
  

 

Chemo-hygro-thermo-mechanical model for 

simulation of corrosion induced damage in 

reinforced concrete 

 

 

Von der Fakultät Bau- und Umweltingenieurwissenschaften 

der Universität Stuttgart zur Erlangung der Würde 

eines Doktor-Ingenieurs (Dr.-Ing.) 

genehmigte Abhandlung 

 

 

 

Vorgelegt von 

Filip Oršanić 

aus Karlovac, Kroatien 

 

 

 

 

Hauptberichter: Prof. Dr.-Ing. habil. Joško Ožbolt 

Mitberichter: Prof. Dr.-Ing. Christoph Gehlen 

Mitberichter: Prof. Dr.-Ing. Gojko Balabanić 

Mitberichter: Prof. Dr.-Ing. Jan Hofmann 

 

 

Tag der mündlichen Prüfung: 04.02.2015 

 

Institut für Werkstoffe im Bauwesen der Universität Stuttgart 

2015 

 

 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

ACKNOWLEDGEMENTS 
 

First and foremost, I would like to thank my guide Prof. Joško Ožbolt, who had invited 
me to work with him on the subject of modelling corrosion induced damage in 
reinforced concrete at the Institute of Construction Materials in Stuttgart. His 
immense and vast expertise in the field of computational and fracture mechanics, 
with his impeccable work ethics and continuous strive for knowledge, have been a 
continuous inspiration during my research. His numerous advices, comments and 
encouragements have made this work possible and I would like to express my 
sincerest gratitude for all his help.  
 
Furthermore, I would like to thank Prof. Gojko Balabanić, whose many insights in the 
field of non-mechanical transport processes have been of invaluable worth for the 
completion of this thesis. I am also grateful to Prof. Christoph Gehlen and Prof. Jan 
Hofmann for their insightful comments which have contributed to the final form of the 
here presented work. 
 
The project of simulating corrosion induced damage in reinforced concrete was 
funded by the German Research Foundation DFG. Their support is greatly 
acknowledged.  
 
I am immensely grateful to my two friends and former work colleagues at IWB, Dr. 
Josipa Bošnjak and Marina Stipetić. Josipa has gone above and beyond in helping 
me with many of the work and non-work related problems. Her always encouraging 
advices, solution driven attitude and positive outlook on life will always be 
remembered and cherished. Marina has been a truly great and supportive friend, 
helping me to overcome many of the obstacles during my stay at IWB. Thank you 
both for the unforgettable 4 years working together and the numerous coffee breaks.  
 
I am deeply thankful to my good friend Dr. Akanshu Sharma, who was always ready 
to offer assistance and advice during our technical discussions. Thomas Rauscher 
has been a great friend and colleague, proofing my german reports and organizing 
countless squash matches. Furthermore, I am grateful to my dear friends Natalija 
Bede, Daniela Ruta, Emiliano Sola, Baris Irhan and Kaipei Tian for all the time spent 
together at IWB.  
 
I owe a very special thanks to Dr. Christian Fischer, who has offered an unlimited 
access to his research, needed for the verification of the here presented model. Kind 
help of Simone Reeb and Dana Ullmann in regard to sorption isotherms is greatly 
appreciated. Dr. Goran Periškić and Dr. Marija Kušter have been helpful with the 
introduction to the FE code of the chemo-hygro-thermo-mechanical model.  
 
I would also like to thank Sylvia Choynacki for helping me with the administrative 
things at IWB and for improving my unimprovable german conversational skills. Help 



  

provided by the IWB staff (Gisela Baur, Regina Jäger, Olga Weber, Simone Stumpp) 
is greatly appreciated. Monika Werner has been highly helpful with the literature 
research, finding every book and paper needed. 
 
Furthermore, I would like to thank my friends Katarina Ćuk, Martina Krznarić, Mario 
Martinčić, Mario Zelenika, Matej Fonović and Stefan Kolnik for all the fun moments 
spent together in Baden-Würtemberg. 
 
Above all, my deepest appreciation goes out to my family. My brother Matija, sister-
in-law Ivana and my little nephew Luka have been a constant rock while working on 
this thesis and I am truly grateful for their presence in my life.  
 
At last, I would like to express my deepest gratitude to my mother Miljenka and father 
Tomislav. Without their unconditional love, continuous support and endless 
encouragement I wouldn't be able to come so far. This thesis is dedicated to them.  
 
 
Stuttgart, February 2015 
Filip Oršanić 
  



  

ABSTRACT 
 
Reinforced concrete (RC) elements exposed to chloride induced corrosion have a 
shortened service life which presents a major challenge for durability of structures. 
The extensive costs of repair heighten the importance of developing a model as a 
numerical assessment tool of corrosion induced damage effects. A three dimensional 
(3D) chemo-hygro-thermo-mechanical (CHTM) model has been recently developed 
(Ožbolt et al. 2010, 2011). The model is implemented into a finite element code and 
is capable of predicting the non-mechanical processes before and after 
depassivation of steel, for both un-cracked and cracked concrete elements.  
 
Here presented work is a further development of the model, focused on predicting 
the rate of rust production and the corresponding damage (cracking and spalling) of 
the concrete cover surrounding the embedded steel bars. The extent of the damage 
and its progress in time are highly dependent on the ingress of corrosion products 
into pores and cracks. Therefore, the transport of corrosion products is incorporated 
into the model as a convective diffusion problem. The expansion of rust and the 
subsequent compressive pressure on the cover is taken into account by developing 
one-dimensional corrosion contact elements. To ensure a realistic simulation of the 
corrosion induced damage, the model couples the mechanical with the non-
mechanical processes, and vice versa.  
 
Validation of the CHTM model's ability for simulating corrosion induced damage is 
performed on concrete specimens with a single embedded reinforcement bar and for 
multi-rebar cases, without and with stirrups. Comparison of the numerical results with 
the existing experimental data shows that the model is capable of realistically 
capturing the damage of the concrete cover and its effects on the mechanical 
properties of the investigated RC elements.  
 
Hysteretic moisture model for concrete is a further addition to the CHTM model. It 
accounts for the hysteretic behaviour of concrete which is characterized by the ability 
to contain different degrees of water saturation for the same value of relative 
humidity, at a constant temperature. Hence, the water content values are highly 
dependent on the exposure to cyclic wetting and drying conditions.  
 
The hysteretic moisture model is validated directly through existing experimental 
studies by verifying the calculated scanning curves and the distribution of relative 
humidity, i.e. the water content in concrete, respectively. The importance of 
incorporating the moisture hysteresis in the CHTM model is demonstrated by 
comparing the experimentally and numerically obtained distribution of chloride ions in 
concrete specimens exposed to cyclic wetting and drying conditions.   
 
 
 



  

KURZFASSUNG 
 
Eine der wesentlichen Aspekte der Dauerhaftigkeit von Bauwerken stellt die 
chloridinduzierte Korrosion dar, die die Lebensdauer von Stahlbetonelementen 
beeinträchtigt. Relativ hohe Instandsetzungskosten zeigen den Nutzen, den ein 
numerisches Modell zur Bewertung der korrosionsinduzierten Schäden darstellt. Ein 
dreidimensionales (3D) Chemo-Hygro-Thermo-Mechanisches (CHTM) Modell wurde 
kürzlich entwickelt (Ozbolt et al. 2010,2011). Das Modell ist im FE Code 
implementiert und in der Lage, die nicht-mechanischen Prozesse vor und nach der 
Depassivierung des Stahles, sowohl für ungerissenen als auch für gerissenen Beton, 
vorherzusagen. 
 
Die vorliegende Arbeit stellt eine Weiterentwicklung des Modells dar, wobei ein 
besonderer Augenmerk auf der Korrosionsrate und der dazugehörigen Schädigung 
der Betondeckung (Risse und Abplatzungen) liegt. Umfang und Zeitentwicklung der 
Schädigung sind stark vom Transport der Korrosionsprodukte in Rissen und Poren 
abhängig. Aus diesem Grund wird dieser Transport als ein konvektiv-diffusiver 
Prozess in dem CHTM Modell implementiert. Die Ausdehnung der 
Korrosionsprodukte und die daraus folgende Druckkraft auf die Betondeckung 
werden mithilfe von eindimensionalen Korrosions-Kontaktelementen berücksichtigt. 
Ein wesentliches Merkmal des Modells liegt in der vollständigen Kopplung der 
mechanischen und nicht-mechanischen Prozesse, die zu einer realitätsnahen 
Simulation beiträgt. 
 
Das Modell wird anhand der vorhandenen Versuche an Stahlbetonelementen mit 
einem und mehreren Bewehrungsstäben („multi-rebar“) sowie mit und ohne Bügel 
validiert. Es wird gezeigt, dass das vorgestellte Modell die wichtigsten Aspekte der 
korrosionsinduzierten Schädigung des Betons und die Auswirkungen dieser 
Schädigung auf die mechanischen Eigenschaften der Stahlbetonelemente realistisch 
erfasst.  
 
Ferner wird das CHTM Modell erweitert, um die Hysterese der Feuchte im Beton zu 
berücksichtigen. Das Hysteresemodell beschreibt die Eigenschaft des Betons, 
unterschiedliche Wassergehalte bei gleicher relativer Feuchtigkeit (für konstante 
Temperatur) aufzuweisen. Demzufolge ist der Wassergehalt stark von der zyklischen 
Benetzung und Trocknung abhängig.  
 
Die Validierung des Modells erfolgt anhand vorhandener Versuchsergebnisse. Die 
empirische Definition der Zwischenkurven („scanning curves") führt zu realitätsnahen 
Ergebnissen. Es wird weiterhin gezeigt, dass das Modell den Wassergehalt- und die 
Feuchteverteilung realistisch abbilden kann. Das Modell ist in der Lage, die 
experimentell beobachtete Verteilung der Chloride im Beton unter zyklischer 
Benetzung und Trocknung realistisch abzubilden. Diese Ergebnisse 
veranschaulichen die Bedeutung des Hysteresemodells für die Transportprozesse.
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1 INTRODUCTION 

1.1 Motivation and context of research 

1.1.1 Corrosion induced damage in reinforced concrete structures 

Corrosion induced damage of concrete is a major problem for durability of reinforced 
concrete (RC) elements exposed to severe climate conditions. The onset of corrosion 
can be caused by carbonation of the concrete cover or by reaching a critical 
concentration of free chloride ions in the vicinity of the reinforcement bar. Here 
presented work is focused on damage due to the chloride induced corrosion.  
 
Reinforced concrete structures in maritime environment such as bridges, oil 
platforms or structures treated with de-icing salts during winter periods show a great 
vulnerability to corrosion processes (Tuutti 1993; Cairns 1998). Damage is usually 
exhibited in the form of cracking and spalling of the concrete cover which reduces the 
mechanical properties of reinforced concrete elements, leading to a shorter 
serviceability (Figure 1.1). Also, due to corrosion the bar's cross-section area is 
reduced, which has negative implications on the bearing capacity of the RC. 
Additionally, as a consequence of the pitting effect (Cairns et al. 2005; 
Apostolopoulos & Papadakis 2008), ductility and bond properties of reinforcement 
can be significantly reduced (Tuutti 1993; Fischer 2012). Damage due to the chloride 
induced corrosion in RC structures exerts relatively large costs of repair. 
Approximately 300 million euros were spent in 2004 for the maintenance of highway 
bridges in Germany (Jacob 2008). Roughly 40 % of the costs were due to repair of 
concrete bridges, damaged mostly through chloride contamination and the 
subsequent corrosion induced damage.   
 

 
Figure 1.1 Examples of the corrosion induced damage in reinforced concrete 
elements: cracking and staining of a seawall near the Kennedy Space Centre (left); 
extensive damage of the bridge piling due to reinforcement corrosion (right) 
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Therefore, it is of great significance to develop a numerical model for simulating the 
electrochemical processes and mechanical damage of the concrete cover due to 
corrosion of reinforcement. The main advantage of having a realistic model for 
simulating chloride induced corrosion is not only its ability to investigate a possible 
onset and progression of damage in older RC structures with the inadequate 
thickness of the concrete cover, but also its application as an engineering tool in the 
process of structural design. 
 
To understand which conditions should be imposed on a model in order to be 
considered reliable, the main mechanisms and the processes related to corrosion 
should be identified.  
 
Relatively high pH values (12 to 13) of the pore solution around the embedded steel 
bars, create a passive surface film, i.e. a very thin oxide layer which reduces the 
corrosion rate to an insignificant level of 0.1 µm per year (Foley 1975). With this layer 
being damaged or depassivated the corrosion rate increases up to 1000 times (ACI-
222 2001).   
 
Damage can be caused by mechanical action (too high tensile stress), or can appear 
because of non-mechanical effects (temperature, shrinkage, etc.) or be induced by 
corrosion of reinforcement. Depassivation of the protective layer can occur by 
reaching a critical concentration of free chloride ions near the reinforcement bar 
surface (Figure 1.2a) or as a consequence of carbonation of the concrete cover 
which then directly reduces the pH value of the surrounding pore solution (Tuutti 
1993; Glass & Buenfeld 1995; Sandberg et al. 1995). In the case of the latter the 
corrosion is occurring over a large area of the reinforcement steel, as the carbonation 
front penetrates into the concrete cover depth. Depassivation and subsequent 
corrosion due to the chloride attack is characterized by smaller anodic regions, which 
is more severe due to higher corrosion rate.  
 
The mechanism of the protective film breakdown by chlorides is a very complex 
problem due to the challenging task of investigating the processes on the atomistic 
scale. It is mostly believed that in the case of a thicker oxide layer the chloride ions 
are positioned at weak spots in the film structure, causing ionic defects and therefore 
increasing ionic transport (ACI-222 2001). Once these locations in the film structure 
have been formed, the corrosion process can start and continue in a progressive 
manner. 
 
The corrosion of steel in concrete is an electrochemical process with two half-cell 
reactions. At the anodic site the electrons are being produced (Figure 1.2b), i.e. iron 
is being oxidized to form ferrous ions: 
 
Fe → Fe2+ + 2e⎯

    (1.1) 
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Free electrons are consumed by oxygen at the cathodic site in the presence of water 
and form hydroxyl ions OH⎯ (Figure 1.2b): 
 
2H2O + O2 + 4e⎯ → 4OH⎯  (1.2) 
 
The hydroxyl ions are then transported to the anodic site where they react with the 
ferrous ions forming the iron(II)-hydroxide (Figure 1.2c): 
 
Fe2+ + 2OH⎯ → Fe(OH)2  (1.3) 
 
Further reactions and production of corrosion products depend on the environmental 
conditions and available chemical reactants. Newly formed rust products have a 
greater volume than steel. The increase of volume can vary from 2 to 6 times 
depending on the product that was formed (Fischer 2012). One of the possible 
occurring reactions is the production of iron(III)- hydroxide or red rust in the presence 
of oxygen and water (Figure 1.2d): 
 
4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3 (1.4) 

 
Here discussed model is calibrated with the assumption of dominantly produced red 
rust around the reinforcement bar, which has a volume increase of 4 times compared 
to steel.  
 
Production of corrosion products around the reinforcement bar exerts a pressure on 
the surrounding concrete cover causing cracking of the protective concrete layer 
(Figure 1.2e). With the development of cracks the process of corrosion becomes 
progressive with the chloride ions now penetrating much faster through the cracks 
and subsequently depassivating new regions of the steel bar.  
 
Rate of rust production is proportional to the corrosion current density. Therefore, to 
predict  the progress of the corrosion induced damage it is important to calculate the 
current density in the corrosion unit. Generally, calculation of corrosion current 
density depends upon following physical, electrochemical and mechanical processes: 
(1) transport of capillary water, oxygen and chloride through the concrete cover; (2) 
immobilization of chloride in the concrete; (3) transport of OH- ions through 
electrolyte in concrete pores; (4) cathodic and anodic polarization; (5) transport of 
corrosion products into pores and cracks and (6) damage of concrete due to 
mechanical and non-mechanical actions (Bažant 1979a). 
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Figure 1.2 Illustration of the corrosion processes in reinforced concrete: (a) ingress of 
oxygen, water, heat and chlorides in the concrete cover and depassivation of the 
protective surface film; (b)  oxidation of iron (anode) and forming of hydroxyl ions 
(cathode); (c) forming of ferric(II)-hydroxide (anode); (d) production of  iron(III)-
hydroxide or red rust (anode); (e) cracking of the concrete cover; (f) transport of 
corrosion products into the generated cracks 

Recent experiments (Wong et al. 2010; Fischer 2012) have shown that a relatively 
large amount of corrosion products is transported into pores and subsequently 
generated cracks (Figure 1.2f). The phenomenon needs to be accounted for in a 
model attempting to simulate the process of corrosion induced damage. With the 
soluble species being transported away from the corroded steel-concrete interface, 
the pressure of the expanding products decreases and the occurrence of damage is 
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progressing in a more moderate way. Transport of corrosion products in cracked 
concrete and its effect on the corrosion-induced damage has been scarcely 
addressed in the literature, i.e. most of the state-of-the-art corrosion models do not 
account for the transport of soluble species. The main problem in defining such 
models is quantifying the controlling parameters for the rust distribution (Wong et al. 
2010; Fischer 2012). 
 
Currently, there are a number of models in literature, which are able to simulate 
processes before and after depassivation of reinforcement in uncracked concrete 
(Bažant 1979a; Page et al. 1981; Tuutti 1993; Balabanić et al. 1996a, 1996b; Zhang 
& Gjørv 1996; Andrade et al. 1997; Martin-Perez 1999; Thomas & Bamforth 1999; 
Glass & Buenfeld 2000). For computational model to be considered realistic, chemo-
hygro-thermo processes have to be coupled with mechanical processes, and also 
vice versa. The localization of damage (cracking) is a characteristic response of 
structures made of quasi-brittle materials, such as concrete, subjected to mechanical 
or non-mechanical loading. Computational modelling of damage in concrete is still a 
challenging task, especially its interaction with transport processes in concrete. 
Presently, there are only a limited number of coupled 3D chemo-hygro-thermo-
mechanical models capable of realistically simulating corrosion processes in cracked 
concrete (Ishida et al. 2009; Marsavina et al. 2009; Ožbolt et al. 2010, 2011).  
 
The 3D chemo-hyrgo-thermo mechanical (CHTM) model for concrete has been 
recently developed (Ožbolt et al. 2010, 2011). It is implemented into a 3D FE code 
and the results of numerical studies show that the model is able to realistically 
simulate non-mechanical and mechanical processes and their interaction before 
(Ožbolt et al. 2010) and after depassivation of reinforcement (Ožbolt et al. 2011). 
 
Here presented work is a further extension of the recently developed 3D CHTM 
model for concrete. The rate of rust production and the corresponding mass of red 
rust, which are dependent on the calculated anodic current density, are implemented 
into the model. The corresponding compressive pressure on the surrounding 
concrete cover due to the build up of red rust at the depassivated anodic regions, is 
accounted for by implementing 1D corrosion contact elements. These elements, 
which are radially placed around the bar, are able to account for the inelastic strains 
due to the expansion of corrosion products. Subsequently, by reaching the tensile 
strength of the surrounding concrete, the cracking of the cover occurs. The 
mechanical part of the model is based on the microplane model with relaxed 
kinematic constraints (Ožbolt et al. 2001).  
 
The distribution of corrosion products into the pores and corrosion induced cracks is 
incorporated in the model as a convective-diffusion problem. By accounting for the 
transport of rust, the corrosion induced damage is less pronounced and hence the 
onset of the first visible crack on the concrete surface is predicted more realistically. 
It should be noted that at this stage of the model development, the parameters 
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governing the distribution of rust are taken more in a qualitative sense. To quantitate 
their values requires comprehensive experimental tests, which are currently not 
available in the literature.    
 
The 3D CHTM model's application for predicting corrosion induced damage is 
investigated for concrete specimens with a single embedded rebar. The validation is 
shown on a simple reinforced concrete beam. To further quantitatively verify and 
calibrate the 3D CHTM model, the experiments on the beam-end specimens by 
Fischer (2012) are numerically replicated. The specimens, which are used to 
investigate the bond behaviour of the embedded reinforcement bars, were first 
exposed to accelerated corrosion conditions. The rebars were subsequently pulled 
out of the specimens for different levels of corrosion exposure. Hence, the 3D 
chemo-hygro-thermo mechanical model is used to simulate the aggressive corrosion 
process and the corresponding cracking of the concrete cover. Additionally, the 
influence of the anodic-cathodic configuration on the bar's surface and the 
distribution of corrosion products into the cracks is investigated. The pull-out capacity 
of the reinforcement bar, which is numerically obtained for different degrees of 
corrosion damage, is compared with the experimental results. The predicted crack 
patterns and the reduction of the pull-out capacity demonstrate that the model is able 
to successfully simulate the coupling of the electrochemical processes with the 
mechanical damage and vice versa. 
 
Further on, the cracking of the RC elements reinforced with multiple rebars placed in 
close proximity of each other is investigated. Experiments by Dong et al. (2011) are 
simulated to validate the model's ability to account for the complex development of 
the corrosion crack patterns. The results of the numerical analyses show that the 
model is capable to adequately assess the damage in multi-rebar cases, but also the 
importance of determining the distribution of anodic and cathodic regions on the steel 
bar's surface. 
 
The robustness of the model is investigated by analysing the corrosion induced 
cracking on specimens reinforced with both rebars and stirrups. This presents a 
complicated scenario for simulating the electrochemical processes and for validating 
the mechanical part of the model. The experimental data by Dong et al. (2011) and 
Fischer (2012) are used to verify the 3D CHTM model. In the case of the former, a 
complex crack pattern is realistically captured by the numerical simulation. In the 
case of the latter, a similar trend of the pull-capacity is accounted for with the 
progressive corrosion induced damage. 
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1.1.2 Hysteretic moisture behaviour of concrete  

Transport processes important for the onset and progression of corrosion in concrete 
are highly dependent on the pore moisture content. With the change of the 
environmental relative humidity (RH), the relative pore pressure is correspondingly 
changing and hence, affecting the water content in the concrete pores.  
 
Unsaturated conditions in a concrete specimen have a strong influence on the 
distribution of chlorides. Convective flux of chloride ions due to moisture transport 
becomes more dominant compared to a slower, diffusive flux. Hence, the ingress of 
chlorides is more pronounced compared to the chloride attack under saturated 
conditions (Ababneh et al. 2003). Furthermore, exposure to wetting and drying cycles 
can result in characteristic "peak" chloride profiles along the concrete depth (Saetta 
et al. 1993; Polder & Peelen 2002; Fenaux 2013), with the peak value of the total 
chloride content being translated away from the exposed surface.  
 
Likewise, the electric conductivity of concrete is strongly dependant on the pore 
water content. Therefore, accounting for the changing RH conditions plays an 
important role in calculating the corrosion current density and the subsequent rate of 
rust production (Gjørv et al. 1977; Tuutti 1982). 
 
Concrete, as a porous material, exhibits hysteretic behaviour. Assuming isothermal 
conditions, the water content can differ for the same relative humidity, depending on 
the specimen's dynamic moisture loading history (Mualem 1974; Hansen 1986; 
Pedersen 1990; Xi et al. 1994; Baroghel-Bouny 2007; Ranaivomanana et al. 2011; 
Bažant & M. Bažant 2012; Derluyn et al. 2012). For a constant air temperature and 
constant relative humidity, equilibrium conditions can be obtained in a concrete 
specimen, i.e. the pore pressure in the specimen will be approximately the same as 
the RH of the ambient air. The connection between the equilibrium relative humidity 
and the experimentally measured water content is given by a point on the isotherm 
curve (Hansen 1986). Usually in the experiments for determining the isotherm 
curves, very small or thin specimens are used to quickly reach the equilibrium state, 
for a step-like increase or decrease of the ambient RH (Baroghel-Bouny 2007). The 
main adsorption curve is obtained by plotting the values of the water content for each 
increase of the RH, starting from a completely dry specimen. Similarly, starting from 
conditions of absolute saturation and incrementally decreasing the RH of the ambient 
air, the main desorption curve can be plotted.  
 
As mentioned before, porous materials as concrete have different moisture values for 
the same RH, depending on the loading history. Therefore, the sorption curves differ 
from each other at a constant temperature, with the position of the desorption curve 
always being above the adsorption isotherm (Figure 1.3).  
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Figure 1.3 Illustration of the main adsorption and desorption curves (left) and the 
scanning curves (right) for a cementitious material  

The hysteretic behaviour of a cementitious material for cases where the conditions 
change periodically from drying to wetting conditions is described with the so-called 
scanning curves (Figure 1.3). They are positioned between the main adsorption and 
desorption curve which are acting as envelopes (Hansen 1986; Pedersen 1990; 
Baroghel-Bouny 2007).  
 
One of the aims of here presented work is to incorporate the complex behaviour of 
concrete under changing moisture conditions into the 3D chemo-hygro-thermo-
mechanical model. It is important to note that in the previous model definition, the 
distribution of water content was described as transport of capillary water in terms of 
volume fraction of pore water by Richards' equation (Ožbolt et al. 2010, 2011). 
Implementation of hysteretic moisture behaviour of concrete presents a further 
development of the model with the ability to account for the cyclic environmental 
moisture conditions (drying-wetting) and its effects on transport processes.  
 
The main adsorption and desorption curves are given as input data. The model 
explicitly calculates the distribution of relative humidity in concrete and then indirectly 
determines the moisture content based on the sorption curves. By knowing the 
position on the isotherm curve from a previous computational time step, a new 
distribution of the relative pore pressure can be calculated for the current boundary 
conditions. Subsequently, the corresponding water content is established from a new 
location on the isotherm curve. In the case of static moisture conditions, i.e. constant 
wetting or drying, the analysis is following the input main adsorption or desorption 
curve. This is valid only for the assumption that the initial starting condition 
(previously wetted or dried concrete) corresponds to the boundary environmental 
condition (wetting or drying).  
 
With the dynamic moisture conditions, i.e. with the change from wetting to drying or 
vice versa, the scanning curves need to be determined. They are calculated 
empirically by using the formulas developed by Pedersen (1990). They differ from the 
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main adsorption or desorption curves and behave in a loop-like manner depending 
on the number of wetting and drying cycles.  
 
The implemented scanning curves are verified by simulating the experiments of 
Baroghel-Bouny (2007). To give more insight into the relative humidity and water 
content distribution in concrete exposed to wetting and drying cycles, the 
experiments of Dong et al. (2011) are simulated. The numerically obtained results 
show that the model is capable of realistically calculating the complex hysteretic 
moisture behaviour under numerous wet and dry cycles.  
 
For the case of concrete specimens exposed to chloride attack in a dynamic moisture 
environment, chloride profiles along the concrete cover depth are analysed and 
compared to the experimental results (Polder & Peelen 2002). The analysis amplifies 
the importance of the hysteretic moisture behaviour of concrete in the CHTM model. 
The predicted "peak" chloride profiles can only be accounted for by exposure to 
cyclic wetting and drying conditions at the specimen's surface. 
 

1.2 Research objectives 

The objectives of the here presented thesis are: 
 
1. Extend the 3D chemo-hygro-thermo-mechanical (CHTM) model to simulate the 
damage in RC elements due to expansion of corrosion products around the 
reinforcement bars.   
 
2. Implement the rate of rust production and develop the 1D corrosion contact 
elements for encompassing the inelastic expansion of rust products. 
 
3. Account for the transport of corrosion products in the CHTM model. 
 
4. Validate the implemented phenomena in the CHTM model through comparison 
with experimental results for single and multi rebar cases. 
 
5. Analyse the influence of size and position of the anodic and cathodic regions on 
the corrosion induced damage. 
 
6. Investigate the influence of transport of corrosion products on the corrosion 
induced damage. 
 
7. Investigate the influence of corrosion induced damage on the pull-out capacity of 
the reinforcement bar. 
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8. Validate the developed CHTM model for specimens reinforced with both, rebars 
and stirrups. 
 
9. Account for the hysteretic behaviour of concrete in the CHTM model, in order to 
accommodate the dynamic moisture conditions, i.e. the exposure to wetting and 
drying cycles. 
 
10. Validate the hysteretic moisture model for concrete and its effect on transport of 
chlorides through experimental results. 
 

1.3 Scope of research 

Here presented work is focused on the numerical analyses of the non-mechanical 
and mechanical processes important for the development of corrosion induced 
damage. Experimental results from other researchers are used to validate the 
presented 3D CHTM model. 
 
Emphasis of the numerical analyses is on the processes after the depassivation of 
reinforcement bars. Specifically, the anodic and cathodic regions were chosen 
upfront and kept unchanged throughout the calculation, which is an assumption 
made to simplify already complicated processes. This is not a limitation of the CHTM 
model, which is able to simultaneously calculate the processes before and after 
depassivation, but rather an approach chosen due to time and CPU requirements 
that such calculations would require.  
 
Certain input parameters for the hysteretic moisture behaviour of concrete and for the 
transport of corrosion products have approximate values due to very complicated 
methods for their experimental measurement. Although their values are inside the 
permitted boundaries mentioned in the literature, they should be taken more in a 
qualitative sense.  
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2 LITERATURE REVIEW  

2.1 Modelling corrosion induced damage of reinforced concrete  

Corrosion induced damage is a major limiting factor for the durability of reinforced 
concrete structures, causing progressive damage to the concrete cover and 
embedded steel bars. The corrosion process in concrete is usually divided into two 
phases (fib 2006): (i) initiation and (ii) propagation phase (Figure 2.1). The initiation 
phase is defined as a time period characterised by the ingress of aggressive 
substances through the concrete cover. The protective oxide film on the bar surface 
becomes damaged by reaching a critical concentration of chloride ions in the vicinity 
of the steel surface or by carbonation of the protective concrete cover. The 
depassivation of the protective surface layer marks the start of the active corrosion 
process or the propagation phase. During this period the electrochemical reactions 
are occurring at the anodic and cathodic half-cells. The expansive volume of the 
corrosion products at the anodic regions causes cracking and spalling of the concrete 
cover. Further on, the loss of reinforcement cross section leads to the reduction of 
the structure load bearing capacity. 
  

Figure 2.1 Initiation and propagation period with the corresponding deterioration 
levels for a reinforced concrete structure exposed to corrosion (FIB 2006) 

Modelling corrosion induced damage of concrete during the propagation phase is a 
highly challenging task. It requires not only a realistic modelling approach for the 
electrochemical reactions and the rate of rust production, but also a proper 
assessment of the mechanical and transport properties of the corrosion products. 
Further on, the non-mechanical processes need to be coupled with the mechanical 
behaviour of concrete in order to properly evaluate the influence of damage (cracks) 
on the kinetics of the investigated reactions.  
 
One of the most important parameters in determining the behaviour of active 
corrosion processes is the current density, i  (Liu & Weyers 1998; Otieno et al. 2011). 
The rate of rust production is highly dependent on the values of the current density at 
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the anodic sites. Therefore, the model's ability to realistically determine the corrosion 
induced damage (cracks)  is directly related with its competence to properly assess 
the current densities for different environmental conditions. 
 
The reactions (Eq. 1.1-1.3) of the corrosion cell indicate that the values of the current 
density are governed by the processes, which can also be described as resistances 
in a simplified corrosion electrical circuit (Figure 2.2) (Raupach 1996; Balafas & 
Burgoyne 2010):  

 the iron oxidation at the anodic half-cell , i.e. anodic resistance (Ra) 
 the oxygen and water supply at the cathodic half-cell, i.e. cathodic resistance 

(Rc) 
 the hydroxyl ions transport through the concrete pore water (electrolyte), i.e. 

concrete resistance (Rcon) 
 
The flow of the electric charge will be blocked if one of the resistances is infinite 
(Balafas & Burgoyne 2010). The propagation phase cannot start if the passive 
protective film surrounding the steel bar is not damaged (Ra → ∞). Absence of 
oxygen at the cathodic regions (Rc → ∞), which is a characteristic of the underwater 
concrete structures, stops the active corrosion process. Completely dried out 
concrete lacks not only the medium for the transport of hydroxyl ions (Rcon → ∞), but 
also the reactant needed for the cathodic half-cell reaction (Rc → ∞). Steel resistance 
(Rs ≈ 0) can be neglected compared to previously mentioned resistances.  
 

 
Figure 2.2 Resistances in a simplified electrical circuit (Raupach 1996)   

Rate of rust production and the corresponding properties of corrosion products 
should be properly taken into account when modelling corrosion induced damage. 
The connection between the current density and the production rate of the resulting 
corrosion products should be established. Mechanical properties of the produced rust 
need to be given as an model input parameter to accommodate the expansive nature 
of the rust and its effects on the cracking and spalling of concrete cover.   
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Recent experiments (Wong et al. 2010; Fischer 2012) have demonstrated the 
importance of incorporating the transport of corrosion products into the pores and 
cracks around the reinforcement bar. Without accounting for this phenomena, the 
models are unrealistic and overestimate results in terms of the first crack appearance 
and the extent of damage. Governing model parameters for simulating the corrosion 
induced damage in reinforced concrete are addressed in the following sections. 
 

2.1.1 Transport processes before depassivation of reinforcement 

The emphasis of the here presented work is on the processes after the depassivation 
of steel in concrete. Hence, a comprehensive overview of the state of the art in 
regard to developing the 3D CHTM model for the initiation phase can be found in 
Kušter (2013). 
 
Deterministic modelling approach of the initiation phase, in a chloride aggressive 
environment, requires a realistic and comprehensive description of chloride ions 
ingress through the concrete cover, taking into account the effects of possible 
concrete damage (cracks). Therefore, the transport of free and bound chloride ions, 
water, oxygen and distribution of heat in concrete need to be accounted for in a 
model predicting the depassivation of reinforcement (Page et al. 1981; Zhang & 
Gjørv 1996; Andrade et al. 1997; Martin-Perez 1999; Thomas & Bamforth 1999; 
Glass & Buenfeld 2000).  
 
Furthermore, the non-mechanical processes have to be coupled with the mechanical 
behaviour of concrete as the cracking of the concrete cover accelerates the ingress 
of chlorides (Ishida et al. 2009; Marsavina et al. 2009; Ožbolt et al. 2010; Bentz et al. 
2013; Kušter 2013; Šavija et al. 2013a). Modelling of chloride transport in 
unsaturated concrete presents a further challenge due to a dominant moisture 
transport of chloride ions (Saetta et al. 1993; Ababneh et al 2003; Sleiman et al. 
2012). Additionally, there is a very limited number of models in the literature capable 
of predicting the chloride profiles in concrete exposed to cyclic wetting and drying 
conditions (Meijers et al 2005; Fenaux 2013).  
 
Distribution of water content in unsaturated concrete can be described as a single 
phase flow model of pore water by using Richards equation, which presents a 
generalized Darcy equation (Richards 1931; Bear & Bachmat 1990; Kumar 2010). 
Furthermore, the moisture content in concrete can be expressed in terms of pore 
relative humidity and requires determining the concrete sorption curves (Bažant & 
Najjar 1972, Xi et al. 1993). Concrete subjected to dynamic moisture conditions 
(cyclic wetting and drying) exhibits a pronounced hysteretic moisture behaviour, i.e. 
the water content values are highly dependent on the moisture loading history. 
Hysteretic moisture model for concrete in here presented work is developed as a 
further extension of the 3D CHTM model, applicable for modelling processes before 
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and after depassivation. Due to the complexity of the aforementioned problem, a 
detailed literature review is presented in separate Section 2.2.  
 

2.1.2 Electric potential and polarization 

Corrosion of steel reinforcement in concrete is an electrochemical process which 
includes the cathodic and anodic half-cell reactions (Eq. 1.1-1.2). Each half-cell 
reaction has a standard potential measured at equilibrium in regard to a reference 
electrode (usually a hydrogen electrode) under standard conditions (25 C) (Callister 
& Rethwisch 2012). Oxidation of iron at the anodic site and the oxygen reduction at 
the cathodic region have a standard potential of 0.440 V and 0.401 V, respectively 
(Ang & Chen 2009; Callister & Rethwisch 2012). 
 
The change of the half-cell standard potential from its equilibrium value due to the 
generated electric current is called polarization and the corresponding change value 
is called overpotential. Two types of polarization have an important effect on the 
kinematics of the corrosion cell: the activation and the concentration polarization. 
Both contributions to the electric overpotential should be accounted for in the models 
simulating corrosion induced damage in concrete. 
 
Activation polarization presents a change of corrosion cell potential due to the 
overcoming of the activation energy of electrochemical reactions. This energy barrier 
is related to the slowness of the charge-transfer process occurring on the surface of 
electrodes (Stolten 2010). Effect of the activation polarization on the current density 
is described by the Butler-Volmer equation (McCafferty 2010):  
 

0 0 0

(1 )
exp ( ) exp ( )barr barrzF nF

i i Φ Φ Φ Φ
RT RT

                                          
(2.1)

                      
 

where 0i  is the exchange current density (A/m2), z  is the number of transferred 

charge, barr  is a dimensionless parameter as a measure of free energy barrier 

symmetry , Φ  is the electric potential (V), 0Φ  is the equilibrium electric potential (V), 

F  and R  are Faradey's and universal gas constants, respectively, and T  is the 

absolute temperature (K). For higher values of overpotential 0( )Φ Φ  the last term in 

Eq. 2.1, presenting the rate of the reverse reaction, becomes negligible (Newman & 
Thomas-Alyea 2004). By plotting the current density as a function of the relatively 
higher overpotential values, in a semi-log scale, the linear Tafel curves are obtained 
(McCafferty 2010). For this linear region, the Tafel equation can be derived from 
Equation 2.1: 
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where   is the slope of the Tafel curve.  

 
Concentration polarization is the potential difference due to the changes in the 
reactant's concentration at the electrode-electrolyte interface (Bӧckris et al. 2000). 
The supply shortage of the reacting species at the electrode's surface causes the 
decrease of the equilibrium potential and is termed as the concentration 
overpotential. Cathodic half-cell reaction, i.e. the reduction of oxygen at the cathodic 
sites (Eq. 1.1) is therefore dependent on the process of oxygen diffusion to the 

cathode surface. The relation between the concentration overpotential 0( )Φ Φ and 

the limiting oxygen supply in the case of the cathodic reaction can be written as 
follows (McCafferty 2010): 
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(2.3) 

 

where surf
oC  and oC  are the concentrations of dissolved oxygen at the electrode 

surface and in the bulk of the electrolyte (kg/m3), respectively. 
 

2.1.3 Electrical resistivity of concrete 

Electrical resistivity of concrete or its reciprocal value (electrical conductivity of 
concrete) is a significant factor for determining the values of current density and 
consequently the amount of corrosion induced damage (Liu 1996; Martin-Perez 
1999; Bertolini et al. 2004). The current density increases with higher values of the 
electrical conductivity. Hence, it is necessary for a model to incorporate different 
parameters which have an influence on the change of the electrical conductivity. 
During the propagation phase, the flow of ions is introduced in the concrete pores 
surrounding the rebar. The resistance to this flow presents the electrical resistivity of 
concrete which is influenced by the concrete porosity, the degree of water pore 
saturation and the composition of the pore solution (Bentur & Diamond 2005). 
 
The higher value of the concrete water-cement ratio increases not only the total pore 
volume of concrete, but also the connectivity and the size of the pores (Van Mier 
1996; Bertolini et al. 2004). Hence, the electrical resistivity decreases with the 
increase of the w/c ratio (Gjørv et al. 1977; Tuutti 1993). 
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Figure 2.3 Electrical resistivity of concrete as a function of water saturation for the 
water-cement ratio of 0.40 and 0.70 (Rosenberg et al. 1989)  

Degree of water saturation has a major influence on the values of the current density. 
Experimental measurements have shown that the decrease of the water saturation 
from a fully saturated concrete to relatively low values of saturation can increase the 
electrical resistivity up to approximately three orders of magnitude (Figure 2.3) (Gjørv 
et al. 1977; Rosenberg et al. 1989; Tuutti 1993). The values of electrical conductivity 
of concrete measured by (Gjørv et al. 1977)  are given in Table 2.1 as a function of 
water saturation for w/c ratios of 0.4 and 0.7. 
 
Table 2.1 Values of electrical conductivity of concrete as a function of water 
saturation for w/c ratios 0.4 and 0.7 (Gjørv et al. 1977) 

Electrical conductivity σ (10-3 Ω-1m-1) 

Saturation 
(%) 

40 45 50 55 60 65 70 75 80 85 90 

w/c = 0.40 0.03 0.07 0.20 0.25 0.53 0.75 1.00 2.00 6.00 10.0 11.2 

w/c=0.70 1.0 1.81 2.75 3.0 4.28 8.70 9.52 10.5 11.5 12.5 13.5 

 
Higher values of the chloride ion concentration in the pore solution can decrease the 
electrical resistivity to a certain extent (Browne 1980). This is an indirect effect due to 
the hygroscopic nature of chlorides which can influence the retainment of water in 
concrete. Further on, the carbonation of the concrete cover can increase the 
electrical resistivity (Bertolini et al. 2004). This is usually explained by the decrease in 
the concrete porosity as the expansion of the solid volume occurs with the formation 
of the calcium carbonate (Chi et al 2002).  
 
Osterminski et al. (2012) provided extensive and detailed experimental data with 
emphasis on the long term behaviour of the electrical resistivity of concrete, taking 
into account the effects of cement type (ordinary Portland cement and blast furnace 
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slag cement), w/c ratio (0.45, 055 and 0.65), external humidity distribution and cover 
depths. As expected, a higher w/c ratio resulted in increasing the sensitivity of 
concrete to external moisture fluctuations. The slag cement exhibited not only a 
higher electrical resistivity compared to Portland cement, but also a continuous 
increase over a long period of time (up to 13 years) due to a ongoing hydration of the 
slag component. In comparison, the Portland cement showed no significant changes 
in electrical resistivity after approximately 3 years. Furthermore, an extensive 
approach for quantifying the electrical resistivity of concrete was presented in the 
probabilistic, engineering model for predicting the corrosion of steel reinforcement by 
Osterminski & Schieβl (2012). The approach is based on measuring the reference 
value of the electrical resistivity for concrete elements (28 days after casting) and on 
quantifying the factors which take into account the testing method of the reference 
value, humidity, chloride content, carbonation, temperature and cement hydration 
(Osterminski & Schieβl 2012, von Greve-Dierfeld & Gehlen 2012). 
  

2.1.4 Oxygen supply at cathodic regions 

Oxygen supply at cathodic regions is a hindering factor for the rate of corrosion 
reactions, as mentioned in Section 2.1.2. The value of the current density is limited 
by the availability of the dissolved oxygen in the electrolyte needed as a reactant for 
the cathodic reaction (Eq. 1.2). Consumption of oxygen causes the oxygen 
concentration at the steel-concrete interface to be less compared to the 
concentration in the concrete bulk. At higher levels of water saturation the oxygen 
arriving at the cathode is instantaneously consumed. Hence, an interface diffusion 
layer ensues, governed by the oxygen concentration gradient (Bӧckris et al. 2000). 
Under such conditions the maximum possible current density is equal to the limiting 
diffusion current density ,c difi of the oxygen reduction which can be calculated by 

combining the Faraday's law and the Fick's first law of diffusion (McCafferty 2010), as 
follows: 
 

,
O

c dif o
cathode

C
i zFD

n





                                           

(2.4) 

 
where z is the number of electrons transferred in the cathodic reaction (z = 4), F  is 

the Faraday's constant, oD  is the oxygen diffusivity coefficient (m2/s), oC
 
is the 

oxygen concentration per volume of pore water (kg/m3) and n  is the normal to the 
cathode surface.  
 
It is therefore important for a model simulating corrosion induced damage to couple 
the transport of oxygen in concrete with the ongoing electrochemical reactions. The 
main parameters influencing the oxygen distribution in concrete is the degree of 
water saturation (Page & Treadaway 1982; Broomfield 2002) and the concrete 
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quality, i.e. the water-cement ratio (Tuutti 1982). Kobayashi & Shuttoh (1991) 
investigated the influence of concrete pore saturation on the oxygen diffusivity 
coefficient and obtained values which were 15 times higher when the saturation 
dropped down from 80% to 40%. Similarly, Sudjono & Seki (2000) determined that 
the value of the oxygen diffusivity coefficient dropped significantly for saturation 
values over 80%. Values of oxygen diffusivity coefficient determined by Tuutti (1982), 
as a function of water saturation, are given in Table 2.2 for concrete with w/c ratio of 
0.40 and 0.70. 
 
Huet et al. (2007) and Hussain & Ishida (2010) developed comprehensive models for 
simulating transport of both dissolved and gaseous oxygen phases through the 
concrete porous media. Further on, the oxygen consumption at the cathodic site is 
incorporated in the models as a direct influence on the current density of the 
corrosion cell. Although the models present an elaborate contribution for simulating 
the oxygen supply in reinforced concrete during an active corrosion process, the 
application of the models was presented only on one dimensional cases. Additionally, 
determining a number of the model input parameters is a challenging task in regard 
to lack of available experimental data. The influence of damage (cracks) on oxygen 
distribution is not incorporated in the models which can have a significant influence 
on the corrosion rate.   
 
Table 2.2 Values of oxygen diffusivity for concrete as a function of water saturation 
for w/c ratios 0.4 and 0.7 (Tuutti 1982) 

Oxygen diffusivity Do (10-8 m2/s) 

Saturation 
(%) 

40 45 50 55 60 65 70 75 80 85 90 

w/c = 0.40 2.75 2.15 1.55 1.30 1.20 1.00 0.75 0.45 0.30 0.20 0.13 

w/c=0.70 10.7 10.2 9.30 9.00 8.00 7.50 6.00 5.00 3.50 2.50 1.50 

 

2.1.5 Current density 

With respect to their approach for determining current density, the models for 
simulation of corrosion induced damage can be divided in two main groups. Empirical 
models define direct formulas for calculating the corrosion rate based on numerous 
experimental data, while the mathematical models specify a set of complex partial 
differential equations which need to be numerically solved. 
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2.1.5.1 Empirical models for defining the current density 

Yalcyn & Ergun (1996) performed accelerated corrosion tests on concrete cylinder 
specimens and measured the influence of chloride and acetate ions on the current 
density. The measurements were performed by using linear polarization resistance 
(LPR) method and by determining the half-cell potentials (Yalcyn & Ergun 1996). The 
experiments were conducted for a period of 90 days and from the experimental data 
the following equation was obtained: 
 

Ct
initi i e

                              
(2.5) 

 

where i  is the current density at certain time t  ,
 

initi  is the initial current density and C
 is a constant (s-1) dependant on the pore saturation, pH value, cover thickness and 

permeability. The constant was calibrated from the experiments. The main 
disadvantage of the model lies in its calibration that was based on the accelerated 
corrosion tests conducted on uncracked concrete specimens in a relatively short 
period of time. With only one type of concrete mixture investigated, the model 
application is very limited and not realistic for natural corrosion conditions.   
 
Liu & Weyers (1998) conducted a large scale experimental program with 44 
uncracked bridge slabs exposed to outdoor conditions lasting up to 5 years. Different 
parameters were varied: the concrete cover, water to binder ratios, the cement 
content and the addition of NaCl in the concrete mixture. The current densities were 
measured using the LPR technique. From the statistical analysis of the results a non-
linear regression curve was obtained:  
 

1 0.215
,0.0092exp(8.37 0.618ln(1.69 ) 3034( ) 0.0015 2.35 )c tot Ci C T r t     

                
(2.6)

                    
 

where ,c totC
 
is the total chloride content near the steel's surface (kg/m3), T  is the 

temperature near the reinforcement (K), Cr  is the ohmic resistance of the concrete 

cover (ohm) and t  is the time expressed in years. Although Liu & Weyers (1998) 
model presents a more elaborated attempt for determining current density, it should 
be noted that its application in a 3D structural applications is not clear due to the fact 
that the model doesn't encompass the ability to assess the geometrical effects, i.e. 
the influence of the concrete cover, the different anodic-cathodic configuration on the 
steel bar or the number and spacing of multiple rebars and stirrups. Also, some 
researchers have reported (Balafas & Burgoyne 2010) that for the start of the 
propagation phase the model gives unrealistically high values of i . 
 
Scott (2004) experimentally measured the current densities for cracked beam 
specimens with crack widths of 0.2 and 0.7 mm. Different parameters were varied: 
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concrete covers, water to binder ratios and binder types. An empirical formula for 
current density was obtained by calibrating it with the experimental data: 
 

  3
cov ,9040 /20 1.2( / ),901.43 0.02 condc C fcondC

i e
f

   
  
 

                   (2.7)  

 

where f  is the slag correction factor depending on the binder type, ,90condC  is the 90 

day chloride conductivity index value (mS/cm) and covc  is the concrete cover depth in 

mm. Although the current densities were measured on cracked specimens, the crack 
width is not incorporated in the model as an input parameter. Additionally, the 
specifics of the test setup and the difficulties in determining the chloride conductivity 
index values limit the application of the model to a narrow set of scenarios. 

  
Martinez & Andrade (2009) have proposed three ways to determine an annually 
representative current density ,corr repi . The value can be obtained by integrating the 

on-site measured current density curve as a function of a longer period of time and 
then dividing the integral value with time expressed in years. If there is no possibility 
to measure the time development of the current density, Martinez & Andrade (2009) 
have proposed approximate values corresponding to the exposure classes of 
Eurocode 2:DIN EN 1992. The third approach consists of individual short term in situ 

measurements of the current density s ite
corri  and the corresponding resistivity. The 

drilled samples from the investigated site are then conditioned to 85% of relative 
humidity (for structural elements protected from the rain) or vacuum water saturated 
(for non sheltered structural elements) and subsequently the minimum resistivity is 
measured. By plotting the in situ current density values as a function of resistivity, the 

maximum current value max
corri  can be extrapolated from the measured minimum 

resistivity. Finally, the representative current density value can be calculated as: 
 

max

, 2

site
corr corr

corr rep

i i
i




                                                                 
(2.8) 

 
Martinez & Andrade (2009) model presents a simplified engineering approach for 
determining the current density whose accuracy largely depends on the extent of the 
experimental measurements.  
 

2.1.5.2 Mathematical models for defining the current density 

Mathematical models for modelling of corrosion induced damage in concrete 
represent a complex set of coupled partial differential equations (PDE) for describing 
processes before and/or after depassivation of reinforcement. The current density in 
mathematical models is usually calculated from the distribution of the electric 
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potential Φ ,i.e. from the potential gradient Φ and from the known values of the 
electrical conductivity of concrete. The PDE describing the corrosion processes are 
solved by using a suitable numerical method (finite element method, finite difference 
method etc.). 
 
Bažant (1979a) developed a highly sophisticated model able to model processes 
before and after depassivation of steel. Taking into account the Nernst equation for 
concentration polarization, the anodic and cathodic potentials are calculated, 
respectively: 
 

0.357 0.0296log 0.0296loganode anode
w fΦ u C  

                                                       
(2.9a) 

1.187 0.0148log 0.0148logcathode cathode
w oΦ u C  

                                                     
(2.9b) 

 

where anode
wu  and cathode

wu  are amounts of capillary water at anode and cathode, 

respectively (
2

3 3
H 0 conm /m ), fC  is the concentration of ferrous hydroxide Fe(OH)2 per 

cubic meter of concrete (kg/m3) and oC  is the oxygen concentration per cubic meter 

of concrete (kg/m3). Considering only the concentration polarization presents a valid 
assumption only for highly saturated concrete, such as submerged RC elements. 
Oxygen diffusivity decreases with higher values of water saturation (Gjørv et al. 
1977). Hence, the oxygen supply at the cathodic regions becomes a limiting factor for 
the kinetics of the electrochemical reactions. For relatively lower values of the water 
content, in cases of elements subjected to periodical wetting and drying conditions, 
the contribution of the activation polarization should be included in defining the 
overall polarization of the corrosion half-cells (Kranc & Sagüés 1997; Martin-Perez 
1999; Otieno et al. 2011). 
 
Kranc & Sagüés (1997) developed a detailed model for simulating corrosion induced 
damage, based on the approach of Walton & Sagar (1986) and Harker et al. (1987) 
who used Butler-Volmer kinetics to calculate uniform corrosion of radioactive waste 
metal canisters encircled by a concrete layer. They proposed that the kinetics of the 
anodic reaction, i.e. dissolution of iron, is only controlled by the activation 
polarization. On the other hand, the polarization at the cathodic regions is a 
combination of activation and concentration polarization effects. The later takes into 
account the possible reduction of the oxygen supply due to the higher values of water 
saturation. Subsequently, the calculated anodic and cathodic potential are used as 
boundary conditions for solving the Laplace's equation of the electric potential Φ  in 
concrete:   
 

2 0Φ                                                                           (2.10) 

 
Further on, the current density is calculated from the Ohm's law by determining the 
gradient of the electric potential and the corresponding electrical conductivity of 
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concrete. By taking into account, not only the activation polarization, but also the 
limiting factor of oxygen supply at the cathodic sites, the model of Kranc & Sagüés 
(1997) model gives a more realistic approach for modelling of corrosion current 
density. 
 
Isgor (2001) model, similarly to Kranc & Sagüés (1997), solves Eq. 2.10 by 
determining the boundary conditions from polarization of the cathodic and anodic 
regions. The cathodic site are assumed to polarize as a combination of activation and 
concentration polarization, while the anodic sites only as activation polarization. The 
boundary conditions at the anodic and cathodic sites are obtained (Stern & Geary 
(1957) as follows: 
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where 0
FeΦ  and 

2

0
OΦ  are the standard half-cell potentials of iron and oxygen (V), a

and c  are the Tafel slopes of the anodic and cathodic reactions, 0ai and 0ci  are the 

anodic and cathodic exchange current densities (A/m2) and Li  is the limiting current 

density (A/m2). Similarly to approaches from Bažant (1979a) and Kranc & Sagüés 
(1997), the model's challenge lies in determining the anodic and cathodic 
distributions on the reinforcement bar surface.  
 
In Raupach & Gulikers (1999) model, the macro-cell current density is calculated by 
using the Ohm's law in a simplified electrical circuit (Figure 2.2). Hence, the potential 
difference between the cathodic and anodic site is divided with the circuit equivalent 
resistance and the following is obtained: 
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(2.12) 

 

where 0
FeΦ  and 

2

0
OΦ  are anodic and cathodic equilibrium potentials, respectively, conR  

and sR  are the concrete and steel electrical resistances (), ,p aR  and ,p cR  are the 

anodic and cathodic polarization resistances calculated by using Butler-Volmer 
kinetics (). The main drawback of the model is its limited application in regard to 
positioning the anodic and cathodic sites for a complicated reinforcement geometry 
and multi-rebar cases.  
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Maruya et al. (2007) model combines the micro- and macro-cell corrosion 
approaches for calculating the corrosion current density. The macro-cell circuit 
occurs between the anodic and cathodic regions separated at a certain distance, 
while the micro-cell circuit consists of anode and cathode at a negligible distance. In 
the first part of the model, anode and cathode are assigned to each element of the 
discretized steel bar (Figure 2.4a) with the assumption that there is no interaction 
between separate elements. Hence, the half-cell potential and the current density for 
each micro-cell circuit are calculated at the intersection point of the corresponding 
anodic and cathodic polarization curves (Maruya et al. 2007), which relate the electric 
potential with the anodic or cathodic current density (Bertolini et al. 2004), 
respectively. The anodic polarization curve is dependent on the ratio of chloride and 
hydroxyl ion concentration, while the cathodic polarization curve is a function of the 
oxygen concentration at the rebar surface. In the second part of the model, the 
macro-cell circuit can be established between any two separate electrodes with 
different micro-cell potentials. The half-cell potentials and current density of the 
macro-cell circuit are calculated by taking into account the distance between the 
electrodes, concrete electrical resistivity and the Tafel slopes of the macro-cell 
polarization curves (Maruya et al. 2007). Due to the presence of larger number of 
electrodes along the bar, all of the macro-cell circuits between the element with a 
lowest micro-cell potential (anode) and the rest of the elements (cathodes) need to 
be analysed (Figure 2.4b) .  
 

(a) 

 (b) 

Figure 2.4 Micro-cell (a) and macro-cell (b) modelling approach by Maruya et al 
(2007)  

Although the model presents a very detailed attempt in calculating the current 
density, the actual values of the anodic and cathodic polarization curves for the 
micro-cell corrosion and the Tafel slopes of the macro-cell circuit are given as 
empirical equations. Hence, the values are highly dependent on the corresponding 
test setups used for their determination. Additionally, a complex reinforcement 
configuration presents a challenging task for determining the current density as the 
interaction between each element in the macro-cell circuit needs to be considered. 
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2.1.6 Corrosion products 

2.1.6.1 Types of corrosion products 

Types of corrosion products forming around the depassivated regions of steel 
reinforcement in concrete are significantly influenced by the availability of water and 
oxygen, but also by the chloride concentration around the steel-concrete interface 
(Šavija et al. 2013b). Usually, corrosion products are a mix of different hydroxides, 
oxides and even complex chemical compounds containing chlorides and sulfates 
(Jamali et al. 2013). Their content and ratios are highly affected by the environmental 
conditions. Correspondingly, their effect on the cracking of the concrete cover can 
differ greatly depending on their volume increase compared to steel. The relative 
volume increase varies from 1.70 up to the value of 6 (Fischer 2012). Different types 
of rust products which can form during the corrosion process are listed in Table 2.3. 
The data from Table 2.3 illustrate the importance of different rust products forming 
around the reinforcing bars for the analytical models. Obviously, the input model 
parameters should be calibrated according to the dominant environmental conditions 
influencing the rust production. 
 
Table 2.3 Corrosion products and their volume increase in comparison with steel 

Corrosion product Chemical formula Relative volume 
increase compared to steel

Iron oxide FeO 1.70 

Hematite 1/2 Fe203 2.00 

Magnetite 1/3 Fe203 2.10 

Geothite -FeOOH 2.91 

Lepidocrocite γ-FeOOH 3.03 

Akagenite β-FeOOH 3.48 

Ferrous hydroxide Fe(OH)2 3.60 

Ferric hydroxide Fe(OH)3 4.00 

Hydrated ferric hydroxide Fe(OH)3, 3H2O 6.15 
 

2.1.6.2 Rate of rust production 

Rate of rust production at the depassivated regions of the reinforcement bars is 
dependent on the anodic current density. In certain models (Bažant 1979a; Andrade 
et al. 1993; Martin-Perez 1999) this relationship is considered to be linear and based 
on the following: (i) the Faraday's law and (ii) the stoichiometry of the electrochemical 

reactions. Hence, the rate of the rust production rJ  (kg/m2s) at the anode is 

proportional to the anodic current density and to the equivalent mass ( /M z ) of the 
corrosion product: 
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(2.13) 

 

where ai  is the anodic current density, F  is the Faraday's constant , z  is the valency 

of the reaction and M  is the molar mass of the corresponding corrosion product.  
 
Liu & Weyers (1998) proposed an empirical model in which the rate of rust 
production decreases with time as a consequence of the increasing thickness of the 
rust layer. As the layer becomes thicker, the iron ionic diffusion distance increases 
and the rate of rust production should decrease. The disadvantage of the model is 
that it gives unrealistically high values at the beginning of the depassivation phase. 
Balafas & Burgoyne (2010) have therefore proposed that the rust production should 
follow the Faraday's linear law at the start of the corrosion process, but should 
change to the Liu & Weyers (1998) model at the later phase. The problem with  such 
approach is the uncertainty in choosing the proper value of the parameter, which 
governs the reduction of the corrosion rate and which Liu & Weyers (1998) 
determined empirically by calibration with the experimental results. Hence, the model 
cannot be used as a proper prediction tool without knowing in advance the results of 
the corrosion induced damage. 
 

2.1.6.3 Mechanical properties of corrosion products 

Experimental data on the mechanical properties of corrosion products is scarcely 
available in the literature. Therefore, many numerical models for simulating the 
corrosion induced damage in concrete estimate the mechanical properties, especially 
the value of the elastic modulus of corrosion products. For example, Molina et al. 
(1993) assumed that the properties of rust are similar to those of liquid water and the 
value of 12 N/mm2 is assumed for the modulus. On the other hand, in the numerical 
model developed by Bhargava et al. (2005), the relatively high value of the steel 
modulus of elasticity was taken as the input mechanical parameter for the corrosion 
products. In the numerical work of Suda et al (1993) the value of 100 N/mm2 or 
higher was proposed. 
 
Experimental and numerical analysis by Caré et al. (2008) determined the value of 
the modulus of elasticity to be equal to 130 N/mm2. The value was calculated by 
conducting the accelerated corrosion tests and measuring the radial displacement at 
the steel-concrete interface by using digital image correlation. The displacements 
were taken as the input data for the analytical model of a hollow cylinder subjected to 
inner and outer pressures and subsequently the Young's modulus was calibrated.  
 
Müller and Bohner (2012) obtained the elastic modulus of rust based on an extensive 
experimental study and a subsequent numerical analysis. The experiments were 
focused on measuring the tangential strains on the surface of concrete cylinders with 
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a single rebar exposed to aggressive environmental conditions. The corresponding 
tangential strains were additionally obtained on a set of hollow concrete cylinders 
with embedded thin-walled copper tubes by controlling the pressure of the hydraulic 
fluid in the tube. The value of 30000 N/mm2 was calibrated by predicting the 
measured tangential strains with a 2D numerical model of the concrete cylinder. The 
model loading function was defined as a uniform increase of the embedded steel bar 
radius, determined from the hollow cylinder experimental and numerical data  
 
In recent experimental results by Zhao et al. (2012), the elastic modulus of corrosion 
products was measured directly by performing the cyclic low-compression tests on a 
series of flaky rust samples taken from naturally corroded reinforcement exposed to 
marine environment. The apparent Young's modulus was determined to be 165 
N/mm2. The experimentally obtained result is dependent on the local environmental 
conditions, therefore the value of 100 N/mm2 was proposed (Zhao et al. 2012) as the 
input elastic modulus for corrosion products. 
 

2.1.6.4 Influence of the porous zone for accommodating the corrosion 
products 

It is well known from the literature (Wong et al. 2010; Michel et al. 2011; Angst et al. 
2012) that corrosion products penetrate the concrete pores and voids around the 
depassivated regions of the reinforcement bars. This can to a certain extent mitigate 
the expansive pressure of rust on the surrounding concrete cover. The penetration of 
the rust products into the pores is a complex process dependant on the corrosion 
rate, the pore solution and the convective and diffusive aspects of the soluble 
species (Jamali et al. 2013).  
 
Determining the diffusion coefficient of the corresponding soluble species in concrete 
is a challenging task and there is currently no available information in the literature. 
The diffusion coefficient of the ferric ion (Fe3+) in uncracked concrete with a w/c ratio 
of 0.4 is given in Castellote et al. (1999). The measured results give an approximate 
orienting range from 2.57x10-14 up to 7.81x10-16 m2/s. The data showed a relatively 
large discrepancy and the diffusion coefficient values of the ferrous species were not 
addressed. Further on, assuming such low value of the diffusivity coefficient results in 
a relatively small amount of rust being transported into the pores and voids of 
uncracked concrete.  
 
A number of numerical models (Molina et al. 1993; Liu & Weyers 1998; Bhargava et 
al. 2005; El Maaddawy & Soudki 2007; Chernin & Val 2011; Lu et al. 2011) 
incorporated this effect by assuming a "ring" zone around the embedded bars, which 
can accommodate the penetrating products. The models assume that the diffusive or 
porous zone has a uniform thickness around the reinforcement bar and the pressure 
can only be exerted on the concrete after filling the zone with rust products. The main 
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drawback of such models, as stated in Jamali et al. (2013), is not only the uncertainty 
of choosing the thickness, but also the assumption of their uniform distribution 
around the bar.  
 
The zone thickness is usually assumed between 10 to 20 m (Liu & Weyers 1998; El 
Maaddawy & Soudki 2007; Lu et al. 2011) by fitting the numerical results with the 
experimental data of the accelerated corrosion tests. Hence, this value can be 
interpreted as a fitting parameter which cannot be used for natural corrosion 
conditions. Further on, the experimental investigations (Wong et al. 2010; Michel et 
al. 2011) have shown not only that the corrosion products penetrate much deeper 
into the concrete pores (even up to 180 m ), but also that the ingress is to a large 
extent non-uniformly distributed around the bar. Therefore the assumption of the 
uniform diffusion zone is highly idealized and simplified compared to the actual 
experimental observations. 
 

2.1.6.5 Transport of corrosion products into the cracks 

Recent experimental investigations (Wong et al. 2010; Fischer 2012) have shown 
that a significant amount of rust products penetrates into the corrosion induced 
cracks (Figure 2.5). Fischer (2012) observed that the amount of the rust distributed in 
cracks can reach up to 50 % of the totally produced corrosion products around the 
embedded reinforcement bar. Therefore, the transport of rust products into the 
cracks has a strong influence on the development of damage by reducing the 
expansion pressure on the surrounding concrete. This effect is largely neglected in 
all empirical and mathematical models for simulation of corrosion induced damage.  
 

Figure 2.5 Penetration of corrosion products into the cracks (left) and the 
corresponding microscopic image (right) of the damaged concrete region observed in 
experiments by Fischer (2012) 

Recently, Tran et al. (2011) developed a model based on the Rigid-Body-Spring 
method with 3D Voronoi particles in which the above mentioned reduction effect is 
implemented by continuously measuring the developing crack widths and crack 
volumes. The model doesn't account for the chemo-hygro-thermo reactions and 
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therefore assumes that certain steel regions uniformly corrode as a time independent 
process. Regarding the corrosion induced cracks, Tran et al. (2011) assumed that 
the cracked volume is completely filled when the crack width reaches the limiting 
value of 0.1 mm. By reaching this value, the pressure is uniformly reduced around 
the bar depassivated region. Subsequently, a "half" model (only the half of the bar 
circumference being depassivated) is used to replace the initial depassivated area 
around the whole circumference. 
 
These assumptions oversimplify the effect of rust distribution by choosing the limiting 
crack width of 0.1 mm with no gradual ingress of products into the cracks. The 
cracked volume is completely and instantaneously filled by reaching this limiting 
value, which leads to a sudden and unrealistic uniform reduction of the expansive 
pressure over the whole depassivated region. Moreover, the change of the 
depassivated region from the whole to the half model presents an inconsistent 
approach in regards to the actual electrochemical processes occurring during the 
corrosion of reinforcement bar. 
 
Grassl et al. (2014) developed a hydro-mechanical lattice model for corrosion 
induced cracking of concrete in which the rust layer is modelled as a fluid. The model 
is based on two coupled dual lattices used for fluid mass (rust) transport and 
mechanical response, respectively. The cracking of the mechanical elements gives 
an increase in the conductivity of the corresponding transport elements, while the 
fluid pressure in the transport part of the model induces additional stress in the 
mechanical elements. Although, the model presents a valuable addition for 
investigating the effects of rust transport into cracks, the lack of modelling of the 
electrochemical processes presents a shortcoming of the model.  
  

2.1.7 Geometrical influences 

2.1.7.1 Concrete cover thickness 

Thickness of the concrete cover has a significant influence on the progress of the 
corrosion cell reactions and on the corrosion induced damage (cracks). The increase 
of the cover not only prolongs the initiation time for the chloride ions to reach and 
depassivate the steel surface, but also reduces the availability of oxygen for the 
cathodic half-cell reaction in cases of high water saturation (Bertolini et al. 2004).  
Further on, a thicker concrete cover can take up higher values of the compressive 
pressure due to the expansion of corrosion products (Morinaga 1990). Hence, the 
observation of the first visible surface crack is delayed with increase of the concrete 
cover thickness. This is in agreement with the numerical results of many models 
which incorporate the thickness directly as a model parameter (Bažant 1979a; Liu & 
Weyers 1998; Lu et al. 2011).  
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2.1.7.2 Reinforcement bar diameter 

The increase of the bar diameter with a constant concrete cover leads to a larger 
area of the steel surface being exposed to corrosion and subsequently a larger 
amount of expansive corrosion products is being produced (Williamson & Clark 
2000). Therefore, the time needed for cracking to occur decreases with a higher 
rebar diameter. These results are in agreement with most of the models (Andrade et 
al. 1993; Rodriguez et al. 1996; Alonso et al. 1998; Lu et al. 2011) simulating 
corrosion induced damage. Some models (Bažant 1979b; Morinaga 1990; Liu & 
Weyers 1998) are showing unrealistic results which predict an increase of the 
cracking time with a higher diameter and a constant cover. These predictions 
suggest a certain weakness of the formulation. It is interesting to note that with the 
increasing values of the concrete cover to diameter ratio, all of the models predict 
more time needed for the cracking of the cover (Al-Harthy et al. 2011).  
 

2.1.7.3 Spacing of the reinforcement bars (Multi-rebar cases) 

Recent experiments (Ahmed et al. 2007; Dong et al. 2011) under accelerated 
corrosion conditions of the multi-rebar concrete specimens indicated a significant 
influence of the rebar spacing on the development of crack patterns in concrete. 
Multi-rebars are present in realistic reinforced concrete structural elements and it is 
therefore necessary to investigate if a model is capable to simulate the corrosion 
induced damage for these cases. Bažant (1979b) has directly incorporated the rebar 
spacing as a model input parameter, while the other analytical and empirical models 
do not consider the spacing explicitly. For most of the empirical models which are 
experimentally calibrated on concrete specimens with a single bar, this presents a 
major drawback (Jamali et al. 2013).  
 
Tran (2012) conducted a numerical parametric study in the case of the multi-rebar 
specimen by using the Rigid-Body-Spring Method with 3D Voronoi particles.  He 
concluded that the rebar spacing is an important factor in predicting the corrosion 
induced damage due to the possibility of the concrete cover delamination. The 
internal cracks which form between the rebars before the appearance of the surface 
cracks can play a significant role in causing this type of concrete cover failure (Tran 
2012).  
 

2.1.7.4 Influence of stirrups 

In the experiments of Dong et al. (2011) the influence of stirrups on the corrosion 
induced damage was investigated. The crack patterns obtained for a multi-rebar case 
with and without stirrups showed a major effect of the shear reinforcement on the 
crack propagation. This is largely neglected in validating the available corrosion 
models for reinforced concrete and there is currently no available information in the 
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literature regarding the numerical analysis for such complex cases. Models 
attempting to simulate the corrosion induced damage in the presence of stirrups 
require not only a robust mathematical formulation for determining the current 
density, but also a reliable mechanical model capable of realistically predicting 
damage in concrete as a quasi-brittle material.  
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2.2 Hysteretic moisture behaviour of concrete 

Concrete as an adsorbent porous media exhibits hysteretic moisture behaviour which 
directly influences the transport processes responsible for the degradation of 
mechanical properties of reinforced concrete elements (chloride induced corrosion, 
carbonation, freezing and thawing cycles etc.). The behaviour is characterised with 
ability of the porous material to contain different degrees of water saturation for the 
same value of the relative humidity (RH), at a constant temperature. Hence, the 
water content values are highly dependent on the moisture loading history, i.e. on the 
exposure to cyclic wetting and drying.  
 
Numerous experiments (Powers & Brownyard 1946; Feldman & Sereda 1964; 
Hansen 1986; Anderberg 2004; Baroghel-Bouny 2007; Nielsen 2007) on concrete 
and cement pastes showed with the pronounced hysteresis in cases of  lower and 
higher values of relative humidity. Curve obtained by decreasing RH in a step-like 
manner from a fully saturated specimen at a constant temperature is called a 
desorption isotherm. Similarly, adsorption curve is determined by gradually 
increasing the RH from a completely dry specimen and subsequently measuring the 
equilibrium water content (Hansen 1986). The desorption and adsorption isotherms 
define the boundaries for the hysteresis loop while the different paths between them 
are termed as scanning curves (Hansen 1986; Pedersen 1990).  
 

Figure 2.6 Desorption and adsorption isotherms (100% - 3% RH and 3% - 100% RH, 
respectively) and scanning curves within various RH ranges for concrete with a w/c 
ratio of 0.27 determined by Baroghel-Bouny (2007)  

The extensive experiments done by (Baroghel-Bouny 2007) give a detailed insight to 
the shape and the behaviour of the sorption isotherms (Figure 2.6). The main 
disadvantage of such experiments is that they are time consuming due to obtaining 
equilibrium moisture conditions in specimens for every RH increment of the 
surrounding air (Derluyn et al. 2012). Hence, only a limited number of hysteretic 
loops is usually determined. Developing a numerical model which can be used for 
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analysing the water content for numerous wetting and drying cycles, present an 
important aspect for predicting the deterioration of concrete.  
 
The experimental results for the main desorption and adsorption curves for different 
concrete types can be found in the literature (Hansen 1986; Baroghel-Bouny 2007; 
Nielsen 2007) with the water-cement ratio being the main parameter. Although, 
certain attempts for cataloguing the sorption curves are available (Hansen 1986), the 
isotherms should be experimentally obtained for each investigated concrete mixture 
due to the fact that the additives and admixtures can significantly influence the 
resulting values.  
 
It is important to note that the experimentally determined sorption curves are 
obtained for a constant ambient temperature which is usually kept around 20C. 
There is little information in the literature about the influence of temperature on the 
sorption isotherms. In the experiments by Poyet (2009) the desorption isotherm data 
for the concrete with the w/c ratio of 0.43 was determined for the temperatures of 
30C and 80C (Figure 2.7). It can be seen that the desorption curve significantly 
changes its shape from a straight line to a nonlinear curve. Hence, the loss of water 
is more pronounced at higher temperatures with the decreasing relative humidity.  
 

 
Figure 2.7 Experimentally obtained (Poyet 2009) first desoprtion curves data 
(w/c=0.43) for 30 ºC and 80 ºC 

 

2.2.1 Mechanism behind the moisture hysteresis in concrete 

Completely dried concrete specimen exposed to ambient air with a certain relative 
humidity, increases its mass due to the water molecules attaching themselves to the 
outer and inner pore surfaces. The governing type of interaction between the 
molecules and the concrete surface are the weak van der Waals forces (Åhs 2007). 
The molecules will continue to accumulate until the equilibrium conditions are 
reached, i.e. the amount of water molecules attaching and leaving the surface is the 
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same. The process of accumulation of water molecules on the surface is called 
adsorption, while the opposite mechanism is termed desorption.  
 
With the increase of RH, further amounts of water molecules are being attached to 
the already present adsorbate and thus forming a thin liquid like film on the exposed 
surface (Åhs 2007). There are a couple of models describing the process of 
adsorbate accumulation on an already existing adsorbate layer, such as Langmuir 
model (Langmuir 1916) for monolayer adsorption or the BET (Brunauer–Emmett–
Teller) model (Brunauer et al. 1938) for multi-layer adsorption.  
 
In smaller concrete pores, usually between 1.4nm and 1m (Powers & Brownyard 
1946), the accumulated water curves on the pore walls and at a certain RH a 
concave meniscus is formed connecting the adjacent pore walls (Figure 2.8). 
Saturation pressure above a concave surface is less than above a flat surface 
(McArthur & Spalding 2004), which leads to water molecules condensing on the 
formed water meniscus surface. Process of water condensation on a curved 
meniscus is called capillary condensation and becomes a dominant binding 
mechanism for RH above 45% (Åhs 2007; Baroghel-Bouny 2007).     
  

 
 
Figure 2.8 Illustration of the concave meniscus forming in the pores (Åhs 2007) 

A completely saturated specimen exposed to an ambient air with a lower RH loses its 
mass during the process of desorption. The filled pores gradually lose the water 
molecules due to the lower RH in the adjacent surrounding and subsequently, the 
menisci develop inside of the pores. With the development of the menisci, the air 
bubbles spontaneously form due to the lower hydrostatic pressure inside of the 
pores. The water content corresponding to the air bubble volume is transported 
towards the surface (Fagerlund 1999). Further on, as the drying continues the pore 
pressure above the curved meniscus surface becomes higher than the saturation 
pressure. This leads to the breaking of the meniscus but at a lower RH than the value 
needed for its forming (Åhs 2007).  
 
As mentioned in the previous section, the adsorption and the desorption curves at a 
constant temperature do not coincide. Hence, these isotherms define the hysteretic 
moisture behaviour of concrete. Currently, there is not a unique agreement in the 
literature for the main mechanism causing the hysteresis.  
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According to Baroghel-Bouny (2007) one of the possible mechanisms is the 
difference between the capillary condensation and evaporation due to the shape of 
the pores, possible different curvatures at the liquid-vapour interface (meniscus) or 
by the ink-bottle effect, i.e. the multi-scale ink-bottle effect (Jennings 2000). The ink-
bottle effect (Brunauer 1943; Maekawa et al. 2008) describes a phenomena in the 
case of larger pores connected to pores with a much smaller radii. During the drying 
process the water in the bigger pores becomes trapped as long as the smaller pores 
are saturated with water (Figure 2.9). According to Bažant & M. Bažant (2012), the 
ink-bottle effect is only valid for higher relative humidity values due to the smaller 
percentage of the water liquid phase in the total evaporable water content. Further 
on, Baroghel-Bouny (2007) mentions also a possibility of certain kinetic effects which  
can impede the equilibrium conditions and therefore contribute to the hysteresis. 
 

 
 
Figure 2.9 Illustration of the trapped (ink-bottle) water in the pores connected to 
pores with a much smaller radius (Maekawa et al. 2008). During the desorption 
process the ink-bottle water can be affected only if the water in the smaller pores is 
dried out. 

Feldman & Sereda (1968) proposed that the hysteresis effect, at lower ranges of RH, 
can be contributed to the changes in the nanopore structure. Specifically, the 
removal of the interlayer water which is strongly bound to the C-S-H gel, causes the 
nanopores to collapse. Bažant & M. Bažant (2012) strongly objects to this theory as it 
predicts very large macroscopic deformations which are not experimentally observed 
for shrinkage caused by drying of concrete. Further on, Bažant & M. Bažant (2012) 
state that this theory also contradicts the experimental findings for the second 
desorption isotherm being very close to the first one (Baroghel-Bouny 2007), which  
should not be the case if the nanopores have collapsed.  
 
Hall et al. (1995) suggested that the hysteresis can be contributed to the new 
hydration of the unreacted cement and its corresponding swelling which damages the 
existing pore structure. Bažant & M. Bažant (2012) criticize this approach due to the 
absence of the hydration process for the relative humidities below 70-85 % and also 
since it cannot explain the previously mentioned second desorption isotherm. 
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In a recent work, Bažant & M. Bažant (2012) proposed a mechanism of the snap-
through instabilities for the hysteresis effect in the range of relative humidities below 
80%. Misfit pressures arising from the molecular forces around the irregular 
nanopore geometry provide the local energy barriers which prevent the passage of 
the adsorbate-vapour interface. With the change of the vapour pressure, the interface 
remains pinned at the heterogeneity until a snap-through instability occurs (M. 
Bažant & Bažant 2012). This is analogues to the snap-through buckling of arches 
and shells which causes the energy dissipation. The instabilities generate the path-
dependant "non-uniqueness" of the adsorbate layers and the dynamic jumps of the 
water content in nanopores. The hysteresis effect ensues as the snap-through 
instabilities follow different paths during the adsorption and desorption processes. It 
is important to note that the mechanism is pore-width dependent and cannot function 
in pores wider than 3nm (Bažant & M. Bažant 2012).  
 

2.2.2 Modelling the moisture hysteresis in concrete 

Modelling the hysteretic moisture behaviour of concrete is a challenging task due to 
the nanoscale mechanisms responsible for its occurrence. The approaches found in 
the literature are usually oriented towards pore network modelling with the ink-bottle 
effect (Espinosa & Franke 2006; Ishida et al. 2007; Ranaivomanana et al. 2011) or 
towards the independent domain theory (Everett 1955; Derluyn et al. 2012).  
 
A model by Ranaivomanana et al. (2011), based on the approach of Ishida et al. 
(2007), takes the hysteresis into account by assuming a certain pore size distribution 
in which the drying at a given RH occurs only if the affected pores are connected to 
the already dry network. As the RH decreases, the probability of the saturated pores 
being connected to the dry pore network becomes higher. If the relative humidity 

decreases from a value of 1h  to 2h , the model assumes that only the pores whose 

radii is affected by these RH values, i.e. pores with radii between 1 1( )r r h  and 

2 2( )r r h  are partially saturated and are subjected to drying. The connectivity of the 

pores to the dry network with a radius greater than 2r  is dependent on the probability 

of interconnection of these pores, *
2( )cP r r . Thus, the residual degree of saturation 

inkS  for pores with radii greater than 2r  is directly dependent on the connectivity and 

is calculated as follows (Ranaivomanana et al. 2011): 
 

*
21 ( )ink cS P r r  

                                         
(2.13)

                       

For the increase of RH from a value of 1h  to 3h , the pores with a size between 1r  and 

3r  belonging to the dry network, are instantaneously filled with water. The water 

content in pores, with a radius greater than 3r , remains constant. Although the model 
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presents a very thorough and comprehensive approach for modelling the hysteresis, 
its application is very limited because it requires modelling of the pore size 
distribution and its interconnectivity. Further on, the ink-bottle effect cannot be 
considered as the only mechanism governing the hysteretic moisture behaviour of 
concrete, as mentioned in Section 2.2.1.   
 
Model developed by Derluyn et al. (2012) is based on the independent domain theory 
(Everett 1955). According to the theory, a porous material is described with a number 
of domains or sorption sites which behave independently. A sorption site is defined in 
a triangular Preisach-Mayergoyz (PM) space (Preisach 1935; Mayergoyz 1985) by 

( , )a d   where a  and d  are the relative humidities during the adsorption and 

desorption process, respectively.  An example of the relative humidity loading history 
for a specimen and its representation in the PM space with the corresponding 
sorption curves is taken from Derluyn et al. (2012) and shown in Figure 2.10. The 
region with filled sorption sites (marked grey) is usually bordered by a staircase line 
after a certain loading history.   
 

 
Figure 2.10 Example of the environmental RH loading history (a), the corresponding 
representation in the PM space (b) and the corresponding water content as a 
function of relative humidity (c)  (Derluyn et al. 2012) 

The moisture content in the integrated PM approach (IPM) by Derluyn et al. (2012) is 

calculated from the integral function ( , )a dH    defined over the PM space and 

obtained from the experimental data. The moisture content M  for a certain relative 

humidity value   in the loading history is determined as follows: 
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1
1 1

( ) ( , ) ( , )
m n

ai di ai di
i i

M H H     
 

  
                  

(2.14) 

 
where m  and n  are the number of vertical and horizontal boundaries, respectively, 
describing the right-side staircase border in the PM space. Seven parameters are 

required for the definition of the integral function ( , )a dH   . These can be obtained 

from the experimental data: main adsorption and desorption curve and the 
corresponding scanning curves. The parameter values have to be chosen such that 

the H-function is monotonically increasing with increasing a  and decreasing d  

(Figure 2.11).  
 

 
 

Figure 2.11 Depiction of the ( , )a dH    function defined over the IPM space (Derluyn 

et al. 2012) 

Derluyn et al. (2012) model presents a numerically applicable approach for 
simulating the exposure of concrete to drying and wetting conditions due to the 
implicit implementation of the hysteresis phenomena through the H-function. The 
drawback of the model is that it requires extensive experimental data to properly 

define the curved surface of the function ( , )a dH   ,i.e. the behaviour of the scanning 

curves between the main adsorption and desorption curve (Figure 2.11).  
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3 CHEMO-HYGRO-THERMO-MECHANICAL MODEL (CHTM 
MODEL) 

A surface layer of ferric oxide covers and protects the embedded steel bar in 
concrete. With this layer being damaged or depassivated the corrosion of 
reinforcement in concrete can be activated. Depassivation of the protective layer can 
occur by reaching a critical concentration of free chloride ions near the reinforcement 
bar surface or as a consequence of carbonation of concrete (Tuutti 1993; Glass & 
Buenfeld 1995; Sandberg et al. 1995). In the here presented work only the chloride 
type of corrosion is investigated as the most severe one.  
 
Corrosion of steel in concrete is an electrochemical process dependent on electrical 
conductivity of concrete and steel surfaces, presence of electrolyte in the concrete 
and the concentration of dissolved oxygen in the pore water near the reinforcement 
(Glassstone 1964; Bažant 1979a; Page & Treadaway 1982). The developed 3D 
chemo-hygro-thermo-mechanical model couples the above mentioned physical and 
electrochemical processes with the mechanical behaviour of concrete (damage). 
 
The model is able to realistically predict the processes before (Ožbolt et al. 2010) 
and after (Ožbolt et al. 2011, 2012a, 2014) depassivation of steel reinforcement in 
concrete It is important to note that the distribution of water and chlorides in concrete, 
described in the following section, yields realistic results for submerged elements or 
elements being continuously exposed to sea waves, i.e. elements in the so called 
"splash" zone (Ožbolt et al. 2010, 2011). A further development of the model in 
regard to moisture distribution and chloride convective transport for concrete 
elements exposed to cyclic wetting and drying conditions is given in Section 4.  
 
Although the emphasis of the here presented work is on the corrosion induced 
damage due to the processes after depassivation, description of the complete 3D 
chemo-hygro-thermo-mechanical model is given to provide a comprehensive 
overview of the modelling approach.  
 

3.1 Non-mechanical processes before depassivation of reinforcement 

3.1.1 Transport of capillary water 

Due to the fact that concrete is in practice rarely saturated, permeability is not a 
suitable parameter to describe the transport of capillary water through the concrete. 
At complete saturation, the suction exerted by concrete is reduced to zero therefore 
″extended″ Darcy equation to formulate unsaturated flow is employed (Bear & 
Bachmat 1990) : 
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( ) ( )w w w c wK  j F           (3.1) 
 

where w w wj v  is the specific water discharge, wv  is the mean water velocity (m/s), 

wK  is the unsaturated hydraulic conductivity (m/s), cF  is the capillary force and w  is 

the volume fraction of pore water ( 3 3

2H 0 conm /m ). Capillary force can be expressed as 

the gradient of capillary potential: 
 

Ψ( )c w F                     (3.2) 

 
so that the ″extended″ Darcy equation can be written as: 
 

( ) Ψ( )w w w wK    j  (3.3)  

 
As the capillary potential depends on the volumetric moisture content, equation 3.3 
reads:  
 

( )w w w wD    j  (3.4) 

  
where 
 

Ψ
( ) ( )w w w w

w

D K 






 (3.5) 

 
is the water diffusivity (m2/s). 
 
The mass balance equation for pore water, without source or sink terms, becomes: 
 

( )
( ) ( )w w

w w w w wt

    
   


v j

 
(3.6) 

 

where w  is the density of water. Substituting (3.4) into (3.6), under assumption that 

w const  , it follows: 

 

 ( )w
w w wD

t

  
 


 (3.7) 

 
Equation (3.7) describes transport of capillary water in terms of volume fraction of 
pore water in aged concrete. Capillary water diffusivity is a function of moisture 
content (Leech et al. 2003): 
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wn
ww eDD  0)(   (3.8) 

 

where 0D  = 2.2x10-14 m2/s is the limiting magnitude term, ( ) / ( )w w wi wd wi        is 

reduced water content, wi  and wd  are initial and saturated water content, 

respectively, and n  = 6.4 is the shape term. 
 

3.1.2 Transport of oxygen 

Transport of oxygen through concrete will be considered as convective diffusion 
problem. Oxygen dissolved in the pore water is transported through concrete by 
molecular diffusion and convection as a consequence of capillary suction and 
moisture diffusion.  
 
The macroscopic flux ,o diffj , due to molecular diffusion of oxygen is expressed as: 

 

, ( )o diff o w oD C  j  (3.9) 

 

where oC  is the oxygen concentration in pore solution (kgoxygen / m3
pore solution) and 

( )o wD   is the effective oxygen diffusion coefficient (m2/s). The macroscopic flux ,o convj

, due to capillary suction and moisture diffusion is expressed as: 
 

,o conv o wCj v  (3.10) 

 

The total mass flux of oxygen, oj  takes the form: 

 

( )o o w o w oC D C  j v  (3.11) 

 
The mass balance for oxygen in the pore water is given as (Bear & Bachmat 1990): 
 

( )
( )w o

w o

C

t

 
 


j  (3.12) 

 
and inserting expression (3.11) into the balance equation (3.12), it follows: 
 

( )
( )w o

w o w o w o

C
C D ( ) C

t

  
   


v  (3.13) 
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By combining (3.13) and volume balance equation (3.6), under assumption that      

w  = const, the equation which describes transport of oxygen through concrete 

before depassivation of reinforcement is obtained as: 

 ( ) ( )o
w w w w o w o w o

C
D C D C

t
    

    


 (3.14) 

 
The effective oxygen diffusion coefficient (m2/s) is dependent on pore relative 

humidity h  (Isgor & Razaqpur 2006), as indicated in the following expression: 
 

6 2.2( ) 1.92 10 (1 )o cpD h p h    (3.15) 

 
in which cpp  is the porosity of hardened cement paste and is expressed as (Burkan 

Isgor & Razaqpur 2004): 
 

1
1

c

a
cp c

c

w

ρa
c ρ

p p
ρw

c ρ

 
 
  
  
 

 (3.16) 

 

where cp is the concrete porosity, /a c  = aggregate / cement ratio, /w c  = water / 

cement ratio, ,  c a  and w  are the densities of cement, aggregate and water, 

respectively.  
 

3.1.3 Transport of chloride ions 

Transport of chloride ions through concrete, before steel depassivation, is also 
considered as a convective diffusion problem and the total mass flux of chloride ions, 

cj  analogous to expression (3.11) may be written as: 

 

( , )c c w c w cC D T C  j v  (3.17) 

 

where cC  is the concentration of free chloride dissolved in pore solution                

(kgCl⎯ / m
3

pore solution), T  is temperature and ( , )c wD T  is the effective chloride diffusion 

coefficient (m2/s).  
 

Due to the fact that part of the chlorides can be bound into cement hydration 
products, the balance equation for chloride ions in concrete is given by: 
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( )
( )w c cb

w c

C C

t t

  
  

 
j  (3.18) 

 

where cbC  is the concentration of bound chlorides (
Cl

kg  / m3 of concrete).  

 
By combining (3.18) and volume balance equation (3.6), under assumption that 

w const  , the equation that describes transport of chloride ions through concrete 

before depassivation of reinforcement is: 
 

 ( ) ( , )c cb
w w w w c w c w c

C C
D C D T C

t t
     

     
 

 (3.19) 

 
Mathematical model of chloride binding mechanism by hardened cement paste is 
given as: 
 

( )cb
r c cb

C
k C C

t


 


 (3.20) 

 

where rk  is the binding rate coefficient (s-1), 0.7   is constant and shows that there 

exists a linear relation between concentration of bound and free chloride and also 
that there is a limit value for bound chloride (Saetta et al. 1993). The dependence of 
chloride diffusion coefficient on water content and temperature is expressed as: 
 

14

, 4

(1 ( )) 1 1
( , ) 1 exp

(1 )
w

c w c ref
c ref

h U
D T D

h R T T


    

              
 (3.21) 

 

where ,c refD  is a reference value of cD  evaluated at standard conditions, ch  = 0.75, 

( )wh   expresses dependence of relative humidity on pore water content in concrete 

according to the adsorption isotherm of a BSB model (Saetta et al. 1993), U  is the 
activation energy of chloride diffusion process (44.6 kJ/mol for w/c = 0.5), R  is 

universal gas constant and refT = 296  K. 

 

3.1.4 Heat transfer in concrete 

The equation which describes temperature distribution in solid reads: 
 

  0con

T
T W T c

t
  
   


 (3.22) 
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where   is thermal conductivity (W/(mK)), c  is heat capacity per unit mass of 

concrete (J/(K kg)), con  is mass density of concrete (kg/m3) and W  is internal source 

of heating (W/m3).  
 

3.1.5 Finite element formulation of the governing equations before 
depassivation of steel 

To solve the system of partial differential equations using the finite element method 
for domain Ω, the strong forms of equations described in chapters 3.1.1-3.1.4 need to 
be rewritten into the weak form. The weak form of the partial differential equations 
which govern the transport of capillary water and oxygen through concrete, chloride 
ingress into the concrete, binding of chloride by the hardened cement paste and heat 
transport in concrete is obtained by employing the Galerkin weighted residual  
method:  
 

     

     

       

       
          

0

0

1 1 0

2 2 3 0

w w

O O

c cb c

cb c cb

w w

C O C o

C c C cb C c

C cb C c C cb

T

P K

P C K C

P C P C K C

P C P C P C

C T K H T R

         
       
            
            

  





 

 



 
             (3.23)

 

with: 

       

   

       

       

       

   

; ( )

( ) ( )

1 ; 2

( , ) ( )

1 ;

w w

O

O

c c

c

cb

T T

w w

T

C w

T T

C w o w w w w

T T

C w C r

T T

C w c w w w w

T

C

P N N d K D N N d

P N N d

K D N N d D N N d

P N N d P k N N d

K D T N N d D N N d

P N N d

 
 



 

 

 



  

 

     

   

     



         

   

        

       

        

   

 



 

 

 

    

         

           

     

2

3 ;

;

( )

cb

cb

T

C

T T

C r T

T T

r TR

T T

TR M

P N N d

P k N N d C c N N d

K N N d H N N d

R W T N d N T d



 

 

 



  

   

  

    

     

   

 



 

 

 
 

            (3.24)

 



Chemo-hygro-thermo-mechanical model (CHTM model)  58 

where  N  is the column matrix of shape functions that connects the volume fraction 

of pore water in concrete w , mass concentration of oxygen in pore water oC , mass 

concentration of free chloride in pore water cC , concentration of bound chloride in 

concrete cbC  and temperature T  with their nodal values; TR  is the transfer 

coefficient and MT  is the temperature of the media in which the surface of concrete is 

exposed to.  
 
The numerical analysis is incremental. In each time step Δt partial differential 
equations are solved simultaneously and it is assumed, while solving the non-
mechanical part of the problem, that the mechanical properties are constant. This 
means that the non-mechanical properties of concrete are controlled by mechanical 
properties (damage) from the end of the previous time step.  
  



Chemo-hygro-thermo-mechanical model (CHTM model)  59 

3.2 Non-mechanical processes after depassivation of reinforcement 

The corrosion of steel is activated with the depassivation of reinforcement in 
concrete. The non-mechanical processes important for the propagation stage of steel 
corrosion are: (1) Mass sinks of oxygen at steel surface due to cathodic and anodic 
reaction, (2) The flow of electric current through pore solution and (3) The cathodic 
and anodic potential. 
 

3.2.1 Oxygen consumption  

The oxygen molecules approaching the cathode surface are being reduced to OH⎯ 

ions which carry the electric current through the pore solution. The number of ions 

produced per unit surface of cathode and per unit time (electric current density ci
 (A/m2)) is equal to: 

 

ci FzQ     (3.25) 

 
where F = 96486.7 C/mol is Faraday's constant, z  = 4 is the number of hydroxyl 

ions in the oxygen reduction reaction (Eq. 1.2) and Q  is the number of oxygen 

molecules reduced per unit surface of cathode and per unit time (mol/m2 s). The 

oxygen diffusion flux at the cathode surface, c
oj  (kg/m2s) can be calculated as 

follows: 
 

( , )c o
o o w c

cathode

C
j D S p

n





   (3.26) 

 
where n  is the outward normal to the cathode surface. A balanced condition is 
established between the approaching and reacting oxygen molecules, that is: 
 

( , )c o
o o w c

cathode

C
j D S p Q

n


 


    (3.27) 

or 

1
( , ) o

o w c c c c
cathode

C
D S p i k i

n Fz


  


  (3.28) 

 

where after converting moles into kg, ck  = 8.29x10-8 kg/C. 

 
Similar analogy is applied to the anodic sites, so it can be written: 
 

a fhi j Fz   (3.29) 
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 where ai
 
(A/m2) is the current density at the anode surface, fhj  (mol/m2 s) is the rate 

of Fe(OH)2 production and z
 

= 2. According to Eq. 1.4 the rate of oxygen 
consumption on the anode is given as follows: 
 

32
0.089

359.4
a
o fh fhj j j        (3.30) 

 
or 

1
( , ) 0.089o

o w c a a a
anode

C
D S p i k i

n Fz


   


  (3.31)

 

 

where after converting moles into kg, ak  = 4.14x10-8 kg/C. 

 

3.2.2 Flow of electric current through electrolyte 

The mechanism of the ionic transport in solution can be described by the Nernst -
Planck equation (Bertolini et al. 2004). In the here presented model, a simplified 
version o the Nernst -Planck equation is used in which the chemical activity effects 
are neglected. This is assumed in order to keep the mathematical derivation of 
equations governing the electric current passing through the electrolyte in the 

concrete pores as simple as possible. The flux of various ions, ij  (mol/m2 s) through 

electrolyte in the concrete pores can be described by the following equation 
(Newman & Thomas-Alyea 2004): 
 

i i i i i i iz FC Φ D C C     j v     (3.32) 

 
where index i  refers to various ions,   is mobility of ions, C is concentration of ions, 

Φ is electric potential, D  is diffusivity of ions and v  is flow velocity of electrolyte. The 
first term in Eq. 3.32 is related to migration of ions in electric field and the second and 
the third terms are related to diffusion and convection, respectively. The electric 
current through the electrolyte is a result of motion of charged particles and it can be 
written as: 
 

i i i
i

F z i j
 
    (3.33) 

 
or taking into account the Eq. 3.32: 
 

2 2

ii i i i i i i i
i i i

F Φ z C F z D C F z C       i v     (3.34) 
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With the assumptions of the electrical neutrality of the system and the uniform ions 
concentration, the second and the third term are equal to zero and Eq. 3.34 can be 
rewritten as follows: 
 

,( )w cS p Φ  i
         

with: 2 2
,( )

iw c i i
i

S p F z C        (3.35) 

 
where i  (A/m2) is vector of the electric current density,   is electrical conductivity of 
concrete dependant on degree of water saturation of concrete and concrete porosity.  
 
If the electrical neutrality is accounted for and the electrical conductivity of concrete is 
assumed as uniformly distributed, the equation of electrical charge conservation  
(Newman & Thomas-Alyea 2004) reads: 
 

0 i   (3.36) 
 
By substituting Eq. 3.35 into Eq. 3.36 and by assuming that the electrical conductivity 
is uniformly distributed, the following equation is given: 
 

2 0Φ    (3.37) 
 
For a given boundary conditions, the solution of the Laplace's equation (Eq. 3.37) 
determines the distribution of electric potential and by using Eq. 3.35 the corrosion 
current density can be calculated. 
 

3.2.3 Polarization of anode and cathode 

In the present model the kinetics of reaction at the anode surface can be estimated 
according to Butler – Volmer kinetics as follows (Martin-Perez 1999): 
 

02.3( )/
0

a aΦ Φ
a ai i e    (3.38) 

 

where ai
 
is the anodic current density (A/m2), 0ai  is the exchange current density of 

the anodic reaction (A/m2), Φ is electric potential in pore solution near reinforcement 

surface (V), 0aΦ  is the anodic equilibrium potential (V) and a  is the Tafel slope for 

anodic reaction (V/dec). Equation 3.38 assumes that the reaction at the anode is only 
influenced by activation polarization. For the cathodic reaction it is assumed that it is 
subjected to both activation and concentration polarization. Hence, the kinetics at the 
cathode site are given by:  
 

02.3( )/
0  c cΦ Φo

c c
ob

C
i i e

C
  (3.39) 
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where ci
 
is the cathodic current density (A/m2), 0ci  is the exchange current density of 

the cathodic reaction (A/m2), obC  is oxygen concentration at the boundary surface of 

the investigated concrete specimen (kg/m3), 0cΦ  is the cathodic equilibrium potential 

(V) and c  is the Tafel slope for cathodic reaction (V/dec).  

 

3.2.4 Rate of rust production and distribution of corrosion products 

Rate of rust production rJ  (kg/m2s) and mass of hydrated red rust per related surface 

( rA ) of rebar rm  (kg), respectively, are calculated as (Martin-Perez 1999): 

 
75.536 10r a

r r r

J i

m J ΔtA

 


                  (3.40) 

 

where Δt  is time interval in which the corrosion is taking place and rA
 
is the 

corresponding surface of the steel reinforcement. The coefficient of proportionality 

between the anodic current density ai  and rate of rust production rJ  is calculated 

using the stoichiometry of chemical reactions and Faraday's law (Martin-Perez 1999; 
Ožbolt et al. 2011, 2012a, 2012b). 
 
Recent experimental investigations (Wong et al. 2010; Fischer 2012) have shown 
that the penetration of corrosion products into the pores and their relatively large 
ingress through the corrosion induced cracks around the bar, has a significant effect 
on the development of corrosion induced damage. The influence can be summarized 
as: (1) The distribution of rust and radial pressure over the anodic surface is not 
uniform and (2) Damage due to expansion of products is less pronounced. 
 
The distribution of corrosion product (red rust) R  into the pores and through the 
cracks in concrete has been mathematically formulated as a convective diffusion 
problem:  
 

  ( )w w r w w w

R
θ θ D R D θ θ R

t


      


 (3.41) 

 

in which rD  is the diffusion coefficient (m2/s) of corrosion product. It is important to 

note that Equation 3.41 does not directly describe the transport of red rust, but rather 
the distribution of the rust formed in the concrete pores and cracks as a consequence 
of soluble species (which can dissolve in concrete pore solution and subsequently 
migrate in the pores and cracks) reacting with oxygen in the pore water (Wong et al. 
2010).  
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Currently, the above mentioned process of transport of corrosion products is 
considered more in a qualitative sense. Detailed experimental investigations needed 
for the quantitative calibration of the model are currently not available (Wong et al. 
2010; Fischer 2012). Therefore, a further development of the model is needed in the 
context of experimentally measuring the transported amount of corrosion products 
into the cracks and then using this data for the adjustment of the model parameters.  
 

3.2.5 Finite element formulation of governing equations after depassivation of 
steel 

The strong form of the partial differential equations, important for the processes after 
depassivation of steel, must be rewritten in the weak form. The weak form of partial 
differential equation which governs the transport of oxygen through concrete and 
Laplace's equation for electric potential is carried out by employing the Galerkin 
weighted residual method as follows: 
 

      o
o o o o

dC
A C B f

dt
   
 

              (3.42a) 

    0oA                   (3.42b) 
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          (3.42c) 
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             (3.42d) 

     T
A N N d



                 (3.42e) 

 
where [N] is the column matrix of shape functions that connects the mass 
concentration of dissolved oxygen in pore water and electric potential with their nodal 
values and Γ is the reinforcement surface. 
 
Equations 3.42a and 3.42b represent a system of coupled and highly nonlinear 
equations. They are linearized, decoupled and solved iteratively by employing the 
direct integration method of implicit type. In the first iteration a small initial current is 
assumed for the entire concrete solid. The iterative procedure consists of following 
steps: 
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(I) Knowing the boundary conditions at the electrode surface, calculated from Eq. 
3.38 and 3.39, electric potential is calculated by solving Eq. 3.42b. (II) Electric current 
density is calculated from Eq.3.35 and used for the calculation of the right side of Eq. 
3.42d. (II) Distribution of oxygen is calculated by solving Eq. 3.42a. (IV) Maximum 
residual of electric potential and oxygen are calculated based on the Euclidian norm. 
If the residuals are smaller than in advance prescribed tolerance, a new time step is 
taken. Otherwise, the iteration steps 1 to 4 are repeated. 
 

3.3 Direct integration method 

As mentioned in Sections 3.1.5 and 3.2.5, the weak forms of equations for simulation 
of processes before and after depassivation need to be solved as a transient, i.e. 
time dependant problem. Direct integration method is used which solves the 
equations for discrete time step Δt.  
 
The application of the direct integration method is presented here through Eq. 3.42a, 
describing the distribution of oxygen in concrete after the start of depassivation. By 
using the generalized trapezoidal rule, the connection between two states of oxygen 
distribution {Co}n and {Co}n+1 separated by a time interval of Δt can be defined by 
(Cook et al. 1998) : 
 

         * *

1 1
1o o o on n n n

C C C C 
 
                   (3.43) 

 

where the value of *  can be chosen for an interval from 0 to 1. Eq. 3.42a can be 

rewritten for time t, i.e. for the state of oxygen distribution {Co}n and then multiplied 

with  *1  which gives the following (Cook et al. 1998): 

 

           * *1 1o o o o on nn
A C B C f                    (3.44) 

 
The same can be done for the state of oxygen distribution {Co}n+1, but the equation is 
in this case multiplied with β: 
 

        1 11o o o o on nn
A C B C f 

 
                 (3.45) 

 
By adding Eq. 3.44 and 3.45 and inserting the expression for the time derivative of

 
1o n

C



 
or  o n

C from Eq.  3.43, the following is obtained: 

 



Chemo-hygro-thermo-mechanical model (CHTM model)  65 

           

    

* *

1

* *

1

1 1
(1 )

1

o o o o o on n

o on n

B A C B A C
t t

f f

 

 





       

  

                      (3.46) 

 
For nonlinear problems the only unconditionally stable form of Eq. 3.46 is achieved 

by choosing the value of *  equal to 1 (Cook et al. 1998). In this way the direct 

integration method is termed as an implicit method and Eq. 3.46 can be rewritten as: 
 

          1 1

1 1
o o o o o on n n

B A C B C f
t t 

  
 

                   (3.47) 

 
In this way the distribution of oxygen {Co}n+1  for a new time increment Δt is solved by 
knowing the distribution from a previous step {Co}n  and calculating the current values 

of the matrices  oA  and  oB . 
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3.4 Chemo-hygro-thermo-mechanical coupling 

The governing equilibrium equation for the mechanical behaviour of a continuous 
body in the case of static loading condition reads: 
 

 , , 0m wD u θ T u b        (3.48)  

 

in which mD  is material stiffness tensor, b  is specific volume load and u  is 

displacement field. In the mechanical part of the model the total strain tensor ij  is 

decomposed into mechanical strain 
ij

m , thermal strain, hygro strain 
ij

w  (swelling –

shrinking) and strain due to expansion of corrosion products 
ij

corr : 

 

ij ij ij ij

m T w corr
ij          (3.49) 

 
The mechanical strain component can be decomposed into elastic, plastic and 
damage parts. It is used to calculate the effective stress increments (stress in the 
solid phase of concrete matrix) and macroscopic stresses increment from the 
microplane model for concrete (Ožbolt et al. 2001) as a constitutive law .  
 

3.4.1 Microplane model with relaxed kinematic constraint 

The constitutive law employed for concrete in this work is microplane model with 
relaxed kinematic constraint (Ožbolt et al. 2001). The model utilizes the strength of 
both macroscopic and microscopic models and therefore is known to provide results 
in very good agreement with the experiments (Ožbolt et al. 1999). The model is able 
to realistically describe micro-structural phenomena such as cohesion, friction and 
aggregate interlock. 
 
Contrary to classical macroscopic type of constitutive laws, which are based on 
tensorial invariants of stresses and strains, in the microplane model the material 
response is calculated based on the monitoring of stresses and strains in a number 
of predefined directions. Integrating microplane stresses in a thermodynamically 
consistent way, it is possible to calculate macroscopic stress tensor from a known 
macroscopic strain tensor. The constitutive framework is similar to discrete type of 
the models (e.g. random particle model) with the difference that the model is 
formulated in the framework of continuum. The physical concept behind the 
microplane model was already discussed at the beginning of last century by Taylor 
(1938). The microplanes may be imagined to represent damage planes or weak 
planes in the microstructure, such as those that exist at the contact between 
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aggregate and the cement matrix or slip planes in the theory of plasticity as shown in 
Figure 3.1 (Ožbolt et al. 2001). 

 
Figure 3.1. Microplane model: Idealized contact planes (left) and decomposition of 
the total macroscopic strain tensor on the microplane (Ožbolt et al. 2001) (right) 

Generally, in macroscopic models the macroscopic strain tensor is related to a 
macroscopic stress tensor through a constitutive relationship valid at macro level. In 
the microplane model the macroscopic strain tensor at each integration point is 
projected into a number of microplanes in normal and shear directions, which 
characterize the material behaviour. 
 

In the model each microplane is defined by its unit normal vector components in . 

Microplane strains are assumed to be the projections of macroscopic strain tensor ij 

(kinematic constraint). Normal ( N , N ) and two shear stress-strain components (K, 

M, K, M) are considered on the microplane. To realistically model concrete, the 
normal microplane stress and strain components have to be decomposed into 

volumetric and deviatoric parts ( N V D    , N V D    ). Unlike the most 

microplane formulations for concrete, which are based on the kinematic constraint 
approach, to prevent unrealistic model response for dominant tensile load, in this 
model kinematic constraint is relaxed (Ožbolt et al. 2001). 
 
Figure 3.2 shows the implementation of the model at the 3D FE level. As shown, for 
a 3D solid finite element having eight integration points, the macroscopic strain 
tensor is for each integration point first projected to the microplane and then 
decomposed into normal and shear microplane directions. Uniaxial stress-strain 
relations on each microplane are then employed to determine the respective 
microplane stress components. Finally, using the principle of virtual work, a 
numerical integration over all microplanes is performed to determine the macroscopic 
stress tensor.  
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Figure 3.2. Concept of microplane model (Ožbolt et al. 2001) 

At the integration point, the number of microplanes considered can have any natural 
number as a value. Obviously, larger number of microplanes will produce more 
accurate results but at the same time will need much higher computational effort. A 
good balance between the computational time and accuracy can be obtained by 
considering 21 microplanes for the symmetric part of the unit radius sphere, as 
shown in Figure 3.2. The major advantage of the model is that, since microplanes 
with different spatial orientations have been considered, the tensorial invariant 
restrictions are automatically fulfilled and they need not be directly enforced.  
 
Based on the micro-macro work conjugancy of volumetric-deviatoric split and using in 
advance defined microplane stress-strain constitutive laws, the macroscopic stress 
tensor is calculated as an integral over all possible predefined microplane 
orientations: 
 

   ij K M
ij V ij D i j i j j i i j j i

S

δ σ σ3
σ =σ δ + σ n n - + k n +k n + m n +m n dS

2π 3 2 2

  
  

  
                          (3.50) 

 

where S  = the surface of the unit radius sphere, ij  = Kronecker delta and ik  and 

im = directions of shear microplane components.  

 
To account for large strains and large displacements, Green-Lagrange finite strain 
tensor is used. Furthermore, to account for the loading history of concrete, the co-
rotational Cauchy stress tensor is employed. For more detail see Bažant et al. (2000) 
and Ožbolt et al. (2001). 
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3.4.2 One-dimensional corrosion contact elements 

One-dimensional corrosion contact elements are employed to account for the 
inelastic strains due to the expansion of corrosion products. They are placed radially 
around the reinforcement bar surface and their main function is to simulate the 
contact between reinforcement and the surrounding concrete. These contact 
elements can take up only shear forces in direction parallel to reinforcement axis and 
compressive forces perpendicular to the adjacent surface of the reinforcement. The 

inelastic radial expansion due to corrosion rΔl  is calculated as: 

 

1 0.523r
r

r r s

m
l

A


 
 

  
 

                  (3.51)  

 

where r  = 1.96×103 (kg/m3) and s  = 7.89×103 (kg/m3) are densities of rust and 

steel, respectively, 0.523 is the ratio between the mass of steel ( sm ) and the 

corresponding mass of rust ( rm ) over the related surface of reinforcement rA  that 

corresponds to the contact element. Note that the ratio between densities of steel 
and rust is here assumed to be 4, which approximately corresponds to red rust 
(Bažant 1979a; Cornell & Schwertmann 1996; Liu 1996). However, this value 
depends on the type of the corrosion products and can vary from 2 to 6. The stiffness 

of the rust layer is assumed to be rE  = 100 MPa (Zhao et al. 2012). In the model it is 

represented by the axial stiffness of the corrosion contact elements. The shear 
resistance of the contact elements, defined by the bond-slip relationship, is used to 
model the bond between deformed steel reinforcement and concrete.  
 
The contact elements are introduced in order to model the interface zone between 
concrete and deformed steel reinforcement bar, however, the interaction between 
axial and tangential resistance is not accounted for. The elements are embedded in 
the interface layer, i.e. in the layer composed of hexahedral elements, with a 
negligible stiffness (Fichtner 2011), radially placed around the rebar surface (Figure 
3.3a).The hexahedral interface elements are used to calculate the surface area of the 
rebar which corresponds to the corrosion contact element. 
 
As mentioned before, no tensile stresses can be transferred in the radial direction (no 
cohesion is assumed) and the compressive resistance is assumed to be linear elastic 
(Figure 3.3b). The typical bond-slip relationship (Figure 3.3c) is obtained from pull-out 
experiments of un-corroded concrete reinforcement bars from well confined concrete 
specimen (Lettow 2006). It is assumed that for confined conditions the bond-slip 
relationship is not affected by the corrosion of reinforcement.  
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(a)         

(b)           (c)              
Figure 3.3. Illustration of the 1D corrosion contact element's implementation in a 3D 
finite element model (a);  axial (b) and shear (c) resistance behaviour of the corrosion 
contact elements   

 

3.4.3 Numerical implementation 

The equilibrium equation 3.48 is solved by employing the Newton-Raphson iterative 
scheme. In the finite element analysis cracks are treated in a smeared way, i.e. 
smeared crack approach is employed. To avoid mesh size dependency the simple 
crack band approach is employed as a regularization method (Oh & Bažant 1983). 
The crack band theory assumes that the crack (damage) is localized in a crack band 
such that the specific fracture energy consumed by concrete inside the band 
corresponds to concrete fracture energy. In the finite element analysis the band 
corresponds to a row of finite elements. The width of the band is equal to the 
effective element size h. The crack width (opening) is calculated by multiplying 
maximum principal strain, which is perpendicular to the direction of crack 
propagation, with the element size h. For more detail see Ožbolt et al. (2001) and 
(Ožbolt & Reinhardt 2002). 
 
It should be pointed out that the coupling between mechanical and non-mechanical 
processes is not performed in explicit sense. It is implicitly accounted for through the 
incremental finite element analysis and continuous update of mechanical and non 
mechanical concrete properties. For instance, the inelastic expansion strains of the 
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corrosion contact elements, calculated from the produced mass of red rust (Eq. 
3.51), causes cracking of the surrounding concrete.  
 
On the other hand, the damage (cracks) calculated by using the microplane model 
(Ožbolt et al. 2001) influences the non mechanical processes through the continuous 
update of the model parameters, i.e. the diffusivity coefficients which are formulated 
as damage dependent. Data related to these dependencies are not available in the 
literature, due to a challenging task of measuring effects of the cracked concrete on 
the non mechanical processes related to the corrosion of the embedded steel 
reinforcement. Therefore, the shape of the model curve describing the diffusivity 
dependency on the crack width is based on the experimental results for water 
permeability in cracked and fully saturated concrete (Wang et al. 1997; Aldea et al. 
2000) shown in Figure 3.4. It can be seen that by reaching a critical crack width          

( w,cc = 0.2), the permeability increases up to its maximum value, that is up to three 

orders of magnitude greater than its initial value. For further increase of the crack 
width (open crack), permeability is assumed to be constant due to the numerical 
reasons. For more detail see Ožbolt et al. (2010). 
 

 
Figure 3.4. Normalized water permeability of concrete as a function of crack width 

 

3.5 Numerical algorithm  

The flow diagram of the numerical algorithm used for the incremental transient FE 
analysis of the processes related to the corrosion of steel reinforcement in concrete 
is presented in Figure 3.5. The non-mechanical and mechanical processes are 
solved for each time step. The used material characteristics, finite element mesh and 
initial and boundary conditions present the model input data.  
 
At the start of each time increment t , the model checks if the depassivated steel 
regions are available. In the case when the steel surface of the investigated rebar is 
not depassivated, only the distribution of water, oxygen, heat and chlorides is 
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calculated for the concrete specimen. When the depassivation occurs by reaching a 
critical chloride concentration near the steel surface or by imposing a certain anode-
cathode distribution at the start of the calculation, the processes related to the active 
corrosion are additionally calculated: electric potential, current density, oxygen 
consumption at the electrodes, the rate of rust production and the distribution of rust 
in the cracks and pores. It is important to note that the material parameters as a 
function of mechanical damage (cracks) from a previous step, are constantly being 
evaluated and updated before starting the analysis of the non-mechanical processes 
for the current time increment.  
 
After obtaining results of the non-mechanical processes, the nonlinear static analysis 
is performed using the microplane model for the same time step. The loading can 
consist of the external static loads and/or the radial pressure due to expansion of 
corrosion products around the rebars, which is carried out by calculating the inelastic 
expansion of the implemented corrosion contact elements. The result of the nonlinear 
static analysis is the distribution of stresses and strains of an investigated specimen. 
 
After the static analysis is performed, procedure is repeated for a new time step 
t t t   or if a final time period is reached, the calculations are terminated.  
 

 

 

 

Figure 3.5. Flow diagram of the model's numerical algorithm  
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4 HYSTERETIC MOISTURE MODEL FOR CONCRETE 

In the CHTM model discussed in the previous section it was assumed that for wetting 
and drying conditions, the transport of water is controlled by a single sorption curve. 
As discusses in Section 2.2, such assumption is not realistic because concrete 
exhibits significant hysteretic moisture behaviour. When accounting for hysteresis, 
the processes to be modelled are the same except that the so called "h" formulation 
is used, i.e. the moisture content is expressed in terms of relative vapour pressure h. 
 
Concrete elements exposed to natural climate conditions are subjected to periodic 
changes of the ambient relative humidity (RH), which is defined as the ratio of the 
partial vapour pressure to the saturated vapour pressure of air at a certain 
temperature. As the air humidity rises, the corresponding relative humidity in 
concrete is getting higher and the moisture content is subsequently rising. Similarly, 
with decreasing RH, concrete is getting drier. The amount of moisture content in 
concrete for the corresponding RH and temperature of the ambient air, can be 
obtained from the isotherm curves, which are not same for drying and wetting 
conditions. 
 
The moisture content can be described as: the water to dry mass ratio, u , the 

moisture content per m3 of concrete, w ,or as the degree of saturation, wS  (Hansen 

1986). In the case of water to dry mass ratio, water content is determined by 

weighing a concrete specimen, wetm , and then subsequently drying it at 105 ºC until 

the mass is constant, drym . The water to dry mass ratio or mass water content in 

kgwater / kgconcrete is determined as follows: 
 

wet dry

dry

m m
u

m


                     (4.1) 

 
The moisture content w  per m3 of concrete

 
(kgwater / m

3
concrete) can be calculated from 

the water to dry mass ratio, u , by knowing the mass density of the concrete 

specimen, con  (Hansen 1986): 

 

conw u                      (4.2) 

 

The degree of saturation wS  is defined as the ratio of the moisture content to the 

maximal amount of moisture which material can contain after spontaneous water 
suction.  
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4.1.1  Moisture transport 

During wetting and drying cycles is assumed that concrete is exposed only to 
changes in relative humidity, so the macroscopic liquid flow is not included. Transport 
of moisture through the concrete is described as a vapour transport, which means 

that for nonsaturated concrete at uniform temperature, moisture flux w,massj (kg/m2s) 

may be expressed as (Kwiatkowski et al 2009): 
 

( )w,mass v v,sath p h  j  (4.3) 

 

where h  is relative humidity (dimensionless), ( )v h  is water vapour permeability (s) 

and v,satp  is water vapour saturation pressure (Pa). The mass conservation condition is 

 

( ) ( )
( ( ) )v v ,sat

w h w h h
h p h

t h t
  

   
  

  (4.4) 

 

where t  is time (s), w  is moisture content ( 3

2H 0 conkg /m ) and 
w

h





 is the moisture 

capacity (derivative of the sorption isotherm). 
 
The main adsorption and desorption isotherms for the investigated concrete are 
taken as model input data from the experimentally obtained results. If the water 
content from the input isotherm data is defined in terms of mass water content, u        
(kgwater / kgconcrete), the moisture capacity can be introduced into Eq. 4.4 by 

accounting for the density of concrete in kg/m3, con  : 

 
( ) ( )

con

w h u h

h h
 


 

  (4.5) 

 
and the Eq. 4.4  can be rewritten in the following form: 
 

( )
( ( ) )con v v,sat

u h h
h p h

h t
  

  
 

                  (4.6) 

 
The boundary conditions are defined on the exposed surface as follows: 
 

 w,mass hum s envh h n j                    (4.7) 
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where n  is the unit vector normal to the exposed surface, hum  is the surface 

humidity transfer coefficient (m/s), sh  is the value of the relative humidity at the 

exposed concrete surface and envh  is the given relative humidity of the ambient air.  

 

4.1.2 Water vapour permeability 

Values of water vapour permeability ( )v h  for unsaturated concrete are taken from 

Bažant & Kaplan (1996) according to the following expression: 
 

0 1( ) (h)v h a f                      (4.8) 

 

where 0a  is the reference permeability at 25 ºC. For a mature paste, values range 

from 10-10 to 10-14 (s) (Neville 1973; Bažant 1975). Function 1( )f h  reflects the 

moisture transfer within the adsorbed water layers and according to Bažant & Najjar 
(1972) it is estimated as follows: 
 

1 4
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1 c

f h
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                   (4.9) 

 

where ch  ≈ 0.75  and   ≈ 0.05 at 25 oC. 

 

According to Ochs et al. (2008) the saturation pressure v,satp  can be calculated in a 

temperature range from 0 ºC to 109.9 ºC  with the following expression: 
 

17 08085

234 175610 8
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                   (4.10) 

 
where   is the temperature in ºC. 
 

4.1.3 Empirical model for determining the scanning curves 

The solution of differential equation 4.4, i.e. 4.6, gives the distribution of relative 
humidity, not the content of water in the capillary pores. As the transport of moisture 
in concrete is a slow process, the different phases of water in the pores of concrete 
remain almost in thermodynamic equilibrium at any time (Bažant & Najjar 1972), and 
the content of free water can be determined using sorption isotherms that relate the 
relative humidity and content of evaporable water at a constant temperature. 
However, it is known that for materials such as concrete, there are different curves 
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that relate the relative humidity and free water in the pores during adsorption 
(wetting) and desorption (drying). In other words, the hysteresis loops are observed 
during wetting and drying cycles. Thus, for the more accurate calculation of the 
moisture distribution in the concrete a proper mathematical model of hysteresis 
phenomenon in cycles of wetting and drying is required. 
 
For hysteretic material, such as concrete, the moisture capacity is determined by the 
slope of the scanning curves which are located between the main adsorption and 
desorption isotherms. A simple empirical model, proposed by Pedersen (1990), is 
used to determine the slope of the scanning curve for the adsorption conditions: 
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and for the desorption conditions: 
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where hys  is the moisture capacity, i.e. the slope of the scanning curve at a given 

relative humidity, a
a

w

h
 




 is the moisture capacity at a given relative humidity 

calculated from the main adsorption isotherm, d
d

w

h
 




 is the moisture capacity at a 

given relative humidity calculated from the main desorption isotherm, w  is the current 

moisture content, aw  and dw  are moisture contents calculated from main adsorption 

and desorption curves corresponding to the current relative humidity. 
 
Equation 4.11 is used in 4.4 (4.6) when the water content is rising compared to two 
previous time steps. Correspondingly, equation 4.12 is employed when the water 
content is decreasing compared to the two previous time steps. 
 
The water content during scanning between the main adsorption and desorption 
isotherms is determined by the following relation: 
 

0 hys
w w h     (4.13) 

 

where 0w  is the initial moisture content and h  is the change in the relative humidity 

which equals the difference between the humidity at time 1j   and j , at a spatial 

point i . 
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4.1.4 Chloride convective diffusion  

The transport of chlorides is formulated here same as in Section 3.1.3, except that 
the convective flux of chloride ions needs to be expressed in terms of relative vapour 
pressure. When the concrete surface is exposed to drying and wetting, besides the 
diffusion contribution to the transport of chloride, the contribution due to water ingress 
(convection) must be taken into account. Therefore, transport of chloride ions through 
concrete, before steel depassivation, will be considered as convective diffusion. Free 
chloride ions in pore water are transported through concrete by diffusion and 
convection as consequence of moisture transport. The macroscopic flux of chloride 

,c diffj , due to diffusion is expressed as: 

 

, ( , )c diff c w cD T C  j
  

(4.14) 

 

where cC  is the concentration of free chloride dissolved in pore water (kgCl⎯ / m
3 of 

pore solution), w ww /   is the volume fraction of pore water (m3 of water / m3 of 

concrete), w  is density of water, T  is temperature and ( , )c wD T  is the effective 

chloride diffusion coefficient (m2/s). The macroscopic flux of chloride ,c convj , due to 

moisture transport is expressed as: 
 

,c conv c wCj v   (4.15) 

 

where wv  is the mean water velocity (m/s). Thus, the total mass flux of chloride ions, 

cj , takes the form: 

 

( , )c c w c w cC D T C  j v   (4.16) 

 
Due to the fact that part of the chlorides can be bound into cement hydration 
products, the balance equation for chloride ions in concrete is given by (Bear & 
Bachmat 1990): 
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where cbC  is the concentration of bound chloride (kgCl⎯ / m
3 of concrete). By inserting 

expression (4.17) into equation (4.16), it follows: 
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or 
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( ( ) )c cb
w c w,vol w c w c

C C
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where 
( )v

w,vol w w v,sat
w

h
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  j v  denotes specific water discharge (volume of pore 

water per unit area of concrete per unit time). Under assumption that w const  , the 

mass balance for pore water, without source or sink terms, can be written as: 
 

w
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j     (4.19) 

 
By combining (4.18b) and balance equation (4.19) we obtain the equation that 
describes transport of chloride ions through concrete: 
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Mathematical model of chloride binding mechanism by hardened cement paste is 
given as: 
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where rk  is the binding rate coefficient, 0.7   is constant and shows that there 

exists a linear relation between concentration of bound and free chloride and also 
that there is a limit value for bound chloride (Saetta et al. 1993). The dependence of 
chloride diffusion coefficient on water content and temperature is expressed as: 
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where ,c refD  is a reference value of cD  evaluated at standard conditions, ch  = 0.75, 

( )h w  expresses dependence of relative humidity on pore water content in concrete 

according to the model of sorption isotherms, U  is the activation energy of chloride 

diffusion process (44.6 kJ/mol for w/c = 0.5), R  is universal gas constant and refT
 
= 

296 K. 
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4.1.5 Numerical implementation  

The strong forms of the equations describing the distribution of relative humidity and 
chloride ions in concrete, respectively, are rewritten into the weak form by using the 
Galerkin weighted residual method as follows: 
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where  N  is the column matrix of shape functions which relates relative humidity 

values h  in concrete, mass concentration of free chloride in pore water cC , mass 

concentration of bound chloride in concrete cbC  with their nodal values and Γ is the 

concrete surface exposed to environmental conditions. Equations 4.23 and 4.24 are 
solved, the same as discussed in Section 3, i.e. by using the direct integration 
method of implicit type. 
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5 VALIDATION OF THE 3D CHTM MODEL: SINGLE REBAR CASE 

5.1 Single rebar case without the influence of stirrups 

5.1.1 Unloaded beam-end specimen 

Further extensions of the 3D chemo-hygro-thermo-mechanical model, i.e. the 
calculation of the rate of rust productions from the anodic current density and the 
implementation of the 1D corrosion contact elements to simulate the inelastic 
expansion of the products, are tested on a simple example of the beam-end concrete 
specimen. Note that the water content is assumed to be uniformly distributed and 
constant in the specimen. Therefore, the hysteretic moisture model for concrete is 
not implemented for this case. The specimen geometry and parameters relevant for 
the calculation of processes after depassivation of steel are chosen according to the 
model presented in Ožbolt et al. (2011), which validated the 3D CHTM model for 
calculating the values of current density as a function of concrete saturation. 
Although there are no available experimental data in regard to concrete cover 
cracking of the investigated specimen geometry, the predicted corrosion induced 
damage is verified in the context of time to critical crack appearance on the concrete 
surface (Thoft-Christensen 2000). 
 
Segment of an unloaded concrete beam-end is subjected to aggressive 
environmental conditions. The beam rectangular cross-section is reinforced with four 
steel bars (diameter = 10 mm) in each corner with a concrete cover of 25 mm 
(Figure 5.1). The length of the investigated beam section is 205 mm.  
   

(a)            

 

(b)         
Figure 5.1. Geometry of the RC beam's cross-section (a) and the detail of quarter of 
the cross-section (b) (all in mm) 
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Due to the symmetry conditions only a quarter of the beam is modelled with only one 
rebar (Figure 5.2). The FE discretization is performed employing eight node solid 
elements for the concrete and the reinforcement bar. The 1D corrosion contact 
elements are radially distributed around the bar with 16 contact elements in each 
cross-section. They are placed in the interface layer  with thickness of 0.1 mm.  

(a)  (b)  

(c)                                   
Figure 5.2. FE discretization of the investigated beam (a); cross-section of the 
analysed quarter of the cross-section (b); anodic and cathodic distribution along the 
reinforcement (c) (in mm) 

It is assumed that at the start of the analysis, the reinforcement bar is already 
depassivated, hence the processes before depassivation of reinforcement are not 
calculated. The distribution of cathode and anode on the surface of the reinforcement 
is taken as shown in Figure 5.2c. The anode is assumed to be active at the middle of 
the reinforcement bar, with the length of 2.5 bar diameter. The whole circumference 
of the bar is assumed to be depassivated in the anodic region. The rest of the 
reinforcement surface is taken as cathode. 
 
Due to the emphasis on the modelling of processes after depassivation, only the 
following is calculated: distribution of oxygen, electric potential, current density, 
corrosion rate, expansion of corrosion products and damage due to the expansion 
and transport of corrosion products. The analysis is performed for un-cracked good 
quality concrete (water-cement ratio, w/c = 0.4) assuming water saturation of 55%. 
The saturation of the entire specimen is assumed to be constant and equal to the 
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boundary conditions. For the initial and boundary oxygen conditions, the value of 
0.0085 kg / m3 of concrete is assumed, same as in Ožbolt et al. (2011). Mechanical 
properties of concrete, steel and rust used in the analysis are summarized in Table 
5.1. 
 
Table 5.1 Mechanical parameters used in the model 

Parameter Value 

Modulus of elasticity of concrete, cE  (N/mm2) 25000.0 

Poisson's ratio of concrete, c   0.18 

Tensile strength of concrete, tf   (N/mm2) 2.00 

Uniaxial compressive strength of concrete , cf  (N/mm2) 25.0 

Fracture energy of concrete, fG (J/m2) 80.0 

Modulus of elasticity of steel, sE  (N/mm2) 200000.0 

Poisson's ratio of steel, s  0.33 

Modulus of elasticity of rust, rE  (N/mm2) 100.0 

Volume expansion factor of rust, r = s / r  4.0 

 
The parameters relevant for the calculation of electric potential, consumption of 
oxygen and rust distribution are presented in Table 5.2. They approximately 
correspond to parameters for severe splash environmental condition (Ožbolt et al. 
2011).  
 
Table 5.2 Parameters used in the numerical simulations 

Parameter Value 

Anodic exchange current density, i0a (A/m2) 1.875×10-4 

Cathodic exchange current density, i0c (A/m2) 6.25×10-6 

Anodic equilibrium potential, Φ0a (V vs. SCE) -0.780 

Cathodic equilibrium potential, Φ0c (V vs. SCE) 0.160 

Tafel slope for anodic reaction, βa (V/dec) 0.06 

Tafel slope for cathodic reaction, βc (V/dec) 0.160 

Diffusivity coefficient of rust, Dr  (m
2/s) 2.2×10-16 
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5.1.1.1 Results and discussion  

Damage (cracks) due to the corrosion of steel reinforcement (maximum principal 
strains) 750 days after depassivation of steel are shown in Figure 5.3a, while the 
Figure 5.3b shows the distribution of corrosion products in cracks at the same time 
period. The crack is plotted in terms of maximum principal strains on undeformed 
specimens with the red (dark) zone corresponding to the crack opening of 0.20 mm 
or larger. 

(a)         (b) 
Figure 5.3 Damage (cracks) due to the corrosion of steel reinforcement, 750 days (~2 
years) after depassivation of steel (a); Distribution of corrosion products in cracks 
750 days (~2 years) after depassivation of steel (in kg) (b) 

The thickness of the rust layer around the reinforcement bar, corresponding to the 
first crack observed on the concrete surface (crack width of 0.05 mm), is 
approximately 0.10 mm. This is observed 220 days after depassivation of 
reinforcement (start of the analysis). The critical crack width of 0.20 mm on the beam 
surface is first observed 610 days after depassivation of steel, which is in agreement 
with the predicted time to critical cover cracking according to Thoft-Christensen 
(2000). 

 
Figure 5.4 Distribution of radial pressure at the reinforcement surface 360 days after 
depassivation of steel 
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The distribution of radial pressure at the reinforcement surface, at the anode-cathode 
transition zone (maximal corrosion rate), 360 days after depassivation of 
reinforcement, is presented in Figure 5.4. It is shown that the pressure is not radial-
symmetrically distributed over the surface of reinforcement. Moreover, radial 
pressure is becoming lower at regions where the corrosion induced cracks are 
generated. With the transport of corrosion products being accounted for, the 
accumulated rust products are transported in the cracks and therefore reducing the 
pressure on the surrounding concrete.  
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5.1.2 Pull-out capacity of corroded beam-end specimen 

The experimental results obtained by Fischer (2012) present valuable data for 
validation and calibration of numerical model for simulation of corrosion induced 
damage and its effects on the behaviour of RC elements. Therefore, these results 
are used to verify the proposed 3D chemo-hygro-thermo-mechanical model. 
Investigated are the generated crack patterns and crack widths due to the corrosion 
induced damage, as well as their influence on the pull-out capacity of the rebars. The 
hysteretic moisture behaviour of concrete is not investigated for the beam-end 
specimen, i.e. the water content is assumed to be constant and uniformly distributed 
in the specimens. 
 

5.1.2.1 Test setup and experimental conditions  

The main aim of the experiments performed by Fischer (2012) was to investigate the 
influence of the corrosion induced damage on the bond behaviour of the embedded 
steel bars. Series of beam-end specimens were chosen according to Chana (1990), 
where the specimen geometry was optimized in order to prevent yielding of 
reinforcement and to exclude the influence of neighbouring bars on each other while 
the pull-out test is conducted in each separate corner (see  Figure 5.5).   
 

(a) 

(b)  
Figure 5.5 Geometry of the beam-end specimen (a) and pull-out loading condition (b) 

The specimens were first exposed to aggressive environmental conditions, which 
caused the corrosion of the embedded reinforcement bar and subsequently the 
reinforcement was pulled out from the specimen. Only two specimen types without 
stirrups, with four bars arranged in corners, were studied by the test method 
proposed by Chana (1990). The cross-section in both cases was 200 x 200 mm2. For 
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the first specimen type, the diameter of the reinforcement bar was 12 mm with a 
concrete cover of 20 mm (12/20 mm) and for the second, the bar diameter of 16 mm 

with a cover of 35 mm (16/35 mm) was used (Figure 5.5a). The total embedment 
length of the reinforcement in both cases was 180 mm, whereas the rest of the length 
was isolated with a plastic sleeve (Figure 5.5a). The height of the support placed on 
the pull-out face was 100 mm. To prevent the lifting of the specimen another support 
was placed on the rear part of the top surface over a length of 90 mm (Figure 5.5b).  
 
The experiments were carried out under accelerated corrosion, which approximately 
corresponds to the severe splash natural conditions. In order to accelerate the 
corrosion process, a potential of +500 mV NHE was applied between the rebars 
(anodes) and two platinised titanium meshes (cathodes), one at each side of the 
specimen. The two longitudinal sides of each specimen were wetted twice a day with 
1 % chloride solution for 1 to 3 minutes. The resulting current densities for the bar 
diameter d = 12 mm were approximately icorr = 20-25 μA/cm2. For the bar diameter    
d = 16 mm, the values of icorr = 15-20 μA/cm2 were obtained.  
 

5.1.2.2 Finite element discretization and model input parameters 

In the analysis it is assumed that certain length sections of the bar are activated as 
anode (depassivated) at the start of the analysis, i.e. the processes before 
depassivation of reinforcement are not computed. This predefined position of anode 
and cathode (Figure 5.6a), assuming initially un-cracked concrete, is kept unchanged 
during the computation. In this way only the electric potential, current density, 
distribution of oxygen, cracking of concrete and distribution of corrosion products are 
calculated after depassivation. Note that the application of the model for computation 
of processes before depassivation of reinforcement can be found in Ožbolt et al. 
(2010). 
 
 

 
(a) 
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(b) 
Figure 5.6 Assumed anodic and cathodic regions: (a) along the length and (b) 
along the cross-section of the reinforcement bar 

One of the aims of the here presented study is to investigate the influence of the 
anodic region distribution in the cross-section of the reinforcement bar. Therefore, for 
each specimen (reinforcement diameter), three configurations of the anodic surface 
over the circumference are assumed (Figure 5.6b): (A) anode over the entire 
circumference, (B) over the half of the circumference and (C) over the 3/4 of the 
circumference. For case B, two additional positions are studied, with the vertical 
symmetry axis and with the symmetry axis inclined at 22.5° with respect to the 
vertical axis. In the following, these types will be addressed in accordance with 
Figure 5.6b , e.g. type 1A is the first case (12/20 mm) with the cross-section 
configuration in which the anodic region is assumed along the whole surface of the 
reinforcement circumference.  
 
For the computation of the transport processes after depassivation of reinforcement, 
it is assumed that the water saturation is constant over the entire volume of the 
specimen (Sw = 50%). The initial concentration of oxygen in concrete is taken the 
same as the concentration on the exposed concrete surfaces and is equal to 0.0085 
kg of dissolved oxygen / m3 of pore solution. Oxygen diffusivity and electrical 
conductivity of concrete are chosen for a good quality concrete with water-cement 
ratio, w/c = 0.4 (Tables 2.1 and 2.2) The parameters relevant for the calculation of 
electric potential, consumption of oxygen and rust distribution are summarized in 
Table 5.3. They approximately correspond to parameters for severe splash 
environmental condition (Ožbolt et al. 2010, 2011). In the experiment the corrosion 
was accelerated and was approximately 5 times faster than the highest corrosion 
rate observed in nature. However, the model used in the analysis results in relatively 
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high corrosion rates under natural conditions. Therefore, the model parameters 
(saturation of 50%) are chosen such that the corrosion induced damage in real time 
(after 7 years) corresponds to the experimentally obtained damage under 
accelerated conditions (after 6 months). 
 
Table 5.3. Parameters used in the numerical simulations 

Parameter Value 

Faraday′s constant, F (C/mol) 96486.7 

Anodic exchange current density, i0a (A/m2) 1.875×10-4 

Cathodic exchange current density, i0c (A/m2) 6.25×10-6 

Anodic equilibrium potential, Φ0a (V vs. SCE) -0.780 

Cathodic equilibrium potential, Φ0c (V vs. SCE) 0.160 

Tafel slope for anodic reaction, βa (V/dec) 0.06 

Tafel slope for cathodic reaction, βc (V/dec) 0.160 

Diffusivity coefficient of rust, Dr  (m
2/s) 2.2×10-16 

 
The diffusivity coefficient Dr is determined by taking into account the values 
mentioned in Section 2.1.6.4 and by calibrating the model predictions with the 
experimental results obtained by Fischer (Fischer 2012). At this stage of the model 
development the value of diffusivity coefficient is taken in a qualitative sense. Further 
experimental investigations are needed in order to make a more accurate calibration 
of the parameter. 
 
Table 5.4. Mechanical properties used in the analysis 

Parameter Value 

Modulus of elasticity of concrete, cE  (N/mm2) 25000.0 

Poisson's ratio of concrete, c   0.18 

Tensile strength of concrete, tf   (N/mm2) 3.0 

Uniaxial compressive strength of concrete , cf  (N/mm2) 41.0 

Fracture energy of concrete, fG (J/m2) 90.0 

Modulus of elasticity of steel, sE  (N/mm2) 200000.0 

Poisson's ratio of steel, s  0.33 

Modulus of elasticity of rust, rE  (N/mm2) 100.0 

Volume expansion factor of rust, r = s / r  4.0 

 
Mechanical properties of concrete, steel and rust are summarized in Table 5.4. 
Because of the complexity of the model and in order to reduce the computational 
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time, only half of the specimen is simulated (Figure 5.7a). In the case of the second 
specimen, the width of the modelled section is taken 10 mm wider than the symmetry 
plane to accommodate for a bigger bar diameter and a deeper concrete cover, while 
analyzing the pull-out resistance (Figure 5.7b). Eight-node solid 3D finite elements 
are used to model the concrete and the reinforcement bar.  

  

(a) (b)

Figure 5.7 Model geometry (all in mm) in the case of the first (a) and (b) the second 
specimen 

To simulate the expansion due to the formation of corrosion products, 1D radially 
oriented corrosion contact finite elements are used with a length of 0.1 mm. The 
radial compressive resistance is assumed to be linear elastic and shear resistance 
controlled by the bond-slip relationship. The bond-slip constitutive laws of the contact 
elements used for both specimen types (12 / 20 mm and 16 / 35 mm) are shown in 

Figure 5.8, where max is the total bond strength and f is the frictional strength. These 
constitutive laws correspond to the average bond-slip resistance of the reinforcement 
bars pulled out from the concrete block with no influence of edges (Lettow 2006). 

  

(a) (b)
Figure 5.8 Bond-slip constitutive law for: (a) the first specimen (12 / 20 mm) and (b) 
the second specimen (16 / 35 mm) 
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5.1.2.3 Influence of the position of anode and cathode on the corrosion 
induced damage 

The numerical analysis is focused on the corrosion-induced damage of concrete. 
Therefore, the processes during the initiation phase are not computed, i.e. it is 
assumed that at the start of the analysis, the reinforcement bar is depassivated. 
Furthermore, the continuous formation of new anodic regions after depassivation of 
reinforcement would be a too demanding task in combination with computing current 
density, corrosion rate and damage of concrete. To further simplify the problem, it is 
assumed that in the propagation phase, the position of cathode and anode remains 
constant. The experimental results (Fischer 2012) indicated that a significant amount 
of rust was found in the corrosion-induced cracks. Therefore, the transport of 
corrosion products through cracks is also accounted for in the numerical analysis. 
Since the corrosion rate in the experiments was accelerated by the factor of 
approximately 5 times compared to the natural corrosion rate (severe splash 
conditions), only the total amount of corrosion products and not their time evolution 
can be compared with numerical results. 
 
Experimentally observed and numerically predicted crack patterns in the mid cross 
section of the specimen, 7 years after depassivation of reinforcement, are shown in 
Figures 5.9 and 5.10 for cases 1A-C and 2A-C, respectively. Note that in the 
following paragraphs, the cracks (red zones) are plotted on undeformed specimens 

in terms of maximal principal strains. The critical strain cr is calculated as /cr crw h   

and corresponds to the critical crack opening crw , which is assumed to be 0.10 mm, 

i.e. red zones correspond to locations where the maximal principal strain is equal to 
or larger than the critical strain. For the first specimen (12 / 20 mm), the cases 1A 
and 1C lead to a similar crack formation pattern around the reinforcement bar, 
whereas type 1B gives a somewhat better agreement with the experimental crack 
pattern (Fischer 2012). Although the best agreement with the experimental crack 
pattern is obtained for the case 1B as seen from Figure 5.9, it can be concluded that 
for relatively small bar diameter and small concrete cover, the crack pattern is not 
strongly influenced by the assumed positions of cathode and anode. For the second 
specimen (16 / 35 mm), the configuration type 2B shows a crack pattern that fits 
nicely with the damage observed in the experiments, in which only one visible crack 
was noticed on the side of the free surface of the concrete specimen. When 
considering the whole circumference as depassivated (type 2A), the concrete 
surrounding the bar is fully cracked and the average crack width on the side surface 
is larger compared to the type 2B. The type 2C, with 3/4 of the circumference being 
assumed as anode, generates an additional crack on the upper surface of the 
specimen. The results indicate that with increase of bar diameter and concrete cover, 
the crack pattern becomes more sensitive to the size and position of cathode and 
anode. 
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Test results for 12/20 mm (Fischer 2012) 1A -after 7 years 

 
1B -after 7 years 1C -after 7 years 

Figure 5.9 Comparison of the crack patterns in the cross section at the beam's mid-
span for the cases 1A-C with the experimental results 

 

 

Test results for 16/35 mm (Fischer 2012) 2A -after 7 years 

 
2B -after 7 years 2C -after 7 years 

Figure 5.10 Comparison of the crack patterns in the cross section at beam's mid-
span for the cases 2A-C with the experimental results 
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In Figure 5.11, the distribution of radial pressure as a consequence of expansion of 
corrosion products is plotted for the cases 1B and 2B. The pressure is shown in the 
anode-cathode transition zone. As expected, the pressure is not axial-symmetrically 
distributed over the surface of the reinforcement. For smaller diameter and smaller 
concrete cover (12 / 20 mm), maximal radial pressure of approximately 40 MPa is 

observed. For larger diameter and larger concrete cover (16 / 35 mm), the maximal 
radial pressure is higher and it reaches approximately 55 MPa. In both cases, the 
maximal pressure is obtained approximately 1.5 years after corrosion initiation. 
 

 

1B type, 12/20 mm 

 

2B type, 16/35 mm 
Figure 5.11 Distribution of radial pressure and corresponding crack pattern 

 

5.1.2.4 Distribution of oxygen, electric potential and current density 

After depassivation of reinforcement (propagation phase), the corrosion rate is 
strongly influenced by distribution of water and oxygen. For instance, if the supply of 
oxygen is not sufficient at the cathodic regions as mentioned in Section 2.1.4 , the 
corrosion process will slow down and eventually stop.  
 
In the present numerical investigations, the water saturation is assumed to be 

constant during the corrosion phase ( wS  = 50%). However, the distribution of oxygen 
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depends on the corrosion rate, which is in turn dependent on mechanical properties 
of concrete (cracking). More cracking provides a better oxygen supply and 
consequently leads to a higher corrosion rate. In the following, the influence of 
cracking on the distribution of oxygen, electric potential and current density is 
studied.  
 

(a) (c)

(b) (d)

Figure 5.12 Time dependant distribution of the average electric potential and current 
density for the type 1B (a,b) and the type 2B (c,d) along the reinforcement bar 

 
The distribution of electric potential (V), current density (A/m2) and oxygen (kg/m3 of 
pore solution) along the 162 mm length of the reinforcement bar, starting from the 
pull-out surface, are shown in Figures 5.12 - 5.14, respectively. Plotted are average 
values over the corresponding cathodic and anodic regions in the cross-sections of 
the bar. The distribution of the current density and electric potential along the length 
of the bar (Figure 5.12) shows that the highest electric potential and current density is 
predicted in the cathode-anode transition zone.  
 
Similarly as observed by Ožbolt et al. (2011), it can be noticed that the opening of 
cracks, which are occurring later with the forming of a thick enough rust layer, has a 
small effect on the electric potential and current density. This is a consequence of the 
assumed constant water saturation and is also due to the fact that the position and 
size of the anode and cathode along the bar (Figure 5.6) is not changing during the 
corrosion phase.  
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Figure 5.13 Time dependant distribution of average oxygen concentration for the type 
1B  

 

 
Figure 5.14 Time dependant distribution of average oxygen concentration for the type 
2B  

The distribution of oxygen concentration along the reinforcement bar is shown in 
Figures 5.13 and 5.14. It demonstrates significant effect of the corrosion induced 
damage and the importance of coupling the transport processes with mechanical 
properties of concrete. The consumption of oxygen reaches its maximum soon after 
the start of the analysis (depassivation) and remains approximately constant until the 
first surface crack appears. In the case of the second specimen (16 / 35 mm) the 
reduction of oxygen content at the anodic-cathodic transition zone is higher than for 
the specimen with the concrete cover of 20 mm (12 / 20 mm). This can be explained 
by the thicker concrete cover, which causes a slower supply of oxygen from the free 
surface of un-cracked concrete, but partly also by the larger anodic surface of 
reinforcement bar. With the opening of the surface crack(s) the flow of oxygen rises 
and consequently the concentration of oxygen at the reinforcement surface, 7 years 
after depassivation, is almost identical to the values at the beginning of the corrosion 
process. The results for the specimen 1B (12 / 20 mm) show that the increase of 

oxygen concentration is faster compared to the specimen 2B (16 / 35 mm), which 
can also be attributed to the thinner concrete cover. 
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Figures 5.13 - 5.14 illustrate a difference in oxygen concentration profiles at anodic 
and cathodic regions of the same bar cross sections. This is clearly shown in Figure 
5.15 where the average cathode and anode oxygen concentration are plotted as a 
function of time for 1B and 2B cases, respectively, in the cross-section of the anode-
cathode transition zone at 24 mm distance from the pull-out surface of the specimen. 
The anodic region shows a higher consumption of oxygen at the beginning of the 
corrosion process. Due to the accumulation of the corrosion products in this area 
which causes damage, the effect of cracking on oxygen distribution is faster 
compared to the cathodic regions. These areas (cathodes) are further away from the 
cracked concrete elements and therefore the increased ingress of oxygen through 
the cracks is being manifested more slowly.  
 

(a) (b)

Figure 5.15 Time dependant distribution of oxygen in the cross-section at the anode-
cathode transition zone for: type 1B (a)  and type 2B (b) 

 

5.1.2.5 Influence of the corrosion induced damage on the pull-out capacity  

One of the objectives of the here presented study is to investigate the effect of 
corrosion induced damage on the pull-out capacity of the reinforcement. Similar as in 
experiments (Fischer 2012), the bars are pulled out from the specimens for different 
levels of corrosion: t = 0 (reference - no corrosion), 1, 3, 5 and 7 years, respectively. 
Typical crack patterns after the pull-out failure (specimen type 1B) obtained in the 
experiment and the analysis for t = 0 (reference), 1 and 7 years are shown in Figure 
5.16. As expected, the failure is due to the splitting of concrete cover and not to the 
pull-out of the reinforcement bar. The same failure mode and similar crack patterns 
for different corrosion rates were observed in the experimental tests of Fischer (2012) 
(see Figure 5.16a). 
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(a) (b)

 
(c) (d)

Figure 5.16 Typical pull-out failure mode for specimen type 1B: (a) Fischer (2012) 
corresponds approximately to t = 7 years of the analysis; (b) analysis, (reference) 
t =0; (c) analysis, t = 1 year and (d) analysis t = 7 years 

 
The predicted and experimentally measured relative decrease of the bond resistance 
is plotted in Figure 5.17a,b as a function of the average corrosion penetration of the 
reinforcement bar, xcorr. The corrosion penetration xcorr is calculated from Eq. 3.51 as 
an average value in the nodes at the anode-cathode transition zone.  
 
For each case, an average crack width is calculated and plotted as a function of xcorr 
in Figure 5.17c,d. Same as in the experiments (Fischer 2012), the crack width is 
calculated from the damaged finite elements on the exposed surfaces of the concrete 
specimen, as the sum of their averaged longitudinal crack widths. The dependence 
between the average crack width and the corresponding bond resistance is plotted in 
Figure 5.17e,f. 
 
Comparing the cases for the first specimen (left column in Figure 5.17), it can be 
noticed that the results differ slightly from each other. Similarly to the comparison of 
the numerically obtained crack patterns, the type 1B shows the best agreement with 
the experimental results. In general the agreement is good, except for the relation 
between the crack width and the corrosion penetration depth, where even for case 
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1B, the crack width is slightly overestimated (see Figure 5.17c). However, having in 
mind the complexity of the problem, the magnitude of this overestimation is 
acceptable. For relatively small bar diameter (12 mm) and concrete cover (20 mm), 
the positions of anode and cathode do not significantly influence the bond resistance 
as a function of corrosion depth and crack width, respectively.  
 
As expected, for the 16 mm bar diameter and 35 mm concrete cover (right column in 
Figure 5.17), the anode-cathode configuration has a greater influence on the bond 
resistance. The type 2C differs the most compared with the experimental results, 
since the corrosion-induced damage for this case is larger than in the experiment. 
Consequently, the reduction of bond resistance becomes overestimated. Similarly to 
the first specimen, the best agreement with the experimental results are obtained for 
half of the bar circumference being depassivated (type 2B). In the experiments, the 
free specimen surfaces were exposed to chlorides. Therefore, it is reasonable that 
the rebar region which is closer to these surfaces plays the most significant role in 
controlling the corrosion-induced damage of the concrete cover. 
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(e) (f)

Figure 5.17 Predicted and experimentally obtained results for both specimen types 
and all positions of anode and cathode: (a,b) Relative pull-out capacity as a function 
of average corrosion penetration; (c,d) Average crack width as a function of average 
corrosion penetration; (e,f) Relative pull-out capacity as a function of the average 
crack width 
 

5.1.2.6 Influence of the transport of corrosion products through cracks 

The above presented results show that the position of cathode and anode in the case 
1B for the first specimen (12 / 20 mm) and in the case 2B for the second specimen 

(16 / 35 mm) gives the best agreement with the experimental results. Therefore, 
these two cases are chosen to study the effect of distribution of corrosion products 
through the cracks. For each specimen type, two cases are considered: (a) transport 
of rust is neglected and (b) transport is accounted for. Similarly as before, the beams 
are exposed, for each case, to the corrosion processes over the period of 7 years.  
 
The damage (cracking) due to the expansion of corrosion products after 1, 3 and 7 
years, respectively, for the type 1B is shown in Figure 5.18. The damage without the 
influence of the transport of rust is shown on the left, whereas the cracks produced 
when accounting for the distribution of rust are shown on the right hand side. The 
numerical results indicate a significant influence of the rust distribution on the 
corrosion-induced damage for the studied type of chloride-induced corrosion, with 
intermediate saturation. It reduces the damage and compared with the experience 
from the engineering practice (Thoft-Christensen 2000), there is a more realistic 
prediction of the first visible crack. For the type 1B, without and with transport of rust, 
the crack width of w = 0.05 mm is observed after 170 and 280 days, respectively. For 
the type 2B, the same crack width is observed after 300 and 540 days, respectively. 
The maximal crack widths and the average rust thickness around the investigated 
bar for type 1B are summarized in Table 5.5. The thickness of the rust is calculated 
as the sum of the average corrosion penetration xcorr and the inelastic radial 
expansion Δlr. 
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1-a (type 1B) 1-b (type 1B) 

 

3-a (type 1B) 3-b (type 1B) 

 

7-a (type 1B) 7-b (type 1B) 

Figure 5.18 Predicted crack patterns due to corrosion induced damage, 1, 3 and 7 
years after depassivation for: (a) without and (b) with accounting for the rust transport 
(b) 

Similar crack patterns were obtained in the experiments (Fischer 2012), however, in 
the tests the corrosion was accelerated with the rate that was approximately 5 times 
higher than a nominal natural corrosion rate. Therefore, the development of 
corrosion-induced damage in time cannot be directly compared with the numerical 
analysis, in which the natural corrosion conditions are simulated. 
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Table 5.5. Thickness of the rust and maximum crack width for the type 1B 
Time 
after 

depass. 
[year] 

Rust thickness a [mm] 
Max. crack width 

[mm] 
WOT* WT* 

WOT WT 
Aver. Max. Aver. Max. 

1 0.11 0.26 0.06 0.13 0.24 0.09 
2 0.23 0.52 0.11 0.25 0.53 0.28 
3 0.34 0.78 0.17 0.38 0.73 0.45 
4 0.46 1.04 0.23 0.52 0.91 0.60 
5 0.58 1.30 0.28 0.66 1.10 0.72 
7 0.82 1.84 0.40 0.92 1.46 0.94 

*WOT= without transport of rust, WT= with transport of rust  

 
To demonstrate the influence of corrosion products transport through cracks on bond 
resistance, the reinforcement bar is pulled out from the concrete specimens (type 1B 
and 2B) at t =0 (reference), 1, 2, 3, 4, 5 and 7 years, respectively. The predicted and 
experimentally measured (average) pull-out capacities and average crack widths are 
shown in Figure 5.19 as a function of the average corrosion penetration. Moreover, 
for the specimen type 1B (12 / 20 mm), the predicted and measured results are 
summarized in Table 5.6. 
 

(a)  (b)  

(c) (d)  
Figure 5.19 Predicted and measured results for specimen 1B and 2B: (a,b) The 
relative pull-out capacity as a function of the average corrosion penetration and (c,d) 
average crack width as a function of the average corrosion penetration 
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Table 5.6 Numerical and experimental results of the pull-out resistance for type 1B 
Time 
after 

depass. 
[years] 

xcorr 
[mm] 

Pull-out resistance 
[MPa] 

Fischer 2012 * 

WOT WT 
Ref. 

model 
xcorr 

[mm] 
Pull.resistance 

[MPa] 

0 - - - 6.22 - 6.29 
1 0.03 5.29 5.98 - 0.045 5.70 
2 0.06 4.54 4.98 - 0.070 5.72 
3 0.09 4.17 4.60 - 0.105 5.24 
4 0.12 3.98 4.42 - 0.135 5.00 
5 0.15 3.86 4.18 - 0.182 5.09 
7 0.21 3.67 4.04 - 0.210 4.10 

*Time development cannot be directly compared with experiments in which the corrosion rate was 
accelerated approximately by factor of 5 

In spite of the high complexity of the problem, it can be seen that the numerical 
prediction (for type 1B and 2B) in the case where the transport of corrosion products 
is accounted for, exhibits good agreement with the experimental data. Due to the 
larger crack widths (damage), the decrease of the pull-out capacity is higher if no 
transport of corrosion products is accounted for. As mentioned before, the numerical 
results encompassing the transport of rust through the cracks should be directly 
compared with the test data. Namely, in the experiments (Fischer 2012), a significant 
transport of rust through the cracks was observed, i.e. approximately 50% of 
generated rust was transported through cracks. 
 
Finally, comparing the reduction of the pull-out capacity with respect to the average 
corrosion penetration for both specimen types (12 / 20 mm; 16 / 35 mm), it can be 
seen that the experimental and numerical results confirm a higher reduction of the 
pull-out capacity in the case of a thicker concrete cover and a large bar diameter.  
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5.2 Single-rebar case with the influence of stirrups 

Numerical results from the previous section show that the 3D chemo-hygro-thermo-
mechanical model realistically predicts the corrosion induced damage in the case of 
concrete specimen with a single reinforcement bar. It is also important to investigate 
the application and robustness of the model for reinforced concrete elements with 
stirrups. By validating the numerical results with the experimental data for these 
cases, the model can be applied to investigate a wide spectrum of corrosion induced 
damage in RC structures.  
 

5.2.1 Beam-end specimens with stirrups 

5.2.1.1 Specimen geometry and test setup 

In the beam-end experiments performed by Fischer (2012), described in the previous 
section, the specimens with stirrups were also investigated. The cross-sections of the 
concrete specimens and the position of the main rebars 16 and 12 correspond to 

the geometry without the stirrups (Section 5.1.2.1). The stirrups with the diameter 6 
mm were chosen with spacing of 90 mm (Figure 5.20). Two additional series were 
also studied, in which the direct electric contact with the main rebar was prevented by 
isolating the stirrup corners with tape. All investigated types of specimens with 
stirrups and their main characteristics are summarized in Table 5.7. Types 1 and 3 
without stirrups, i.e. 12/20 mm and 16/35 mm respectively, are discussed in the 
previous section.  
 
Table 5.7 Investigated specimen types with stirrups from the experiments by Fischer 
(2012) 

Types 
Diameter, d 

[mm] 
Con. cover, 

c [mm]  
c/d 

Stirrups 
[mm] 

Stirrup - el. 
contact 

2 12 20 1.67 6/90 yes 
4 16 35 2.19 6/90 yes 
5 12 20 1.67 6/90 no 
6 16 35 2.19 6/90 no 

 
The specimens were exposed to the same aggressive conditions as mentioned in 
Section 5.1.2.1 and the corresponding pull-out capacity of the embedded 
reinforcement bars was subsequently investigated. Thus, these sets of experimental 
data offer a convenient tool not only for investigating the model ability to capture the 
influence of stirrups on the corrosion induced damage, but also for comparing the 
results with the ones presented in Section 5.1 (without stirrups). 
 
In the following sections only the conditions from the series 5 and 6 are simulated, 
with the stirrups not being in the direct contact with the main reinforcement. This is 
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chosen to compare the results more easily with the ones from the previous section 
without the stirrups.  
 

Figure 5.20 Geometry of the specimen with stirrups used in experiments by Fischer 
(2012) 

5.2.1.2 Numerical model 

Symmetry conditions are used to model only half of the specimen for the types 5 and 
6. Similarly as in Section 5.1.2.2, the width of the modelled section for the type 6 is 
taken 10 mm wider than the symmetry plane to accommodate for a bigger bar 
diameter and a deeper concrete cover while analyzing the pull-out resistance (Figure 
5.21a). Eight node solid elements are used to model the main reinforcement bar and 
the stirrups (Figure 5.21b). To avoid a contact problem between the main rebar and 
stirrups, their position is offset 2 mm towards the upper and side concrete surfaces. 
The 0.1 mm thick interface layer is placed around the steel reinforcement and 
modelled with eight node solid elements. Corresponding 1D corrosion contact 
elements are placed in the interface layer. Due to the presence of the curved stirrup 
geometry, the concrete is discretized by using the tetrahedral solid elements.   
 

(a)         (b)  
Figure 5.21 Model geometry (in mm) with the finite element discretization of the 
specimen-type 6 (a) and the used main rebar and stirrups (b) 
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(a) 

 

(b)  
Figure 5.22 Distribution of the anodic and cathodic regions along the rebar and 
stirrups (a) and over the rebar's circumference for types 5 and 6 (b)  

The same distribution of the anodic and cathodic regions along the rebar length is 
taken from the Section 5.1.2.2 (Figure 5.22a). The results from Section 5.1.2.3 show 
that the type 1B and 2B configurations for 12/20 mm and 16/35 mm, respectively, 
give the most realistic crack patterns compared to the ones from the experiment 
(Fischer 2012). Hence, the same anodic-cathodic distribution in the rebar's cross 
section is chosen (Figure 5.22b) for type 5 and type 6, respectively. The anodic-
cathodic regions are kept unchanged.  
 
Due to the stirrups being electrically isolated from the rebar in the experiment 
(Fischer 2012), it is assumed that the whole stirrup area is acting as a cathode. Type 
2 and 4 specimens, where the electrical contact was enabled, show similar results 
regarding the corrosion induced damage and the behaviour of the pull-out capacity 
as compared to type 5 and 6 (Fischer 2012).  
 
The steel stirrups are modelled as linear elastic material with the Young's Modulus of 
200000 N/mm2 and Poisson's ratio of 0.33. Further mechanical and electrochemical 
parameters used in the analysis are the same as mentioned in Section 5.1.2.2. 
Likewise, the boundary and initial conditions correspond to the conditions defined in 
the Section 5.1.2.2 for the specimens 12/20 mm and 16/35 mm, without the 
stirrups.  
 
The importance of modelling the distribution of corrosion products into the pores and 
cracks is shown in Section 5.1.2.6. Therefore the transport of rust is accounted for in 
the following numerical simulations. 
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In the numerical analysis the specimen types 5 and 6 are exposed to natural 
corrosion conditions over 7 years. Subsequently, for different levels of corrosion 
induced damage, i.e. after 1, 2, 3, 4, 5 and 7 years of active corrosion, the pull-out 
capacity of the rebar is calculated.  
 

5.2.1.3 Numerically predicted corrosion induced damage   

As mentioned in the previous section, the corrosion induced damage is simulated for 
a period of 7 years. The numerically obtained crack patterns for the specimen type 6 
after 2, 3, 5 and 7 years of active corrosion processes are shown in Figure 5.23.   
 

  

2 years 3 years 

5 years 7 years 
Figure 5.23 Numerically predicted crack patterns for the specimen type 6  after 2, 3, 5 
and 7 years of active corrosion processes 

To validate the numerical results, sum of average crack widths on the upper and side 
concrete surface is plotted as a function of the average corrosion penetration on the 
anodic-cathodic transition zone, for the specimen type 5 and 6. These results are 
then compared with the experimental data and presented in Figure 5.24. It can be 
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seen that for both cases a good agreement is obtained with the experimental data 
(Fischer 2012), showing that the corrosion induced damage (cracks) are developing 
realistically with the active corrosion process. 
 

Figure 5.24 Sum of average crack widths on the concrete surfaces as a function of 
the average corrosion penetration for the type 5 (left) and type 6 (right) 
 

5.2.1.4 Numerical analysis of the pull-out capacity for different corrosion levels 

For each level of corrosion induced damage, i.e. 1, 2, 3, 4, 5 and 7 years after the 
depassivation, the corresponding pull-out capacity is calculated. The pull-out failure 
mode for different levels of corrosion damage for the specimen type 6 is shown in 
Figure 5.25. Experimentally obtained failure mode (Fischer 2012) due to the cracking 
of the concrete cover is replicated by the numerical results .   
 
To validate the influence of the corrosion damage level on the corresponding pull-out 
capacity of the rebar, the relative values of the bond resistance are plotted in Figure 
5.26 as a function of the average corrosion penetration of the rebar, xcorr. Comparison 
with the experimental results shows that in the case of the specimen type 6 (16/35 
mm with stirrups), the same trend of a slowly decreasing pull-out capacity is 
realistically captured by the model (Figure 5.26b).  
 
In the case of the specimen type 5 (12/20 mm with stirrups), the model is not able to 
simulate a slight increase of the bond resistance with the ongoing corrosion (Figure 
5.26a), although the predicted decrease is relatively low and kept constant after 
reaching the relative value of 0.93 of the reference pull-out resistance (without 
corrosion).  
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(a) (b) 

(c) (d) 
Figure 5.25 Pull-out failure mode obtained for the specimen type 6: (a) Fischer 
(2012), corresponds approximately to t = 7 years of the analysis (b) analysis 
(reference) t =0; (c) analysis, t = 2 years and (d) analysis, t = 7 years 

(a) (b) 
Figure 5.26 Predicted and measured values of the relative pull-out capacity as a 
function of the average corrosion penetration of the rebar, for the specimen type 5 (a) 
and type 6(b) 
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The relative values of the pull-out capacity are also plotted as a function of the 
corresponding sum of average crack widths on the upper and side concrete surfaces. 
The average crack widths are calculated for each level of corrosion induced damage, 
i.e. from 1 to 7 years after depassivation. The predicted values are compared with 
the experimentally obtained data (Fischer 2012) in Figure 5.27. It can be seen that in 
the case of a larger concrete cover and larger bar diameter (Type 6) the predicted 
decrease of bond resistance is realistically following the slight decrease of the pull-
out capacity (Figure 5.27b). In the case of a smaller bar diameter and concrete cover 
(Type 5), the minor relative increase of the pull-out force is not obtained (Figure 
5.27a). Nonetheless, the decrease is relatively small at the beginning of the active 
corrosion process, i.e. with the onset of the visible corrosion induced damage 
(cracks) and is afterwards following a relatively constant trend line, same as in the 
experiments . 

  

(a) (b) 
Figure 5.27 Predicted and measured values of the relative pull-out capacity as a 
function of the average crack widths for the specimen type 5 (a) and type 6 (b) 
 

5.2.1.5 Comparison of numerical results for the specimens with and without 
stirrups  

Experimental data and numerical analysis show a significant influence of stirrups on 
the pull-capacity of rebars in the case of beam-end specimen due to corrosion 
induced damage. The numerically predicted results in the previous section and in 
section 5.1.2.5, show that the model is able to realistically capture the trend 
regarding the bond resistance with the ongoing corrosion process. To investigate the 
effect of stirrups, the relative pull-out capacity is plotted as a function of time (1, 2, 3, 
4, 5 and 7 years) for specimen types 12/20 mm and 16/35 mm, with and without 
stirrups (Figure 5.28). It can be seen that with time, i.e. with the progressing 
corrosion damage, the relative bond resistance is decreasing much moderately for 
specimens with stirrups. After reaching a certain level of corrosion, the rebar is 
exhibiting approximately constant value of pull-capacity for specimen types 5 and 6, 
i.e. 12/20 mm and 16/35 mm with stirrups, respectively. 
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Figure 5.28 Relative pull-out capacity as a function of time (years) for specimens 
12/20 mm (left) and 16/35 mm (right), with and without stirrups 

 
To demonstrate the influence of the stirrups on corrosion induced crack patterns and 
crack widths, the damage after 1, 3 and 7 years is shown in Figure 5.29 for specimen 
12/20 mm, without (Type 1B - left column) and with stirrups (Type 5 - right column). 
Correspondingly, experimental and numerical average crack widths as a function of 
average corrosion penetration of the main rebar are given for all investigated 
specimens in Figure 5.30. It can be concluded, that for smaller levels of corrosion 
induced damage and for the assumed anodic-cathodic positions along the bar, the 
crack widths and crack patterns for the stirrup cases differ only slightly compared to 
the specimens where the stirrups are not present. Nonetheless, the experimental 
data by Fischer (2012) showed that the difference becomes more pronounced for 
higher levels of corrosion penetration, i.e. the crack widths for cases with stirrups 
were smaller compared to the cases where the shear reinforcement was not present.  
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3-a (type 1B) 3-b (type 5) 

 

7-a (type 1B) 7-b (type 5) 
Figure 5.29 Predicted crack patterns due to corrosion induced damage, 1, 3 and 7 
years after depassivation for: (a) without (Type 1B) and (b) with stirrups (Type 5) 

 

(a) (b)

Figure 5.30 Predicted and measured values of the average crack width as a function 
of the average corrosion penetration for the specimens 12/20 mm, with and without 
stirrups (a) and for the specimens 16/35 mm, with and without stirrups (b) 
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Furthermore, the average values of the principle tensile stresses for the stirrup 
section, shown in Figure 5.31a, are monitored for types 5 and 6. Two cases are 
considered for each specimen: the average principle tensile stress calculated after a 
certain period (1, 2 ,3 ,4, 5 and 7 years) of active corrosion and the corresponding 
principle tensile stress obtained when the maximum bond capacity is reached in the 
subsequent pull-out of the main rebar. The results are shown in Figure 5.32 as 
relative values to the average principle tensile stress for the reference pull-out case 
(no corrosion damage), σ11,ref . 

 

(a) (b) 
Figure 5.31 (a) Detail of the stirrup's elements (yellow) used to calculate the average 
values of the principle tensile stresses; (b) Detail of the rebar's elements (blue) used 
to calculate the average values of the principle compressive stresses 

It can be seen that for the specimen type 5 (12/20 mm), the expansion of the 
corrosion products around the reinforcement bar activates the tensile stresses in the 
stirrup, which imposes confined conditions on the main rebar. Therefore, with the pull-
out of the rebar the principle tensile stress in the investigated section at the peak load 
continuously rises and reaches almost 2,5 higher value after 7 years (Figure 5.32a). 
Due to a smaller bar and a smaller concrete cover, the confined conditions are already 
reached after 1 year of active corrosion and the relative bond resistance is afterwards 
kept approximately constant (Figure 5.26a). On the other hand, in the case of the 
larger bar diameter and concrete cover, i.e. in the case of type 6 (16/35 mm) the 
confined conditions are reached 3 years after the start of corrosion. This is clearly 
seen from the Figure 5.32b with a sudden jump of the principle tensile stress at the 
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peak load. Further on, this also explains a relatively larger decrease of the pull-out 
capacity at lower levels of corrosion induced damage for the specimen type 6 (Figure 
5.26b) compared to type 5.  

(a) (b)

Figure 5.32 Relative average principle tensile stresses in a stirrup section (during 
corrosion and after reaching a peak load during the pull-out of the rebar) plotted as a 
function of time for type 5 (a) and type 6 (b) 

To illustrate the effect of stirrups with the ongoing expansion of the corrosion 
products, the average values of the principle compressive stresses in the rebar cross 
section, located under the stirrup for type 5 and in the corresponding position on the 
bar for type 1B (Figure 5.31b), are plotted in Figure 5.33 as a function of time. The 
values are numerically obtained after 1-7 years of active corrosion processes, before 
calculating the bond resistance. It can be seen that in both cases (with and without 
stirrups), the compressive forces are exerted on the rebar due to the expansion of 
corrosion products. In the case where the stirrups are present, confined conditions 
contribute to higher compressive stresses which have a positive effect of minimizing 
the reduction of the pull-out capacity with the ongoing corrosion damage. 

(a) (b)

Figure 5.33 Average values of the principle compressive stresses in the rebar cross-
section (with and without stirrups) as a function of time for type 12/20 mm (a) and 
16/35 mm (b)
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In the case of the specimen 16/35 mm with stirrups (type 6), the principle 
compressive stress is slowly increasing for a period between the first and the second 
year and then has a sudden increase after 3 years of active corrosion. From Figure 
5.23 and 5.34a it can be concluded that the slower increase is contributed to the 
opening of the crack towards the upper surface for the period up to 2 years of active 
corrosion, which subsequently leads to a decrease of pressure with the corrosion 
products being transported into the opening crack. This is can also be observed by 
plotting the radial pressure on the surrounding concrete (Figure 5.34b). at the anode-
cathode transition zone, 138 mm from the pull-out surface.  
 

(a) (b)

Figure 5.34 Predicted crack pattern after 2 years (a) and the corresponding 
distribution of the radial pressure up to 3 years of active corrosion (b) for a cross 
section at the anode-cathode transition zone, 138 mm from the pull-out surface 
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5.3 Conclusions 

The application of the developed 3D chemo-hygro-thermo-mechanical model for 
simulating corrosion induced damage in concrete specimens with a single embedded 
rebar is investigated. In the first part of the analysis, the qualitative validation of the 
model is shown on a simple reinforced concrete beam-end specimen. The inelastic 
strains of the implemented 1D corrosion contact elements, which correspond to the 
expansion of rust around the rebar, cause the cracking of the surrounding concrete. It 
is shown that the radial distribution of pressure is not symmetrically distributed over 
the depassivated surface. Moreover, the transport of rust into the cracks reduces the 
pressure on the surrounding concrete.  
 
To further quantitatively verify and calibrate the 3D CHTM model, the experiments on 
the beam-end specimens by (Fischer 2012) are analysed. The cases without and 
with stirrups are studied and the effect of the shear reinforcement on the corrosion 
damage is investigated. The specimens are first exposed to aggressive 
environmental conditions and subsequently, the pull-out capacity of the rebar is 
predicted for different levels of corrosion.  
 
The numerical results of the beam-end specimens (12/20 mm and 16/35 mm)  
without stirrups yields the following conclusions: 
 
For the assumed environmental conditions and material properties, the predicted 
corrosion-induced crack pattern depends on the geometry (bar diameter and 
concrete cover), position of anode and cathode, and on the transport of corrosion 
products through cracks.  
 
The comparison with experimental results shows that the most realistic crack pattern 
is obtained for the case where the half of the bar surface, which is closer to the free 
concrete surface, is assumed to be the anode.  
 
It is shown that the corrosion-induced radial pressure over the circumference of the 
reinforcement bar is not axial-symmetric. The highest pressure is observed in radial 
directions that coincide with the directions of crack propagation.  
 
Active corrosion phase and consequently, the corrosion-induced damage, have a 
strong influence on the distribution of oxygen in the concrete specimen. The 
consumption of oxygen reaches a maximum at anode-cathode transition zones soon 
after depassivation of the reinforcement. However with the onset of corrosion-
induced damage, the flow of oxygen rises in generated cracks causing an increase of 
the oxygen concentration along the reinforcement bar.  
 
The numerical results show a very good agreement with experimental tests in which, 
for the assumed environmental conditions, approximately 50 % of corrosion products 
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were transported into the cracks. Due to the fact that a relatively large amount of 
corrosion products is distributed over the cracks, the corrosion-induced damage is 
less pronounced in the case when the transport of rust is accounted for.  
 
The pull-out failure is due to the failure of concrete cover (splitting) and not to the 
pull-out of the bar from the concrete. As the results of numerical analysis show, 
corrosion-induced damage significantly reduces the pull-out capacity. The reduction 
is higher if the transport of rust through cracks is not accounted for. The predicted 
and experimentally measured pull-out capacity show a good agreement. 
 
The numerical analysis of the beam-end specimens reinforced with stirrups shows 
that the model is capable to predict the corrosion induced damage for these cases. 
The increase of the average crack width with the ongoing corrosion penetration of the 
rebar is verified by comparing the results with the experimental data.  
 
The model is able to realistically account for the influence of stirrups on the bond 
resistance for the ongoing corrosion damage. It is shown that the expansion of the 
corrosion products around the rebar activates the tensile forces in the stirrups. 
Therefore, the additional confinement through the stirrups minimizes the reduction of 
the pull-out capacity. By comparing the two investigated cases (12/20 mm and 

16/35 mm), it can be concluded that, for the constant stirrup diameter, the effect of 
the confinement conditions depends on the depth of the concrete cover and the size 
of the rebar. For a smaller cover and a smaller bar diameter, the confinement effect 
is reached sooner with the ongoing corrosion process and hence a lower decrease of 
the pull-capacity is obtained.     
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6 VALIDATION OF THE 3D CHTM MODEL: MULTI-REBAR CASE 

Previous section shows a good agreement of the predicted corrosion induced 
damage using the 3D CHTM model with the experimental results. However, only one 
main reinforcement bar (without and with stirrups) was exposed to aggressive 
environmental conditions. For the engineering practice it is also important to verify 
the ability of the model to simulate the corrosion induced damage in the case of 
rebars placed close to each other, i.e. for the multi-rebar case. Numerical simulation 
for a group of reinforcement bars is a challenging task not only for simulating 
electrochemical processes, but for capturing specific crack patterns leading to 
delamination of the concrete cover. Moreover, the presence of stirrups in the case of 
the multi-rebar corrosion has a significant effect on the development of damage and 
needs to be taken into account. 
 
The application of the 3D chemo-hygro-thermo-mechanical model is verified for the 
multi-rebar cases with and without stirrups and the results are presented in the 
following sections. Same as in the previous section, the water content is assumed to 
be uniformly distributed and constant in the investigated specimens. Hence, the 
hysteretic moisture behaviour of concrete is not taken into account. 
 

6.1 Multi-rebar case without the influence of stirrups 

6.1.1 Experimental setup 

The main objective of the experiments performed by Dong et al. (2011) was to 
investigate the influence of stirrups spacing and anchorage performance on residual 
strength of corroded RC beam. Simultaneously, a reference series without the 
arranged stirrups across the beam length was also investigated. Specimens were 
firstly exposed to accelerated corrosion conditions. Subsequently, they were tested 
under four-point static bending test and the residual load capacity was measured.  
 
The experiments present a valuable source for validating the numerical results for 
multi-rebar case and also for comparing the effect of stirrups on the corrosion 
induced damage. To verify the 3D CHTM model ability to simulate the corrosion 
induced damage for such cases, only the corrosion induced damage, i.e. the 
generated crack patterns from the experiments are compared with the numerical 
results.  
 
The investigated specimens (Dong et al. 2011) were rectangular beams, marked as 
the series S0. The beams were 2100 mm long, with the cross-section size of 
240x200 mm (Figure 6.1). Three rebars with the diameter of 16 mm were arranged 
40 mm from the lower part of the beam in 60 mm spacing. The concrete cover was 
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32 mm for all three rebars, while the outer bars had a cover of 52 mm measured from 
the side surfaces (Figure 6.1b). 
 

(a) 

(b) 
Figure 6.1 Longitudinal section (a) and cross section (b) of the investigated beams 
from the series S0 without stirrups (Dong et al. 2011) 

Five percent sodium chloride solution was added to the concrete mixture, which 
acted as a corrosion catalyst, i.e. it increased the electrical conductivity of concrete. 
To achieve damage due to expansion of corrosion of rust products in a reasonable 
time period, the beams were exposed to accelerated corrosion conditions and the 
galvanic corrosion testing method was used (Murakami et al. 2006).  
 

Figure 6.2 Accelerated corrosion test used by Dong et al. (2011) 

The beams were placed in a water tank filled with 5% sodium chloride solution. The 
rebars were connected in an electrical circuit with a copper plate placed on the 
concrete surface near the bars (Figure 6.2). The direct current flowed through the 
circuit until a given amount of electricity was achieved, representing an expected 
corrosion ratio.  
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6.1.2 Numerical model and input parameters 

To simulate the corrosion induced damage only a segment of 130 mm length of the 
beam is modelled (Figure 6.3a). Note that the here presented model simulates the 
natural corrosion conditions. Therefore, the actual experimental development of 
damage under accelerated corrosion cannot be directly compared with the simulated 
results in time.  
 
The eight node solid elements are used to model the concrete, steel reinforcement 
and the interface layer. The 1D corrosion contact elements are radially placed in the 
interface layer with the thickness of 0.1 mm. Reinforcement bar circumference is 
discretized with 16 nodes, i.e. 16 corrosion contact elements are defined in each 
cross-section of the rebar.  
 
The emphasis of the analysis is on the processes after depassivation of steel, 
therefore distribution of cathodic and anodic regions along the bar length and the 
circumference are assumed upfront. The processes before depassivation of steel are 
not simulated in this case, but their application is explained and verified in Ožbolt et 
al. (2010). Two anodic regions of 20 mm length each are defined along the 
reinforcement bar with the surrounding three cathodic regions, 30 mm each (Figure 
6.3b). 
 

(a)  (b)

Figure 6.3 Model geometry (a) and the assumed distribution of the anodic and 
cathodic region along the rebar length (b), (all in mm) 

The results from subsection 5.1.2.3 demonstrated a significant effect of the anodic-
cathodic distribution along the bar circumference in the case of a single rebar. 
Therefore, to analyse this influence in the case of the multi-rebar specimen, three 
configurations are investigated. For the case A, it is assumed that a quarter of the 
circumference is depassivated in respect to the vertical axis of symmetry. The case B 
has a larger anodic surface corresponding to an angle of 135°, while for the case C 
half of the circumference is assumed as anode (Figure 6.4). 
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Case A 

 

Case B Case C 

(a) (b) (c) 

Figure 6.4. Assumed cases for the distirbution of the anodic and cathodic regions in 
the rebar's cross-section: (a) quarter of the circumference depassivated -Case A, (b) 
depassivated circumference length corresponding to an angle of 135° - Case B and 
(c) half of the circumference depassivated - Case C 

The mechanical properties of the concrete and steel used in the model are listed in 
Table 6.1. The analysis is performed for initially un-cracked, good quality concrete 
(w/c = 0.4) assuming a constant water saturation of 50% and a constant temperature 
of 20 ºC. Therefore, the values for the electric conductivity and oxygen diffusivity 
coefficient are taken from Table 2.1 and 2.2., respectively. The boundary conditions 
for oxygen transport are taken the same as the initial conditions with a value of 
0.0085 kg/m3. These boundary conditions correspond approximately to severe splash 
conditions. Parameters used for the calculation of non-mechanical processes after 
depassivation of steel are listed in Table 6.2. 
 
Table 6.1 Mechanical parameters used in the model 

Parameter Value 

Modulus of elasticity of concrete, cE  (N/mm2) 26200.0 

Poisson's ratio of concrete, c   0.18 

Tensile strength of concrete, tf   (N/mm2) 1.92 

Uniaxial compressive strength of concrete , cf  (N/mm2) 31.0 

Fracture energy of concrete, fG (J/m2) 40.0 

Modulus of elasticity of steel, sE  (N/mm2) 200000.0 

Poisson's ratio of steel, s  0.33 

Modulus of elasticity of rust, rE  (N/mm2) 100.0 

Volume expansion factor of rust, r = s / r  4.0 
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Table 6.2. Parameters used for the calculation of non-mechanical processes 

Parameter Value 

Faraday′s constant, F (C/mol) 96486.7 

Anodic exchange current density, i0a (A/m2) 1.875×10-4 

Cathodic exchange current density, i0c (A/m2) 6.25×10-6 

Anodic equilibrium potential, Φ0a (V vs. SCE) -0.780 

Cathodic equilibrium potential, Φ0c (V vs. SCE) 0.160 

Tafel slope for anodic reaction, βa (V/dec) 0.06 

Tafel slope for cathodic reaction, βc (V/dec) 0.160 

Diffusivity coefficient of rust, Dr  (m
2/s) 2.2×10-16 

 
The results from Section 5.1.2.6 show a great importance of incorporating the 
distribution of corrosion products through the cracks. Therefore, the case without the 
influence of rust transport is not investigated in this analysis. The calculation of non-
mechanical processes (oxygen distribution, electrical potential, electric current 
density and distribution of corrosion products) and the corresponding mechanical 
damage is performed for a time period of 6 years.   
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6.1.3 Results and discussion  

Predicted corrosion induced damage for all three investigated cases of the anode-
cathode distirbution (A-C) are shown in Figure 6.5 for 1.5, 2, 3 and 6 years after 
depassivation. The crack is plotted in terms of maximal principal strains on 
undeformed specimens. The red (dark) zone corresponds to the crack opening of 
0.10 mm or larger.  
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Figure 6.5 Predicted corrosion induced crack patterns in the beam's cross-section, 
1.5, 2, 3 and 6 years after depassivation for all three cases of anode-cathode 
positions (A, B, C) 
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Comparing the predicted crack patterns of the beam cross-section (see Figure 6.5), it 
can be seen that with the increase of the anodic surface, the cracks propagating 
towards the specimen side surface tend to be more inclined. The corrosion induced 
damage for the case B gives the best agreement with the crack pattern observed in 
the experiment (Figure 6.6). This leads to the conclusion that the anode-cathode 
position in the experiment approximately coincides with the case B. From the 
evaluation of experimental results it can also be seen that the most corroded part of 
the cross-section of the reinforcement bar was close to the bottom concrete surface 
of the beam. Further on, the predicted crack pattern for the case B at the bottom 
surface of the concrete specimen agrees nicely with the experimentally observed 
cracks (Figure 6.7).  
 

 
Figure 6.6 Experimentally (Dong et al. 2011) observed (left) and numerically 
predicted crack patterns at the beam's end for case B after 6 years (right) 

The damage is characterised by the internal cracks propagating first between the 
rebars, with the surface cracks reaching the bottom and side surfaces later on. This 
can lead to delamination of the whole sections of the concrete cover which was also 
observed by other researchers in the case of multi-rebar specimens (Tran 2012). The 
numerical results (case B) show that the critical crack opening of 0.15 mm correlates 
to the total rust production of 0.0091 kg/m of reinforcement bars. The critical crack 
forms approximately 2.7 years after start of the corrosion process. This prediction is 
in good agreement with the statistical evaluation of measurements on structural 
elements under severe natural conditions (Thoft-Christensen 2000). 

 
 

   
Figure 6.7  Experimentally (Dong et al. 2011) observed crack pattern (left) and 
numerically obtained corrosion damage on the bottom surface (right)  
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The importance of modelling the transport of corrosion products into the corrosion 
induced cracks is illustrated by the Figure 6.8a. It can be seen, same as in the 
numerical simulations (Figure 6.8b), that the ingress of the rust products into the 
cracks is obvious, even reaching the side surface. The pressure on the surrounding 
concrete is therefore less pronounced, which finally leads to a more realistic 
prediction of the corrosion induced damage. 

(a) (b) 
Figure 6.8 Evidence of rust products reaching the side surface of the specimen S0 in 
the experiments by Dong et al. (2011) (a) and numerically predicted distribution of 
corrosion products into the cracks for case B after 6 years (b) 
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6.2 Multi-rebar case with the influence of stirrups 

6.2.1 Experimental setup 

As mentioned in Section 6.1.1 the experiments performed by Dong et al. (2011) 
investigated the influence of stirrups on the residual strength of corroded RC beams. 
Therefore, the results of corrosion induced damage obtained for the series S80 
(Dong et al. 2011) are closely studied to verify the predicted corrosion induced 
damage in the multi-rebar case with stirrups. For the series S80, stirrups of diameter 
6 mm with spacing of 80 mm were used. The longitudinal and the cross-section are 
shown in Figure 6.9. 
 

Figure 6.9 Geometry of the investigated beams from the series S80 with stirrups in 
experiments by Dong et al (2011) 

The same conditions and the test setup for the accelerated corrosion described in 
6.1.1 were used in the case of the series S80.  
 

6.2.2 Numerical model 

Same as in the previous section, only a 130 mm segment of the total beam length is 

modelled (Figure 6.10a). The main reinforcement bars (16 mm) are arranged axially 
60 mm from each other and 40 mm from the lower concrete surface. Two additional 
stirrups with a diameter of 6 mm are placed at a distance of 80 mm from each other 
(Figure 6.10b). The direct contact with the main reinforcement is avoided by 
offsetting the stirrups 2 mm towards the lower and side concrete surfaces (Figure 
6.10c). They are modelled the same as the main rebars, i.e. using eight node solid 
elements. The interface layer, with the addition of 1D corrosion contact elements, is 
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added around the stirrups and main bars. Due to the complex geometry, concrete is 
modelled with tetrahedral elements.  
 

(a)    (b)

   

(c)                                                   
Figure 6.10 Finite element discretization of the beam's segment (a) and main rebars 
and stirrups (b) ; Detail of the stirrup and rebar contact (c) 

As mentioned before, the anodic and cathodic regions on the stirrups and main 
rebars are assumed upfront. Therefore, only the processes after depassivation of 
steel are calculated and the anodic-cathodic regions are kept constant. 
 
Three anodic regions of 12 mm in length are assumed on the stirrup lower arm. Their 
position corresponds to the position of the main rebars, i.e. they are chosen to be 
right below them. Two additional anodic regions of same length are also defined on 
each of the stirrups side arms, however only on the lower half of the side arm (Figure 
6.11). Such configuration is chosen with the assumption that the depassivation 
occurs in the region close to the main reinforcement bars. It is also assumed that in 
the case of the stirrups the whole circumference is depassivated (Figure 6.11) due to 
a diameter of only 6 mm and also, in comparison with the main rebars, due to a 
closer position to the concrete surface.  
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Figure 6.11 Assumed anodic-cathodic regions along the stirrups (left) and along the 
stirrup's circumference (right)      

The position of the anodic and cathodic regions along the length of the main rebars is 
assumed to be directly dependent on the position of the stirrups. Therefore, two 
anodic regions along each bar length are defined and shown in Figure 6.12. For the 
distribution of depassivated regions in the bar cross section, two different 
configurations are chosen, one for the middle bar, denoted with M, and one for the 
side bars, marked with S. In the case of the middle bar (M) the same configuration 
from Section 6.1.2, which gives the best correspondence with the experimental 
results for specimens without stirrups, is assumed (Figure 6.12). For the side bars, 
only a half of this configuration is chosen for the side not facing the stirrup arm 
(Figure 6.12). 

 
 

Figure 6.12 Assumed anodic-cathodic regions along the main rebars (left) and along 
the rebar's circumference for the side bar (S) and the middle bar (M) (right)      

The material properties for the rebars and concrete are the same as defined in 
Section 6.1.1. The steel stirrups are modelled as linear elastic material with the 
Young's Modulus of 200000 N/mm2 and Poisson's ratio of 0.33. The parameters 
which are relevant for modelling the non-mechanical processes, including the 
boundary and initial conditions, are chosen the same as shown in Section 6.1.1. The 
corrosion induced damage is investigated for a period of 6 years. 
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6.2.3 Numerically predicted corrosion induced damage   

Predicted corrosion induced damage, for the assumed anode-cathode configuration 
given in Section 6.2.2, is shown in Figure 6.13 for 1.5, 2, 3 and 6 years after 
depassivation. The crack is plotted in terms of maximum principal strains on 
undeformed specimens with the red (dark) zone corresponding to the crack opening 
of 0.10 mm or larger. The internal cracks between the rebars are formed first, 
followed by a later damage which is characterized by two cracks under the side 
rebars (S) reaching the bottom surface and subsequently by two vertical cracks 
propagating to the upper surface.   
 

1.5 y 2 y

 

3 y 6 y

 
Figure 6.13 Predicted corrosion induced crack patterns in the beam's cross-section, 
1.5, 2, 3 and 6 years after depassivation 

The experimentally obtained and numerically predicted crack pattern, 6 years after 
depassivation, are shown in Figure 6.14. The simulated corrosion damage 
corresponds nicely to the damage after 6 years of active natural corrosion processes. 
It can be seen that the model is able to realistically replicate the development of 
corrosion induced cracks in the case of specimens with stirrups.  
 

 
Figure 6.14 The crack pattern obtained from the experiments (Dong et al. 2011) (left) 
and from the numerical simulation, 6 years after depassivation (right) 
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By comparing the here predicted damage with the case without stirrups, shown in 
Figure 6.6, it can be seen that the crack pattern differs significantly. In the presence 
of stirrups, the two cracks propagate to the upper concrete surface parallely with the 
side surfaces. As it is mentioned by Dong et al. (2011), due to expansion of corrosion 
products around the main rebars, the stirrup is under tensile stress which activates 
bond stresses between the stirrup and concrete. In this way, the compressive stress 
in concrete surrounding the stirrup arm is restricting the development of the corrosion 
induced crack to the side surface and the crack propagates towards the upper 
surface.  
 

(a)    (b)         
Figure 6.15 Position of the chosen concrete element (a) and calculated principle 
compressive stresses as a function of the average corrosion penetration (b) 

The principle compressive stresses of a chosen concrete element near the side 
stirrup arm (position shown in Figure 6.15a) are plotted in Figure 6.15b as a function 
of the average corrosion penetration of the rebars at the anode-cathode transition 
zone, for the case without and with stirrups. The confined conditions in this concrete 
region due to the presence of stirrups, prevent the crack from reaching the side 
surface. After the crack propagates vertically, the compressive stresses start to 
decrease with the ongoing corrosion induced damage (Figure 6.15b).  
 

       
Figure 6.16 The corrosion induced damage on the bottom surface for the specimen 
(a)experimentally (Dong et al. 2011) and (b) numerically obtained after 6 years after 
depassivation 
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Simultaneously, the tensile stress in the lower stirrup arm reduces the confined 
conditions in concrete around the middle rebar (M), which are present due to the 
expansion of rust around the side bars (S) (Dong et al. 2011). This allows for an 
additional smaller crack to propagate from the middle rebar to the lower concrete 
surface (Figure 6.16). The principle tensile stresses of a chosen concrete element 
below the middle rebar (position shown in Figure 6.17a) are plotted in Figure 6.17b 
as a function of the average corrosion penetration of the rebars at the anode-cathode 
transition zone, for the case without and with stirrups. It can be seen that at the 
beginning of the corrosion process the tensile stresses increase for both cases, until 
the opening of the cracks under the side bars (S) (Figure 6.14). Afterwards, the 
stresses are decreasing, but in the presence of stirrups they start to rise again 
(Figure 6.17b) due to the influence of the lower stirrup arm .  
 

(a)      (b)  
Figure 6.17 Position of the chosen concrete element (a) and calculated principle 
tensile stresses as a function of the average corrosion penetration (b) 

Average calculated widths of the cracks along the bottom surface of the concrete 
specimen for cases without and with stirrups, are plotted in Figure 6.18 as a function 
of the average corrosion penetration of the rebars at the anode-cathode transition 
zone. It can been seen that the presence of stirrups reduces the crack widths and 
therefore the extent of the corrosion induced damage. 
 

Figure 6.18 Average crack width (at the bottom surface) as a function of average 
corrosion penetration of the rebars for the case without and with stirrups 
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6.3 Conclusions 

The corrosion induced damage of concrete elements with multiple arranged 
reinforcement bars is simulated using the 3D chemo-hygro-thermo-mechanical 
model. The cases without and with stirrups are analysed and the numerically 
obtained results are compared with the experimental data of Dong et al. (2011). 
 
The model is able to predict the development of damage (cracks) in the concrete 
specimens, for both cases, with the expansion of corrosion products around the 
rebars in the vicinity of each other. The crack pattern is characterized with the 
forming of the internal crack between the rebars, followed by the development of the 
visible surface cracks. This can lead to delamination of larger sections of the 
concrete cover and subsequently to direct exposure of rebars to aggressive 
environmental conditions, which considerably reduces the mechanical properties of 
reinforced concrete elements. Furthermore, in the multi-rebar case without stirrups it 
is shown that the anodic-cathodic configuration on the rebar surface has a strong 
influence on the development of the corrosion induced damage. With the increase of 
the rebar anodic surface, the cracks towards the specimen side surfaces propagate 
in a more inclined manner. 
 
The effect of stirrups on the corrosion induced damage of multi-rebar specimens is 
realistically captured by the 3D CHTM model. The confined conditions, in the 
concrete region around the stirrup arms, prevent not only the cracks from reaching 
the sides of the investigated specimen, but also contribute to smaller widths of the 
visible cracks on the bottom surface. Therefore, the presence of stirrups has a 
positive effect on the corrosion induced damage. 
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7 VALIDATION OF THE IMPLEMENTED HYSTERETIC MOISTURE 
BEHAVIOUR OF CONCRETE IN CHTM MODEL 

7.1 Validation of the scanning curves  

The experimental data by Baroghel-Bouny (2007) are used to verify the implemented 
empirical model for determining the scanning curves between the main adsorption 
and desorption isotherm. The experiments are focused on obtaining the desorption-
adsorption characteristics for a wide range of normal and high-performance 
hardened cement pastes and concrete mixtures. Further on, hysteretic behaviour is 
also investigated by measuring and plotting the scanning isotherms within various 
relative humidity ranges. Only the experimentally obtained scanning curves for the 
concrete specimens with the w/c ratio of 0.27 and 0.43 are used for the here 
presented validation.  
 

7.1.1 Description of the experimental setup and data 

The water vapour desorption and adsorption experiments by Baroghel-Bouny (2007) 
were performed by using the salt solution method (Aimin 1989; Baroghel-Bouny 
1994), at a constant temperature and atmospheric pressure. For this reason a sealed 
cell (desiccator) was used to place the specimens in conditions of controlled relative 
humidity by using a saturated salt solution. The specimens were exposed to stepwise 
changes in the RH and the corresponding mass water content was obtained by 
weighing the specimens for the equilibrium state. This is obtained by assuming that 
the specimen mass is stabilized after a longer period of time, up to several weeks or 
months, with the measurement precision of 0.001 g. The temperature of the enclosed 
cells was kept constant at 23 ºC and it was assumed that the gas pressure inside the 
cell was equal to the atmospheric pressure during the whole experiment.   
 
Concrete specimens were 3 mm thick, with a diameter within a range of 70-110 mm 
and a mass between 20 and 40 g. For the here presented numerical simulation only 
the experimental results obtained for concrete specimens of the series BO (w/c ratio 
0.43) and BH (w/c ratio 0.27) are used (Baroghel-Bouny 2007).  
 
The specimens were initially exposed to stepwise decrease of RH inside of the cell, 
which subsequently gives the first desorption curve from 100% to 3% of RH. The first 
adsorption curves were then determined in the similar way by raising the cell's 
relative humidity in a step-by-step manner up to 100%. Likewise, first adsorption 
curves were measured starting from different RH values, i.e. RH=12%, 33%, 44%, 
54% and 72%. In this way the scanning adsorption curves were obtained. Due to the 
lack of experimental data, only one scanning desorption curve is simulated starting 
from a relatively high value of 97% RH on the adsorption curve. 
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7.1.2 Numerical model  

A simple finite element discretization of the concrete specimen is performed to 
validate the empirical model for the scanning curves. Using the symmetry conditions, 
only a quarter of the 3mm thick cylindrical specimen with a radius of 35 mm, is 
modelled with eight node solid elements (Figure 7.1). The boundary conditions, i.e. 
the changing relative humidity of the surrounding air is defined only in the nodes on 
one side of the model.  

 

 
Figure 7.1 Model geometry (all in mm) 

 
The experimentally obtained first desorption curve from 100% to 3% RH and first 
adsorption curve from 3% to 100 % are taken as the input data for the main 
desorption and adsorption isotherm. They are acting as envelopes for the calculated 
scanning curves. The values of the water vapour permeability and the surface 
transfer coefficient are taken relatively high as the numerical analysis is focused on 
the behaviour of the scanning curves with the corresponding change of relative 
humidity and not on the distribution of the RH and water content along the specimen 
depth. Therefore, the nodes on the "unloaded" side of the specimen have 
approximately same RH as the boundary nodes, for the same time step. 
 
Initial value of the water content for the investigated scanning curve is dependent on 
the starting value of the RH, i.e. on the position on the main adsorption or desorption 
curve. The values of the simulated RH range and the corresponding initial conditions 
are given in Table 7.1. Temperature is taken as constant and is equal to 23 ºC. The 
rate of increase, i.e. decrease of relative humidity for the boundary condition is taken 
as 0.5 % of RH per day.  
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Table 7.1 The initial values of relative humidity and water content for the simulated 
scanning curves 

Concrete series BO (w/c = 0.27) 

Scanning curve - RH range  Initial value of RH [%] 
Initial value of water 

content [
2H 0 conkg /kg ] 

ads.curve from 12% - 100% 12 0.006 
ads.curve from 33% - 100% 33 0.010 
ads.curve from 54% - 100% 54 0.018 

Concrete series BH (w/c = 0.43) 

Scanning curve -RH range Initial value of RH [%] 
Initial value of water 

content [
2H 0 conkg /kg ] 

ads.curve from 12% - 100% 12 0.006 
ads.curve from 33% - 100% 33 0.010 
ads.curve from 72% - 100% 72 0.027 
des.curve from 97% - 3% 97 0.031 

 

7.1.3 Numerical analysis of the scanning curves 

The comparison of numerically calculated scanning curves with the experimentally 
obtained results is shown in Figure 7.2 and Figure 7.3, for the w/c ratio of 0.27 and 
0.43, respectively. The main adsorption and desorption curves which are used as 
model input data, corresponding to the change of RH from 3% to 100% for the former 
and to the change of RH from 100% to 3% for the later, are also shown. 
 

 
Figure 7.2 Results of the numerical simulations for the concrete series BH (w/c=0.27) 
compared with the experimental results by Baroghel-Bouny (2007) 
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Figure 7.3 Results of the numerical simulations for the concrete series BO (w/c=0.43) 
compared with the experimental results by Baroghel-Bouny (2007) 

The numerical results give a good agreement with the experimental results obtained 
by Baroghel-Bouny (2007), especially in the case of adsorption scanning curves. The 
experimental values on the scanning adsorption curves (33% to 100% for the series 
BH; 33% to 100% and 72% to 100% for the series BO) in the RH range above 80% 
are slightly lower than the corresponding values on the assigned main adsorption 
curves. This is not captured by the model due to the fact that the main isotherms 
serve as envelopes for describing the behaviour of the scanning curves.  
 
Simulated desorption scanning curve for the range of 97% to 3 % RH, in the case of 
the series BO (Figure 7.3), has a slight deviation from the experimental data. This 
can be explained by relatively high RH initial conditions on the main adsorption 
curve, i.e. for the range of 95% to 100% RH. This is often regarded as a transition 
zone between the hygroscopic and over-hygroscopic ranges and can therefore 
produce great variability in measuring mass of water content (Baroghel-Bouny 2007).  
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7.2 Distribution of water content in concrete 

Results of the experimental investigation by Ryu et al. (2011) are used to verify the 
hysteretic moisture model for concrete and its ability to predict the water content and 
relative humidity distribution in concrete specimens. The experimental results cover 
not only the concrete exposure to constant environmental conditions (constant 
temperature and RH), but also to cyclic humidity changes (with constant air 
temperature), cyclic temperature changes (with constant air humidity) and to 
combined cyclic humidity and temperature conditions. In the following numerical 
analysis the distribution of the moisture content in concrete specimens is investigated 
for two cases: (a) for constant drying conditions and (b) for cyclic humidity conditions 
with a constant air temperature.  
 

7.2.1 Experimental setup 

The specimens investigated by Ryu et al. (2011) were concrete prisms with the 
dimensions of 300x300x100 mm (Figure 7.4). Two concrete mixes were used to cast 
the prisms, one with the water-cement ratio of 0.3 and another with the ratio of 0.6. 
After casting, the specimens were water cured for 30 days at temperature of 60 ºC 
and subsequently left to cool in water at 20 ºC, for additional 10 days. To ensure that 
the exchange of moisture and heat occurs through only one exposed surface, 5 other 
surfaces were coated with epoxy resin and additionally covered with polystyrene.  
 

Figure 7.4 Cross-section geometry (all in mm) of the investigated concrete specimen 
(Ryu et al. 2011) 

Electrodes calibrated for measuring the mass water content, were placed at 10, 30, 
50, 70 and 90 mm depth and additional relative humidity sensors were installed at 
the depth of 10 and 30 mm (Figure 7.4). 
 
At the first stage of the experiment, the specimens were placed in a room with a 
constant temperature of 20 ºC and constant relative humidity of 60%. They were kept 
under constant thermo-hygro drying conditions for 45 days while the change of the 
mass water content, at different depths, was measured. Afterwards, one group of 
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specimens was exposed to cyclic humidity changes with the constant temperature of 
20 ºC. One cycle lasted for a day and corresponded to a daily change of relative 
humidity in Tokyo (Ryu et al. 2011), with the minimum and maximum value being 
53.6% and 90.2%, respectively (Figure 7.5). The mass water content and relative 
humidity was measured in concrete at different depths for exposure time of total 4 
cycles.  
 

Figure 7.5 Cyclic change of relative humidity at a constant temperature of 20C in 
experiments by Ryu et al. (2011)  
 

7.2.2 Numerical model 

Only one side of the concrete prism is exposed to the changing relative humidity, 
while the other surfaces are isolated from the influences of the outside environment. 
Hence, it is reasonable to assume that the transport process is one-dimensional and 
the change is occurring only along the axis perpendicular to the boundary surface. 
Therefore, only a smaller segment of the concrete prism is modelled with the full 
depth of 100 mm. The first 30 mm from the exposed surface is discretized with 2 mm 
eight node solid elements, while the rest of the segment is modelled with 5 mm 
elements. The geometry and the used discretization is shown in Figure 7.6. 
 
Due to the insufficient information from the experiments (Ryu et al. 2011), the main 
adsorption and desorption isotherms are taken from the literature to correspond 
approximately to the investigated water-cement ratios. Therefore, the main sorption 
isotherms from the experiments by Baroghel-Bouny (2007) (w/c = 0.27) and Nielsen 
(2007) (w/c = 0.66) are used as input data to investigate specimens with w/c = 0.30 
and w/c = 0.60, respectively. The sorption curves are shown in Figure 7.7. 
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Figure 7.6 Model geometry (in mm) with the finite element discretization 

(a) (b)

Figure 7.7 Input main adsorption and desorption curves from the experiments by 
Baroghel-Bouny (2007) (a) and Nielsen (2007) (b) used for specimens with w/c=0.3 
and 0.6, respectively  

The parameters needed for the analysis with the hysteretic moisture model for 
concrete are listed in Table 2.1. They are calibrated to obtain the most realistic 
distribution of the moisture content in the concrete specimens after 45 days of drying. 
For the initial conditions, it is assumed that the both specimens are completely 
saturated with water. The behaviour under constant drying conditions is investigated 
in the first part of the analysis. Therefore, the value of 60% of the ambient RH is 
defined in the boundary nodes on the upper surface (marked green in Figure 7.4) for 
the time period of 45 days. Afterwards, the specimens are analysed under cyclic 
wetting and drying conditions for 4 days, with the air relative humidity changing 
according to the Figure 7.5. The temperature is kept constant throughout the 
calculation at 20 ºC.   
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Table 7.2 Used model parameters  
 w/c = 0.3 w/c = 0.6 

Sorption isotherms 
w/c =0.27(Baroghel-

Bouny 2007) 
w/c = 0.66 (Nielsen 2007) 

Water vapour permeability [s] 7.0x10-12 0.5x10-10 

Surface humidity transfer 
coefficient [m/s] 

1.1x10-7 4.5x10-6 

 

7.2.3 Numerical results for the constant drying conditions  

The numerical results of the water saturation distribution for the first 45 days of 
exposure to drying conditions are shown in Figure 7.8 and Figure 7.9, for w/c ratio of 
0.6 and 0.3, respectively. They are compared to the experimentally obtained values 
at depths of 10, 30 and 50 mm and for different time periods, from 5 to 45 days.  
 

Figure 7.8 Experimentally measured and numerically obtained values of the water 
saturation distribution during drying for different time periods in the case of the 
concrete specimen w/c = 0.6  

It can be seen that the prediction of the water saturation distribution along the depth 
of the specimen corresponds nicely with the measured values for different time 
periods. Same as in the experiment (Ryu et al. 2011), the concrete specimen with a 
higher water-cement ratio, exhibits faster drying behaviour than the high quality 
concrete. This is controlled in the analysis not only by the input isotherm, where the 
slope of the desorption curve is much steeper at higher RH values for the w/c ratio of 
0.6 (Figure 7.7), but also with higher values of the water vapour permeability and 
surface humidity transfer coefficient listed in Table 7.2. 
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Figure 7.9 Experimentally measured and numerically obtained values of the water 
saturation distribution during drying for different time periods in the case of the 
concrete specimen w/c = 0.3 
 

7.2.4 Numerical results for the cyclic wetting and drying conditions 

Numerical and experimental values of water saturation (at depths of 10, 20 and 30 
mm) and relative humidity (at depths of 10 and 30 mm) during the exposure to cyclic 
moisture conditions are plotted as a function of time in Figure 7.10 and Figure 7.11 
for the specimens with the w/c ratio of 0.6 and 0.3, respectively.  
 
In the case of a higher water cement ratio of 0.6 (Figure 7.10), the values of water 
saturation are predicted nicely compared with the experimental results. As expected, 
with the increasing depth the influence of the cyclic humidity conditions on the 
change of water content is decreasing. For the low quality concrete the water content 
remains unchanged already at a depth of 30 mm, during a relatively short cyclic 
period of four days.  

 
Figure 7.10 Experimentally measured and numerically obtained values of water 
saturation and relative humidity distribution for different time periods in the case of 
the concrete specimen (w/c = 0.6) 
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The values of the relative humidity at the depth of 10 mm show a nice agreement 
with the experimentally obtained data. The effect of the changing environmental 
conditions can be observed in the shape of the curve which mirrors the boundary 
conditions defined by Figure 7.5. On the other hand, the values of the internal relative 
humidity at the depth of 30 mm differ from the measured data. The difference 
between the numerical and experimental values of the relative humidity can be 
explained by using the substitute main adsorption and desorption curve from the 
literature, which corresponds approximately with the experimentally investigated 
concrete.  
 
Similarly, for the specimen with w/c ratio of 0.3 the values of the relative humidity 
differ from the measured values at the depth of 10 mm, while the discrepancy is 
much lower at the depth of 30 mm (Figure 7.11). These results emphasize the 
influence of the model input data, i.e. the influence of the main isotherm input data 
which are taken from the literature due to the lack of material information from the 
experiment. On the other hand, the experimentally measured values of RH at the 
depth of 30 mm exhibit a rather large and unrealistic change of almost 30 % 
compared to the RH values at 10 mm depth, while the corresponding values of the 
water content differ approximately 3% (Figure 7.11).  
 

 
Figure 7.11 Experimentally measured and numerically obtained values of water 
saturation and relative humidity distribution for different time periods in the case of 
the concrete specimen (w/c = 0.3) 

The values of the water saturation in Figure 7.11 show a good agreement with the 
experimental data at all depths. Due to a lower porosity, the effect of the humidity 
variations at the concrete surface on the saturation values decreases with depth. 
This can be clearly seen by plotting the scanning curves for depth of 4 and 10 mm in 
Figure 7.12a. The scanning curves for the concrete specimen with the w/c ratio of 0.6 
are plotted for comparison in Figure 7.12b, for the same depths. It can be seen that 
due to a higher porosity, the effect of the cyclic wetting and drying is more 
pronounced with the increasing depth.  
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 (a)                 

(b)                  

Figure 7.12 Numerically obtained scanning curves during the cyclic wetting and 
drying conditions at different depths (4 mm and 10 mm) for concrete specimen (a) 
w/c=0.3 and (b) w/c=0.6 
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7.3 Distribution of chloride ions in unsaturated concrete 

As mentioned before, exposure of concrete specimens to cyclic wetting and drying 
conditions has strong implications on the transport processes important for the 
corrosion induced damage. Among others, transport of chloride ions responsible for 
depassivation of steel is strongly influenced by the hysteretic moisture behaviour of 
concrete. In such cases, distribution of chloride ions along the concrete depth 
exhibits characteristic "peak" profile shapes. Due to a pronounced moisture gradient, 
convective transport of ions becomes activated and at certain periods even more 
dominant than diffusion. Therefore, experiments in which the chloride profiles were 
measured in concrete under cyclic moisture conditions present an indirect way to 
validate a numerical hysteretic moisture model. To verify the here presented model, 
experiments by Polder & Peelen (2002) are numerically simulated. 
 

7.3.1 Experimental setup and chloride measuring method 

The tested concrete specimens were prisms with dimensions of 100x100x300 mm, 
with the total of 12 different concrete mixes prepared. In here presented numerical 
analysis only 3 mixes with the Portland cement are investigated and they are listed in 
Table 7.3. 
 
Table 7.3 Investigated concrete mixes with Portland cement (Polder & Peelen 2002)  

Mix code 
Cement 

type 
w/c 

Cem.cont. 
[kg/m3] 

Agg.cont. 
[kg/m3] 

Water cont. 
[kg/m3] 

1400 
CEM I Port. 

cement 

0.40 338 1780 143 
1450 0.45 318 1790 149 
1550 0.55 287 1827 163 

 
 
After casting specimens were first kept in a fog room for six days and afterwards 
stored in a climate room with a constant temperature of 20 ºC and constant humidity 
of 80% for 21 days. In the experiments, only one surface of each specimen was 
exposed to 26 weekly cycles. One cycle consisted of 24 hours exposure to 3% NaCl 
solution, which corresponds to chloride concentration of 18 kg/m3, followed by drying 
for 6 days under temperature of 20 ºC and relative humidity of 50%. One cycle with 
the corresponding exposure conditions at the specimen surface is shown in Figure 
7.13.  
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Figure 7.13 Change of relative humidity at a constant temperature of 20 ºC for one 
exposure cycle in experiments by Polder & Peelen (2002) 

Chloride penetration profiles were obtained after the finished exposure of 26 wet and 
dry cycles. The total chloride amount, as the percentage of the cement content, was 
measured in drilled increments of 2 mm up to the depth of 20 mm. The 2 mm thick 
concrete samples were firstly ground off and then dissolved in a hot nitric acid. 
Subsequently, the chloride amount was determined by using the Volhard's titration 
(Polder & Peelen 2002).  
 

7.3.2 Numerical model  

It is assumed that the transport processes are occurring only in one direction, along 
the depth of the concrete specimen. Therefore, only one column of eight node solid 
elements is modelled with the total depth of 100 mm. Due to the numerical stability 
reasons, which arise from the pronounced convective transport of chloride ions, a 
very fine mesh of 0.1 mm is chosen for the segment from the exposed surface and 
up to 5 mm of depth. For the depths up to 20 mm and finally 100 mm, the element 
size is taken as 0.5 mm and 1 mm, respectively (Figure 7.14).  
 

Figure 7.14 The model geometry (all in mm) 

As mentioned in the previous section, three types of concrete specimens 
corresponding to the water cement ratios of 0.40, 0.45 and 0.55 are investigated. 
Corresponding parameters needed for the analysis of relative humidity, i.e. moisture 
content distribution and transport of chloride ions in the concrete specimen are given 
in Table 7.4.  
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Table 7.4 Used model parameters for the numerical analysis of the relative humidity 
and chloride ions distribution  

Hysteretic moisture model for concrete 
 w/c = 0.40 w/c = 0.45 w/c = 0.55 

Sorption isotherms 
w/c =0.43 (Baroghel-

Bouny 2007) 
w/c =0.48 

(Hansen 1986) 
w/c=0.55 (Hansen 

1986) 
Water vapour 

permeability [s] 
2.0x10-11 7.0x10-11 1.0x10-10 

Surface humidity 
transf. coeff. [m/s] 

8.0x10-7 1.0x10-6 2.0x10-6 

Transport of chloride ions 
 w/c = 0.40 w/c = 0.45 w/c = 0.55 

Initial chlor. diffusion 
coefficient [m2/s] 

2.0x10-11 6.0x10-11 2.0x10-10 

Chloride binding rate 
coefficient [s-1] 

1.5x10-7 5.0x10-7 2.0x10-6 

 
Data for the main adsorption and desorption isotherms were not obtained in the 
experiments of Polder & Peelen (2002). Hence, the sorption curves are chosen from 
the literature to approximately correspond with the investigated water cement ratios. 
The curves for w/c ratio of 0.43, measured by Baroghel-Bouny (2007), are used as 
alternate curves in the case of the specimen with w/c = 0.40 (Figure 7.15a). Similarly, 
the curves obtained by Hansen (1986) for w/c 0.48 and 0.55 are taken as substitute 
input curves for the w/c ratio of 0.45 and 0.55, respectively (Figure 7.15b,c). 
 
The initial water content is determined from the corresponding desorption curve, with 
the assumption that the initial relative humidity in the specimen is constant and equal 
to 80 %. This relates to the experimental preconditioning procedure mentioned in the 
section 7.3.1. The initial chloride concentration values are taken as 0 kg/m3 for all 
three types. The temperature is kept constant throughout the analysis and is equal to 
20 ºC.  
 

(a) (b)
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(c)  
Figure 7.15 Input main adsorption and desorption curves from the experiments by (a) 
Baroghel-Bouny (2007)  and (b,c) Hansen (1986) used for specimens with the w/c 
ratio of 0.40, 0.45 and 0.55, respectively 

The boundary conditions are defined for the nodes on the exposed surface (Figure 
7.14). Same as in the experiment, a total number of 26 weekly cycles with wetting 
and drying phases is simulated. The varying values of the relative humidity and 
chloride concentration for one cycle are taken as in Figure 7.14. For calculating the 
distribution of relative humidity, the mixed boundary conditions are defined as 
mentioned in Section 4.1.1. In the wetting phase of the cycle, during which the 
specimen is exposed to the 3% sodium chloride solution, the Dirchlet boundary 
conditions are implemented for calculating the transport of chloride ions. During the 
drying period, the exposed surface is treated as an insulated area with the flux of 
chloride ions being equal to zero at the boundary nodes.   
 

7.3.3 Comparison of the numerically and experimentally obtained chloride 
profiles 

The distribution of the total chloride content along the specimen depth for all three 
investigated cement mixes is given in Figure 7.16. The total chloride amount, 
containing the free chloride ions expressed in kg per m3 of pore solution and bound 
chloride ions in kg per m3 of concrete, is presented as a percentage of the cement 
content. The corresponding values of the cement amount in the mixes are given in 
Table 7.3. 
 
It can be seen that the experimental and numerical results give a characteristic peak 
of the chloride ions near the exposed surface. The numerical results indicate that the 
exposure to wetting and drying conditions is one of the governing mechanisms for 
obtaining characteristic peak shapes of the chloride profiles along the concrete 
depth. The increase of the w/c ratio is followed not only by a more prominent 
translation of the profile peak, but also with higher values of the total chloride content 
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along the whole depth. This is accounted for by increasing the model parameters for 
the moisture and chloride transport with the w/c ratio (Table 7.2).  
 
It must be noted that the position of the peaks in the case of the numerical results is 
closer to the concrete surface compared to the experimental data (Figure 7.16). The 
current analysis does not account for the carbonation processes occurring in the 
concrete, which can have a significant influence on reducing the chloride binding 
properties of the hydration products. In the experiments (Polder & Peelen 2002) it 
was observed that the carbonation depths varied from 2 to 3 mm, which can reduce 
the chloride content in affected region and therefore push the peaks further away 
from the exposed surface.  
 

Figure 7.16 Experimental and numerical results of the chloride profiles obtained after 
26 weekly cycles of wetting and drying, for concrete specimens with w/c ratios of 
0.40, 0.45 and 0.55  
 
To investigate the influence of the hysteretic moisture behaviour on the shape of the 
chloride profiles, the distribution of the total chloride content for the specimen with 
w/c of 0.45 is calculated for two cases: with and without accounting for the hysteretic 
moisture model for concrete (see Figure 7.17). For the latter case, the model 
parameters with the boundary and initial conditions are assumed the same as in 
Section 7.3.2. Furthermore, the moisture content is obtained from the calculated 
relative humidity values by using only the desorption isotherm curve (Figure 7.15b). 
Hence, the hysteretic moisture model and the subsequent scanning curves are not 
accounted for. It can be seen (Figure 7.17) that the hysteretic moisture behaviour has 
a strong influence on predicting the characteristic peak profile obtained in the 
experiments of Polder & Peelen (2002). In the case without the hysteresis, a 
relatively small maximum in the chloride content is calculated near the surface, but 
the overall shape corresponds more to a diffusive dominant environment in which the 
chloride amount slowly decreases along the depth from the exposed surface.    
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Figure 7.17 Numerical results of the chloride profiles obtained after 26 weekly cycles 
of wetting and drying for concrete specimen with w/c ratio of 0.45, with and without 
accounting for the hysteretic moisture behaviour of concrete 
 

7.3.4 Influence of the wetting phase on the chloride distribution 

To investigate the influence of the wetting conditions on the distribution of chlorides 
in the concrete specimen, the relative humidity and the corresponding chloride 
profiles are shown in Figure 7.18 for the w/c ratio of 0.45 and 0.40. The profiles are 
presented for the 5., 10., 15. and 26. cycle after the finished wetting phase and up to 
the depth of 20 mm. 
 
It can be seen that during the wetting phase the chlorides are pushed inwards in both 
cases. Subsequently, they are added to the existing amount of chlorides near the 
exposed surface from the previous cycles, which leads to an appearance of a peak in 
the profile shape for the type w/c 0.45 (Figure 7.18a). Also the influence of the 
relative humidity gradient becomes higher in later cycles, causing for the larger 
amounts of ions being transported inside the specimen.  
 
In the case of the w/c ratio of 0.40, the appearance of the peak is not pronounced 
during the wetting phase at later cycles, which can be explained by the lower value of 
the water vapour permeability corresponding to a lower porosity concrete. From 
equation 6.20 it can be seen that the values of the permeability coefficient strongly 
influence the convective part of the chloride transport and therefore the ingress of 
chlorides. The distribution of ions in the drying phase is also a significant factor for 
the appearance of the peak during the wetting stage and it is addressed in the next 
section.   
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(a) 

(b) 
Figure 7.18 Numerical results for the relative humidity and chloride profiles obtained 
after the wetting phase for the 5. 10., 15. and 26. cycle in the case of concrete 
specimens with w/c ratios of 0.45 (a) and 0.40 (b)  

The extent of the chloride ingress during the wetting phase is highly dependent on 
the convective component of the transport process. To illustrate the influence of the 
relative humidity gradient, chloride profiles for the type w/c = 0.45 are shown in 
Figure 7.19 after first 24 hours of exposure to the sodium chloride solution. Five 
different initial relative humidities (60%, 70%, 80%, 90 and 99% RH)  are assumed 
and the corresponding RH distribution after wetting is plotted in Figure 7.19. It can be 
seen that in the case of the dominant diffusive conditions, i.e. for the initial RH of 
99%, chlorides are penetrating the concrete in a less progressive manner compared 
to the lower initial humidities. With the increase of the relative humidity gradient, the 
chlorides are entering through the cover in much larger extent and the profile shapes 
are changing from a concave to an S shape curve. 
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Figure 7.19 Chloride profiles and the corresponding RH distribution after the first 
wetting phase, for different initial RH conditions (w/c=0.45) 
 

7.3.5 Influence of the drying phase on the chloride distribution 

The relative humidity and the corresponding chloride profiles after the finished drying 
phase for the 5., 10., 15. and 26. cycle are shown in Figure 7.20. The profiles are 
plotted up to the depth of 20 mm and for w/c ratios of 0.45 and 0.40. 
 
During drying which lasts for 6 days, the relative humidity is decreasing on the 
exposed surface. The decreasing value is dependent on the surface humidity transfer 
coefficient and the water vapour permeability. To better understand the influence of 
drying on the chloride distribution, the relative humidity, mass water content and 
chloride profiles are depicted in Figure 7.21 for different stages of the drying phase 
during the 15. cycle (w/c= 0.45).  
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(b) 

Figure 7.20 Numerical results for the relative humidity and chloride profiles (total 
chloride content) obtained after the drying phase for the 5. 10., 15. and 26. cycle in 
the case of concrete specimens with w/c ratios of 0.45 (a) and 0.40 (b)  

In Figure 7.21c it can be seen that at the beginning of the drying phase the chlorides 
are still being transported inside the concrete specimen with the relative humidity 
gradient oriented away from the exposed surface (Figure 7.21a). The RH in the 
boundary nodes is slowly decreasing with the ongoing drying. From 5 to 50 hours 
after the start of drying, it can be observed that the gradient of RH, which is now 
oriented towards the surface, is relatively small as the values along the depth are 
following the decreasing trend on the surface. The diffusion contribution to the total 
chloride flux has a stronger influence during this period and in this way the chlorides 
and the profile peak are pushed even further inside.  
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(c) 

Figure 7.21 Numerical results for the relative humidity (a), water saturation (b) and 
chloride distribution (c) obtained during the drying phase of the 15. cycle, for the type 
w/c= 0.45  

Relative humidity gradient which is orientated towards the exposed surface is 
increasing in the later phase of drying, but in the concrete region with the values of 
RH being under 80 % (Figure 7.21a). The relatively low RH values affect not only the 
convective, but also the diffusive flux as shown in Equations 5.20 and 5.22. By 

plotting the values of the reduction factor 1( )f h  explained in section 4.1.2 (Figure 

7.22), it can be seen that the value of the vapour permeability and the chloride 
diffusion coefficient starts to significantly decrease after 90% of RH and reaches only 
50 % of its value at 75 %. Hence, the total flux of chloride ions near the surface is 
reduced compared to the diffusion dominated flux at higher depths.  
 
Comparing the relative humidity distribution at the end of the drying phases for w/c 
0.45 and 0.40 in Figure 7.20, it can be seen that the value of 75% RH (near the 
exposed surface) is reached more rapidly with the increase of w/c. Therefore, the 
mitigation of the chloride ions in this region is more pronounced with a higher w/c 
ratio. 
 

Figure 7.22 Dependence of the reduction factor f1 on the relative humidity values  
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7.3.6 Scanning curves behaviour during the wetting and drying cycles 

To illustrate the change of relative humidity and water content during 26 weekly 
cycles of wetting and drying, the scanning curves for all three w/c ratios are plotted in 
Figure 7.23. The water content is expressed in terms of mass water content and the 
numerical data is taken for the depth of 10 mm from the exposed surface. Figure 
7.23 illustrates that for cement mixes with a lower w/c ratio, the scanning curves are 
covering a relatively small RH range. As the values of water vapour permeability and 
surface humidity coefficient increase with a higher w/c ratio, the scanning curves are 
stretched over a larger relative humidity range.  
 
Further on, the corresponding total change of the mass water content during 26 
cycles is also increasing with the w/c ratio. It can be concluded that with a higher w/c 
ratio, the moisture hysteretic behaviour of concrete (the scanning loops) is more 
pronounced with the exposure to cyclic wetting and drying conditions. Therefore, the 
position of the chloride profile peak gets translated further away from the surface as 
the w/c ratio increases (Figure 7.16). It is important to note that the scanning loops 
become less prominent with depth as shown in Section 7.2.4. 
 

a) b) 
 

c)  
Figure 7.23 Scanning curves during the 26 weekly cycles of wetting and drying at the 
depth of 10 mm for specimen types w/c 0.40 (a), 0.45 (b) and 0.55 (c)  
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7.4 Conclusions 

The hysteretic moisture model for concrete, as a further extension of the 3D chemo-
hygro-thermo-mechanical model, is validated through three numerical examples.  

The model ability to simulate the shapes of the scanning curves is addressed in the 
first example by using the experimental data by Baroghel-Bouny (2007). It is shown 
that the empirical model is capable of predicting the behaviour of scanning curves 
between the main adsorption and desorption isotherms for different RH ranges.  

Further on, the application of the hysteretic moisture model for simulating the 
distribution of relative humidity and moisture content in concrete is verified on the 
experiments performed by Dong et al. (2011). The calculated distribution of the 
moisture content after 45 days of drying shows a good agreement with the 
experimental data for two investigated concrete specimens (w/c ratio of 0.3 and 0.6). 
The shape of the input main adsorption - desorption curve, the values of the water 
vapour permeability coefficient and the surface humidity transfer coefficient have a 
significant influence on the predicted values. With the increase of the w/c ratio, the 
corresponding values of the coefficients are also increasing which is related to the 
increase of concrete porosity. The distribution of RH and moisture content in 
concrete after 4 wet and dry cycles, corresponds nicely with the experimental 
measurements. By plotting the scanning curves for two investigated concrete 
mixtures, it can be seen that the effect of the cyclic change of the ambient RH at the 
exposed surface is more pronounced along the depth for a higher porosity, i.e. higher 
w/c ratio of concrete.  

In the third numerical example the chloride distribution in concrete under dynamic 
moisture conditions is investigated by simulating the experimental conditions from 
Polder & Peelen (2002). The predicted chloride profiles for different concrete 
mixtures show a good agreement with the experimental data and therefore validate 
the definition of the convective flux of chloride ions due to the moisture transport. The 
profiles are characterized with a peak which is translated away from the exposed 
surface. The appearance of the profile maximum in the total chloride content is 
explained by a complex interaction of the cyclic wetting and drying conditions and 
can only be predicted by taking the hysteretic moisture behaviour of concrete into 
account. The hysteretic behaviour is more pronounced with the increase of the w/c 
ratio which results in a more prominent translation of the profile peak further away 
from the surface and in higher values of the total chloride content along the specimen 
depth.    
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8 CONCLUSIONS AND OUTLOOK 

Here presented work is a further development of the 3D chemo-hygro-thermo-
mechanical model, focused on predicting the rate of rust production and the 
corresponding damage of the concrete cover surrounding the embedded steel bars. 
The extent of the damage and its progress in time are highly dependent on the 
ingress of corrosion products into pores and cracks. Therefore, the transport of rust is 
incorporated into the model as a convective diffusion process. The expansion of rust 
and the subsequent compressive pressure on the cover is taken into account by 
developing one-dimensional corrosion contact elements. To ensure a realistic 
simulation of the corrosion induced damage, the mechanical processes are coupled 
with the non-mechanical processes, and vice versa. The model is implemented into a 
finite element code and its application is verified through a transient 3D finite element 
analysis of a series of numerical examples. 
 
The application of the model in simulation of corrosion induced damage of concrete 
specimens with a single embedded rebar is investigated in the first part of the study. 
The qualitative validation is shown on a simple unloaded beam-end specimen. The 
inelastic strains of the implemented 1D corrosion contact elements, which 
correspond to the expansion of rust around the rebar, cause the cracking of the 
surrounding concrete. It is shown that the radial distribution of pressure is not 
symmetrically distributed over the depassivated surface. Further on, the defined 
transport of rust into the cracks reduces the pressure on the surrounding concrete.  
 
The experiments on the beam-end specimens (Fischer 2012) are used to 
quantitatively verify and calibrate the 3D CHTM model. The cases without and with 
stirrups are investigated. The specimens are first exposed to aggressive 
environmental conditions and subsequently, the pull-out reduction of the rebar is 
investigated for different levels of corrosion.  
 
The numerical analysis of the beam-end specimens (12/20 mm and  16/35 mm), 
without stirrups, shows that the predicted corrosion-induced crack pattern is 
significantly affected by the geometry configuration of the specimen (bar diameter 
and concrete cover), distribution of the anodic and cathodic regions in the rebar 
cross-section, and by the transport of corrosion products into cracks. Further on, the 
corrosion-induced radial pressure over the circumference of the reinforcement bar is 
not constant. The highest pressure is observed in radial directions which coincide 
with the directions of cracks. 
 
From the analysis of the corresponding non-mechanical process it can be concluded 
that the consumption of oxygen reaches maximum values at anode-cathode 
transition zones soon after depassivation of reinforcement. However, with the onset 
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of corrosion-induced damage the flow of oxygen increases in generated cracks 
causing an increase of the oxygen concentration along the reinforcement bar.  
 
The influence of distribution of rust into the corrosion induced cracks is additionally 
studied in the case of the beam-end specimens without stirrups. Numerical results 
show a very good agreement with experimental tests in which, for assumed 
environmental conditions, approximately 50 % of corrosion products were 
transported into cracks. Due to the fact that a relatively large amount of corrosion 
products is distributed over the cracks, the corrosion-induced damage is less 
pronounced when the transport of rust is accounted for.  
 
The pull-out capacity of embedded rebar is calculated for different levels of corrosion 
induced damage. The pull-out failure is due to the cracking and splitting of the 
concrete cover and not due to the pull-out of the bar from the concrete. Corrosion-
induced damage significantly reduces the pull-out capacity with the reduction being 
higher if the transport of rust through cracks is not accounted for. The predicted and 
experimentally measured values of the pull-out capacity show a good agreement. 
 
The calculated corrosion induced damage and the pull-out capacity of the beam-end 
specimens with stirrups correspond realistically with the experimental results. It is 
shown that the expansion of the corrosion products around the rebar activates the 
tensile forces in the stirrup arms. Therefore, the additional confinement through the 
stirrups minimizes the reduction of the pull-out capacity. The effect of the 
confinement conditions depends on the depth of the concrete cover and the size of 
the rebar, for a constant stirrup diameter. For a smaller cover and a smaller bar, the 
confinement effect is reached sooner with the ongoing corrosion process and 
therefore a minimized reduction of the pull-capacity is obtained.  
 
In the framework of the present work, the corrosion induced damage of concrete 
elements with multiple arranged rebars is also studied. The cases without and with 
stirrups are analysed and the numerically obtained results are compared with the 
experimental data of Dong et al. (2011). The model is able to predict the 
development of damage (cracks) for both cases. The crack pattern is characterized 
with the forming of the internal cracks between the rebars, followed by the 
development of the visible surface cracks. This can lead to delamination of larger 
sections of the concrete cover which presents a significant damage effect on the 
structural bearing capacity. Furthermore, the predicted crack patterns are dependent 
on the arrangement of the anode-cathode regions in the cross section of the rebars.  
 
The effect of stirrups on the corrosion induced damage of multi-rebar concrete 
specimens is realistically captured by the 3D CHTM model. The confined conditions, 
in the concrete region around the stirrup arms prevent the cracks from reaching the 
sides of the specimen. They also contribute to smaller widths of the visible cracks on 
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the specimen surface. Hence, the presence of stirrups has a positive effect on 
reducing the extent of corrosion induced damage. 
 
Although all of the presented numerical studies give a good agreement with the 
experimental data, further work is needed to quantify the parameters related  to 
transport of corrosion products. This requires a comprehensive and detailed 
experimental study for different climate conditions, focused on determining the types 
of generated rust products and their corresponding amount distributed in the 
corrosion induced cracks and pores. Further on, it is shown that the anodic-cathodic 
configuration on the steel bar surface has a significant influence on the development 
of the corrosion induced damage. Currently, the position of the anodic regions is 
assumed in advance. This requires that a set of possible anode-cathode spatial 
distributions on the steel surface is investigated, which presents a time consuming 
effort. Therefore, a numerical algorithm based on the maximum entropy of the related 
electrochemical reactions should be developed to determine the most optimal 
configuration of the depassivated regions.  
 
The hysteretic moisture model for concrete, as a further development of the 3D 
chemo-hygro-thermo-mechanical model, is also presented. The hysteretic behaviour 
of concrete is characterised by the ability to contain different degrees of water 
saturation for the same value of relative humidity, at a constant temperature. The 
implemented empirical definition of the scanning curves is verified by simulating the 
experiments of Baroghel-Bouny (2007).  
 
Further on, the application of the model for predicting the distribution of relative 
humidity and moisture content in concrete is tested on experiments of Dong et al. 
(2011). The calculated distribution of water after drying and subsequent exposure to 
wet and dry cycles agree well with the experimental data. It is shown that the shape 
of the input isotherm curves, the values of the water vapour permeability coefficient 
and the surface humidity transfer coefficient have a strong effect on the predicted 
behaviour. With the increase of the w/c ratio, the corresponding values of the 
coefficients are also rising which relates to the increase of the concrete porosity. By 
plotting the scanning curves for the investigated concrete mixtures, it can be seen 
that the effect of the cyclic RH change is more pronounced in concrete with a higher 
porosity, i.e. higher w/c ratio.  
 
The chloride distribution in concrete under dynamic moisture conditions is 
investigated by simulating the experiments of Polder & Peelen (2002). The predicted 
chloride profiles show a good agreement with the experimental results and therefore 
validate the influence of the moisture transport on the total flux of chloride ions. The 
profiles exhibit a characteristic peak in the total chloride content values which is 
translated away from the exposed surface. This is contributed to a complex 
interaction of the cyclic wetting and drying conditions and can only be predicted by 
taking the hysteretic moisture behaviour of concrete into account. The hysteretic 
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behaviour is more pronounced with the increase of the w/c ratio which results in a 
more significant translation of the profile peak further away from the surface and in 
higher chloride content along the specimen depth.  
 
The hysteretic moisture model for concrete is verified on examples of uncracked 
specimens. Therefore, the moisture distribution and its influence on other transport 
processes needs to be investigated for cases of damaged concrete exposed to wet 
and dry cycles. Further on, the values of the anodic and cathodic current densities 
and the corresponding rust production under dynamic moisture conditions should be 
analysed and verified with experimental data.  
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