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ABSTRACT: An electrochemical and mechanical modeling approach to simulate formation of corrosion in-
duced cracks in reinforced concrete structures is presented. The electrochemical model allows simulation of 
the propagation of macro cell corrosion in a homogeneous defect-free concrete-steel system. To simulate 
cracking a finite element based crack propagation model is proposed. To demonstrate the potential use of the 
combined modeling approach a numerical example is provided where the influence of various exposure con-
ditions on the corrosion current density and subsequent formation of cracks is illustrated. 

1 INTRODUCTION 

One of the major deterioration problems of rein-
forced concrete structures is corrosion of steel caus-
ing considerable damages and costs due to mainte-
nance and repair needs. In Europe more than € 250 
billion are spent annually for maintenance and repair 
of concrete structures due to deterioration (Li 
(2004)), in which corrosion of reinforcing steel is es-
timated to be related to 90% of the degradation 
problems (Rendell et al. (2002)). Corrosion can 
cause formation of cracks in the concrete cover as 
well as cross sectional reduction of reinforcement 
area affecting strength and serviceability of rein-
forced concrete structures. Prediction of the corro-
sion process as well as the subsequent formation and 
propagation of cracks could be used for prediction of 
residual service life and support maintenance plan-
ning of reinforced concrete structures. 

A variety of models dealing with corrosion in-
duced concrete cover cracking can be found in the 
literature. The available models can be broadly di-
vided into empirical, e.g. Alonso et al. (1998), ana-
lytical, e.g. Bazant (1979), Chernin et al. (2009), and 
numerical models, e.g. Molina et al (1993). Some of 
the models include various phenomena associated 
with corrosion induced cover cracking, such as dif-
fusion of corrosion products, e.g. Liu & Weyers 
(1998) and debonding, e.g. Noghabai (1999). Most 
of the models show reasonable agreement with ex-
perimental results obtained from accelerated corro-
sion tests, e.g. Andrade et al. (1993), Val et al. 
(2009). However, the use of the models to predict 
corrosion induced cover cracking is limited since a 

constant corrosion rate is assumed, which is unlikely 
for concrete structures subjected to realistic expo-
sure conditions. 

In the present paper the theoretical framework for 
a combined modeling approach is presented, which 
allows prediction of the corrosion rate of steel in 
concrete and the resulting formation of cracks in 
the concrete cover. The formation of Fe2O3·H2O 
as uniformly distributed corrosion products is as-
sumed (see e.g. Marcotte & Hansson (2007), 
Küter (2009)). In contrast to previously presented 
models, the proposed electrochemical and me-
chanical modeling approach does not assume a 
constant corrosion rate of the reinforcement. An 
electrochemical corrosion model is used to pre-
dict the corrosion rate of the reinforcement ac-
counting for the impact of varying exposure con-
ditions. Focus is placed on the propagation stage 
of macro cell corrosion with prescribed anodic 
and cathodic reinforcement regions. Application 
of Faraday´s law allows to link the FEM based 
corrosion model with a crack propagation model 
by determining the rate of formation of corrosion 
products from predicted corrosion current densi-
ties. To model the corrosion induced cracks in the 
concrete cover, a FEM based crack model is pro-
posed. The developed model focuses on the 
propagation of cracks in the concrete cover. 
Cracking of the concrete is described by a cohe-
sive discrete cracking approach with a multi-
linear softening cohesive relation. The expansive 
nature of the corrosion products is modeled using 
a thermal analogy. The assumptions made in the 
present study allow a conservative prediction of 



the corrosion rate of reinforcement and the subse-
quent corrosion induced concrete cover cracking.  

Finally, a numerical example is given illustrating 
the potential use of the proposed modeling approach 
taking into account the impact of various exposure 
conditions on the corrosion rate of steel and the cor-
rosion induced cover cracking. 

2 MODELLING APPROACH 

2.1 Two-phase FEM based corrosion model 
To model the corrosion process of reinforcement in 
concrete structures a physio-chemical, FEM based 
corrosion model has been established. In the model 
electrochemical corrosion processes are combined 
with transport mechanisms to allow simulation of 
the propagation of macro cell corrosion in a homo-
geneous defect-free concrete-steel system. The sys-
tem modeled is illustrated in Figure 1. Since the pro-
posed corrosion model is dealing with the 
propagation stage of reinforcement corrosion the an-
odic and cathodic areas of the reinforcement are pre-
scribed. 

For the description of the electrochemical proc-
esses in the concrete pore solution acting as electro-
lyte two physical laws can be used (see e.g. Warkus 
et al. (2006)). The first one is Laplace’s equation, 
which describes the potential distribution in the con-
crete pore solution assuming electrical charge con-
servation and isotropic conductivity 

02 =∇ φ                                  (1) 
where ∇ = nabla operator and φ = potential. The 
second is Ohm´s law describing the rate of dissolu-
tion of iron on the steel surface in concrete if the po-
tential distribution and the resistivity of the electro-
lyte are known (Isgor & Razaqpur (2006)) 
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where i = current density, ρ T = concrete resistivity 
and n = direction normal to the rebar surface. 
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Figure 1. Two-phase FEM based corrosion model. 

In order to solve Laplace´s equation (Eq. 1) appro-
priate boundary conditions are needed in the form of 
so-called polarization or potential-current curves 
quantifying the relation between current and poten-
tial at the steel surface. For the anodic and cathodic 
regions of the steel surface the boundary conditions 
can be defined as 
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φφ =                         (3) 

 
where φ A = anodic potential and φ C = cathodic po-
tential. Assuming that the steel surface polarizes due 
to activation and concentration polarization, the 
boundary conditions for the anodic and cathodic re-
gions of the steel can be expressed as follows 
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where iA = anodic current density, i0,A = anodic ex-
change current density, E0,A = anodic equilibrium 
potential and bA = anodic Tafel constant and 
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where iC = cathodic current density, i0,C = cathodic 
exchange current density, E0,C = cathodic equilib-
rium potential, bC = cathodic Tafel constant and iLim 
= limiting current density. More information on the 
theory of polarization phenomena of metals in an 
electrolyte can be found e.g. in Stern & Geary 
(1957), Bardal (2004). 

Potential distribution in the concrete pore solu-
tion and hence the corrosion rate of the reinforce-
ment (see Eq. 2) are strongly influenced by exposure 
conditions as well as material properties of the rein-
forced concrete structure. To account for the impact 
of environmental conditions and material properties 
on the polarization behavior of the steel surface a set of 
partial differential equations (PDE’s) is solved. In par-
ticular the distribution of temperature, moisture, oxygen 
and resistivity in the concrete domain and along the 
concrete-steel interface are of interest. 

Distribution of a potential, such as temperature, 
moisture and oxygen gradients, as well as the corro-
sion process itself in concrete and along the con-
crete-steel interface can be described by a quasi-
harmonic equation of the form (Isgor & Razaqpur 
(2006)) 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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where α = coefficient representing material proper-
ties, X = potential, t = time, DX = corresponding 
transport functions for potential X and Q = sink term 
for negative values and a source term for positive 
values. 

The time dependent moisture distribution in the 
concrete domain is determined by solving Equation 
(6) with a moisture dependent transport coefficient 
as corresponding transport function for the moisture 
potential. A number of empirical and analytical ex-
pressions for the moisture dependent transport coef-
ficient can be found in the literature e.g. in Künzel 
(1994), Bazant (1994) and Pel (1995). In the present 
study an exponential function for the moisture de-
pendent transport coefficient proposed by Wittmann 
(1992) is selected to describe the moisture transport 
in concrete 

( )RHcba
RH

D exp+=                         (7) 
where DRH = moisture transport function, a,b,c = 
non-physical fitting parameters and RH = relative 
humidity. It should be noted that effects of hystere-
sis (see e.g. Scheffler (2009)) are not taken into ac-
count in the present modeling approach. However, to 
demonstrate the potential use of the proposed com-
bined modeling approach to predict the corrosion 
rate as well as propagation of cracks in the cover of 
reinforced concrete structures such a simplification 
seems to be appropriate. 

The limiting current density term, iLim, introduced 
in Equation (5) describing the polarization of ca-
thodic reinforcement sites indicates that oxygen 
availability plays an important role in the polariza-
tion behavior. A function for iLim can be obtained 
combining Faraday´s law with Fick’s law and may 
be written as follows 

d
BcTOzFD

Lim
i ,2=                           (8) 

where z = number of electrons transferred, F = Fara-
day’s constant, DO2,T = oxygen transport function, cB 
= oxygen concentration at the concrete surface and d 
= concrete cover thickness. To describe the oxygen 
transport in concrete an empirical expression pro-
posed by Papadakis et al. (1991) is chosen 
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where DO2 = oxygen transport function at reference 
temperature and εP = concrete porosity. The influ-
ence of the temperature on the oxygen transport is 
modeled with an Arrhenius equation 
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where ∆UO2 = activation energy for oxygen diffu-
sion, R = universal gas constant and T = absolute 
temperature. Values for the activation energy of 
oxygen diffusion can be found e.g. in Page & Lam-
bert (1987) and Isgor et al. (2009). 

Furthermore, the concrete resistivity, which is af-
fected by numerous factors, such as the moisture 
content, concrete microstructure, ion concentration, 
temperature and possible fiber content, plays an im-
portant role in determining the polarization of the 
steel surface in concrete. Values for concrete resis-
tivity for various exposure conditions and different 
concrete moisture contents can be found in the lit-
erature, e.g. in Polder (2001). For simplicity it is as-
sumed that the resistivity only depends on the mois-
ture content and temperature in the present model. 
Experimental studies investigating the relation be-
tween moisture content and resistivity for different 
concrete and mortar types have been carried out and 
can be found e.g. in Hötte (2003). 

To describe the moisture dependence of the con-
crete resistivity a power law is used in the present 
model 
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where ρ  = concrete resistivity at reference tem-
perature, a,b,c = non-physical fitting parameters and 
MC = moisture content. Experimental data presented 
by Hötte (2003) and fitted data (Equation 11), for a 
CEM 1 concrete is given in Figure 2. The influence 
of temperature on the resistivity is modeled with an 
Arrhenius equation 
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where ρ T = concrete resistivity and ∆URH = activa-
tion energy for moisture transport. Values for the ac-
tivation energy of moisture transport can be found 
e.g. in Chrisp et al. (2001). 

 

 
Figure 2. Experimental (Hötte (2003)) and fitted data for con-
crete resistivity as a function of moisture content. 
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moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
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J•∇=
∂

∂
−

t

w
                              (2) 

 
The water content w can be expressed as the sum 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
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etc.). In the literature various formulations can be 
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paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 

 

( ) s
s

s

vg
kc

c

c

vg
k

sc
G αααα +=,
1

                 (5) 

 
where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 
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where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



2.2 FEM based crack propagation model 
After the corrosion current density along the con-
crete steel interface is predicted by the corrosion 
model, deformations and crack propagation in the 
concrete cover due to the formation of expansive 
corrosion products can be determined using the pro-
posed FEM based crack propagation model. The pre-
sent fracture mechanics model assumes uniform cor-
rosion along the reinforcement leading to a 2D 
problem in a plain strain formulation. The crack 
propagation in the concrete cover of reinforced con-
crete structures is modeled assuming that no corrosion 
products diffuse into concrete pores, voids or cracks. 

In the proposed model two different fracture 
types are considered accounting for the crack propa-
gation in the concrete cover due to corrosion. The 
underlying assumption of the proposed model for 
cracking in the concrete cover is Mode-I crack 
propagation. It is assumed that the crack propagates 
in the concrete cover when the tensile stresses due to 
expansion of the corrosion products exceed the ten-
sile strength of the concrete. Debonding effects be-
tween concrete and reinforcement are described by 
Mixed-mode crack propagation. Both phenomena, 
cracking in the concrete cover and debonding, are 
described by a discrete cracking approach in the pre-
sent model. Tension softening is described based on 
a cohesive discrete cracking model in which multi-
linear softening relations are adopted from Skoček 
& Stang (2009). The fracture energy of the Mode-1 
crack opening behavior during the Mixed-mode 
crack propagation (debonding effects) is reduced by 
a factor of 10 compared to pure Mode-I crack 
propagation to account for a reduced bonding be-
tween concrete and corrosion products. A constant 
shear modulus of 10GPa after cracking is assumed 
for the Mixed-mode crack propagation.  

Zero-thickness cohesive interface elements are 
implemented perpendicular (simulating Mode-I 
crack propagation in the concrete cover) and circum-
ferential (simulating Mixed-mode crack propagation) 
to the reinforcement allowing crack propagation only 
in the implemented interface elements. However, 
comparing with experimental results of crack patterns 
due to expansion of corrosion products (see e.g. 
Andrade et al. (1993), Alonso et al. (1998), Val et al. 
(2009)) the definition of a prescribed crack path seems 
to be appropriate. 

Linear elastic material properties are defined for the 
semi-infinite concrete body, corrosion layer and rein-
forcement section (see Fig. 3). Elastic material proper-
ties for the corrosion products can be found in the lit-
erature (see e.g. Molina et al. (1993), Suda et al. 
(1993), Caré et al. (2008)). For the present model ma-
terial properties proposed by Ouglova et al. (2006) are 
used. A Young´s modulus of 2.1 GPa and a Poisson 
ratio of 0.2 are defined for the corrosion layer. 

Reinforce-
ment

Corrosion 
layer

Propagating 
crack

Concrete 
cover

Reinforce-
ment

Corrosion 
layer

Concrete 
cover

Crack opening
rebar surface

Crack state at t2Crack state at t1

Crack opening
concrete surface

(with t2 >> t1)

Semi-infinite concrete body Semi-infinite concrete body
 

Figure 3. Crack propagation in proposed FEM model. 
 
Since corrosion of reinforcement is not a typical 

load scenario in commercial FEM codes a special 
way of load application is used to model the propa-
gation of cracks in the concrete cover. Initially, the 
cross sectional area of the reinforcement, reduced 
due to corrosion, is determined, and afterwards the 
expansion of the corroded reinforcement section is 
modeled. Crack propagation as well as load applica-
tion in the FEM model and basic geometrical con-
siderations are illustrated in Figure 3 and Figure 4, 
respectively. For the determination of the corroded 
reinforcement section Faraday´s law is used, which 
describes the relation between thickness reduction 
per time unit and corrosion current density, pre-
dicted by the FEM based corrosion model 

( ) ( )∫=
t

dttcorri
zF
M

tX
0ρ

                     (13) 

where X(t) = thickness reduction, icorr (t) = corrosion 
current density, M = mol mass of the metal, z = 
number of electrons in the reaction equation for the 
anodic reaction and ρ  = density of the metal. For 
the present model 100% current efficiency is as-
sumed meaning that all corrosion current is used for 
dissolution of iron. 

Initially, the reinforcement with a radius RO is 
embedded in the concrete. 

 

Non-corroded
reinforcement
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Figure 4. Load application in FEM model (left) and basic geo-
metrical considerations (right) of crack propagation model. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

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



Assuming uniform corrosion the cross sectional 
reduction of the reinforcement can be calculated 

 
XRR −=

01
                            (14) 

 
where R1 = remaining radius of non-corroded rein-
forcement, R0 = initial radius of reinforcement and X 
= thickness reduction according to Equation (13). 

The linear expansion coefficient η can be written 
as follows 

X

R0∆
=η                                (15) 

where ∆R0 = increase of the initial radius of the rein-
forcement due to the expansion of corrosion prod-
ucts. 

A thermal analogy is used to model the expansive 
nature of the corrosion products applying a thermal 
load to the corroded reinforcement section (see Fig. 
4). Assuming a constant coefficient of thermal ex-
pansion, the applied temperature increment has to 
represent the formed corrosion product. Further-
more, the resulting thermal expansion has to be 
equal to the linear expansion coefficient in Equation 
15. As mentioned before, the formation of uniformly 
distributed Fe2O3·H2O as corrosion product is as-
sumed with a volume expansion coefficient of 6.3. 
Assuming isotropic material properties of the corro-
sion products, the linear expansion coefficient is one 
third of the volume expansion coefficient. Hence, 
the linear expansion coefficient applied to the cor-
roded reinforcement section in proposed crack prop-
agation model is 2.1 assuming the formation of 
Fe2O3·H2O as corrosion product. 
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Figure 5. Time dependent material definitions for reinforce-
ment and corrosion layer in crack propagation model. 

Since the corroded reinforcement section in-
creases over time (see Equation 13 and 14) the area 
which is subjected to the thermal load needs to be 
revaluated to obtain the correct stress state in the 
model. For each time step of the analysis the corre-
sponding material properties have to be assigned to 
the correct domains in the finite element model. This 
is because the stress distribution and hence the crack 
propagation in the surrounding concrete depends on 
the interaction between the remaining reinforcement 
section, the corrosion layer and the elastic part of the 
semi-infinite concrete body. The time dependent ma-
terial definitions and load application proposed for 
the present crack propagation model are given in 
Figure 5. 

3 NUMERICAL EXAMPLE 

To demonstrate the potential use of the proposed 
combined modeling approach a numerical example 
is given.  

Initially, the corrosion model is used to predict 
the corrosion current density for various exposure 
conditions (varying moisture contents, temperature 
and oxygen). The model geometry for the numerical 
example is given in Figure 6. The polarization be-
havior of the reinforcement described by Equations 
(4) and (5) for the anodic and cathodic sites, respec-
tively are illustrated in Figure 7. To reduce computa-
tional time the symmetrical properties of the system 
are utilized and only half of the geometry is mod-
eled. The input parameters used in the analysis are 
given in Table 1. For the numerical solution of the 
time dependent corrosion problem, involving solu-
tion of Equations (1), (2) and (6), the commercial 
FEM software COMSOL Multiphysics is used. 5725 
triangular elements are used to describe the concrete 
and steel domain, with a finer mesh in the anodic re-
inforcement region. Lagrange quadratic elements are 
used as element type and the time steps are chosen 
by the solver. 
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Figure 6. Corrosion model geometry for numerical example 
(not to scale). 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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Figure 7. Corrosion model boundary conditions for numerical 
example. 

 
Table 1. Input parameters (corrosion and crack propagation 
model) for numerical example. 
Parameter Value Dimension 
Anodic exchange current den-
sity at equilibrium 

1.88 E-04 A/m2 

Anodic equilibrium potential -0.78 V 
Anodic Tafel constant 0.06 V/dec 
Cathodic exchange current den-
sity at equilibrium 

6.25 E-06 A/m2 

Cathodic equilibrium potential 0.16 V 
Cathodic Tafel constant 0.16 V/dec 
Concrete resistivity Equation 

(11) 
ohm m 

Initial bulk humidity 0.9 - 
Moisture transport Equation (6) 

and (7) 
m/s2 

Limiting current density Equation (8) A/m2 
Oxygen transport Equation (6) 

and (9) 
m/s2 

Temperature Equation (6) K 
   
Concrete cover 50 mm 
Reinforcement diameter 25 mm 
Corroded reinforcement section  Equation 

(13) 
mm 

Young´s modulus reinforce-
ment 

210 GPa 

Poisson ratio reinforcement 0.3 - 
Young´s modulus concrete 30 GPa 
Poisson ratio concrete 0.2 - 
Tensile strength concrete 4 MPa 
Young´s modulus corrosion 
products 

2.1 GPa 

Poisson ratio corrosion prod-
ucts 

0.2 - 

Thermal expansion coefficient 
corrosion products 

2.1 -/K 

Temperature increment 1 K 

 
The FEM based crack propagation model is used 

to demonstrate the influence of varying corrosion 
rates, predicted by the corrosion model, on the 
propagation of corrosion induced cracks in the con-
crete cover of reinforced concrete structures. The 
model geometry chosen for the numerical example is 
illustrated in Figure 8. A model size of 225mm 
proved to be sufficient to represent the semi-infinite 
concrete body, which was checked before actual 

simulations were carried out with the crack propaga-
tion model. The implemented cohesive relations for 
the interface elements perpendicular and circumfer-
ential to the reinforcement are given in Figure 9. In-
put parameters used in the example are given in Ta-
ble 1. To simulate the crack propagation due to the 
expansive nature of corrosion products the commer-
cial FEM software DIANA is used. 902 quadrangu-
lar elements (2864 DOF´s) are used to describe the 
interface, concrete, reinforcement and corrosion layer 
domain in the model. Nonlinear solution is obtained 
using a standard Newton-Raphson method with a dis-
placement controlled convergence criterion. 
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Figure 8. Crack propagation model geometry for numerical ex-
ample (not to scale). 
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Figure 9. Cohesive relation for Mode-I and Mixed-mode inter-
face elements in numerical example after Skoček & Stang 
(2009). 

4 RESULTS 

Results of the numerical example are presented in 
Figures 10-12. Initially, the FEM based corrosion 
model was used to predict corrosion current densi-
ties for varying exposure conditions. Afterwards, the 
proposed crack model was used to relate the pre-
dicted corrosion current densities and model the 
propagation of cracks in the surrounding concrete 
due to formation of expansive corrosion products. 

4.1 Corrosion model 
To demonstrate the potential use of the corrosion 
model, corrosion current densities were predicted 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

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



with the model for three different exposure scenar-
ios. For the presented numerical example the effects 
of varying relative humidity, temperature and oxygen 
content on the corrosion current density were studied. 
More details on the three exposure scenarios are 
given in Table 2. Results of the numerical simulation 
are given in Figure 10. It is evident from the results 
that the corrosion current density depends on the in-
vestigated exposure scenarios. The most pronounced 
effect can be observed for exposure scenario 1, fol-
lowing the changing moisture content in the concrete 
due to the applied boundary conditions and moisture 
transport function. The impact of exposure scenarios 
2 and 3 appears to be less distinct for the investigated 
geometry and boundary conditions. 

 
Table 2. Parameters describing different exposure scenarios. 
Scenario Relative humidity Temperature Oxygen 
 [-] [K] [mol/m3] 
1 0.72 - 0.91 295 1 
2 0.8 275 - 295 1 
3 0.8 295 0.2 - 1 

4.2 Crack propagation model 
Crack openings for different locations in the sur-
rounding concrete as a function of the corrosion 
layer thickness are given in Figure 11. As expected, 
the crack opens first at the rebar surface due to the 
expansion of the corrosion layer and is propagating 
towards the concrete surface. As soon as the crack 
reaches the concrete surface a linear relation be-
tween thickness of corrosion layer and crack open-
ing can be observed. Figure 12 illustrates the crack 
opening at the concrete surface as a function of time 
for the predicted corrosion current densities. It is 
evident from the results that crack opening as well 
as propagation depend on the corrosion current den-
sity predicted by the corrosion model. For the pre-
sented numerical example it can be seen, that the 
crack opening as well as the crack propagation are 
delayed for the corrosion current densities deter-
mined for the exposure scenarios 2 and 3 compared 
to exposure scenario 1. 
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Figure 10. Corrosion current densities for exposure scenarios. 
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Figure 11. Crack opening depending on corrosion layer thick-
ness for model geometry and cohesive relation. 

 

0,00

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

0 20 40 60 80 100 120 140

Cr
ac

k 
op

en
in

g 
at

 c
on

cr
et

e 
su

rf
ac

e 
[m

m
]

Time [days]

Exposure scenario 1
Exposure scenario 2
Exposure scenario 3

 
Figure 12. Crack opening at concrete surface for predicted cor-
rosion current densities. 

5 SUMMARY AND CONCLUSIONS 

A combined electrochemical and mechanical model-
ing approach to simulate the formation of cracks in 
reinforced concrete structures due to corrosion was 
presented. A two-phase finite element based corro-
sion model was used to determine the corrosion cur-
rent density of steel in concrete taking into account 
the impact of varying exposure conditions. A crack 
propagation model was used to simulate the forma-
tion of cracks in the concrete cover due to the ex-
pansive nature of formed corrosion products. The 
proposed crack propagation model does not take into 
account the diffusion of corrosion products into con-
crete pores, voids or cracks, resulting in an overes-
timation of the crack propagation. Furthermore, the 
presented modeling approach does not take the in-
fluence of corrosion induced cracks on the transport 
properties of the concrete into account. 

To demonstrate the potential use of the proposed 
combined modeling approach a numerical example 
was presented. In the example the influence of vari-
ous parameters of the corrosion model on the crack 
propagation were investigated. The presented results 
illustrate the major impact of the corrosion current 
density on the crack propagation. Furthermore, the 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

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



need for a realistic prediction of the corrosion rate as 
well as selection of the corrosion products formed to 
simulate formation of corrosion induced concrete 
cover cracking is evident from the presented results.  

For a better understanding of the corrosion proc-
ess in concrete structures as well as subsequent for-
mation of cracks, future investigations should also 
focus on the impact of concrete material parameters, 
model geometry as well as mechanical properties of 
the corrosion products formed (see e. g. Solgaard et 
al. (2009)). 
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moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
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that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 

 

( ) s
s

s

vg
kc

c

c

vg
k

sc
G αααα +=,
1

                 (5) 

 
where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
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The material parameters k
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vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 
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where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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