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ABSTRACT: The corrosion of the reinforcement usually results in cracking and spalling of the concrete
cover. Both types of damage define important limit states of durability and structural stability of reinforced
concrete structures. The mechanism of fracture and the magnitude of stresses causing cracking and spalling of
the concrete are still unknown and can only be simulated incompletely so far. Thus, a realistic and quantitative description as well as a reliable prediction of the time development of the damage process due to reinforcement corrosion is not possible. Therefore, the aim of the presented work is the development of a comprehensive analytical prediction model, which describes the time dependent damage process of cracking and
spalling under realistic conditions. Since the accuracy of such an analytical model depends primarily on the
quality of the implemented constitutive models, a main target of the work is to determine the mechanical
properties of the corrosion products by applying novel experiments and inverse analyses. By means of numerical investigations applying fracture mechanical concepts and being supplemented with experimental results, first a numerical model of the cracking and damage process was developed. This modelling approach,
involving sophisticated material laws, allows for the detailed analysis of the stresses, strains and the crack
formation within the concrete cover as well as for a realistic prediction of the time development of cover
cracking caused by the corrosion of the reinforcement. Based on parameter studies of several specimens,
which are subjected to different corrosive conditions, the comprehensive analytical prediction model for the
time dependent damage process can be derived. This model will enable the prediction of damage development
under conditions of practical relevance and serves as a part of a full probabilistic design approach for durability of reinforced concrete structures.
1 INTRODUCTION
In the last decades numerous research studies had
been carried out on reinforcement corrosion in concrete. However, research on the corrosion effect on
structural serviceability remains still unsatisfactory.
So far, most of the analytical investigations in this
field were accomplished by the use of finite element
analyses (e.g. Bhargava et al. 2005, Toongoenthong
& Maekawa 2005) based on models, which describe
the process of concrete cover cracking only in a
qualitative way. Aspects of fracture mechanics and
time dependent effects as shrinkage and creep of the
concrete were mostly neglected. A major deficiency
in previous investigations is the ignorance of a constitutive model for rust. Thus, it is impossible to
evaluate realistic time intervals for the appearance of
corrosion damage.
The experimental investigations, which are currently carried out at the Institute of Concrete Structures and Building Materials of the Karlsruhe Institute of Technology are presented in the subsequent
chapter. These novel experiments aim to determine
the mechanical properties of the corrosion products,

which develop under different conditions at the reinforcement. Afterwards, a numerical model is presented, which allows for a realistic evaluation of the
stresses and strains inside test specimens that have
been produced within the experimental program.
2 EXPERIMENTAL INVESTIGATIONS
2.1 Cracking mechanism
The corrosion of reinforcing steel in concrete results
in the formation of corrosion products at the surface
of the reinforcing bar. The volume of the corrosion
products is about 2 to 6 times higher than their initial
volume before the formation of rust. The concrete,
which surrounds the reinforcement, impedes the increase in volume due to corrosion. This leads to the
appearance of an internal pressure within the concrete cover. Its magnitude depends on the corrosion
rate. When the internal pressure and the resulting
tensile stress, respectively, reaches the tensile
strength of the concrete, cracks will appear.

2.2 Experimental parameters, preparation of
specimens
By means of specific experiments, the time dependent
crack development due to reinforcement corrosion is
currently monitored and quantified at concrete specimens. The specimens are about 275 concrete cylinders
(denoted as corrosion cylinders in the following) with
centrically embedded reinforcing bars. The cylindrical
shape of the specimens was chosen to establish simple
and symmetrical conditions for corrosion and concrete
cracking, which allow for a better repeatability during
the experiments. Next to different corrosive agents
(chloride and carbonation induced corrosion), particularly the influence of material parameters (cement type,
w/c-ratio) and geometrical characteristics (diameter of
the reinforcing bar, concrete cover thickness) on corrosion are in the focus of the investigations. Table 1 shows
the combinations of reinforcing bar diameter d and concrete cover thickness c that were chosen for the fabrication of the different specimens. Either cold-worked
plain steel bars (S235JRG2 C+C) were used or reinforcing bars (BSt 500), where the ribs were turned off, except for some validation specimens.
The cylindrical specimens with a height of 30 cm
and a diameter D of D = 2c + d (see Fig. 1) were casted
upright in cylindrical moulds to avoid accumulation of
water at the bottom of the reinforcing bar. The effect of
segregation of concrete was minimised by cutting the
upper part of the corrosion cylinder after hardening
(shortening from 30 to 21 cm). Table 2 provides basic
information on the cement type and the concrete composition being used for the preparation of the specimens.
After concreting, the corrosion cylinders remained
inside the moulds for three days and were afterwards
stored in water until the age of seven days. Subsequently, the specimens were stored in a climate chamber
with a standard climate of 20 °C and 65 % RH. These
conditions were temporarily interrupted in order to seal
the end faces of the cylinders with epoxy resin.
A homogeneously distributed corrosion of the reinforcing bar was realised by means of adding chloride to
the fresh concrete or by an accelerated carbonation of
concrete (see Tab. 3). Therefore, the specimens were
stored in a climate chamber with an increased carbon
dioxide content of the surrounding air.
Finally, all specimens were directly exposed to cycles of drying and wetting. For this, the specimens were
shortly plunged into water (between 1 and 16 minutes,
depending on the concrete cover thick ness) and afterwards stored in standard climate conditions for seven
days until the next wetting cycle. This treatment will
lead to a uniform corrosion of the reinforcement.
Consequently, an axial symmetric loading (twodimensional) is generally obtained for the specimens, which is a prerequisite for the subsequent numerical analysis.
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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
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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.
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q = − λ ∇T
(7)
Figure 2. Test facility for application and control of a hydraulic pressure inside a thin-walled copper tube being centrically
where q inside
is the
heat flux,
the absolute
embedded
a concrete
cylinder.T Aissurrounding
steel
temperature,
and λ is the
heat conductivity; in this
frame
prevents longitudinal
deformations.

J
1000

(moisture and temperature compensated)

mean tangential strain at concrete surface
of corrosion cylinder [µm/m]

900
800
700
600
500
400
300

crack

= − D ( h , T ) ∇h

The proportionality coefficient D(h,T)
moisture permeability and it is a nonlinea
of the relative humidity h and temperature
& Najjar 1972). The moisture mass balanc
that thed =variation
in time of the water mas
mm
volume of24concrete
(water content w) be eq
divergence of the moisture flux J
− ∂ = ∇•J
∂
w
t

16 mm
Thed =water
content w can be expressed a
d evaporable
= 8 mm
of
the
water we (capillary wa
100
vapor, and adsorbed water) and the non-e
(chemically bound) water wn (Mil
0
Pantazopoulo
& Mills 1995). It is reas
0
10
20
30
40
50
60
70
80
90
100
-100
assume that the evaporable water is a fu
time of corrosion [weeks]
relative humidity, h, degree of hydration
degree of silica fume reaction, αs, i.e. we=w
Figure 3. Mean tangential strain at the concrete surface of corrosion cylinders caused by=carbonation
induced corrosion
of the steel
age-dependent
sorption/desorption
bar. The concrete cover thickness c is 20 mm and made of OPC (CEM I 32.5 R) with a w/c-ratio of 0.7. The diameter d of the cen(Norling Mjonell 1997). Under this assum
trically embedded plain steel bars out of S235JRG2 C+C is 8, 16 and 24 mm.
by substituting Equation 1 into Equati
zant & Oh (1983)obtains
is used. The tension softening be3 NUMERICAL INVESTIGATIONS
200

3.1 Motivation
The numerical investigations are on the one hand
carried out to determine the stresses and strains that
can be expected during the experiments. On the
other hand, they allow for a detailed analysis of the
governing processes during cracking and spalling for
different test parameters, and an evaluation of any
possible reinforcement configuration of practical
relevance. In this paper particularly the influence of
the size of the reinforcing bar diameter and the concrete cover are presented.
3.2 Numerical model
The numerical simulation is carried out with the finite element software DIANA. The cross section of
the specimens, which consists of a centrically in
concrete embedded steel bar with a plain surface, is
modelled as a two-dimensional finite element mesh
(Fig. 4), and allows for analysing plain strain conditions.
The material properties determined in the laboratory tests are implemented in the model. The heterogeneity of the concrete is taken into account by a
variance of the tensile strength and fracture energy
of each single element. This is considered by defining the appropriate material properties as independent random variables that follow a Gaussian distribution. Further details on this procedure are given in
Mechtcherine (2000). For the simulation of crack
propagation, the crack band theory according to Ba-
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2.2 Temperature evolution
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Figure 6. Linear, bilinear and multilinear loading function.

The derivation of the multilinear loading function
can be carried out analogous to the procedure chosen
for assessing the stress development during the filling of voids and pores.
The effective expansion of the corroding reinforcing bar ∆rcorr is numerically simulated by a thermal
expansion of the steel. This thermal expansion reproduces exactly the respected boundary conditions.
While the above mentioned loading functions are
valid for uniform corrosion and thus correspond very
well with carbonation induced corrosion, they are not
directly suitable for local corrosion effects, so-called
pitting corrosion. Pitting corrosion is mostly connected
to chloride induced corrosion and usually leads to a
very complex three-dimensional stress and strain condition in the concrete. The authors of this paper are
aware of the fact, that a three-dimensional problem can
only be described inaccurately by means of a twodimensional model. However, they have decided to
develop a two-dimensional model for pitting corrosion
since it offers excellent possibilities for studying the
corrosion processes and thus leads to a better understanding of corrosion damages.
Val (2007) presented a model to estimate the loss
of cross-sectional area of a reinforcing bar due to
pitting. It is based on a hemispherical shape of the
pit which penetrates the surface of the steel bar and
requests knowledge about the pitting factor R (ratio
between maximum penetration of pitting and the average penetration depth) and the corrosion rate icorr
in terms of a corrosion current density. The maximum depth of a pit can be calculated according to
Val (2007) by Equation 2:
p(t) = 0.0116 ⋅ i corr ⋅ t ⋅ R

(2)

where p = maximum depth of corrosion pit [mm];
icorr = corrosion rate [mm/a]; t = time of corrosion
[a]; R = pitting factor [-].
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isotherm would be taken into account, two different 2.2 Temperature evolution
relation, evaporable water vs relative humidity, must Note that, at early age, since the chemical reactions
be used according to the sign of the variation of the associated with cement hydration and SF reaction
relativity humidity. The shape of the sorption are exothermic, the temperature field is not uniform
isotherm for HPC is influenced by many parameters, for non-adiabatic systems even if the environmental
especially those that influence extent and rate of the temperature is constant. Heat conduction can be
chemical reactions and, in turn, determine pore described in concrete, at least for temperature not
structure and pore size distribution (water-to-cement exceeding 100°C (Bažant & Kaplan 1996), by
ratio, cement chemical composition, SF content, Fourier’s law, which reads
curing time and method, temperature, mix additives,
q = − λ ∇T
etc.). In the literature various formulations can be
(7)
found to describe the sorption isotherm of normal
concrete (Xi et al. 1994). However, in the present where q is the heat flux, T is the absolute
paper the semi-empirical expression proposed by temperature, and λ is the heat conductivity; in this
Figure
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Mjornellcover
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the model d8c20 (bilinear loading function).
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Figure 10. Tangential stresses due to uniform corrosion in the
outmost elements with respect to time for the models d24c20,
d24c30 and d24c40 (bilinear loading function).

4 CONCLUSIONS AND OUTLOOK
The presented theoretical and experimental approach
allows for estimating the level of stresses and the
chronology of appearance of cracks inside the concrete cover, which are caused by the corrosion of the
reinforcement. The approach is based on novel experimental investigations being supplemented with
numerical analyses.
By means of parameter studies with numerous
specimens and on inverse analyses, a prediction
model for the time dependent damage process can be
derived. The analytic model will be suitable for different and changing conditions regarding the geometry of concrete cover and reinforcing bar diameter,
material properties and climatic conditions. It allows
for the prediction of the damage development and
serves as a part of a complete probabilistic design
approach for durability of reinforced concrete structures, which is a future target of the DFG research
unit No. 537 of the German Research Foundation
(DFG-FOR 537).
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