: the nature of iron 

oxides being formed did not depend on the electrolyte or the cementitious barrier.  

 

704706708710712714716

Iron oxyde

 

 

Binding energy (eV)

 0.1 M NaOH
 sat. Ca(OH)2
 Carbonate buffer

Fe-2p3/2 core level after 15 days of immersion in :

Iron metal

 

Figure 4: Fe-2p3/2 core level spectra (Shirley background subtracted) from FeE500 mild steel 
after 15 days of immersion in 0.1 M NaOH (pH 12.8), Ca(OH)2 sat (pH 12.5)  

and NaHCO3/Na2CO3 buffer solution (pH 10). 
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Figure 5: XPS Fe-2p3/2 core level spectra after 6 months in mortar placed in RH (80 and 95%) 
under aerated and de-aerated conditions – comparison with the initial spectrum.  

 

The presence of iron metal is due to the metal substratum. Those results indicate that, in that pH range 

(10 to 12.8), the oxide film is thinner than the depth of analysis (≈ 9 nm under such conditions). 

 

More precisely, the thickness of the passive film was estimated using the intensity ratio between iron-

metal and iron-oxide peaks, assuming that XPS measurements were performed using a constant X-ray 

beam and detection angle perpendicular to the surface of the sample. Hence, the evolution of the 

thickness of the oxide layer during immersion in a 0.1 M NaOH solution is presented on Figure 6. 

Results highlighted that the oxide layer reaches a constant thickness of around 6 nm after about 

30 days of immersion in a 0.1 M NaOH solution, which indicates a stationary behaviour of the system.  
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Figure 6: Time evolution of the oxide layer thickness during immersion  
in a 0.1 M NaOH solution.  
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2.2.2.2 Corrosion-product layer (CPL) 

With the same objective than for the passive-film study, the nature and thickness of CPLs present at 

the steel/mortar interface during the passive period were assessed by means of optical microscopy and 

micro-Raman spectroscopy, with the latter being performed with the help of Ludovic Bellot-Gurlet at 

the Laboratoire de dynamique interaction et réactivité (CNRS-LADIR).  

 

As far as laboratory experiments are concerned, the laboratory pre-corrosion procedure led to 

corrosion spots, measuring 30 to 50 µm in thickness, that were composed mainly of goethite 

(α-FeOOH), ferrihydrite (5 Fe2O3, 9 H2O) and lepidocrocite (γ-FeOOH). That layer was different from 

the initial CPL that formed naturally on rebars, where corrosion products are typical of a high-

temperature layout: it reached almost 30 to 50 µm in thickness and was composed of wüstite (FeO), 

magnetite (Fe3O4) and hematite (α-Fe2O3).  

 

After a 1-year ageing period in mortar placed under different environmental conditions, laboratory 

pre-corroded coupons all had the same CPL thickness (around 30-50 µm) and were free of both RH 

and aeration conditions. Moreover, the corrosion products identified within that initial “laboratory” 

CPL were the same as initially: goethite (α-FeOOH), ferrihydrite (5 Fe2O3, 9 H2O) and lepidocrocite 

(γ-FeOOH). Hence, it was concluded that a stationary behaviour prevailed from the initial state up to 

1 year in mortar.  
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Figure 7: Macrograph of the steel/mortar interface after 1 year at 80% RH  
under de-aerated conditions.  

 

Concerning field experiments after 80 years, the same CPL as the initial one was identified in several 

zones of the Bourse du travail, (Trade Hall) in Bordeaux (Figure 8). Wüstite (FeO), magnetite (Fe3O4) 

and hematite (α-Fe2O3) were the main corrosion products present in the layer, although some spots of 

goethite (α-FeOOH) might also have been found at the metal/CPL interface. That last corrosion 

product should indicate the beginning of an evolution in the corrosion pattern.  
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Figure 8: Macrograph and Raman spectra obtained on a thin CPL  
(Bourse du travail, Bordeaux, 80-year-old building).  

 

2.2.2.3 Transformed medium (TM) 

 

Laboratory and field experiments carried out on passive systems pointed out a stationary behaviour of 

the passive film, on the one hand, and of the initial CPL, on the other, in terms of composition and 

thickness. Those results may reflect two different processes: 

o the passive film may be completely protective against corrosion, or 

o a simultaneous corrosion/dissolution mechanism may occur at the interface, leading to iron 

consumption. 

 

In order to test the last hypothesis, analyses on the TM layer were performed on mortar-embedded 

steel in order to determine whether the oxide film was actually dissolving within the cementitious 

matrix.  
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In laboratory experiments, three different types of metal substrata were embedded: polished steel, pre-

corroded steel and old rust (no metal substratum) coming from the 650-year-old Popes’ Palace (Palais 

des papes), in Avignon. In field experiments, the TM being assessed was Bordeaux’s 80-year-old 

Bourse du travail.  

 

In laboratory experiments, TMs7 were detected (Table 2) after 1 month (or even after 15 days’ curing) 

to 1 year of exposure in mortar and with almost the same thickness for different timescales (analyses 

performed after 1 month, 6 months and 1 year).  

 

Table 2: TM thickness under different laboratory and field conditions.  

Time/Steel-surface state TM thickness  

1 month to 1 year / Polished 5 to 20 µm 

1 month to 1 year / Pre-corroded 30 to 50 µm (Figure 9) 

1 month to 1 year / Old rust 5 to 20 µm 

80-year-old / Bourse du travail, Bordeaux Few micrometers 
(Figure 10) 

 

A non-negligible TM was detected on a polished steel/mortar interface (5 to 20 µm) and seemed to 

have settled at very short-term (during the curing phase) and no increase in that layer was noticed after 

a few days in mortar. That result is consistent with the evolution in the thickness of the passive film in 

solution that showed an evolution during the first 30 days following a stationary state. The whole 

corrosion system reached equilibrium over the short term (during the curing phase).  

 

The TM measured on pre-corroded samples (30 to 50 µm) was thicker than on polished ones (Figure 

9). That result indicates that the iron species involved in that layer are not only coming from the 

passive layer, but also from a dissolution process of the initial CPL. That hypothesis is corroborated by 

the fact that the old CPL/mortar interface also has a TM of 5 to 20 µm.  

 

Results obtained from the Bourse du travail are not consistent with the previous conclusions (Figure 

10). In fact, almost no TM was detected on that sample (or very thin). Unfortunately, very few 

attempts were made to identify the TM on old passive samples. That aspect needs to be investigated 

further.  

                                                 
7 We have to remember that thickness evaluation by energy dispersive spectroscopy (EDS) (points or average profiles) is not a precise 
technique and that studied zones are not representative of the whole surface of the sample. 
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Figure 9: Average concentration profile for a pre-corroded steel embedded in mortar  
after 1 month at 95% RH.  
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Figure 10: Micrograph and EDS concentration profile on a thin CPL  
(Bourse du travail, Bordeaux, 80-year-old building). 

2.2.2.4 Corrosion kinetics 

Electrochemical and gravimetric measurements have been carried out for steel in solution and in 

cementitious materials, as follows: 

o for steel immersed in solution, the polarisation curves performed for steel immersed in 

alkaline electrolytes were interpreted in order to determine that in the passive domain, at high 

redox potential, oxidation kinetics is far smaller than 0.2 µA/cm²; 

o with regard to steel embedded in cementitious materials, steel mass losses were measured by 

gravimetric methods after 1 year’s exposure in different RHs. Average corrosion rates 

deduced from those measurements were all between 0.05 and 0.15 µm/year and were free 
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from any RH value. Moreover, in the framework of the APPLET national project8, 

polarisation resistances were carried out on RC with polished steel (Figure 11). Passive-

corrosion rates always laid between 0.001 and 0.01 µA/cm2.  
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Figure 11: Instantaneous corrosion rates (Rp) measured on RC slabs exposed to the atmosphere–  

Average and maximum value for 20 slabs under study.  

 

Those low corrosion rates as well as the fact that they did not depend on the water-saturation state of 

the concrete indicate that the passive-corrosion system is limited by the electrochemical reactions 

occurring at the steel/passive-film interface. Thus, as far are modelling is concerned, a passive-

corrosion model is needed, such as the Point Defect Model9, or the Diffusion Poisson Coupled Model 

(DPCM)10. These models assume that the metal is covered by a dense oxide layer. Mass and charges 

migrating through the oxide layer are described as a field-assisted diffusion of ionic defects or species. 

The last device is different from the other when the potential profile is not assumed, but calculated in 

solving Poisson’s equation.  

 

2.2.3 Conclusions 

The results highlighted that between 1 and 12 months, there was no evidence of a macroscopic growth 

of an expansive CPL. The thickness of the passive film stabilizes after 6 months. Moreover, the iron-

corrosion rate was slower than 0.1 µm/year in solution as well as in cementitious materials, and the 

presence of iron within the cementitious matrix was evidenced. Thus the corrosion process that takes 

place at the interface is a simultaneous corrosion/dissolution mechanism, leading to iron consumption. 

In that context, the coupling of a “passive” model, such as the DPCM, with a chemistry-transport 

modelling (through Hytec or ALLIANCE code for instance) would be the proper way to predict the 

long-term passive stage of RC structures.  

                                                 
8 V. L’Hostis, E. Marie-Victoire, J-L. Garciaz, V. Bouteiller, E. Amblard, C. Emptaz, J-F. Cherrier, F. Marzin, Study of the active/passive 
corrosion behaviour of reinforced concrete slabs using different devices, Special Issue of EJECE  - APPLET Project (2011). 
9 C.Y. Chao, L.F. Lin and D.D. Macdonald, A Point Defect Model for Anodic Passive Films, J. Electrochem. Soc., Vol. 128, 1981, p. 1187. 
10 C. Bataillon, F. Bouchon, C. Chainais-Hillairet, C. Desgranges, E. Hoarau, F. Martin, S. Perrin, M. Tupin and J. Talandier, Corrosion 
modelling of iron based alloy in nuclear waste repository, Electrochim. Acta (2010), doi:10.1016/j.electacta.2010.02.087.  
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2.3 Active-corrosion state induced by concrete carbonation 

2.3.1 Operational questions and scientific approach 

As mentioned in the previous section, steel reinforcements in a young concrete remain passive 

throughout the whole domain of water stability due to the alkalinity of the interstitial solution (pH ≈ 

13). The active corrosion may start, when a chemical degradation front (related to carbon dioxide in 

this section) reaches the steel/concrete interface. Then the initiation time of active corrosion depends 

on the evolution of the concrete degradation and on the conditions for a transition of the steel 

reinforcements into an active-corrosion state. After depassivation, the expansive growth of iron oxides 

at the steel/concrete interface may then lead to cracking in the concrete.  

 

Most nuclear RC structures are submitted to carbonation-induced corrosion, in the course of nuclear 

power plants (e.g., cooling towers) or of nuclear-waste management (waste containers, storage 

infrastructures). As a consequence, in that context, the following questions need to be resolved: 

o what chemical conditions lead to the transition from passive to active corrosion? 

o under active-corrosion conditions, what is the input of corrosion kinetics and expansion 

coefficients in the CORDOBA modelling? Do those characteristics evolve over time between 

the short term (a few weeks) and the long term (hundreds of years)? and 

o what is the accurate corrosion-modelling approach, considering the limiting process of the 

system? 

 

The work was structured according to the three questions mentioned above. More precisely, the first 

question was addressed by studying the corrosion behaviour of steel coupons in solutions simulating 

different states of concrete carbonation. The second issue was reviewed through the “beginning-and-

end-of-the-film” approach, which combines “short-term” laboratory experiments with the corrosion 

behaviour of steels immersed in solutions or embedded in mortar, together with “long-term” field 

experiments dedicated to the identification of corrosion patterns after a few tens to hundreds of years. 

As for the third item, it was resolved by taking into account the electrochemistry and the corrosion 

kinetics of the system.  

 

2.3.2 Summary of results 

2.3.2.1 Depassivation conditions 

The transition from passive to active corrosion of mild steel rebars in carbonated concrete was 

investigated by means of electrochemical techniques (polarisation curves, free corrosion-potential 
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measurements) and surface analyses (energy dispersive spectroscopy [EDS], XRD, XPS). Five 

different electrolytes, with pH ranging from 12.8 to 8.3 (NaOH: pH 12.8; Ca(OH)2 sat: pH 12.5; 

NaHCO3/Na2CO3 buffer solution: pH 10; NaOH: pH 10; NaHCO3: pH 9.4 and CaCO3: pH 8.3), were 

chosen to simulate the interstitial pore solutions of the concrete at various carbonation levels.  

 

Results indicate that the pH transition laid between 10 and 9.4 and was greatly dependent on the 

electrode potential and the buffering effect of the carbonate content. 

 

Concerning those last two parameters, immersion tests highlighted that any decrease in the carbonate 

content increased the corrosion rate at free corrosion potential in aerated solutions, whereas at low 

electrode potential, the oxidation kinetics increased proportionally with the carbonate content. That 

phenomenon was attributed to the complexing role of bicarbonate ions at low redox potential as 

showed by the polarisation curves of the carbonate buffer. The high current-density value observed 

during long potentiostatic tests in that potential domain suggested that the passivation state was 

reached after a long period (more than 1 day) through the precipitation of a porous layer of diffusion 

barrier. Decreasing the pH and/or decreasing the carbonate content of the electrolyte promotes the 

active corrosion of mild-steel samples, which leads to the formation of a large amount of iron oxides 

that do not protect the steel substratum against further corrosion.  

2.3.2.2 Active-corrosion patterns 

2.3.2.2.1 Corrosion-product layers (CPL) 

Active-corrosion patterns were studied first for steel samples immersed in different aqueous solutions, 

by simulating different states of concrete carbonation. As the chemistry of interstitial solutions of 

carbonated concrete is not well known in the literature, several scenarios were devised. Hence, the 

alkaline, silicate and sulphate contents were varied in a calcite-based solution in order to assess 

whether those species (or related variables) had a direct or indirect impact on corrosion mechanisms 

(Table 3).  

 

Table 3: Choice of minerals composing the representative interstitial solution of  
a carbonated cement paste (T=25°C, PCO2 = 0.3 mbar, unit= mM, sat.=saturated). 

Reactants S1 S2 S3 S4 S5 S6 S7 

CaCO3 sat. sat. sat. sat. sat. sat. sat. 

SiO2,am 0 sat. 0 sat. 0 sat. sat. 

NaHCO3 0 0 25 25 250 25 25 

CaSO4,2H2O 0 0 0 0 0 2.5 sat. 

pH 8.3 8.3 9.4 9.4 9.9 9.4 7.8 
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In solutions S1, S2 and S7 (pH~8), ferric phases, such as lepidocrocite (γ-FeOOH), goethite 

(α-FeOOH) and ferrihydrite (5 Fe2O3, 9 H2O) were observed in the external part of the CPL. A mixed 

ferrous/ferric phase, magnetite (Fe3O4) was also identified by XRD and µ-Raman analyses in the 

internal part of the CPL formed in solution S1, whereas carbonated phases were observed at that metal 

interface for the other solutions. Green rust most probably formed during the immersion of steel 

samples in solution S3, S4 and S6 (pH=9.4), but they oxidised before the analyses took place. Hence, 

different iron phases were formed depending on the composition of the bulk electrolyte (Figure 12).  

 

However, thermodynamic calculations indicated that, within a pH range of 8 to 10, the same iron 

phases should be stable: iron, siderite (FeCO3), magnetite (Fe3O4) and goethite (α-FeOOH) were 

successively stable with an increase in the redox potential. The difference between experimental 

results and thermodynamic calculations suggested a thermodynamic non-equilibrium in the CPL. It 

was felt that far from being at equilibrium, the formation of solid-iron phases was strongly influenced 

by the nature of the ferrous complex in solution. With a pH of 8.3, Fe2+ and FeCO3
0 concentrations 

were in the same range: in that case, magnetite was the main mixed ferrous/ferric oxide. At a slightly 

lower pH and in the presence of large amounts of sulphate (27 mM, solution S7), FeSO4
0 was the 

predominant ferrous complex. In that case, the formation of ferrihydrite was observed. At a higher pH 

of 9.4 (solutions S3, S4, S8), thermodynamic calculations indicated that FeCO3
0 was the predominant 

ferrous complex. In that case, it seemed that the main phase was green rust.  

 

Figure 12: Macroscopic analysis of FeE500 mil steel samples (∅ 16 mm) after two months of 
immersion in solutions of pH ≈ 8 a) S1, b) S2, c) S7, and those of pH=9.4 d) S3, e) S4, f) S6. 

 

 

 
a) b) c) 

 
d) e) f) 
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Those results allow for the proposal of a scenario involving the formation of iron oxides during the 

arrival of the carbonation front at the steel/concrete interface (Figure 13). On polished steel, it was 

possible to assume the respective formation of green-rust components at the beginning of the active-

corrosion phase (pH 9.4), when the interstitial solution contained aqueous carbonates and silicates 

resulting from portlandite and C-S-H dissolution. Between pH 9.4 and 8.3, magnetite was the most 

stable phase in equilibrium with aqueous iron carbonates. Lastly, in the fully-degraded material, where 

ettringite was also dissolved and led aqueous sulphates to be present in solution, mainly 

oxyhydroxides: goethite, lepidocrocite and other ferric species, since ferrihydrite, may form.  
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Figure 13: Schematic representation of evolution of stable corrosion products in relation to pH  
and species in solution during the concrete-carbonation process.  

 

Together with those characterisations of CPLs formed in solution, another test was carried out on an 

accelerated carbonated cement paste containing a steel coupon. After four months of active corrosion, 

Raman microspectroscopy was used to identify the CPL formed at the metal/cement-paste interface.  

 

At the metal/CPL interface, a Raman spectrum highlighted the presence of carbonated species (peak at 

1,080 cm-1) associated with green rust11 characterised by peaks at 290, 550 and 730 cm-1. Within the 

CPL, the peaks identified in the Raman spectrum (300, 395, 695 cm-1, and 1,300 cm-1) may be 

attributed to a mix of goethite (α-FeOOH) and ferrihydrite (5 Fe2O3, 9 H2O). In the external part of the 

CPL, the same peaks appeared as previously, but their Raman intensities were different, thus 

indicating the predominance of goethite on that zone.  

 

                                                 
11 J. Gui, T.M. Devine and A Sers "Investigation of the passive films formed on iron in mildly alkaline solutions of carbonate/bicarbonate 
and nitrate", Corrosion Science. Vol. 37, 1995, p. 1177-1189. 
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Figure 14: a) SEM analysis of steel/carbonated cement paste interface after 4 months’ active 
corrosion, Raman spectra characteristics for b) point 01, c) point 02, and d) point 03. 

 

Those results were consistent with the proposed evolution scenario of the beginning of the active-

corrosion state (Figure 13). The presence of carbonated green rust at the metal interface is consistent 

with the previous presence of carbonates in solution coming from the carbonated cement paste at the 

beginning of the phase. The oxidation of green rust led to ferric oxides (ferrihydrite) and future stages 

of carbonation promoted the formation of oxyhydroxides (goethite) after a few months.  

 

All information resulting from the “short-term” laboratory experiments was completed by a large 

investigation campaign on “long-term” corroded structures, carried out under the supervision of 

Philippe Dillmann and Delphine Neff from CEA/LAPA.  

 

The age of the first nine structures under study ranged between 80 and 1,700 years old. Only one 

building was contemporary and made of RC (Raincy Church, France). The other sites (churches, 

cathedrals, hotels) were made of stones, together with mortars and gypsum binders. The first main 

result highlighted that, irrespective of the nature of the binder and of the steel involved, the corrosion 
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pattern always had the same characteristics and was made up of a multi-layer structure: a metal 

substratum (M), a dense product layer12 (DPL), the transformed medium (TM) and a binder (B). 
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Figure 15: Macrophotograph of a cross section (sample GR)  
and schematic section of a corroded steel reinforcement in an ancient binder.  

 

After that first campaign, it was decided to recreate an evolution scenario, from the beginning of the 

active-corrosion period, where the initial CPL was still present (see previous section), up to a very 

long period of active corrosion where thick layers were dominating the system. 

 

For that purpose, the decision was made to add to the original series, more recent buildings, dating 

back 50 years (such as the ONERA Building, Saclay’s Water Tower, the Brazil House [Maison du 

Brésil] in Paris) and 80 years (Bourse du travail, Bordeaux), up to 260 years (St. Sulpice Church, 

Paris). On the metal/binder interface of those active corroded samples, the focus was put on 

identifying the initial CPL (wüstite/magnetite/hematite layer – WMaH ) even on very thick layers. The 

second aspect was to assess the position of active CPLs compared to the initial one.  

 

Lastly, the results underlined the presence of remains of the initial CPL on all samples (called Type 1 

on Figure 16).  

 

A first possible evolution is presented as Type 2b on Figure 16. In that case, the formation of 

oxyhydroxides and oxides was observed between the metal and the WMaH layer. That pattern implied 

that oxygen is able to reach the metal interface to be reduced, thus leading to the formation of new 

                                                 
12 Nowadays the term “dense product layer” has been superseded by “corrosion product layer”, since that layer is porous and not dense, at it 
was expected at the beginning.  
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corrosion products at that location. That also meant that the initial WMaH layer was sufficiently 

porous or cracked (or not continuous), thus questioning the protective ability of that layer. 

 

A second evolution process is presented as Type 2c on Figure 16. That pattern, characterised by an 

internal WMaH layer and an outer aqueous-corrosion layer might be explained, if the initial CPL was 

partially conductive. That was probably the case, because magnetite was present on that layer. Hence, 

electrons may go through the layer and induce a decoupling of the anodic and cathodic reactions. 

Following the transfer through the WMaH layer of the ferrous ions formed at the metal/oxide 

interface, oxyhydroxide and oxides (ferrihydrite) may precipitate on the outer part of corrosion 

products. Type 2a may be explained by a combination of both 2b and 2c mechanisms depending on 

the local conductivity and porosity variations of the WMaH layer.  

 

Lastly, after a given period and the quasi-disappearance of the WMaH layer, the corrosion 

mechanisms lead to the formation of the Type-3 layout (Figure 16), which is mainly constituted of an 

oxyhydroxide matrix in which are embedded oxyhydroxide marblings. An important item to be 

emphasised is the evolution of the nature of the marbling phases. It may be linked to the age of the 

system and probably to the evolution of its chemical parameters. In fact, it appears that thinner 

oxyhydroxide layers seem to contain only maghemite and ferrihydrite marblings. Then, for thicker 

layers (Type 3a) in completely carbonated concrete, magnetite appears in the marblings. Thus, 

considering (i) the evolution from ferrihydrite/maghemite to maghemite/magnetite on a 

“contemporary” sample (ONERA), (ii) the fact that mainly magnetite/maghemite phases were 

observed on older samples (St. Sulpice Church), the hypothesis may suggest that the structure of the 

marblings evolved progressively from ferrihydrite to magnetite.  
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Figure 16: Hypothetical scenario for the formation of long-term corrosion patterns.  
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In the end, it is interesting to compare the long-term corrosion layouts with the corrosion pattern 

identified in the laboratory on the carbonated cement paste (metal/carbonated green rust/ferrihydrite-

goethite mix/goethite). Assuming that the initial CPL is different in both cases (no CPL for laboratory 

steel, CPL WMaH for field ones), the laboratory’s corrosion pattern may be attributed to a Type-2b or 

Type-2c layout. Additional studies on the effect of the nature of the initial CPL may confirm that 

hypothesis.  

 

Between the CPL and the cementitious material, a specific layout is observed. It may be described as a 

symmetric system where the calcium from the binder has diffused within the CPL (forming the 

“CPL 2”) and where the iron from the CPL has diffused within the binder, thus forming the TM).  

 

In terms of elementary composition, the CPL 2 contains iron, oxygen and calcium, but no silica or 

sulphur. Iron oxides do not seem to be modified by the presence of calcium on the samples under 

study.  

 

The TM contains calcium, silica, sulphur, oxygen and iron (Figure 17). One explanation for the 

formation of the TM should be the precipitation of iron oxides and hydroxides, filling the binder’s 

pores. As iron species present within the pores are poorly crystallised, it has not been possible to 

record accurate Raman spectra of iron oxides in that layer. 
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Figure 17: Iron, oxygen and calcium average profiles (GR sample; EDS).  

 

The TM-formation process may be of primary importance for the long-term behaviour of RC 

structures, if it is assumed that the quantity of iron involved in that layer does not partake at the same 

time in the mechanical stresses that lead to concrete cracking.  
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2.3.2.3 Active-corrosion kinetics 

 

In order to assess corrosion kinetics and mechanisms, it may possible to consider using the results 

from the electrochemical investigations on steel immersions in solution, or the gravimetric results for 

steel under the active-corrosion state in different aqueous solutions, or even the electrochemical 

measurements performed on carbonated RC slabs that were exposed to air.  

 

Looking at the electrochemical measurements performed in solutions, it is possible to reveal 

information concerning the “short-term” active-corrosion process. Polarisation curve (Figure 18) 

drawn from steel immersed in a carbonate buffer solution (pH 10) showed a very high current density 

(180 µA/cm²) at low electrode potential, thus suggesting an active oxidation behaviour. Since the 

stationary response of an iron electrode, in that pH range, was only reached after very long 

polarisation times, the effect of the potential scan rate on ipI values was investigated. Results 

highlighted that in such active domain of the polarisation curve, at low redox potential, ipI increased 

linearly with the square root of the scan rate. That evolution indicates a diffusion-control mechanism 

of the faradic current due to non-stationary conditions in a diffusion layer13. The value of the 

stationary oxidation-current density depends on the diffusion properties and the thickness of the oxide 

layer. As thickness increases over time, the oxidation-current density should decrease to very low 

values.  

 

In order to verify that hypothesis, a potentiostatic test in the potential domain of the peak pI (-0.795 

V/SCE in the carbonate buffer) was performed. It showed a low and decreasing oxidation current. For 

timescales ranging between 1 and 15 h, the fitting of the oxidation-current density versus time reveals 

an exponent of -0.49, which indicates a probable diffusion control of the oxide-layer growth. 

Moreover, the high current density (between 1 and 10 µA/cm²) suggests a diffusion mechanism 

through connected pores rather than diffusion through the vacancies of a dense oxide layer. After 15 h, 

a significant cumulative charge was noted (0.15 C/cm²). Assuming that only ferrous species were 

formed at that potential, the corresponding metal loss would stand at around 0.05 µm. The created 

oxide layer acts as a porous diffusion barrier.  

 

                                                 
13 G.T. Burstein, D.H. Davies, "The effects of anions on the behaviour of scratched iron electrodes in aqueous solutions", Corr. Sci., Vol. 20 
(1980), p 1143.  
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Figure 18: Forward scan of the polarisation curves for FeE500 immersed in NaHCO3-Na2CO3, 
buffer solution pH 10 (25°C, de-aerated, no stirring). 

 

To assess the corrosion process occurring later in the active phase (after several weeks), important 

information may be obtained from the gravimetric measurements performed on steels immersed in 

solutions S1 to S7 (see Table 3). For each of the six tested solutions, the mean corrosion rate was in 

the order of 100 µm/year after the first week of immersion. For longer immersion times, samples 

immersed in solution S1 and S2 (pH=8.3) had a constant Vmean, whereas the Vmean value of samples 

immersed in solution S3 and S4 (pH=9.4) decreased over time. Moreover, results show that the 

chemical composition of the solution (alkaline, carbonates, silicates, sulphates) strongly influences the 

value of corrosion rates and of their evolution over time.  
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Figure 19: Mean corrosion rate (mass loss measurements) of mild steel immersed  
in solutions S1, S2, S3, S4, S7 et S8 (see Table 3) during 7, 14, 30 and 85 days. 
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Inversely, for steel embedded in cementitious materials, in the framework of the APPLET national 

project, polarisation measurements were performed on carbonated RC slabs. Those slabs were placed 

under different environmental conditions: outdoor conditions with 60, 80 and 92% RH. Results 

showed the dependency of instantaneous corrosion rates on the exposure conditions (mainly RH)14. 

Current densities lie around 0.1 to 0.5 µA/cm2 for low RH, and around 1 to 5 µA/cm2 for 92% RH and 

for outdoor conditions. That dependency of corrosion rates along with the hydric properties of the 

concrete cover show that the corrosion system is controlled by the behaviour of oxygen in that non-

saturated medium (mainly transfer through the concrete cover and the CPL). That principle constituted 

the base of the modelling approach that was developed within the project (see Section 3). 

 

2.3.3 Conclusions 

Characterising young and older corrosion systems on carbonated concrete constituted the most 

developed activities of the project from 2002 to 2005. In fact, that stage was of primary importance for 

further modelling investigations, including the nature of corrosion products, the TM extension and 

corrosion kinetics.  

 

Studies led to propose a scenario for the evolution of the corrosion pattern as early as the beginning of 

the active-corrosion period. The initial CPL was surrounded by oxyhydroxides over the short term, 

which led to the formation of an oxyhydroxide matrix in which iron oxides (ferrihydrite/maghemite 

and/or maghemite/magnetite) were embedded over the long term. The location of the initial CPL in the 

long-term layer is important, because it is the mark of the initial metal interface. For the assessment of 

the expansion coefficient, which is needed for CORDOBA modelling, that information will prove of 

primary importance. 

 

Lastly, laboratory experiments highlighted the major role of diffusion in the porous-oxide layer in the 

early stages of the active period for the limitation of the corrosion process. After a longer period, 

environmental conditions, such as RH and the hydric behaviour of concrete, dominated the system by 

governing oxygen transfer and reaction. Those processes will constitute the modelling base being 

developed within the project (see Section 3). 

 

 

                                                 
14 V. Bouteiller, J. F. Cherrier, V. L'Hostis, N. Rebolledo, C. Andrade, E. Marie-Victoire, Influence of humidity and temperature on the 
corrosion of reinforced concrete prisms, Special Issue of EJECE  - APPLET Project (2011).  



Several students participated in the study on the active-corrosion state induced by chloride ingress, 

including Olivier Poupard (post-doctoral training course) in 2004-2005, in the framework of the 

national RGCU project, and Sébastien Charles (Research and Technology Diploma) in 2008. 

 

The results presented above summarise the conclusions of the following papers: 

 

V. L’Hostis, É. Amblard, W. Guillot, C. Paris and L. Bellot-Gurlet, “Characterisation of the steel 

concrete interface submitted to chloride-induced-corrosion”, Corrosion Science (2010, submitted). 

 

S. Charles, V. L’Hostis and S. Poyet, "Impact of moisture parameters on the chloride induced 

corrosion in concrete", Proceedings of the RILEM Workshop on Long-Term Performance of 

Cementitious Barriers and Reinforced Concrete in Nuclear Power Plants and Waste Management, 

EFC Event 317, RILEM Proceedings PRO 64, ISBN: 978-2-31158-072-1, 2009 Edition. 

 

V. L’Hostis (dir.), "Benchmark des poutres de la Rance – Diagnostic et modélisation mécanique des 

poutres en béton armé et précontraint atteintes par la corrosion des aciers", Special issue of Revue 

européenne de génie civil, Vols. 1-2 (janvier 2007). 

 

O. Poupard, V. L’Hostis, S. Catinaud and I. Petre-Lazar, "Corrosion damage diagnosis of a reinforced 

concrete beam after 40 years natural exposure in marine environment", Cement and Concrete 

Research, Vol. 36, 2006, p. 504-520.  

 

A. Pourbaix and V. L’Hostis, "Passivation, localised corrosion and general corrosion of steel in 

concrete and bentonite". Theory and experimentals, Proceedings of the NUCPERF 2006 Workshop, 

Cadarache, France (27-30 mars 2006), Journal de physique IV, Vol. 136, 2006, p. 71-78. 

 

V. L’Hostis, C. Brunet, O. Poupard and I. Petre-Lazar, "Validation of mechanical models for 

reinforced concrete structures: Presentation of the French project Benchmark des poutres de la Rance", 

Proceedings of the NUCPERF 2006 Workshop, Cadarache, France (27-30 mars 2006), Journal de 

physique IV, Vol. 136, 2006, p. 273-284.  

 

O. Poupard, V. L’Hostis, S. Laurens, S. Catinaud, I. Pétre-Lazar and A. Raharinaivo, 

"Characterization of reinforced concrete beams exposed during 40 years in a natural marine 

environment – Presentation of the French project ‘Benchmark des poutres de la Rance", Proceedings 

of the 7th CANMET/ACI International Conference on durability of concrete, Montreal, Canada, 

28 May-June 3 2006. 



2.4 Active-corrosion state induced by chloride ingress 

2.4.1 Operational questions and scientific approach 

The problem of chloride-induced corrosion in the nuclear industry is not as present as that of 

carbonation-induced corrosion, because few RC structures are submitted to chlorides (except specific 

NPP structures built close to the sea15). 

 

However, when that kind of corrosion is initiated, consequences may be quite dramatic. I often tell 

new students the following anecdote that a colleague, André Raharinaivo, now a retired scientific 

expert from the Laboratoire central des ponts et chaussées (LCPC). He explained me that, once, he 

came to diagnose the corrosion state of a bridge built in seawater. No cracks were visible on the 

concrete, but concrete “bleeds”, as it is called sometimes, because rust stains are present on the cover. 

When he cored the concrete cover, he saw that there was no more steel behind, due to the localised 

corrosion. Chloride-induced corrosion had induced an intensive local corrosion of steel without 

involving mechanical stress, without generating any cracks, but causing the bearing load capacity of 

the bridge to be decreased dramatically.  

 

Because of that specific and rare context for the nuclear industry, it has not been possible yet to 

develop a sound research programme on the subject. Nevertheless, since that domain is of great 

concern to colleagues from the civil-engineering industry, collaborative projects were developed 

around that topic (such as the project “Benchmark des poutres de la Rance“ or the APPLET project) in 

which it was possible to assess the chloride-induced corrosion pattern with the “beginning-and-end-of-

the-film” approach. Moreover, in that field, as the corrosion process does not generate visible 

damages, but more internal ones, the need for accurate non-destructive techniques has increased 

significantly over the last few years. Hence, it is now the possible to use electrochemical techniques 

(polarisation resistance mainly) through those projects for the assessment of corrosion rates. 

2.4.2 Summary of results 

2.4.2.1 Corrosion patterns and mechanisms 

In the laboratory, the corrosion behaviour of steel coupons embedded in chloride-polluted cement 

pastes was investigated. Two chloride levels were tested: 5 and 10 g/L in the interstitial solution. 

Electrochemical, gravimetric as well as analytical measurements were carried out. Results highlighted 

two specific corrosion patterns. 

                                                 
15 All NPP built in marine zones do not have cooling towers, which are replaced by a network of RC tubes.  
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In the “low-corroded” zones, a generalised CPL was observed, while magnetite was identified as the 

main corrosion product.  

 

The “high-corroded” zones (Figure 20) were composed of pits mainly made of ferrihydrite (5 Fe2O3, 

9 H2O) at the metal interface, followed by a CPL consisting of ferrihydrite and goethite (α-FeOOH). 

On the external side of the CPL, the “CPL 2” was highlighted by means of EDS average concentration 

profiles (Figure 21). In that zone, goethite and lepicocrocite were identified. TMs were also present in 

the corrosion pattern.  
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Figure 20: Schematic representation of the “short-term” chloride-induced corrosion pattern. 
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Figure 21: a) Micrograph of the selected zone and rectangular areas considered for the average 
profile, b) Average profile for iron, oxygen, calcium and siliceous elements (“Cl 5 g/L” test). 

 

After 50 years in a marine environment (Rance beams), two types of corrosion patterns have also been 

highlighted. In “low-corroded” regions (a few micrometres in thickness), the CPL was only composed 
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of magnetite. In “high-corroded” regions (Figure 22), the CPL (about 500 μm in thickness) was 

mainly composed of goethite and maghemite. Akaganeite was present at the corrosion product/metal-

substratum interface in some pits. Moreover, under such conditions, almost no homogeneous TM was 

pointed out. However, the spot presence iron oxides in some cracks, for instance, was also detected, as 

quoted by  Wong16 et al. 
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Figure 22: Schematic representation of the “long-term” chloride-induced corrosion pattern. 

 

Provided that “short-term” and “long-term” results are both managed properly, it is possible to 

conclude that the corrosion products found in the laboratory were consistent with those that were 

observed in seawater after 50 years, except that akaganeite was never identified in the laboratory. That 

difference may be due to the difference in chloride content between both conditions. Nevertheless, the 

structure of the short-term CPL was different from that found after long-term exposure. In fact, oxy-

hydroxides (goethite, lepidocrocite) were found on the external side of the CPL, whereas they 

appeared at the metal interface (pit) after 50 years in seawater. Poorly-crystallised phases, such as 

ferrihydrite or maghemite, were found inside the pits of laboratory samples, and on the external side of 

the CPL in old structures. If the assumption were made that those poorly-crystallised phases were 

reflecting a recent corrosion phenomenon, thus the corrosion process was different in both cases: in 

“short-term” laboratory experiments, new corrosion products form at the metal interface, whereas after 

50 years of “long-term” exposure, they grow on the external side of the CPL. 

 

In terms of mechanical consequences on concrete, that difference means that over the short term, the 

formation of pits is more detrimental to the load-bearing capacity of the structure, whereas, over the 

long term, CPL grows and creates mechanical stresses on concrete leading to the formation of cracks. 

That scenario is consistent with that proposed by François et al.17,18, who described a “macrocell-

                                                 
16 H.S. Wong, Y.X. Zhao, A.R. Karimi, N.R. Buenfeld, W.L. Jin, On the penetration of corrosion products from reinforcing steel into 
concrete due to chloride-induced corrosion, Corrosion Science (2010), doi: 10.1016/j.corsci.2010.03.025.  
17 R. François, A. Castel and R. Zhang, ”Effect of corrosion on load-bearing capacity and flexural stiffness of reinforced concrete elements”, 
Proceedings of the RILEM Workshop on Long-Term Performance of Cementitious Barriers and Reinforced Concrete in Nuclear Power 
Plants and Waste Management, EFC Event 317, RILEM Proceedings PRO 64, ISBN: 978-2-31158-072-1, 2009 Edition. 
18 A. Castel, T. Vidal, R. Zhang, R. François and V. irivivatnanon, “Corrosion initiation and propagation in the service life of reinforced 
concrete in chloride environment”, Proceedings of the International RILEM Workshop on Integrated Service Life Modelling of Concrete 
Structures, Guimaraes, Portugal, November 2007, p. 239-246. 
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development period” from the depassivation time to almost 14 years (pit propagation), followed by a 

“microcell-corrosion process” from 14 to 17 years (CPL growth). 

 

2.4.2.2 Active-corrosion kinetics 

Considering embedded steel in cementitious materials, all electrochemical (Rp measurements), 

gravimetric and analytical (equivalent iron thicknesses determined by EDS analyses) methods carried 

out on laboratory samples were consistent with and showed average corrosion rates of about 3 to 

6 µm/year. 

 

Moreover, during the national project ‘Benchmark des poutres de la Rance’, instantaneous 

measurements performed on several beams that were stored in the sand of a beach in a tidal zone 

(upper face exposed to oxygen and wet/dry cycles, lower face less oxygenated and continuously water 

saturated as embedded in the sand) show current densities ranging from 0.2 to 2.5 µA/cm2 (Figure 23).  
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Figure 23: Current densities measured on several Rance beams, upper and lower faces. 

 

More recently, in the framework of the APPLET national project, polarisation measurements were 

performed on chloride-bearing-slabs. Those chlorinated slabs were placed under different 

environmental conditions: outdoor conditions; 60, 80 and 92% RH. The dependency of the 

instantaneous corrosion rates upon exposure conditions (mainly RH) was not as obvious as for 

carbonated concrete. In fact, current densities lie around 0.5 to 5 µA/cm2 under all environmental 

conditions. That fact indicated that the behaviour of oxygen in that medium should not be the main 

process to be taken into consideration in the modelling section (section 3). 
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As the corrosion mechanism taking place during chloride-induced corrosion was specific (localised 

corrosion, Figure 24), elementary anodic and cathodic corrosion rates should be investigated19 more 

than total current density.  
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Figure 24: a) Diagram of chloride-induced corrosion process, b) photograph of a chlorinated slab 
after one year’s corrosion (APPLET project) – anodic and cathodic zones.  

 

In the anodic zone, corrosion products that formed were complex and very difficult to characterise 

because of their instability in the presence of oxygen. For instance, green rusts are known to be the 

precursor corrosion products that form within the pit, but as soon as they are exposed to oxygen, they 

oxidise into oxyhydroxides. In the case of a 50-year-old Rance beam, it was possible to detect green 

rust in the vicinity of the concrete. After two hours, it reoxidised into red rust (Figure 25).  

 

3 cm

 

Figure 25: Photographs of a concrete at steel interface  
a) just after being cut, b) two hours after being cut.  

 

Green-rust characterisation may be of primary importance, if its expansion coefficient is high and if its 

growth may cause the concrete to crack before its reoxidation. For that reason, a broad experimental 

campaign was launched in 2010 with a dual purpose: 
                                                 
19 P. Schießl, K. Osterminski, "DFG-research-group: Modelling reinforcement corrosion – overview of the project", 
Materials and Corrosion 2006, 57, No. 12.  
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o green-rust characterisation (Raman and XRD spectra) and its expansion coefficient, and 

o the location of anodic and cathodic reactions and the nature of corrosion products associated 

with both surfaces.  

 

In the cathodic zone, steel behaviour may be compared to the passive-corrosion behaviour that was 

characterised before.  

 

2.4.3 Conclusions 

Characterising young and older corrosion systems on chlorinated concretes led to proposing a scenario 

for the evolution of the corrosion pattern from the beginning of the active-corrosion period.  

 

Since new corrosion products form at the metal interface during “short-term” experiments, but grow 

on the external side of the CPL after 50 years’ “long-term” exposure, it was possible to deduce that 

over the short term, the formation of pits proved more detrimental to the load-bearing capacity of the 

structure, whereas the CPL grew over the long term, thus creating mechanical stresses on the concrete 

and leading to the formation of cracks. That scenario is consistent with that proposed by other authors 

and is called the “macrocell-development period” (pit evolutions) followed by a “microcell-corrosion 

process” (CPL growth). Moreover, some assessments pointed out the presence of green rust at anodic 

sites. That very reactive species and its corresponding reoxidised component will need to be 

characterised further with regard to the expansion coefficient. 

 

 

2.5 Key output  

 

The main outcome from the characterisation of short-term and long-term corrosion systems are 

summarised in Table 4. Since corrosion mechanisms have been well identified for both passive and 

active corrosion due to carbonation, phenomenological models may be proposed for both conditions 

(DPCM model for passive conditions; see Section 3 for the modelling approach dedicated to active 

corrosion in carbonated concrete). Further efforts need to be made concerning chloride-induced 

corrosion, including the verification of long-term corrosion layouts and corrosion-kinetics 

measurements in both anodic and cathodic zones.  
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Table 4: Synthesis of the main outputs from the characterisations  
of short-term and long-term corrosion systems.  

Corrosion type Corrosion layout Transformed medium Kinetically limiting step 

Passive-corrosion 

state 

Metal/Passive film (nm 

thick)/“initial CPL”/TM 
5 to 20-µm thick 

Electrochemical 

processes within the 

passive film 

Active corrosion 

due to concrete 

carbonation 

Metal/CPL (goethite 

matrix containing iron-

oxide marblings)/TM 

Several micrometres to 

a few millimetres (to be 

further investigated) 

Oxygen transfer and 

reduction (depending on 

RH conditions) 

Active corrosion 

due to chloride 

ingress in 

concrete 

Metal/Pit/CPL –  

different over the  

short and long terms  

(to be verified) 

Localised in cracks and 

other heterogeneities of 

concrete (to be further 

investigated) 

Decoupling of 

electrochemical (cathodic 

and anodic) reaction sites, 

transfer of corrosion 

products through the 

concrete cover (to be 

further investigated) 
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3 Phenomenological modelling of general active corrosion and mechanical 

consequences 

3.1 Introduction 

This section presents the modelling approach that was adopted for active corrosion in a carbonated 

concrete (Figure 26). 

 

First will be presented the theoretical developments that served as the basis of the model according to 

the conclusions of the laboratory experiments presented in Section 2. As the final objective of the 

modelling is to bring kinetic and expansion information to the CORDOBA tool, it was decided to 

focus efforts in two areas: modelling the CPL expansion and the TM formation.  

 

Then will follow an explanation on how that model was applied to real structures and finally how it 

was coupled with the CORDOBA modelling, as developed by Alain Millard.  

 

1/ Characterisations v0

2/ Model v0

1a/ Understanding of mechanisms
1b/ Definition of process limiting steps

3/ Tests
Characterisations v1

2a/ Definition of equations
2b/ 1st exercise (input data from literature)

2c/ Couplings and other improvements

3a/ Need to verify mechanisms 
3b/ Specific Input data assessment

4/ Model v1

4a/ Improved equations 
4b/ 2nd input data (from tests)

5/ Characterisations…

 

Figure 26: Diagram illustrating the general approach followed throughout the project – Step 2.  

 



 

Corrosion modelling was first initiated by Bruno Huet in his doctoral thesis from which several papers 

have been published, as follows: 

 

B. Huet, V. L’Hostis, G. Santarini, D. Féron and H. Idrissi, “Steel corrosion in concrete: determinist 

modeling of cathodic reaction as a function of water saturation degree”, Corrosion Science, Vol. 49, 

2007, p. 1918-1932. 

 

B. Huet, H. Peycelon, P. Le Bescop, V. L’Hostis and H. Idrissi, “Dissolution of iron oxides in 

carbonated concrete”, Proceedings of the Eurocorr 2005 Conference, Lisbon, Portugal, 4-8 September 

2005. ISBN 972-95921-2-8. 

 

B. Huet, V. L’Hostis, P. Le Bescop and H. Idrissi, “Long-term prediction of reinforced concrete 

structures - Use of thermodynamic data to assess steel corrosion in carbonated concrete”, Proceedings 

of the Eurocorr 2004 Conference, Nice, France, 12-16 September 2004. ISBN 2-9516844-1-X.  

 

More recently, the following paper illustrated the common modelling approach with atmospheric 

corrosion: 

 

V. L’Hostis, A. Millard, S. Perrin, E. Burger, D. Neff and P. Dillmann, “Modelling the corrosion-

induced cracking of reinforced concrete structures exposed to the atmosphere”, Materials and 

Corrosion, DOI: 10.1002/maco.200905578, 2010. 

 

 



3.2 Description of the corrosion-modelling approach 

Experimental results obtained from electrochemical and gravimetric characterisations on carbonated 

cementitious materials (see Section 2) highlighted the fact that the corrosion process was highly 

dependent on the hydric properties of the concrete cover, and that the limiting step of the corrosion 

system may be either oxygen-reduction kinetics at the metal interface or its transfer through the 

concrete cover and the CPL (both processes strongly depending on the saturation conditions of the 

concrete and CPL covers). Hence, both processes served as the basis for the modelling approach of 

this project. 

3.2.1 Analysis of limiting processes in the corrosion system 

As a first approach, the aim was to assess the overall cathodic process in relation to the water-

saturation level (Sr) of the concrete, considering a continuous evolution of Sr with environmental RH. 

The priority was to answer the following question: should a deterministic model of reinforcement 

corrosion take into account oxygen diffusion through degraded concrete, even if the water-saturation 

level is lower than 1 (Sr<1)? In which range of Sr values is the cathodic process under reaction and 

diffusion control, respectively?  

 

Those developments were achieved during Bruno Huet’s doctoral thesis. The detailed approach, as 

presented in Annex 3, is taken from the B. Huet et al., Corrosion Science, Vol. 49, 2007, p. 1918-

1932, but this report will be limited to a simple summary of the main operational results at that stage.  

 

With due account of only the mechanisms of cathodic reaction, the oxygen-reduction rate was 

evaluated in relation to the Sr of the porous diffusion-barrier layer (consisting of the carbonated 

concrete and the CPL). The numerical application of the newly-introduced analytical results indicated 

an evolution in the rate-limiting step in relation to Sr, for a cement paste (CEMI, w/c:0.35, different 

concrete covers L) as presented in Figure 27. 

 

o Sr ∈ {1.0; 0.9}: cathodic reaction is under diffusion control 

In that case, the rate-limiting step was oxygen diffusion through the concrete cover or even the non-

conductive oxide layer, considering that the latter was greater than 1 µm (realistic as seen in 

Section 2). Under such conditions, the oxygen-reduction rate was very low, between 6.10-5 and 

6.10-4 μA·cm-2 (L=10 or 1 cm, respectively). Considering those boundary conditions, it would take 

between 100 and 1,000 years to form an oxide layer of 1 µm. 
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o Sr ≈ 0.9: cathodic reaction is still under diffusion control, but the oxygen-diffusion rate is high 

enough to sustain reduction rates in the order of 10 μA.cm-2 

For water-saturation levels higher than 0.9, but lower than 1, the oxygen-reduction rate was under 

diffusion control and depended therefore on the thickness of the concrete. Even under the diffusion 

control of gaseous oxygen, the oxygen-reduction rate remained high, between 6 and 50 μA.cm-2 (L=1 

and 10 cm, respectively) for both Sr values, 0.9 and 0.95. Those results emphasised the critical role of 

Sr on the 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 reinforcements in good quality concrete may be 

under the oxygen-diffusion control, even at a water-saturation level of 0.9 (RH ≈ 80%). 

 

o Sr ∈ {0.9; 0.8}: cathodic reaction is under mixed reaction and diffusion control 

In the intermediate ranges of Sr values (Sr ∈{0.8; 0.9}), the oxygen-reduction rate was under mixed 

reaction and transfer control (i.e., both mechanisms must be taken into account in order to assess the 

exact value). However, in that Sr range, the calculated corrosion rates were high, between 10 and 

100 μA.cm-2 depending on Sr and geometry, compared to laboratory data where typical corrosion rates 

between 1 and 5 μA.cm-2 have been measured in that Sr
 range (see Section 2). 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 transfer control. 

 

o Sr < 0.8: cathodic reaction is under reaction control 

For water-saturation levels below ≈0.8, the rate-limiting process was oxygen reduction. However, 

under those conditions, the corrosion rate was very high (≈200 μA.cm-2), which was not consistent 

with experimental results (see Section 2). Hence, the assumption of the cathodic limitation of the 

corrosion process at a low saturation level (Sr < 0.8) was not relevant. Indeed, the rate-limiting 

mechanism at low Sr values might be the anodic reaction. Under such conditions, the resistivity of the 

cementitious material had also to be taken into account. 

 

Finally, the analytical modelling emphasised that the saturation level of porous media and their 

diffusion properties were a key parameter to assess corrosion rates. Thus, it was of great importance to 

couple electrochemical reactions with the transfer reinforcement of species that play a part in 

electrochemical reactions, once active corrosion was initiated. That transfer of species included phase 

transfers (aqueous and gas phase) and dissolved species (O2,aq, Fe2+, HCO3
- and/or Cl-) in concrete and 

the growing oxide layer. An important factor to keep in mind is that a section of water-saturated 

concrete (here in 1D), which is thicker than 1 µm, is wide enough to set the oxygen-reduction rate 

under diffusion control and lead to a low corrosion rate, irrespective of the location of that section. 
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Figure 27: Assessment of oxygen- reduction rates, (

2OJ ) in relation  

to the water-saturation level (Sr) for three concrete covers (L=1, 3 and 10 cm). 

 

3.2.2 Modelling the TM formation 

After having estimated the corrosion rate, it was necessary to assess the quantity of iron dissolved over 

time within the carbonated cement paste forming the TM.  

 

The dissolution rate of iron oxides was estimated with a chemical-transfer calculation code called 

Hytec20,21. The code is designed to take into account the local porosity variations due to the 

formation/dissolution of minerals. It corrects also the effective diffusion coefficient with an empiric 

law (Archie’s law).  

 

Conclusions of calculations may be summarised as follows: 

o Goethite dissolution  

As goethite is the main component present over short-term and long-term corrosion patterns, the first 

calculations dealt with that species.  

 

Results pointed out that the transient-state period for goethite dissolution is much longer than six 

months. During the transient state, no ferric oxyhydroxide precipitated in the concrete layer, because 

ferric concentrations remained below the saturation concentration. Under a permanent regime, the iron 

                                                 
20 J. Van der Lee, “Reactive transport with HYTEC:Users guide and tutorial”, Rapport technique, École des mines de Paris, Centre 
d’informatique géologique, octobre 2004. 
21 J. Van der Lee, L. De Windt, V. Lagneau and P. Goblet, “Module-oriented modeling of reactive transport with HYTEC”, Computers and 
Geosciences, 2003, 29, p 265-275. 
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content in the porous medium was homogeneous and the iron flux resulting from goethite dissolution 

was zero. Then, from the cumulated flow of ferric species at the metal interface, the equivalent 

thickness of dissolved goethite was assessed (Figure 28). Results indicated that the dissolution of 

goethite with a diffusion mechanism was totally negligible. Hence, it was impossible to explain that 

the TM derived from the dissolution of goethite. 
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Figure 28: Dissolved goethite equivalent thickness over time. 

 

o Siderite dissolution  

Siderite is a stable mineral in a reductive environment. It was studied, because it may oxidise into 

magnetite and goethite within an oxidising medium. Siderite dissolution was also assessed, when 

oxygen coming from the cement/atmosphere interface is present. Then, the numerical resolution of the 

case under study highlighted the formation of goethite in a zone at 300 µm (=concrete cover 

thickness/100) from the internal interface, because of the oxidation of ferrous ions. In the zone from 0 

to 300 µm, ferrous ions were transferred by diffusion.  

 

In the zone at around 300 µm, ferrous ions oxidised into ferric ions simultaneously with oxygen 

reduction. That led to a local evolution of the redox potential in that zone. The front of the redox 

potential corresponds to the zone of goethite precipitation, which limited the ferric-ion content in 

solution, at which time, goethite formation did not induce any porosity variation, since the iron flux 

was very low at around 0.1 mol/m2/year.  

 

Inversely, in the zone where the redox gradient was high, a small increase in the porous volume was 

noted, corresponding to a local dissolution of the calcite. Moreover, in that zone, calcite dissolution 

was accompanied by a decrease in the pH and an increase in the bicarbonate content. 
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That mechanism may explain the formation of the TM. The main complex of the ferrous ions was 

FeCO3
0. That species oxidised into goethite in the presence of oxygen and released some bicarbonate 

ions and protons in the solution:  
+− ++⇒++ HHCOFeOOHFeCOOH 444046 3232  

 

The decrease in pH was limited by the calcite dissolution:  
−++ +⇒+ 3

2
3 HCOCaHCaCO  

and not by the formation of carbonic acid. In fact, it was impossible to eliminate that element under 

CO2, because the system was considered as closed and the pKa is 6.3: 

gCOOHCOHHHCO 22323 +⇔⇒+ +−  

Then, carbonates were released in the solution due to the oxidation of the carbonated ferrous complex 

and to calcite dissolution. Those reactions led to an increase in the carbonate content in the reaction 

zone. The carbonate-content gradient allowed for the supply of carbonate within the internal zone and 

favoured the mechanisms to continue. 

 

That mechanism may also explain the delay before the cracking of the concrete cover. In fact, siderite 

dissolution (FeCO3) involved a decrease in the thickness of the oxide. The thickness decrease may be 

estimated from the cumulated flow of ferrous species in the carbonated concrete matrix (Figure 29). 

Under stationary conditions, the dissolved thickness of siderite was around 0.3 µm/year. In fact, the 

dissolved thickness was strongly dependent on the initial conditions. Curves on Figure 29 show two 

extreme conditions characterised by the presence or absence of oxygen in the water-saturated concrete. 

The effective oxygen concentration depends on the chemistry of the resaturation water and on its 

kinetic. 
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Figure 29: Increase of equivalent layer thickness of dissolved siderite estimated  
from the ferrous flow in the carbonated concrete matrix. 
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3.2.3 Conclusions and first improvements  

 

Finally, both analytical modelling and the chemical-transfer approach led to several conclusions, 

where the interface evolution was highly dependent on the saturation level of the cementitious 

material.  

 

o at low saturation levels (Sr < 0.8, Figure 30), corrosion kinetics may be controlled by oxygen 

reduction or the anodic process. In that dry and oxidant medium, ferrous ions were unstable. Thus, 

oxyhydroxides formed very quickly. The flux of aqueous species being low at such low Sr levels, the 

corrosion process was stopped by the iron oxides formed at the metal interface.  
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Figure 30: Concentration profile in ferrous ions (in brown) and in oxygen (in blue) in relation to 
the concrete Sr: for Ss < 0.9, taking into account a local thermodynamic equilibrium (⎯) or a no- 

equilibrium (…) in the cementitious medium. 

 

o at saturation levels between 0.8 and 0.9 (Figure 31), corrosion kinetics was under mixed 

control. Under such conditions, the oxygen concentration at the interface was lower than the 

atmospheric content and the corrosion rate was high (≈ 500 µm/year). When active corrosion started, 

the oxygen-reduction rate determined the ferrous-ion concentration (the more oxygen reduction rate 

was high, the more ferrous ions were concentrated in solution). Under such conditions, the iron flux in 

transient regime was not negligible compared to reactional kinetics. Hence, an oxide layer may form at 

the metal/cement interface. Nevertheless, the same reasoning than before should lead also to the 

blocking of reactional sites, since ferrous ions were not soluble under oxidising conditions.  
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Figure 31: Concentration profile in ferrous ions (in brown) and in oxygen (in blue) in relation  
to the concrete Sr for Sr ≈ 0.9, taking into account a local thermodynamic equilibrium (⎯)  

or a non-equilibrium (…) in the cementitious medium. 

 

o When the cementitious medium is saturated with water (Sr = 1, Figure 32), the corrosion rate 

was under diffusional control. The oxygen concentration at the metal interface was very low. The iron 

flux fixed by oxygen was very low, compared to the formation kinetics of oxides. That mechanism 

highlighted also the same blocking of reactional sites as before. However, if the oxyhydroxide-

reduction kinetics were possible and higher than the oxygen flux, the oxide layer may be reduced in 

ferric/ferrous or ferrous soluble oxides. Under those conditions, ferrous ions in equilibrium with that 

oxide may migrate to the cementitious cover up to a thickness marked e in Figure 32 before 

reoxidising by oxygen. That thickness was strongly dependant on cement chemistry. That mechanism 

may explain the formation of the TM.  
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Figure 32: Concentration profile in ferrous ions (in brown) and in oxygen (in blue) in relation  
to the concrete Sr for Sr = 1, taking into account a local thermodynamic equilibrium (⎯)  

or a non-equilibrium (…) in the cementitious medium. 

 

In the end, the conclusions of the modelling section should be that irrespective of the saturation level 

of the concrete, the corrosion mechanism was blocked with a kind of passive state due to an 

impermeable oxide layer.  
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Two hypotheses have then been proposed to explain the continuation of the corrosion process: 

 

o a second dimension in the calculations has to be considered in order to take into account the 

possible decoupling of anodic and cathodic reactions. Section 4 will explain that such a 

possibility is at the origin of a dedicated experimental campaign, or 

 

o the mechanisms may be similar to the proposed one for atmospheric corrosion. Wetting/drying 

cycles may explain why corrosion continues. In that case, at each cycle, the reactional surface 

would be re-activated during the wetting phase after the reduction of oxyhydroxides into 

conductive species. 

 

Following that second proposal, it was time to study further atmospheric-corrosion mechanisms. At 

CEA/LECA, Stéphane Perrin participated in the development of an analytical model for that process. 

Moreover, at CEA/LAPA, Judith Monnier did her doctoral thesis on the long-term mechanisms of 

atmospheric corrosion under the supervision of Philippe Dillmann. More particularly, she observed 

that the CPL that formed after hundreds years due to atmospheric corrosion is a multi-layer system 

with a goethite matrix containing maghemite/ferrihydrite marblings. That pattern is very close to the 

long-term pattern of this study (see Section 2), except that magnetite is never present under 

atmospheric conditions.  

 

Thanks to that common background, it was decided (1) to combine both modelling approaches of this 

project and (2) to develop them numerically in the same finite-element codes as the CORDOBA 

mechanical model for a further and easier coupling. In that context, co-operation with Alain Millard 

was extended.  

 

In order to model the long-term corrosion of steel exposed to atmospheric conditions, wetting/drying 

cycles were considered22. In that case, a porous iron-oxide layer acted as a transfer barrier and was 

limiting corrosion rates during each cycle. The phenomenological model was based on the integration 

of limiting reactional mechanisms associated with each phase of the following wetting/drying cycle 

corrosion23: 

 

o during the first stage (wetting), the anodic dissolution of iron was balanced by the reduction of 

reactive species, such as some oxyhydroxides, like lepidocrocite, but also ferrihydrite and 

poorly-crystallised oxides or oxyhydroxides within the CPL, since, on the opposite, goethite 

                                                 
22 M. Stratmann, The atmospheric corrosion of iron : a discussion of the physico-chemical fundamentals of this omnipresent corrosion 
process invited review, Berichte der Bunsengesellschaft für Physikalische Chemie, Vol. 94, 1990, p. 629-639.  
23 S. Hoerlé, F. Mazaudier, P. Dillmann and G. Santarini, Advances in understanding atmospheric corrosion of iron. II. Mechanistic 
modelling of wet–dry cycles, Corrosion Science, Vol. 46, 2004, p. 1431-1465. 
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was assumed to be a non-reactive phase with a more important protective ability. In that case, 

metal damage was proportional to the CPL’s specific area as far as the reduction of those 

reactive species occurred at the surface of the pores; 

 

o once the reducible content of the reactive species was used up, the second stage (wet stage) 

began: the oxygen reduction started and took place at pore surfaces. It was assumed that such 

step was limited by a diffusion process followed by a reductive one, and  

 

o at the end of the drying stage, which forms the third phase of the cycle, oxygen caused the 

reduced layer and the other ferrous species to reoxidise, thus leading to the formation of 

goethite and regenerating reactive species. The electrolyte film was used up, thus stopping the 

corrosion process completely. It is during that final stage that the composition of the rust layer 

changes and leads to a different intensity in the corrosion process for the next wet/dry cycle. 

 

Since a lot of common processes have been identified between the concrete and atmospheric media, it 

was decided to propose a common numerical tool for atmospheric and hydraulic binder corrosion 

(Corrosion atmosphérique et dans les liants hydrauliques – CORALHY), described in Figure 33. That 

model includes a common axis at the CPL scale (called “CPL object”). That item was coupled with 

two independent modules, as follows:  

 

o the first modulus referred to specific elements of atmospheric corrosion, such as the 

representation of the surface-water film, its thickness varying over time. That modulus is 

called the “atmospheric module”, and 

 

o the second modulus concerns, on the one hand, the hydric properties of the concrete 

(wetting/drying kinetics) and its transfer properties (oxygen diffusion in unsaturated medium) 

and, on the other, the mechanical properties (modelling concrete cracks induced by the 

expansion of corrosion products). That modulus is called the “concrete module”.  

 

A coupling algorithm is being developed between the common axis and both modulus.  

 

A wetting/drying cycle is the basic assumption for describing the phenomenon involved. The cycle 

period was different in case of corrosion in concrete (seasonal cycle) and atmospheric corrosion (daily 

cycle). The following phenomena were taken into account in the models: 

 

o during the wetting stage, concrete was assumed to be fully saturated with water. Under such 

conditions, the “concrete module” calculated the oxygen transfer during the aqueous phase 
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through the concrete cover. The “atmospheric module” considered oxygen transfers through 

the surface film with a maximum thickness. Hence, the “CPL module " estimated the oxygen 

transfer inside the water-saturated CPL and its reduction at the steel/CPL interface;  

 

o during the drying stage (1) (for RH between 100 and about 60%), the oxygen transfer through 

the concrete was modelled under unsaturated conditions. That meant that the “concrete object” 

was a drying model coupled with the description of oxygen diffusion depending on the water-

saturation level of the concrete cover. The “atmospheric object” considered that the thickness 

of the surface film decreased with RH. The “CPL module” considered oxygen transfer through 

unsaturated CPL. Oxygen transfer was finally coupled with its reduction at the steel/CPL 

interface;  

 

o during the drying stage (2) (for RH lower than about 60%), the water-saturation level of the 

concrete (in case of the “concrete module”) as well as the thickness of the surface film (in case 

of the “atmospheric module”) were too low to allow for corrosion to develop. The resistivity 

of the system inhibited all electrochemical transfers; 

 

o during the first part of the wetting stage (1) (for RH lower than 60%), the “atmospheric 

module” considered that the reduction of active phases contained in the CPL occurred instead 

of oxygen reduction. That reduction of iron III species may lead to the formation of iron-II 

species, which are more soluble and able to be transferred through concrete. That may explain 

the formation of the TM, as observed in the case of corrosion in concrete, and  

 

o phenomena occurring during the second phase of the wetting stage (2) (for RH between 60 

and 100%) were similar to the modelled mechanisms during the drying stage (1).  

 

Those numerical developments are continuing in 2010. One of the main challenges consists in 

acquiring specific input data for that model. As a matter of fact, the literature is very poor in 

information concerning CPL properties. Section 4 describes the dedicated experiments that were 

developed and are still being developed within this project.  
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Figure 33: Organisation of mechanisms taken into account in the common model CORALHY  
(AC = atmospheric corrosion, CC = corrosion in concrete). 

 
 



The application of the corrosion model on real structures was the subject of the following papers: 

 

W.J. Chitty, P. Dillmann, V. L’Hostis and A. Millard, “Use of ferrous archaeological artefacts as 

analogous systems and feedback tools for rebars embedded in concrete – An analytical corrosion 

modelling”, Corrosion Science, Vol. 50, 2008, p 3047-3055. 

 

Alain Millard is the expert in the modelling of mechanical damages in concrete. We have published 

together several papers dedicated to the contribution of "interface elements" within the CORDOBA 

model. 

 

A. Millard, V. Leyre and V. L’Hostis, “Application of an atmospheric corrosion model to the 

prediction of induced damage in reinforced concrete structures”, Proceedings of the RILEM Workshop 

on Long-Term Performance of Cementitious Barriers and Reinforced Concrete in Nuclear Power 

Plants and Waste Management, EFC Event 317, RILEM Proceedings PRO 64, ISBN: 978-2-31158-

072-1, 2009 Edition. 

 

V. L’Hostis, B. Huet, A. Millard, R. Faquin, W.J. Chitty and P. Dillmann, “Modelling the mechanical 

consequences of rebars corrosion on reinforced concrete structures in atmospheric environments”, 

Proceedings of the Workshop RILEM TC-Mai, Integral service life modelling of concrete structures, 

5-6 November 2007, Guimaraes, Portugal.  

 

V. L’Hostis, A. Millard, L. Vincent and T. Lachaize, “Modelling the cracking of a reinforced concrete 

structure submitted to corrosion of steels – Consequences on the global safety of the structure”, 

Proceedings of the International Symposium Contribution of materials investigations to improve the 

safety and performance of LWRs, Abbaye de Fontevraud (18-22 September 2006).  

 

V. L’Hostis, A. Millard, W.J. Chitty and P. Dillmann, “Modeling the cracking of a reinforced concrete 

structure submitted to corrosion of steels – Use of archaeological analogues as field experience”, 

Proceedings of the Eurocorr 2005 Conference, Lisbon, Portugal (4-8 September 2005). ISBN 972-

95921-2-8. 

 

A. Millard, V. L’Hostis, K. Beddiar, Y. Berthaud and S. Care, “Modelling the cracking of a reinforced 

concrete structure submitted to corrosion of steels – First validation of a damage model based on 

experimental tests”, Proceedings of the OECD/NEA/CSNI-RILEM Workshop on use and performance 

of concrete in NPP fuel cycle facilities, Madrid, Spain (15-16 March 2004). 

 

 



3.3 Application to real structures and mechanical coupling  

After having presented the theoretical assumptions of the modelling approach, including the formation 

of both the CPL and the TM, it is now time to see how those models have been (1) tested on RC 

structures, and (2) coupled with the CORDOBA mechanical model.  

3.3.1 Modelling steel corrosion on reinforced-concrete structures 

The corrosion analytical model initiated by Bruno Huet was improved during the preparation of 

Walter John Chitty’s doctoral thesis in order to calculate CPL growth over time. The next paragraph is 

a synthesis of the paper prepared by W.J. Chitty et al., Corrosion Science, Vol. 50, 2008, p. 3047-

3055. More particularly, the following main two improvements were made. 

 

The first improvement concerned the dependency between the oxygen transfer and the water content 

of the concrete. Actually, the effective diffusivity of oxygen in the system was in relation with its 

water-saturation level: RH decreased proportionally as effective diffusivity increased. Those 

experimental results were usually fitted with a function proposed by Papadakis24 as follows 
b

ConcreteO tRHatD ))(1()(,2
−=  

where a ([m²/s]) and b were the parameters obtained by applying Papadakis’s law on the experimental 

curves for Portland-cement pastes as found in the literature. 

 

The second improvement of the model was achieved by considering goethite as the main corrosion 

product formed during the corrosion process, thus leading to the following expression of the corrosion 

rate (CorrRate): 
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where: 
e is the CPL thickness [m]; 
L is the thickness of the concrete cover [m]; 
φ is the CPL porosity; 

2Oc is the available oxygen concentration at the metal interface [mol/m3]; 

CPLOD ,2
is the effective diffusivity of oxygen in the CPL [m²/s]; 

ConcreteOD ,2
is the effective diffusivity of oxygen in the carbonated concrete [m²/s]; 

k is the kinetic constant of the oxygen reduction [m/s]; 

rS is the water-saturation level of the CPL; 
M(Fe) is molar mass of iron (55.8 g/mol), and 
ρ(Fe) is the density of iron (7.8 g/cm3). 
 
                                                 
24 V.G. Papadakis, C.G. Vayenas and M.N. Fardis, “Fundamental concrete carbonation model and application to durability of reinforced 
concrete”, In: J.M Baker, P.J. Nixon, A.J. Majumdar and H. Davies Eds., Durability of building materials and components, 1991. 
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It is then obvious that the water-saturation level of the system must be modelled in order to estimate 

the corrosion rate. The drying model used for calculation purposes was drawn by Alain Millard.  

 

All parameters introduced in the equations are not available in the literature, notably in the case of the 

effective diffusivity of oxygen in the CPL and its hydric properties. Furthermore, the effective-

diffusivity parameter was characterised for a water-saturated CPL (see Section 4), but not under 

unsaturated conditions. Hence, simplifications were proposed to estimate corrosion rates. 

 

The model was tested on old buildings, which include the 50-year-old Water Tower (with a 4-cm 

concrete cover), located in Saclay25, which will now be presented. 

 

The evolution over time of the concrete-saturation level at the rebar location was obtained from the 

concrete-drying model (Figure 34a). After 55 years, the saturation level kept on varying because of the 

relatively low permeability involved. The corrosion-modelling results are shown on Figure 34b. 

Considering that the CPL was saturated with water, a 240-µm metal loss was reached, whereas a 

thickness of 820 µm was estimated, considering that the CPL had the same hydric and diffusional 

properties as the binder. In fact, metal losses measured on the samples ranged between 20 and 300 µm. 

The first figure overestimated the experimental values; whereas the second was more consistent with 

maximum experimental thicknesses. 

 

 

CPL = concrete
saturated CPL

 

Figure 34: a) Concrete drying kinetics at the rebar location (L = 4cm), b) Long term corrosion 
modelling and CPL thicknesses measured on samples taken from the Water Tower.  

 

                                                 
25 Values of parameters used for the modelling exercise are summarised in Annex 4. 
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3.3.2 Coupling with mechanical modelling 

After that exercise, it was decided to couple the corrosion model with the CORDOBA mechanical 

model. Alain Millard carried out that coupling. Here are some illustrations of his work. 

 

The model was applied on a RC slab (50 cm2 square) containing one rebar with an 18-mm diameter. 

For symmetry’s sake, only half of the slab was modelled, the symmetry line being AB (Figure 35), as 

follows:  

 

Pext Pint  
Figure 35: a) Mesh of the half-slab (symmetry axis along AB); Pext = point closest to external 

atmosphere; Pint = point at the internal part of the slab. 

 

First, water saturation was estimated within the concrete, considering that concrete was water-

saturated initially. the saturation level being calculated at the metal interface closest to the atmosphere 

(Pext) perhaps 10% lower than the saturation level as forecasted at the Pint point after 1 year’s 

calculations (Figure 36). That result illustrated not only the progressive drying of the concrete, but also 

that the transfer of oxygen through that layer and, by way of consequence, that corrosion reactions 

were not homogeneous around the rebar.  
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Figure 36: Saturation-level map within the concrete after one year’s calculations. 
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Following the saturation evolution of concrete, the oxygen concentration was estimated and the 

average corrosion rate was deduced for both Pext and Pint positions. Figure 37 illustrates the different 

corrosion rates taking place at the steel/concrete interface and the corresponding asymmetric CPL 

growth around the steel (Figure 38).  
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Figure 37: Average corrosion rate calculated at the metal interface after one year  

(within interface elements). 

 

Pext Pint  

Figure 38: Interface elements initially (in red) and after one year’s calculations (in green). 

 

Finally, the calculations of the growth of interface elements were used to predict the mechanical 

damage induced by corrosion (Figure 39). 
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Figure 39: Damage maps for the steel/concrete section, evolution over time, from 1 to 9. 

 

Following that first step, Alain Millard continued on the subject until the recent modelling of a 

25-year-old RC beam (ageing at the LMDC Toulouse). During that exercise, he improved the 

CORDOBA corrosion model by coupling damage and permeability, so much so that it is now possible 

to predict corrosion phenomena within pre-cracked structures.  

 

3.4 Key output 

The main assumptions made from the characterisations presented in Section 2 helped build a 

modelling approach dedicated to CPL and TM growths.  

 

Since it appeared then that the hydric behaviour of the concrete was playing a major role in the 

corrosion process, it was decided to couple the corrosion model with a hydric modelling tool for 

concrete. 

 

Finally, the interface elements of the CORDOBA model were improved by Alain Millard, with the 

help of the new tool, so that the new coupled numerical tool was able to forecast the drying, the 

corrosion kinetics, the CPL growth, the generated stresses and the final cracking of concrete. That tool 

was validated on existing structures (including Saclay’s Water Tower) in order to be used for 

predicting purposes on future structures. 

 

 





 

 

4. Dedicated input-data-assessment tests 
 

 

 

 

 

 

 





4 Dedicated input-data-assessment tests 

4.1 Introduction  

The development of the modelling approach pointed out the role of several mechanisms that were of 

primary importance to demonstrate (in particular the oxygen behaviour in the system). Moreover, the 

first exercises performed on structures with the coupled concrete drying/corrosion/CORDOBA tool 

highlighted numerous lacks in the literature concerning specific input data (especially on CPL 

properties).  

 

Hence, if the aim is to predict properly the corrosion and degradation of RC structures, it is necessary 

to develop one’s own dedicated experiments (Figure 26). 

 

1/ Characterisations v0

2/ Model v0

1a/ Understanding of mechanisms
1b/ Definition of process limiting steps

3/ Tests
Characterisations v1

2a/ Definition of equations
2b/ 1st exercise (input data from literature)

2c/ Couplings and other improvements

3a/ Need to verify mechanisms 
3b/ Specific Input data assessment

4/ Model v1

4a/ Improved equations 
4b/ 2nd input data (from tests)

5/ Characterisations…

 

Figure 40: Diagram illustrating the general approach followed throughout the project – Step 3.  

 

That approach is scientifically more complex than those described previously, because it requires 

competencies that were not available at that stage in the project. For that purpose, the already-existing 

co-operative network was enhanced precisely from that stage with several experts on the hydric 

properties of porous materials, the transfer properties of porous materials, etc. The identity and 

specialty of those experts will be detailed in dedicated paragraphs. 

 



 

Émilien Burger (post-doctoral training course) is the main student contributing to the development of 

specific tests with a view to demonstrating corrosion processes. He is under the supervision of 

Philippe Dillmann from CEA/LAPA, Stéphane Perrin from CEA/LECA and myself. Émilien Burger is 

working also with Pascal Berger from the CEA’s Light Element Study Laboratory (Laboratoire 

d’étude des éléments légers – LEEL) for 18O detections by nuclear microprobe26. 

 

Several papers may be mentioned concerning that part of the project. The results reported in the 

following paragraphs are largely taken from them. 

 

É. Burger, L. Legrand, D. Neff, H. Faiz, S. Perrin, V. L’Hostis and P. Dillmann, “In situ structural 

characterisation of non-stable phases involved in atmospheric corrosion of ferrous heritage artefacts”, 

Corrosion Engineering, Science and Technology, DOI 10.1179/147842210X12710800383729.  

 

W.J. Chitty, P. Berger, P. Dillmann, V. L’Hostis and G. Béranger, “Contribution of archaeological 

analogues to the comprehension of long term corrosion of concrete reinforcements”, Proceedings of 

the NUCPERF 2006 Workshop, Cadarache, France (27-30 March 2006), Journal de physique IV, 

Vol. 136, 2006, p. 295-304. 

 

 

 

                                                 
26 H. Khodja, E. Berthoumieux, L. Daudin and J.-P. Gallien, “The Pierre Süe Laboratory nuclear microprobe as a multi-disciplinary analysis 
tool”, Nuclear Instruments and Methods in Physics Research B., Vol. 181, 2001, p. 83-86. 



4.2 Verification of mechanisms involved in corrosion modelling  

Following the modelling advances, the carbonated-concrete-corrosion model that was drawn in this 

project is very similar to the atmospheric-corrosion model (see Section 3). That common approach 

results from the fact that long-term-corrosion patterns are very similar under both conditions (except 

that magnetite is never present in atmospheric environments) and also from the fact that modelling 

approaches showed al least one common aspect: the primary role of oxygen transfer and reaction.  

 

However, it is important to keep in mind that both models presented initially several differences.  

 

First, the behaviour of oxygen is not addressed exactly the same way in both models: For corrosion in 

concrete, oxygen is supposed to diffuse through the overall CPL porosities up to the metal interface, 

before its reduction in that zone. For atmospheric corrosion, oxygen reduction may occur not only on 

the local pore surface of the external part of the CPL (through diffusion), but also on the surface of 

reduced reactive species (which are conductive and connected to the metal substratum). That second 

mechanism may also happen during the steel-corrosion process in concrete, since the CPL contains 

some magnetite marbling, which is a conductive species. Thus, it was decided to develop a specific 

experiment in order to demonstrate where oxygen was reactive within the CPL. 

 

The second main difference concerns the reactivity in the reduction of iron oxides. In the first version 

of the concrete model, that possibility was not taken into account. However, as pointed out by the 

chemical-transfer model (see Section 3), that process may explain the further formation of the TM, 

since reduced species are more soluble than the original ferric ones. Moreover, previous studies27 have 

shown that ferrihydrite and maghemite, which are components of CPL marblings, are very reactive 

under reduction conditions. Hence, it is necessary to consider that possibility and try to demonstrate it 

experimentally.  

 

Both those areas will be described now according to the following approach: every time an experiment 

is carried out on samples to assess atmospheric corrosion, the same experiment will be conducted on 

samples to assess concrete corrosion and its conditions. Hence, results are available for both 

“concrete” and “atmosphere” applications.  

                                                 
27 H. Antony, L. Legrand, L. Maréchal, S. Perrin, P. Dillmann, and A. Chaussé, Study of lepidocrocite γ-FeOOH electrochemical reduction 
in neutral and slightly alkaline solutions at 25 °C, Electrochimica Acta. Vol. 51, 2005, p. 745-753. 
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4.2.1 Location of oxygen reduction within the CPL 

The first experiments dedicated to the location of oxygen-reduction sites were performed in the 

framework of Walter John Chitty’s doctoral thesis, in 2005. The procedure, which is summarised 

below, was first developed by another student, Enrique Vega, from CEA/LAPA.  

 

The principle of the experiment was to corrode a metal/CPL/TM sample of ancient artefacts in 
18O2-saturated water. Thus, the cathodic reaction sites were labelled using 18O and the new corrosion 

products formed from that 18O were finally detected with a nuclear microprobe28.  

 

After only four weeks’ treatment, the measurement accuracy did not allow for any modification of the 
18O/16O ratio to be observed from the metal/CPL interface to the TM. Nevertheless, for the 18 and 

35-week samples, a significant raise of that ratio at a few locations in the CPL compared to the natural 

isotopic ratio, showed that corrosion products contained more 18O than the natural ratio precipitated 

during immersion.  

 

Depending on the location in the CPL, different types of profiles were obtained. The first was by far 

the most frequent and showed an isotopic enrichment only at the metal/CPL interface (Figure 41). It is 

important to note here that the detected 18O originated only from precipitated phases. Hence, that 

enrichment at the interface showed that oxygen diffuses through the whole thickness of the CPL and 

that both cathodic and anodic reactions occur at the metal/CPL interface. However, relatively high 

ratios were also observed in the rest of the CPL on a thickness of about 60 µm. That may indicate a 

transfer of the corrosion products from the interface, where they form, through the CPL porosities. In 

some rare locations within the CPL, a second type of profile may be observed (Figure 42). In addition 

to enrichment at the metal/CPL interface, a second profile is observed inside the CPL and corresponds 

to magnetite marblings. Two hypotheses may then be proposed to explain that local enrichment far 

from the metal: (i) an oxidation of magnetite by 18O and (ii) the local dissociation of the anodic and 

cathodic sites through a conductive marbling associated with the metal.  

 

                                                 
28 More precisely, the setup used to treat the samples in 18O2-saturated water is made of several reactors (one per sample) 
filled with de-aerated distilled water in equilibrium with 18O2 (93.3% pure) at 1.2 atm. For the first-step experiment, three 
CPL samples collected from the 650-year-old Popes’ Palace were immersed in that medium during respectively 4, 18 and 35 
weeks. Corrosion products formed during those periods were then labelled with 18O. Once exposed, the samples were dried, 
cross-sectioned perpendicularly to the oxide layers and polished (180-4000 grade SiC paper). The isotopic enrichment was 
then measured using the nuclear microprobe and the nuclear reaction 18O(p,α)15N. The proton beam used had an energy of 
850 keV that corresponded to a cross-section resonance of the nuclear reaction for a detection angle of 170°. The proton 
beam was scanned on 100 × 10 µm² areas parallel to the metal/DPL interface. A profile was obtained by moving that area 
from the interface to the external zone of the DPL. The local 18O/16O ratio was derived from a SIMNRA-program simulation 
using the Nuclear Reaction Analysis (NRA – the reaction observed is 18O(p,α)15N) and the stoichiometry determined by 
µRaman and Rutherford backscattering spectrometry (RBS) at the analysed area.  
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Distance from the M / CPL interface (µm)  

Figure 41: Oxygen isotopic ratio profiles showing enrichment at the metal/CPL interface. 

 

Distance from the M / CPL interface (µm)  

Figure 42: Oxygen isotopic ratio profile showing enrichment at the metal/CPL interface and inside 

the CPL (obtained after 18 weeks’ immersion). 

 

It was concluded from those first “water-saturated” experiments that oxygen may be reduced on two 

locations within the CPL: a dominant site located at the metal/CPL interface and an uncommon site 

located on magnetite marblings. A first hypothesis may be made to explain that latter site: the 

decoupling of anodic and cathodic reactions. However, that mechanism requires three conditions to be 

met:  

1. the marbling must be connected to the metal in order to enable the electron transfer between 

the anodic and cathodic sites; 

2. the CPL interstitial solution enables ions to diffuse between the anodic and cathodic areas, and 

3. the magnetite contained in the marbling must be thermodynamically or kinetically stable 

under the local electrochemical conditions of the CPL’s interstitial solution.  
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The second condition depends on the CPL’s water-saturation level and on the conductivity of its 

interstitial solution: at low Sr (or conductivities), ion transfers and, consequently, the corrosion process 

by the decoupling of the anodic and cathodic sites are slowed down or stopped. The third explanation 

has also to be verified under unsaturated conditions. For those reasons, the same experiment was 

carried out during Émilien Burger’s post-doctoral on unsaturated environment and more especially 

during wet/dry cycles in order to match the modelling approach.  

 

Samples from the 50-year-old ONERA building were submitted to wet/dry cycles (with RH varying 

from 90 to 20%) for six months.  

 

During that second campaign, three representative corrosion layouts were considered, corresponding 

to: (1) a homogeneous CPL made of goethite (like “Type 3” as defined in Section 2), (2) a CPL made 

of goethite containing an “initial CPL” connected with the metal (like “Type 2c” as defined in 

Section 2) and (3) a CPL presenting an internal part made of ferrihydrite and maghemite surrounded 

by an external part of goethite (like “Type 2b” as defined in Section 2).  

 

Two types of enrichment-distribution profiles were distinguished. The first one, as illustrated in Figure 

43 (Zone 1), shows an isotopic enrichment only at the metal/CPL interface, thus demonstrating an 

oxygen transfer through the whole thickness of the CPL. In that case, both the cathodic and anodic 

reactions occur at the metal/CPL interface. 

 

Figure 43: 18O localisation within the corrosion layer under study (Zone 1):  
a) optical microphotograph and associated schematic view of the corrosion layer;  

b) Fe quantification (RBS domain), and c) 18O quantification (NRA domain - reaction 18O(p,α)15N).  
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For the second type of profile, illustrated in Figure 44 (Zone 2) and Figure 45 (zone 3), 18O enrichment 

is observed both at the metal/CPL interface and on the external side of the CPL. As suggested after 

“water-saturated” tests, that observation may be explained by a decoupling of anodic and cathodic 

reactions in some locations of the layer. Indeed, the presence of other phases within the goethite 

matrix connected with the metal enables electrons to be transferred between the anodic and cathodic 

sites. 

 

 
Figure 44: 18O localisation within the corrosion layer (Zone 2): a) optical microphotograph 
 and associated schematic view of the corrosion layer; b) Fe quantification (RBS domain), 

 and c) 18O quantification (NRA domain - reaction 18O(p,α)15N). 

 

 
Figure 45: 18O localisation within the corrosion layer (Zone 3); a) optical microphotograph  
and associated schematic view of the corrosion layer; b) Fe quantification (RBS domain),  

and c) 18O quantification (NRA domain - reaction 18O(p,α)15N). 
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Two main possible mechanisms were pointed out by those experiments: 

 

o in the first case, corrosion kinetics may be controlled by the diffusion of the dissolved oxygen 

in the water filling the pore. According to experiments (Zone 1), that case seems to occur 

when the corrosion layer is mainly constituted of goethite, which is known to be a non-

conductive phase (goethite: 1.37·107 Ω·cm ). Moreover, it should be noted that the porosity 

and crack networks may also play an important role, since they facilitate oxygen transfers in 

the electrolyte, and 

 

o in the second case, the decoupling between anodic and cathodic reactions seems to be related 

to the presence of other phases within the goethite matrix. For Zone 2, that role may be played 

by the corrosion layout at high temperature, which seems to connect the metal and the external 

zone. The corrosion layout at high temperature is mainly composed of magnetite, whose 

resistivity is 5.62·10-3 Ω·cm. For Zone 3, the conductive phase may be the reduced hydrated 

oxyhydroxide (such as ferrihydrite or feroxyhite). Indeed, those phases may be reduced in 

conductive phases during the wetting stage of a wet-dry cycle, as it was proposed in the case 

of atmospheric corrosion. 

 

4.2.2 Reactivity in the reduction of iron oxides 

The first oxide that was considered in this study was maghemite. In fact, that phase was present on 

both short-term and long-term layouts (see the scenario proposed in Section 2). Moreover, maghemite 

is often detected not only on concrete-corrosion samples, but also on atmospheric-corrosion samples. 

Émilien Burger then began the study of its reduction and reoxidation in pH-9 solutions to be 

representative of a carbonated concrete. For that purpose, in-situ techniques were necessary, since 

most of the newly-formed compounds re-oxidise rapidly in air. For those reasons, in-situ Raman 

microspectroscopy analyses were performed in an electrochemical cell designed especially for 

analyses in reflection mode. Reference Raman spectra29 revealed that maghemite had three broad 

bands around 380, 500 and 700 cm-1, while magnetite displayed an intense narrow peak at 667 cm-1 

with smaller broad bands at 550 and 520 cm-1. Results highlighted that maghemite was reduced into 

magnetite (Figure 46) and that magnetite reoxidation controlled maghemite regeneration (Figure 47).  

 

                                                 
29 D. Neff, L. Bellot-Gurlet, P. Dillmann, S. Reguer and L. Legrand, Raman imaging of ancient rust scales on archaeological iron artefacts 
for long-term atmospheric corrosion mechanisms study, Journal of Raman Spectroscopy, Vol. 37, 2006, p. 1228-1237. 
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Figure 46: In-situ µ-Raman spectra of the intermediate products formed  

during the reduction of maghemite in buffered de-aerated solution (pH = 9).  
Reduction is achieved by imposing a cathodic current of 25 µA.mg-1. 

 

 
Figure 47: In-situ µ-Raman spectra of intermediate products during the re-oxidation of  

the reduced compounds in the in buffered aerated solution (pH = 9) in open circuit. 

 

4.2.3 Conclusions and improvements of the modelling 

Results obtained from both types of experiments improved modelling mechanisms as follows (Figure 

48): 

 

(i) during the wetting stage of the atmospheric cycle (Figure 48a and b), iron oxidation was balanced 

by the reduction of maghemite connected to the metal substratum. Maghemite reduction led to the 

formation of magnetite; 
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(ii) during the wet stage (Figure 48c), when maghemite marblings were totally reduced into magnetite, 

the cathodic reaction was therefore the reduction of the oxygen gas dissolved in the electrolyte. The 

newly-formed magnetite conducted the electrons and, hence, may induce a decoupling of the anodic 

reaction (metal-substratum oxidation) and of the cathodic reaction (oxygen reduction) through the 

conductive marbling. That decoupling influences drastically the corrosion rate, since oxygen transfer 

through the overall CPL was unnecessary, and 

 

(iii) during the drying stage (Figure 48d), the oxygen concentration within the electrolyte film 

increased as the thickness of the electrolyte layer decreased. In such a medium, the thermodynamic 

instability of the newly-formed magnetite may lead to a progressive regeneration of the initial 

maghemite during the drying stage.  

 

 
Figure 48: Schematic view of the local mechanisms due to the presence of maghemite marbling 

 in electronic contact with the metal substratum. 

 

A complete validation of that mechanism may be achieved by proving the compatibility between 

reaction kinetics and the microstructure of a naturally-formed long-term corrosion pattern. In 

particular, according to those results, the magnetite/maghemite ratio within the thick CPL strongly 

depends on the kinetic rate of the maghemite regeneration at the end of the RH cycle. The reaction rate 

is locally influenced by the physico-chemical properties of the CPL. More particularly, two parameters 

were crucial. First, it was proved that the reduction efficiency of iron oxides is influenced by the pH. 

In that first experimental campaign, the reduction/reoxidation of maghemite was tested under slightly 

alkaline conditions (pH=9), but the estimated kinetics needed to be extrapolated to a larger pH-range 

domain (including more alkaline pH). It should be noted that the pH within the CPL is not clearly 

known yet. Secondly, the hydric properties of the CPL strongly influence its saturation rate. Finally, 

that approach needs to be extrapolated to other phases constituting the marblings, especially in the 

case of ferrihydrite.  





 

Two main publications may be quoted concerning data assessment: 

 

A. Dehoux, F. Bouchelaghem, Y. Berthaud, D. Neff and V. L’Hostis, “Micro-mechanical 

characterization of properties of corrosion layer”, 4th International Workshop on Long-term Prediction 

of Corrosion Damage in Nuclear Waste Systems, Bruges (Belgium), 28 June-2 July 2010. 

 

W.J. Chitty, P. Berger, P. Dillmann and V. L’Hostis, “Long-term corrosion of rebars embedded in 

aerial and hydraulic binders – Mechanisms and crucial physico-chemical parameters”, Corrosion 

Science, Vol. 50, 2008, p. 2117-2123. 

 

Very few papers have been published on that part of the project, because that field is very recent 

(launched mainly in 2009). No doubt it will be the incentive leading to the most numerous papers in 

the near future. 

 

A special mention should be made about Amélie Démoulin’s participation (Masters 2 Training 

Course) in 2007. She worked on a difficult device for oxygen diffusion. That device was not selected 

in the end for further studies, but her work was useful in covering the theoretical aspects of transfer in 

porous media. 

 

 



4.3 Input-data assessment 

After having verified that oxygen played a major role in the corrosion process at least during the wet 

phase of the wet/dry cycle, and that the iron reduction of iron oxides constituting the CPL marbling 

may be reduced into a conductive phase, thus enabling the decoupling of anodic and cathodic 

reactions, the modelling approach that was adopted with colleagues from the “atmospheric corrosion 

field” was consolidated.  

 

Under those conditions, preparations were made for a thorough future modelling exercise on one well-

known “reference site”. For that purpose, the 50-year-old ONERA building was selected for several 

reasons, as follows: 

o  the possibility to sample several concrete and metal/CPL interfaces, and 

o the selected zone had conventional cracks patterns (in the corner of pillars, for instance, Figure 

49). 

 

 

Figure 49: Photograph of the selected zone for the future exercise of the coupled model.  

 

The next paragraph is dedicated to the presentation of past, ongoing and future activities dedicated to 

the assessment of accurate input data in view of a model exercise to be applied to the ONERA 

building. Most of the experiments are ongoing and most results have not been published yet. In those 

cases, a brief description of the experimental devices will be made.  

 

Table 5 presents all relevant input data. Some of them are available in the literature. For an appropriate 

modelling, it was decided to acquire ONERA’s concrete properties (mainly hydric). A problem arose 

with that structure, since it is “only” 50 years old and the CPL to be sampled was not thicker than 

500 µm. That thickness was too small to carry out diffusion or mechanical tests. In the end, it was 

decided to consider another building for the assessment of CPL properties, and St. Sulpice Church was 
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selected. It consists of a 260-year-old building in Paris, on which Philippe Dillmann and his team 

collected a significant amount of embedded steel bars.  

 

All dedicated experiments took place or will take place in specialised laboratories. In addition to the 

leadership of the group composed of V. L’Hostis, Philippe Dillmann (CEA/LAPA) and Stéphane 

Perrin (CEA/LECA), a special mention should be made about the co-operation of Stéphane Poyet 

from CEA/LECBA for the “microstructural” and “hydric” aspects for both concrete and CPL 

materials; Fabien Frizon from the CEA’s Laboratoire d’étude et d’enrobage des déchets (L2ED) on 

the topic of oxygen diffusion in the CPL; and Yves Berthaud from Cachan’s Laboratoire de 

mécanique et technologie (LMT) for the CPL’s mechanical properties in the framework of Anita 

Dehoux’s doctoral thesis 2009-2012.  

 

4.3.1 CPL’s porosity 

While working on his doctoral thesis, Walter John Chitty, used mercury porosimetry to estimate the 

porosities (ε) of samples from St. Geneviève (GN) and St. Gervais (GR) Churches in Paris (Figure 50). 

A bimodal distribution of porosities was observed. Porosities with access diameters ranging from 300 

to 6 µm constituted the first family (called “microporosities”), whereas porosities with access 

diameters between 30 and 3 nm were called “nanoporosities”. Finally, the volume of CPL porosity 

was about 10 to 15% for both analysed samples. 
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(a)      (b) 

Figure 50: Mercury porosimetry porosity access diameters for two CPLs:,  
a) St. Gervais Church, and b) St. Geneviève Church. 
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Table 5: Input data required for the coupled model “concrete drying–corrosion–CORDOBA”. 

Numerical 
module Input data Found in 

literature 
Reference 

site Testing period /Laboratory 

Oxygen transfer 
through 

unsaturated 
(carbonated) 

concrete 

Mercury porosity (%) × 

ONERA 
building 

2008-10  
CEA/LECBA 

Water porosity (%)  
Intrinsic permeability (m²) × 

Liquid water’s relative 
permeability (m2) × 

Water-sorption isotherm × 
Oxygen’s effective 

diffusivity in relation to Sr 
(m²/s) 

 × 
2010-12  

CEA/L2ED 

Oxygen transfer 
through 

unsaturated CPL  

Mercury porosity (%)  × 
2005 on CPL and 2010 on TM, 

Coll. CEA/LECBA and 
CEA/LAPA 

Water porosity (%)  

St. Sulpice 
Church 

2010-12 
CEA/LECBA 

Intrinsic permeability (m²)  
Liquid water’s relative 

permeability (m2)  

Water-sorption isotherm  

Oxygen’s effective 
diffusivity in relation to Sr 

(m²/s) 
 St. Sulpice 

Church 

RH=100%: 2005,  
Coll. CEA/LECBA and 

CEA/LAPA 
RH<100%: 2009-11, 

CEA/L2ED 

Corrosion 
process 

Kinetic constant for 
oxygen reduction [30] × × 

2011-13,  
Coll. CEA/LECBA, CEA/LECA 

and CEA LAPA 

Kinetic constant for 
marbling 

reduction/reoxidation 
 × 

2011-13,  
Coll. CEA/LECBA, CEA/LECA 

and CEA LAPA 

CORDOBA 
interface 
elements 

Expansion coefficient  × 
2010-12,  

Coll. CEA/LECBA, CEA/LECA 
and CEA LAPA 

Young’s modulus [31] × St. Sulpice 
Church 

2010-12, LMT Cachan,  
CEA/LM2S and CEA/LECBA  Poisson’s ratio [31] × 

 
 

                                                 
30 A.J. Bard and L.R. Faulkner, Electrochemical methods: fundamentals and applications, Wiley (Ed.), New York, 1980. 
31 A. Ouglova, Y. Berthaud, M. François and F. Foct, “Mechanical properties of an iron oxide formed by corrosion in reinforced concrete 
structures”, Corrosion Science, Vol. 48, 2006, p. 3988-4000.  
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4.3.2 Oxygen diffusion in the CPL 

Experiments dedicated to the determination of CPL’s diffusive properties were also initiated in the 

framework of W.J. Chitty’s doctoral thesis. Those measurements were performed by diffusion-cell 

experimentations. Those cells were composed of two compartments separated by a porous membrane 

made of the CPL embedded in a resin. Those first experiments were conducted in solution, with two 

iodine and tritium tracers being used.  

 

Concerning theoretical assumptions based on Fick’s laws, the following expression of the tracer 

quantity that diffused through the porous medium ( ( )Q t  in moles (mol) for iodide experiments and in 

becquerels (Bq) for tritiated-water experiments) was obtained: 

( ) ( ) 2 2

2 2 2 2
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1. . . .2
. . 6 .

n

e e

n

Q t D t n D t

S L C L n L

πφ φ
π φ

∞

=

− ⎛ ⎞
= − − −⎜ ⎟

⎝ ⎠
∑  

where: 

 S is the CPL’s cross-section [m²]; 

 L is the CPL’s thickness [m]; 

 φ is the CPL’s porosity, 

 C0 is the tracer concentration in the upstream compartment (in becquerels per cubic metres 

(Bq/ m3) for the radioactive tracer, in moles per cubic meters (mol/m3) otherwise), and 

 De is the tracer’s effective diffusivity [m²/s]. 

S and L were directly measured by using a vernier caliper with a relatively good accuracy (± 0.1 mm 

for L and ± 5 mm² for S). Over relatively long timescales, the exponential term may be neglected and 

the following expression was obtained: 

( ) 0 2

.. .
6

eD t
Q t S L C

L

φ⎛ ⎞= −⎜ ⎟
⎝ ⎠

 

At the stationary state, the tracer quantity that diffused through the porous medium is linearly 

dependent on time and its time derivative is proportional to the tracer’s effective diffusivity. Because 

of this previous equation, diffusion-cell results are usually represented by 
0

( ).Q t L

C
 (m²) as the ordinate 

axis and time, t, as the abscissa axis. Hence, the diffusion-cell results obtained for different tracers at 

different concentrations in the upstream compartments may be easily compared. Nevertheless, that 

representation does not take into account the sample’s cross-sections that may be different from one 

sample to another in that experiment. 
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The first experimentations were made using iodide as a tracer for 1 year (Figure 51) on two different 

cells in order to verify the reproducibility of the measurements. The quantity of iodide that diffused 

(Q(t)) was more important in the second cell than in the first, but that phenomenon may be explained 

by the fact that the cross-section of the second cell was larger (110 mm² for Cell 1 and 200 mm² for 

Cell 2). The time lag before the stationary diffusion state was about 20 days. Finally, the estimated 

iodide’s effective diffusivity reached 1.0 ± 0.3.10-11 m²/s. 

 

Concerning the results obtained on the cells using tritiated water as a tracer, the time lag before the 

stationary diffusion state laid between 40 and 90 days. Finally, the estimated effective diffusivity of 

tritiated water reached 2.6 ± 0.1.10-11 m²/s, which is in the same order of magnitude as the previous 

result. 
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Figure 51: Iodide diffusion flux in the downstream compartments of the diffusion cell. 

 

Experiments carried out in non-saturated media began in 2009. Tests were and will be performed at 3, 

30, 55, 70, 80, 90, 95 and 100% RH.  

 

4.3.3 CPL’s hydric properties 

Concerning the assessment of the CPL’s hydric properties, the conventional methodology used for 

concrete materials was adapted to the CPL material. Currently, the water-desorption isotherm is being 

assessed through mass-loss acquisition at several regulated RHs (Figure 52).  
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Figure 52: Photographs of the experiment dedicated to the assessment  
of the water-desorption isotherm on St. Sulpice Church’s CPL.  

 

4.3.4 Interface-expansion coefficient 

The CPL-expansion coefficient is one of the main input data necessary for CORDOBA modelling. 

Until now, the common practice was to consider Pilling-Bedworth’s ratio to express the ratio between 

the molar volumes of the oxide and of the metal multiplied by the number of metal cations per mole of 

oxide. The CORDOBA metal interface is assumed not to move during calculations. However, 

consideration had to be given to the case where the CPL would grow mostly in the direction of the 

metal (internal growing), as it would be the case for the “Type-2b” layout as defined in Section 2. 

  

Colleague specialists in atmospheric corrosion recently developed a test where steel is initially covered 

by a gold film before being submitted to wet/dry cycles. After several hundreds of cycles, the 

microscopic observation of the transversal section made it possible to display easily the direction of 

the CPL growth. The preliminary results presented in Figure 53 highlight the fact that the CPL is 

mainly growing in the “internal” direction during atmospheric corrosion. The plan is to carry out 

similar experiments on steel parts embedded in thin carbonated-mortar cover and submitted to wet/dry 

cycles in order to assess the same information for corrosion in concrete. Those tests provide the exact 

expansion coefficient that needs to be taken into account in the CORDOBA-interface elements.  
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Figure 53: Micrograph of the steel/gold interface after 300 wet/dry laboratory cycles.  

 

4.3.5 CPL’s mechanical properties 

The mechanical properties of the CPL are the most complex features to assess. The results available in 

the literature were obtained from numerical fittings on accelerated tests. The values of Young’s 

modulus for rust were estimated between 0.1 and 6 GPa.  

 

In fact, a large experimental campaign is under way at Cachan’s LMT where Anita Dehoux is 

preparing her Andra-supported doctoral thesis under the supervision of Prof. Yves Berthaud. The 

proposed experimental approach combines SEM observations, microindentation tests with a view to 

characterising the local stiffness of elementary constituents, and finally Raman-microspectroscopy 

tests in order to provide access to the local crystal lattice of samples (Figure 54). 
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Figure 54: Superposition of a micrograph of at. Sulpice Church’s CPL zone, of a semi-quantitative 
assessment of the presence of goethite through Raman analyses and local microindents.  
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4.4 Key output 

 

Experiments referred to in this section were instrumental in verifying several assumptions that had 

been drawn previously, as follows: 

 

o during the wet phase, oxygen is the main actor in the corrosion process due to its transfer 

through the porous media and its reduction within the CPL or at the metal/CPL interface, and 

 

o during the wetting and drying phases, the CPL itself is the major actor as some components 

(marblings of the corrosion layout defined in Section 2) may be reduced and deoxidise, thus 

participating directly in the corrosion kinetics. 

 

Following those results, the CORALHY model will be improved with those processes (Figure 55, 

Step 4). Moreover, a modelling exercise is planned on the ONERA building, including input data 

coming from dedicated experiments presented in this section..  

 

The future stages of the project may now be proposed (Figure 55, Step 5). As a matter of fact, real 

concrete structures are not “perfect composites”, since they are meshed when using CORALHY and 

CORDOBA models. Hence, it will be necessary to consider the heterogeneity of the material 

(heterogeneous carbonation or chloride ingress, heterogeneous concrete microstructure leading to 

heterogeneous transfer properties, defects at the steel/concrete interface, geometrical variations, etc.). 

Experimental campaigns will be necessary to assess the accuracy of probabilistic input data. Finally, 

the phenomenological model will need to be coupled with a probabilistic or stochastic tool for a 

realistic long–term-corrosion prediction.  
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1/ Characterisations v0

2/ Model v0

1a/ Understanding of mechanisms
1b/ Definition of process limiting steps

3/ Tests
Characterisations v1

2a/ Definition of equations
2b/ 1st exercise (input data from literature)

2c/ Couplings and other improvements

3a/ Need to verify mechanisms 
3b/ Specific Input data assessment

4/ Model v1

4a/ Improved equations 
4b/ 2nd input data (from tests)

5/ Characterisations…

5a/ Statistical approach (defects) 
5b/ 3rd probabilistic input data

 

Figure 55: Diagram illustrating the general approach throughout the project – Steps 4 and 5.  
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5 Conclusion and research prospects 
 

 

This document shows how a scientific strategy was drawn and applied in order to predict the long-

term behaviour of RCs that were mainly exposed to carbonation conditions. That strategy includes 

experiments for the characterisation of “short-term” and “long-term” corrosion layouts and processes, 

as well as modelling stages, with a view not only to predicting the behaviour of RC, but also to 

pointing out phenomena that are further verified experimentally.  

 

 

That general approach was largely explored for concretes exposed to atmospheric carbonation. The 

current and future stages concern the acquisition of specific input data that are not found in the 

literature for a future modelling exercise to be carried out on an actual structure. More particularly, 

since the model is based on the coupling of oxygen transport under unsaturated conditions with its 

reaction at the interface between the metal and the oxide layer, it is important to proceed with a fine 

characterisation of the hydric and CPL-transport properties as well as of oxygen-reduction kinetics in a 

cement environment (electrochemical assembly involving the use of a revolving electrode). In 

addition, the atmospheric-corrosion mechanism involves the possibility that certain iron oxides 

participate actively in the process by being reduced at the expense of iron oxidation (wetting phase). 

Since the detected phases within the concrete layers are homologous to those identified in the 

atmosphere, the reduction kinetics of the different iron oxides concerned (e.g., ferrihydrite, 

maghemite) will need to be measured by dedicated electrochemical techniques. 

 

In addition, the current model is based on corrosion processes that occur during a wetting/drying 

cycle. However, those cycles are not as well determined for the cement-embedded frame as for air-

exposed steels. It is therefore necessary to redefine the phases of the model (oxygen reduction, iron-

oxide reduction) in relation to the spectrum of concrete-saturation levels.  

After identifying the “average” corrosion processes, a further step will consist in identifying the 

corrosion patterns and kinetics associated with “transient” cases. It is possible, for instance, to imagine 

the transition between aerated and de-aerated conditions or between partially and totally water-

saturated conditions (in the case of buried structures). Furthermore, “accidental” cases and their 

consequences on corrosion patterns and kinetics will need to be studied. Other cases worth quoting 

include the effect of a pre-existing crack in the concrete (due to shrinkage or to mechanical loading), a 

frame-positioning defect or the presence of a flaw at the interface between steel and concrete (air 

bubble). Accordingly, it would be appropriate to proceed with a statistical estimation of the 

representativeness of such “accidental cases” in relation to the “average case”, after which the model 

will need to be enhanced by probabilistic aspects in order to take those “accidental” cases into account. 
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In addition to that first phase, another priority for the future of the project will be to apply the strategy 

to chloride-induced corrosion. As mentioned before, complementary analyses will be necessary at 

first in order to reconstitute the life scenario of that “chloride film”, by focusing on the specific role of 

the precursor compounds of the corrosion process (ferrous hydroxide and “green rusts”). In fact, in 

chlorinated and highly water-saturated media, those compounds are very soluble and the aqueous 

ferrous species are likely to be transported over long distances in the concrete (several centimetres16) 

and to precipitate in the core of the cement material without creating mechanical stresses in the 

embedding matrix. In that case, concrete constitutes an “expansion vessel” capable of retarding the 

moment when the crack appears. In order to estimate that “delay time”, several aspects must be taken 

into account: (1) the production kinetics of precursor compounds; (2) the nature and transformation 

kinetics of those oxides, from ferrous hydroxide to final oxides (magnetite, goethite, akaganeite in 

relation to ambient conditions) including green rusts, and (3) the transport modes of species in the 

cement material. Point 1 will be addressed by corrosion-kinetic measurements within a chlorinated 

medium (electrochemical-impedance spectroscopy). Point 2 will be covered by developing an 

assembly designed to follow up simultaneously the electrochemical behaviour of the compounds and 

of their des evolution (X-ray micro-diffraction-type and micro-Raman-spectroscopy analyses). Point 3 

will require the setup of an assembly designed to generate ferrous compounds under pressure in the 

core of a concrete sample and to study their distribution in the cement material in relation to time by 

using either non-destructive techniques, such as X-ray tomography, or destructive techniques, such as 

SEM imaging.  

 

Later on, the additional step consisting in the fill-up of the expansion vessel will be taken into account 

in the models to estimate the lifetime of structures exposed to chloride corrosion. Lastly in that 

context, the probabilisation of the deterministic model will be of primary importance since the 

initiation of local corrosion is a stochastic phenomenon.  

 

 

More than all those previous prospects, another great challenge lies ahead. As nuclear structures are 

ageing and are more and more submitted to active corrosion (the average age of French NPPs is 

26 years), NPP owners have to develop accurate “ageing-management programmes”. Within those 

programmes, three main areas have to be considered.  

 

The first area is the use of reliable non-destructive diagnosis procedures. A large number of 

discussions are going on about that issue and, especially, about the use of electrochemical techniques 

for the non-destructive assessment of corrosion levels through France’s APPLET national project. At 

the European level, we are participating in a task group of the European Federation of Corrosion 
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(EFC), which aims at editing a recommendation for “Planning of corrosion surveys and monitoring of 

corrosion of steel in concrete”. Both projects agree on the fact that the best solution for corrosion 

assessment is a survey launched from the very beginning of the life of the structure in order to detect 

steel depassivation and subsequently to decide upon an adapted repair strategy.  

Another difficulty appears in the case of structures where corrosion cracks are already visible. The 

question is to know how to integrate crack mappings in predicting models. One option would be to use 

those cracks as corrosion-level indicators in reference to the empiric law pointed out by Vidal32 on 14-

year-old RC beams exposed to chlorides. 

 

The second area of the “ageing-management programme” highlights the need for validated predictive 

models. In that context, the proposed “concrete drying/CORALHY/CORDOBA” model would match 

that requirement perfectly well.  

 

Nevertheless, the worst difficulty concerns the third area of the strategy. It aims at confronting the 

results of a non-destructive ageing assessment with phenomenological-modelling results in order to 

forecast the future of the RC structure’s life cycle. For the time being, that approach is not applicable, 

mainly because of the non-conformity between the output data from non-destructive diagnoses and the 

input data for models.  

As a matter of fact, models dedicated to the calculations of the load-bearing capacity require the exact 

steel-section loss on all rebars under study, whereas models dedicated to crack forecasts (as 

CORDOBA) require the corrosion kinetics and the CPL expansion in relation to time. Inversely, 

electrochemical techniques performed selectively are used to measure an instantaneous corrosion rate, 

which may not be transformed in an average corrosion rate due to its fluctuation over time and under 

given climatic conditions. One solution would be to survey that corrosion process. In that case, the 

integration of frequently-measured instantaneous-corrosion rates on the structure may lead to an 

approximate average corrosion rate.  

 

However, two unknowns remain. The first is the steel-section loss (mostly in the case of chloride-

induced corrosion) and the second is the expansion volume of the CPL. From the standpoint of this 

project, one promising technique would be X-ray-tomography imaging, since that method provides a 

non-destructive display of the steel/concrete interface33. Pit depths and CPL thickness may then be 

estimated. For the time being, those methods remain laboratory methods and are not ready for use in 

situ. Developments will be necessary in that direction.  

                                                 
32 T. Vidal, A. Castel and R. François, “Analyzing crack width to predict corrosion in reinforced concrete”, Cement and 
Concrete Research, Vol. 34, No. 1, 2004, p 165-174. 
33 M. Beck, J. Goebbels and A. Burkert, “Application of X-ray tomography for the verification of corrosion processes in 
chloride contaminated mortar”, Materials and Corrosion, Vol. 58, No. 3, 2007, p. 207-210.  
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More particularly, the current limits for using the X-ray-tomography method concern the resolution of 

the images, which is linked to the size of the item and of the pixel provided by the image (a ratio of 

1,000 between both).  In addition, a cylindrical geometry is necessary in order to optimise the 

reconstruction of the projections (according to the principle of the technique). Algorithms will need to 

be developed in order to minimise the number of required projections for a full display of a non-

cylindrical item (e.g., a reinforced-concrete shear wall) or a zoom on a zone of interest in the core of 

the material (interface between frame and concrete). In addition, the advantage of X-ray tomography is 

that the technique is able to discriminate materials of different densities via grey levels. A comparative 

study between the discriminated phases by grey levels of X-ray tomography with those detected by 

micro-Raman spectrometry will need to be undertaken in order to improve the diagnosis of the X-ray-

tomography technique in terms of the nature of the phases (input data of models of corrosion-induced 

cracks). 

 

When such imaging techniques will be applicable to in-situ structures, there should not be any doubt 

that they will enhance the confidence in the calculation modelling of the lifetime of concrete structures 

exposed to corrosion.  

 

 
 
 



 

 

ANNEXES 
 

 





ANNEX 1 – Materials and methods 
 

1 Metal and cementitious materials 

 
 

1.1 Laboratory samples 

 

All metal samples used in a laboratory include FeE500-type mild-steel cylinders (diameter: 16 mm, 

thickness: 5 mm), with a carbon content lower than 0.02 % (ferritic steel). The EDS analysis of 

FeE500 steel is presented in Table 6.  

 

Table 6: Chemical composition of FeE500 mild steel analysed by EDS. 

Element Fe Mn Cu Si Mo 

% mass Bal. 0.63 0.37 0.23 0.2 

 

Two surface states have been studied: polished and pre-corroded. The pre-corrosion procedure consists 

in immersing samples in a solution of sulphuric acid (5.10-5 mol.L-1) and sodium sulphate (5.10-5 

mol.L-1) for 24 hours. After conditioning, samples showed corrosion spots, measuring 10-30 µm in 

thickness, which were composed mainly of goethite (α-FeOOH), ferrihydrite (5 Fe2O3, 9 H2O) and 

lepidocrocite (γ-FeOOH).  

 

Concerning cementitious materials, two Portland cements (CEM I, 52.5 N, Calcia Beaucaire and 

Lafarge Val d’Azergues, composition Annex 2) was used for all laboratory studies.  

 

As long as cement pastes are concerned, the water/cement ratio was equal to 0,4. When chloride was 

added during manufacturing, it came from CaCl2. The samples under study are presented in Figure 56. 

The thickness of the cement cover was 20 mm. 
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(a)      (b) 

Figure 56: a) View of the steel sample inside the cement cylinder,  
b) section of the steel/cement interface used for destructive analyses. 

 

When mortar was used as cementitious material, a normalised mortar was considered, with a 

water/cement ratio of 0.5 and a sand/cement ratio of 3. The mortar thickness was around 17 mm in that 

case (Figure 57).  

 

Mortar in the lower part 
of the mould

Hang-up system for the 
metallic sample

Pre-corroded pill

 

FeE500 Steel pill

 
(a)      (b) 

Figure 57: a) View of steel being embedded in mortar during manufacturing;  
b) Section of the sample.  

1.2 Field samples 

For long-term studies, samples were selected from different buildings where iron and steel are 

embedded in binders (Table 7). The selected buildings cover a relatively large timescale, with the 

oldest (a Gallo-Roman villa) being 1,700 years old and the youngest 50 (Perret Water Tower in 

Saclay).  
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Table 7: List and ages of historical monuments under study. 

Buildings Sample reference Age (years) 

Gallo-Roman villa (France) Gallo 1700 

Popes’ Palace, Latrine Tower – Avignon (France) TL 660 

Qutb Minar – Delhi (India) Qu 650 

Notre-Dame Cathedral – Rouen (France) Re 500 

Conciergerie – Paris (France) Co 450 

St. Gervais Church – Paris (France) GR 350 

St. Sulpice Church – Paris (France) SU 260 

Saudreville Hotel – Paris (France) SA 250 

St. Geneviève Abbey – Paris (France) GN 250 

Raincy Church (France) RA 80 

Bourse du travail - Bordeaux (France) BdT 80 

ONERA wind tunnel – Meudon (France) ON 60 

Perret Water Tower– Saclay (France) Pe 50 

Brazil House – Cité universitaire – Paris (France) MdB 50 

 

2 Electrochemical and analytical methods 

 

The diagram presented in Figure 58 summarises the different techniques that have been used for this 

study in order to assess the corrosion behaviour of steel in a concrete environment. Two families of 

techniques were used, corresponding to “corrosion” and “analytical” techniques respectively. The first 

“corrosion techniques” are used to determine the electrochemical processes that take place, and to 

measure instantaneous or average corrosion rates. The second “analytical" techniques are “destructive” 

ones and aim at determining corrosion patterns in terms of the thickness, microstructure and nature of 

corrosion products. Techniques are different for “passive” for the study of nanometric films and for 

“active” micrometric corrosion layers.  

 



 104

Optical M

µRaman

EDS-SEM

CPL Thickness

Local characterization 
of CPL phases

Elementary composition
Concentrations profiles

Ecor

Polarisation
curves

EIS

Corrosion probability

Overall electrochemical 
behaviour

Elementary 
electrochemical processes

Rp Instantaneous corrosion rate

GravimetryAverage corrosion rate

XPS
Film elementary analysis

thickness evaluation

Whole sample Transversal
section

EDS-SEM

Transversal
section

Elementary composition
Concentrations profiles

Corrosion processes 
and rate assessment

Corrosion pattern
assessment

 

Figure 58: Scheme of the different methods used to study  
steel-corrosion behaviour in concrete media. 

 

2.1 Electrochemical methods 

A standard three-electrode device was used for all electrochemical measurements. Mild-steel cylinders 

were used as working electrodes and directly immersed in solutions or embedded in cementitious 

materials. A saturated calomel electrode (SCE) was used as reference electrode (+ 0.246 V/NHE). All 

potentials refer to the SCE electrode. A platinum sheet (0.25 cm²) served as counter electrode. 

2.1.1 Electrochemical-impedance spectroscopy 

Electrochemical-impedance-spectroscopy (EIS) diagrams were acquired in potentiostatic mode. 

The frequency domain analysed ranged from 1 kHz to 1 mHz (fmin). The stability of the corrosion 

potential (Ecorr) was checked by measuring its drift for at least 1,000 s before any measurement was 

performed (1/fmin). The RMS voltage of the input signal was ΔV = 10 mV. That amplitude was 

selected in order to optimise the signal-to-noise ratio without exceeding the linearity domain. The 

boundaries of the linearity domain were checked on extra samples after 2 days of immersion at a 

frequency of 10 mHz. Ten points per decade of frequency were collected. 
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2.1.2 Polarisation curves 

Electrochemical measurements were made with a Gamry DC105 potentiostat. The potential/current-

density curves (E/i curves) were plotted at a scan rate of 0.2 mV/s by a forward scan from a cathodic 

potential (Elc) to an anodic potential (Ela) and a backward scan between the same limits. Elc and Ela 

were selected in order to investigate the overall water-stability domain in every electrolyte.  

2.1.3 Polarisation-resistance measurements 

During Rp measurements, the potential was scanned 15 mV around Ecorr and the scan rate was 

0.167 mV/s. The corrosion rate (in µm/year) was estimated34 from Rp measurements using followings 

equations:  

Rp

B
Icor =  

where Icor is the corrosion rate (in µA); B, the Tafel constant, considered as 26 mV in that case, since 

active corrosion is expected, and Rp is the polarisation resistance (in ohms).  

 

ρ...
..

SFn

tIcorM
CorrRate =   

where CorrRate is the average corrosion rate (in µm/year); M, is molar mass of iron (55,8 g/mol); 

t, the test time; n, the electrons involved in the reaction (considered to be 2 in that case); F, the 

Faraday constant (96,500 C); S, the surface of the steel coupon (in cm2), and ρ,  the density of iron 

(7.87·10-3 g/cm3). 

2.2 Gravimetric measurements 

Gravimetric measurements were used to determine iron-mass losses during the corrosion process. 

Corrosion products were removed from the steel surface using the procedure detailed in Standard 

NF ISO 940735. The difference between the initial mass (weight before sample manufacturing) and the 

final mass (weight after elimination of corrosion products) provided directly the mass losses of steel 

corresponding to the average corrosion rate throughout the test period, considering a homogeneous 

corrosion pattern.  

 

                                                 
34 M. Stern and A.L. Geary, “Electrochemical polarization I: theoretical analysis of shape of polarization curves”, 
J. Electroch. Soc. Vol. 104, 1957, p. 56-63. 
35 NF ISO 8407, Corrosion of metals and alloys — Removal of corrosion products from corrosion test specimens, 2002. 
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2.3 Analytical techniques 

2.3.1 Preparation of samples 

Samples for surface analyses were cut transversally in order to observe the steel/cementitious-material 

interface, before being mounted in epoxy resin at room temperature. The surface of the transverse 

section was prepared by grinding (SiC, 80 to 4000 grade) and polishing (3-µm diamond paste) under 

ethanol. 

 

2.3.2 Optical images 

The steel/cement-paste interface was monitored by optical microscopy in order to determine the 

morphology (general or local corrosion) and the thickness of the corrosion scales. For several 

locations around the sample, the thickness and the depth of the local attacks of the CPL were recorded 

(around 100 points per sample). 

2.3.3 EDS-SEM analyses 

EDS analyses and imaging were performed with a standard scanning-electron-microscopy (SEM) 

apparatus (Stereocam 240, Cambridge Instruments, accelerating voltage 20 kV). Both secondary 

electron imaging and X-ray mapping were used to assess the morphology and chemical composition of 

the CPLs. Moreover, composition profiles were obtained by analysing the average composition of 

rectangular areas that were parallel to the metal/oxide interface. Considering the successive areas, 

average composition profiles may be measured. That method was selected in order to avoid local 

variations due to the presence of granulates or other local heterogeneities in the corrosion system. 

Indeed, the rectangle area (about several hundreds of cubic nanometres) was chosen in order to obtain 

a constant composition value in the binder that would be independent from the local compound 

variations. 

2.3.4 X-Ray photoelectron spectroscopy 

XPS was used to examine the oxidation statuses of iron in the passive film. XPS spectra were recorded 

with a VG ESCALAB 220i XL spectrometer (VG Scientific society). The X-ray source was Kα1,2, the 

non-monochromatic ray of aluminium (1,486.6 eV). The beam diameter was around 6 by 7 mm². The 

pass energy was 20 eV. The spectrometer was calibrated in energy to the Fermi level of silver (0 eV) 

and to the 3d5/2 electronic level of silver (368.3 eV). The low pressure of 10-10 mbar in the analysis 

chamber prevented collisions between photoelectrons and residual gas atoms, as well as the in-situ 

contamination of the sample surface. 
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2.3.5 Raman Microspectroscopy  

In order to identify the nature of the corrosion products present at the interface, Raman 

microspectroscopy analyses were performed at the Dynamics, Interaction and Reactivity Laboratory 

(Laboratoire de dynamique interaction et réactivité – LADIR – UMR 7075 CNRS – Université Pierre-

et Marie-Curie Paris-VI, Thiais) on the polished cross-sections. A Jobin Yvon-Horiba LabRam Infinity 

spectrometer was used as well as a frequency-doubled Nd:YAG laser at 532 nm. The spectral 

resolution of that setup was about 2 cm-1. Measurements were made with a x100 long-focus Leitz 

objective, which provides a beam-waist diameter of about 3 µm. The excitation laser power on sample 

was filtered at least below 0.6 mW in order to avoid thermal effects on sensitive iron oxides and 

oxyhydroxides36. The phases were identified by comparison with the powder standards given by 

earlier publications37. 

 

                                                 
36 D. Neff, S. Reguer, L. Bellot-Gurlet, P. Dillmann and R. Berthelon, Structural characterization of corrosion products on 
archaeological iron: an integrated analytical approach to establish corrosion forms, Journal of Raman Spectroscopy, 35, 
2004, p 739-745. 
37 D. Neff, L. Bellot-Gurlet, Ph. Dillmann, S. Reguer and L. Legrand, Raman imaging of ancient rust scales on archaeological 
iron artefacts for long-term atmospheric corrosion mechanisms study, Journal of Raman Spectroscopy, 37, 2006, p. 1228-
1237. 
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ANNEX 2 – Cement compositions 
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ANNEX 3 – Deterministic modelling for the cathodic 

reactions of steel in concrete 
 

1 Basic hypotheses 
 

The corrosion process may be described by the elementary anodic (Eq. 1) and cathodic (Eq. 2) 

heterogeneous reactions of the overall corrosion process (Eq. 3), as follows: 

Eq. 1 --
22 OH2e 2 OH O

2
1

⇒++  

Eq. 2 −+ +⇒ eFeFe 22  

Eq. 3 −+ +⇒++ OHFeOFeOH 2
2
1 2

22  

Considering that: (1) electrochemical partial reactions are irreversible; (2) the electrolyte is buffered 

pH and (3) the ferrous-cation concentration remains constant, the corrosion rate depends only on the 

oxygen concentration and on the kinetics of anodic and cathodic reaction. 

 

In this work, the kinetics of anodic reactions was always considered as faster than for cathodic 

reaction. Moreover, the ohmic drop between anodic and cathodic areas was neglected, assuming that 

the conductivity of porous media (iron oxide and/or carbonated concrete) remains high enough. Under 

such conditions, the corrosion rate was controlled by the oxygen reduction. 

 

2 Description of elementary steps 
 

The CPL covering the metal substratum was assumed to be porous and allowing the transfer of species 

through the gas or aqueous phase within the porosity. The oxygen reduction on iron compound 

embedded in that porous medium was then controlled by different elementary mechanisms  

(Figure 59). Oxygen was reduced locally, whether on the internal interface ( 1xx = ) or iron-oxide 

surface developed within its volume. In the latter case, the iron-oxide crystal was assumed to be an 

electroconductive solid. The only transfer mechanism was supposed to be oxygen diffusion (dissolved 

or gaseous). 
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Figure 59: Diagram of oxygen transfer through a porous medium and oxygen reduction,  
with a porous layer made of either a conductive iron oxide or a non-conductive iron oxide  

or a carbonated concrete. 

 

2.1 Expression of concentrations in porous media 

Various mathematical expressions of concentrations were introduced in order to apply Fick’s laws to 

porous media. If the porous medium is a homogenous medium, the relation between oxygen 

concentrations, depending on whether the volume of the interstitial solution or the total volume of the 

material (liquid and solid and gas) is involved, is expressed according to Eq. . That relation (Eq. 4) 

may be extended to porous media that are not water-saturated (Eq. 5), thus introducing the water-

saturation level, Sr (Eq. 7). Similarly, the oxygen concentration during the gaseous phase (
2,Ogc ) may 

be related to the total volume of the material (
2,Omgc ), as expresssed by Eq. 6. 

Eq. 4 22 ,, OlwaterOml CC φ=  

Eq. 5 22 ,, OlrOml cSc φ=  

Eq. 6 ( )
22 ,, 1 OgrOmg cSc −= φ

 

Eq. 7 φ
φwater

rS =  

where: 

2,Omlc  is the oxygen concentration in the liquid phase compared to the total volume of the 
material (mol/m3); 
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2,Omgc  is the oxygen concentration in the gaseous phase compared to the total volume of the 
material (mol/m3); 

2,Olc  is the oxygen concentration in the liquid phase compared to the water volume (mol/m3), 

2,Ogc  is the oxygen concentration in the gaseous phase compared to the air volume (mol/m3); 
φ  is the total porosity of the porous media (%); 

waterφ  is the water-saturated porosity (%), and 
Sr is the water saturation-level of the porous media (%). 
 

2.2 Pure interfacial-reaction step 

Oxygen reduction was assumed to be governed locally by a law of first-order kinetics. The oxygen-

reduction rate may be expressed as indicated in Eq. 8, where k  is the kinetic constant of the oxygen 

reduction (≈10-5 m/s). It was assumed 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. Hence, irrespective of the water-saturation 

level, the oxygen reduction depends only on the dissolved oxygen concentration at the interface, as 

indicated by Eq. 9. However, that equation indicates that the effective kinetic constant of oxygen 

reduction ( lek , ) will depend on water-saturation level, Sr (Eq. 10). 

 

Under specific conditions, it might be necessary to express oxygen-reduction kinetics (Eq. 8) in 

relation to the oxygen concentration in the gaseous phase (Eq. 12). In such cases, it was assumed that 

the dissolved oxygen was in thermodynamic equilibrium with the partial oxygen pressure (
2,Ovc ) in 

the gaseous phase. Thus, according to Henry’s law (Eq. 11), Eq. 12 was drawn. 

 

Eq. 10 and Eq. 13 indicate that the effective kinetic constant ( ek ) of oxygen reduction in 

homogeneous porous media was strongly different, depending on which volume (gaseous, liquid or 

total) the oxygen concentration was related. 

Eq. 8 ( ) ( )xckxV Oml 2,=  
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where: 
k is the kinetic constant of oxygen reduction30 (≈10-5 m.s-1); 

lek ,  is the effective kinetic constant of oxygen reduction: concentration relating to the volume 
of the liquid phase (m·s-1); 

gek ,  is the effective kinetic constant of oxygen reduction: concentration relating to the volume 
of the gaseous phase volume (m·s-1); 

HK  is Henry’s dissolution constant of gaseous oxygen (7.47·104 Pa·m3·mol-1); 
R  is the perfect gas constant (8.31 J·mol-1·K-1), and 
T  is temperature (K).  
 

2.3 Pure-diffusion step 

The driving force of diffusion is the gradient of chemical potential. In the case of oxygen, the shift of 

chemical potential within the porous concrete cover was only due to variations in concentration, either 

in the gas phase or the liquid phase. Fick’s first law expresses mathematically the diffusion mechanism 

in homogeneous media (here in one dimension, 1-D). Moreover, there was a way to extend that 

formalism to porous media, in the case of species transfer through the liquid (Eq. 14)  

or gas phase (Eq. 15). 

 

The combination of Fick’s first law (Eq. 14) with the mass balance equation, written for a 

representative volume of porous media, leads to Fick’s second law (Eq. 16). The latter equation may 

be solved after retaining only the oxygen concentration relating to the volume of the liquid phase  

(Eq. 17). Similarly, Fick’s second law is written for the transfer of oxygen through the gas phase  

(Eq. 18). The latter equations (Eq. 17 and Eq. 18) indicate that the oxygen-diffusion rate within the gas 

or liquid phase depends on the water-saturation level of the porous diffusion barrier. 
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where: 

2,Olj  is the oxygen flux in the liquid phase relating to the surface of the porous material (mol·m-

2·s-1); 
leD ,  is the effective diffusion coefficient of the species present in the liquid phase of porous 

material (m2·s-1); 

2,Ogj  is the oxygen flux in the gaseous phase relating to the surface of the porous material 
(mol·m-2·s-1), and 

geD ,  is the effective diffusion coefficient of the species present in the gaseous phase of the 
porous material (m2·s-1). 

 
The solution of the second order of differential equation (Eq. 17 and Eq. 18) provided the oxygen-

concentration profile within the porous layer in relation to time for each initial and boundary 

condition. Under a steady state, the concentration profile, 0=
∂
∂

t

c , remained linear and the oxygen 

flow was constant within the overall porous layer. That oxygen flow may be expressed in relation to 

the oxygen concentration at the boundary of the porous layer ( )12
xcO and ( )22

xcO  as well as to its 

thickness (X), in the same manner as for gaseous or dissolved oxygen (Eq. 19). 

 

2.4 Interfacial-reaction-and-transfer-coupled step 

An interfacial-reaction-and-transfer-coupled step should be taken into account, if oxygen diffuses 

through a conductive porous solid that is electronically connected to the reinforcement (such as 

magnetite marbling, for instance). In each homogenised elementary volume of the porous oxide layer, 

part of the oxygen diffuses (Eq. 14 and Eq. 17), while the other is consumed at the iron-

oxide/interstitial-solution interface (Eq. 20), as shown in Figure 59. It was assumed that such 

mechanism might only take place, if the oxide layer remained water-saturated. In fact, 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 specific surface 

(related to the volume) developed locally ( dxsa . ) by the porous network, as indicated by (Eq. 20).  

Eq. 21 allows converting the specific surface value ( aS , m²/g) into the specific surface related to the 

total volume of the porous media ( as , m-1), considering a homogeneous porosity and the density of the 

oxide layer. 

 

The mass-balance equation (or Fick’s second law, Eq. 17) was then corrected with a second term in its 

right member, as indicated by Eq. 22. That term expresses the local oxygen consumption. Under 

steady state, the simplified mass-balance equation (Eq. 23) is a second-order differential equation, 
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considering the variable, λ  (defined in Eq. 24), which is assimilated with length. The resolution of 

Eq. 23, which is obtained in the case of a half-finite diffusion layer, provided the oxygen-

concentration profile within the interstitial solution (Eq. 25). That latter equation indicated obviously 

the exponential decrease of the concentration from the outer interface towards the 

reinforcement/conductive-oxide interface. The hypothesis of a half-finite layer should not be ruled out 

as long as the value of λ is negligible, compared to the thickness of the oxide layer, which means that 

the oxygen concentration should remain negligible at the steel/conductive-oxide interface. Considering 

the following numerical application (De = 10-12 m2.s-1, sa = 3.7 107 m-1, k = 10-5 m.s-1 and φ = 0.1), 

λ  is estimated at about 1 µm. Hence, that model is valid in the presence of a conductive-oxide layer 

with an accuracy above 1% as long as its thickness is greater than λ5 , i.e. 5 µm. 
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where; 
ρ is the density of iron oxide (kg/m3); 
Sa is the specific surface of the iron oxide (m²/g), and 
sa is the specific surface related to the volume38 (3,7 107 m-1). 
 

In a representative elementary cross-section (S as surface and dx as thickness), the elementary oxygen-

reduction current, dI  (Eq. 26), is estimated by using the local oxygen-consumption rate (Eq. 20) and 

Faraday’s law. In (Eq. 26), dxSsa represents the local surface on which oxygen molecules are 

reduced. The integration of the elementary current, dI , over the overall thickness of the conductive 

oxide layer allows calculating the current density of oxygen reduction, i  (Eq. 27). However, the 

resolution of the mass-balance equation is only valid when λ<<(x2-x1). Thus, Eq. 27 is simplified into 

Eq. 28. That equation is similar to Eq. 9. Only the effective kinetic constant is increased by a factor 

λas  compared to the effective kinetic constant in the absence of a conductive oxide layer (Eq. 29). 

                                                 
38 Ph. Dillmann , F. Mazaudier and S. Hœrlé, “Advances in understanding atmospheric corrosion of iron. I. Rust characterization of ancient 
ferrous artefact exposed to indoor atmospheric corrosion”. Corrosion Science, Vol. 46, 2004, p. 1401-1429 
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Hence, whether a conductive oxide layer is connected to the reinforcement or not, the oxygen-

reduction rate will always follow a first order kinetics law. 

Eq. 26 dxSxcksFndI Ola .)(
2,φ=  
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Finally, a simplified oxygen-reduction model does not need to take into account oxygen diffusion 

through an electronically conductive oxide layer. That model should just consider an increase in the 

effective kinetic constant, by a factor λas , due to the presence of a conductive oxide layer. 

 

3 Analysis of the rate-limiting step 
 

From the definition and the expression of each of the three elementary mechanisms, it is possible to 

assess the rate-limiting step of oxygen reduction. The true system, which is considered to describe an 

oxygen-reduction mechanism in the case of steel reinforcements embedded in carbonated concrete, 

consists of the multi-layer system characterised in Section 2 of this report. Thus, consideration will be 

given to: (1) the mild-steel reinforcement; (2) the porous oxide layer (d), which behaves like an 

electronic conductor and consists mainly of magnetite (Fe3O4); (3) a non-conductive iron-oxide layer 

(e), which consists mainly of ferric oxyhydroxide (lepidocrociteγFeOOH and/or goethite α-FeOOH), 

(4) the thickness of the carbonated concrete (L) with an adjustable water-saturation level Sr, and (5) the 

atmosphere, which consists of an infinite stock of carbon dioxide and gaseous oxygen. 

 

Two cases will be reviewed, that is, whether a conductive oxide layer is present or not. However, the 

project demonstrated that both cases were very similar, if only the oxygen-reduction mechanism is 

taken into account. Under those conditions, oxygen diffuses first through the carbonated concrete, then 

through a non-conductive oxide layer, and is finally reduced either on the steel reinforcement or on the 

conductive oxide layer. 

 

The oxygen flux within the iron-oxide layer and the concrete cover are mathematically expressed, as 

indicated by (Eq. 4 and Eq. 5). It may be mentioned that those expressions are very similar to each 

other, whether dissolved or gaseous oxygen is concerned. The dissolved oxygen-consumption rate at 

the internal interface is expressed by Eq. 9 with 0=x . As demonstrated above, there is an analogy 
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between oxygen reduction occurring at the steel reinforcement and inside the conductive oxide layer. 

Thus, the oxygen-reduction rate (V) on the internal interface is expressed by (Eq. 30). 

Eq. 30 ( )0
2Oe ckV =

 

Those different elementary steps of the oxygen-reduction process (transfer within concrete – thickness 

L - and then within oxide layer – thickness e) are connected in series. Hence, writing the mass-balance 

equation for each zone and layer, and then for the overall system, it is possible to establish, under 

steady state, an expression between the different fluxes. Finally, the oxygen-reduction rate is written in 

relation to each elementary mechanism. 

Eq. 32 
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By comparing the terms of the denominator of Eq. 32, it is possible to determine the rate-limiting step 

of the oxygen reduction. It is considered here that the only system variables include the water-

saturation level and the thickness of the non-conductive oxide layer. Indeed, that thickness does not 

appear in Eq. 32. However, it should be remembered that its thickness, d, should be greater than 5λ. 

Finally, the concrete cover, L, is constant. 

 

At that step in the approach, it was realised that the literature suffered from a severe lack of data 

concerning the diffusion properties (porosity, effective diffusion coefficient) and hydrous properties of 

iron-oxide layers at the steel/carbonated-concrete interface. See the following paragraphs describe 

which dedicated tests were carried out in order to collect data for the model (see Section 4). 

 

At that stage, however, the diffusion and hydrous properties of oxide(s) were considered to be very 

similar to each other. Furthermore, the effective diffusion coefficient of oxygen in liquid or gaseous 

phase within iron-oxide layers was supposed to be equal to the one within carbonated concrete. Based 

on that assumption and considering the thickness of the oxide layer to be much lower than the concrete 

cover, Eq. 32 may be simplified as Eq. 33. The latter equation expresses the presence of only one layer 

of diffusion barrier. 

Eq.33 
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If both terms of the denominator of Eq. 33 are equal to each other, the value of critical length, Ecrit, 

(Eq. 34) may be described as the ratio between the effective diffusion coefficient and the effective 
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kinetic constant. The value of that parameter depends only on the water-saturation level of the 

concrete cover. By comparing Ecrit with concrete cover, L, it is possible to determine the type of 

kinetic control of the oxygen-reduction rate (Table 8). That comparison should be made for each 

water-saturation level of the porous diffusion barrier without neglecting the evolution of the effective 

kinetic constant and the effective diffusion coefficient with Sr. 

 

The only data available for the effective diffusion coefficient came from the experimental results of 

gas diffusion (hydrogen) obtained from a cement paste (Portland Cement CEM I, water-to-cement 

ratio 0.35) by colleagues at CEA Marcoule. Under those conditions, the value of the effective 

diffusion coefficient of gaseous species, ve,D , increases from 10-13 to 10-6 m2·s-1, with a decrease in the 

water-saturation level, Sr from 1 to 0.5. Moreover, it is worth noting that ge,D  remains constant at low 

value around 1.0·10-10 m2·s-1 in the Sr domain, from 0.9 to 0.95. Those values may be used for that 

analytical estimation assuming that hydrogen and oxygen have the same behaviour in terms of 

gaseous-phase diffusion.  

 

Table 8: Various cases of rate- limiting steps in relation to 
the critical length and to the concrete cover. Value of the denominator of Eq. 33. 

Condition Denominator Control 
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Inversely, the value of the effective kinetic constant is less dependent on Sr than the effective diffusion 

coefficient. In fact, ke is proportional to Sr (Eq. 10 and Eq. 13), which means that ke values remain 

within the same order of magnitude, irrespective of the Sr value. 

 

Hence, the evolution of Ecrit with Sr follows the same trend as for the effective diffusion coefficient. 

Thus, the Ecrit value was calculated for each Sr value and compared to the concrete cover (respectively 

dotted line and hatched background, Figure 60). It was assumed that the typical concrete cover ranged 

from 1 to 10 cm, depending on the type of RC structures involved. Moreover, the oxygen-reduction 

rate was also estimated according to Eq. (L=1, 3 or 10 cm). 
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Figure 60: Evolution of critical thickness in relation to the water-saturation level, S r.  
Graphical assessment of the rate-limiting process. 

 

As long as the concrete cover remained water-saturated (Sr = 1), the Ecrit value was about 1 µm (Figure 

60), which is much lower than the concrete cover. In that case, the rate-limiting step was oxygen 

diffusion (Table 8) through the concrete cover or even the non-conductive oxide layer, considering 

that the latter was thicker than 1 µm on the long-term corroded samples. Under those conditions, the 

oxygen-reduction rate was very low, between 6.10-5 and 6.10-4 μA.cm-2 (L=10 or 1 cm, respectively; 

Figure 61). Considering those boundary conditions, it would take between 100 and 1,000 years to form 

an oxide layer of 1 µm.  

 

Figure 61: Estimation of oxygen reduction rates 
2OJ in relation to the water-saturation level, Sr, 

 for three concrete covers (1, 3 and 10 cm). 
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For water-saturation levels below ≈0.8, the Ecrit value became much greater than the concrete cover 

and increased with the water desaturation of the porous cover. Under such conditions (Sr < 0.8), the 

rate-limiting process was oxygen reduction (Table 8). However, under those conditions, the corrosion 

rate was very high (≈200 μA.cm-2, Figure 61), which is not consistent with experimental results (see 

Section 2). Hence, the assumption of a cathodic limitation of the corrosion process at a low saturation 

level (Sr < 0.8) was not relevant. Indeed, the rate-limiting mechanism at a low Sr value may be the 

anodic reaction or the concrete resistivity. 

 

In the intermediate ranges of Sr values (Sr ∈{0.8; 0.9}), the Ecrit value was within the same order of 

magnitude as the concrete cover (centimetric scale). Thus, the oxygen-reduction rate was under mixed 

reaction and transfer control (Table 8) (i.e., both mechanisms must be taken into account in order to 

estimate the exact value). However, in that Sr range, the calculated corrosion rates were high, between 

10 and 100 μA.cm-2, depending on Sr and geometry compared to the experimental data presented in 

Section 2, typical corrosion rates were between 1 and 5 μA.cm-2 in that Sr range. Hence, it was 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 transfer control. 

 

For water-saturation levels above 0.9 (i.e., HR> 80% for that cement paste), but below 1, the Ecrit 

value became smaller than the concrete cover. Thus, the oxygen-reduction rate was under the diffusion 

control and depended therefore on the thickness of the concrete. Even under the diffusion control of 

gaseous oxygen, the oxygen-reduction rate remained high, between 6 and 50 μA.cm-2 (L=1 and 10 cm, 

respectively; Figure 61) for both Sr values 0.9 and 0.95. Those results emphasise the critical role of the 

water-saturation level on the 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 reinforcements in good-

quality concrete may lie under the oxygen-diffusion control, even at a water-saturation level of 

0.9 (HR ≈ 80%). 
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ANNEX 4 – Modelling parameters for 

CPL growth prediction on Saclay’s Water Tower 
 

 

Age (years) 55 

Cover depth (cm) 4 

Binder porosity (%) 15 

Intrinsic permeability (m²) 10-21 

Initial saturation degree of the binder 0.95 

Effective diffusivity of oxygen in concrete 

(m²/s) 
1.2·10-8(1-Sr)0.23 

Effective diffusivity of oxygen in CPL (m²/s) 2.6·10-11 (results from Section 4) 

Kinetic constant of oxygen reduction (m/s) 10-5 [30] 

 

 


