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ABSTRACT: Deterioration of reinforced concrete structural members is an increasing problem in the construction sector. The formation of corrosion products from steel reinforcing bars (rebars) leads to an increase
in volume and the possibility of cracking and spalling of the concrete as the tensile capacity of the concrete
matrix is exceeded. The ongoing work concerns a parametric study of cracking of cover concrete due to reinforcement corrosion. The basis of the simulations is a numerical fracture mechanical model for crack initiation and propagation in concrete covers. The fracture mechanical model is based on the theory of the fictitious
crack, where the expansion of the corrosion products is modeled by the use of a fictitious thermal load. The
aim of the paper is to investigate the influence of the cover thickness and the ductility of the concrete on the
crack initiation and crack propagation due to reinforcement corrosion. The paper contributes to the understanding of cover cracking due to reinforcement corrosion with numerical investigations of the mechanical
parameters influencing the crack initiation and propagation.
1 INTRODUCTION
Corrosion of reinforcement embedded in concrete is
one of the main deterioration processes of reinforced
concrete structures and has been the pivot of numerous projects. As the corrosion products take up more
volume than the original steel consumed, a pressure
is build up in the interface between reinforcement
and concrete. The increase in pressure eventually
leads to cracking of the concrete cover. This allows
for faster ingress of de-passivating substances, e.g.
Cl ions and CO2, leading to faster deterioration of
the reinforcement.
Cracking of concrete due to reinforcement corrosion has been investigated experimentally and analytically in a number of papers. The experimental
work mainly concerns accelerated tests where a current is applied to the reinforcement to control the
rate of corrosion e.g. Andrade et al. (1993) and
Alonso et al. (1998). The models for corrosion induced cracking of concrete concerns the time to corrosion induced cracking e.g. Liu & Weyers (1998),
modeling of cracking assuming smeared cracking,
e.g. Molina et al. (1993), modeling of cracking assuming an inner softening band, Noghaibi (1998)

and analytical models based on the theory of a thickwalled cylinder, Chernin et al. (2009). In parts of the
literature experimental results are used for verification of the presented models. However, there seems
to be an in-consistency between proposed model and
experimental data. This has resulted in the assumption of a porous zone around the reinforcement,
where the corrosion products diffuse into without increasing the pressure in the interface.
The scope of the present paper is to analyze crack
initiation and propagation in concrete due to reinforcement corrosion by the use of a numerical fracture mechanical model based on the effective cohesive relationship of the concrete. The relationship
between the thickness of the concrete cover and the
diameter of the reinforcement and crack initiation
and propagation is investigated for increasing thicknesses of corrosion products. Furthermore the initiation and extent of crack propagation is modeled for
plain concrete (PC) and fibre reinforced concrete
(FRC) in order to investigate the impact of the increased ductility of FRC. The latter is of great interest, as small crack openings do not seem to have an
effect on the ingress of ions and CO2 leading to increased corrosion of embedded reinforcement.

As mentioned earlier cracking of cover concrete
has been investigated in numerous research projects,
experimentally as well as analytically. However,
simulations concerning the influence of the ductility
of the concrete cover due to e.g. addition of fibres
have, to the knowledge of the author, not been investigated thoroughly. Hence the present paper contributes to these investigations with a modeling approach for cracking of covers due to reinforcement
corrosion.
2 THEORY
2.1 Corrosion of reinforcement
Corrosion of reinforcement embedded in concrete is
a process influenced by numerous independent factors. Depending on the environmental conditions,
different corrosion processes can take place. Analyses of concrete cover cracking due to corrosion of
reinforcement under laboratory conditions have been
performed in numerous research projects, e.g. Val et
al. (2009), Isgor & Razaqpur (2006) and Caré et al.
(2008). However, there is a discrepancy between the
different research projects which corrosion products
to take into account. In the present context only the
formation of Fe2O3·H2O is taken into account. Formation of other products with other expansion coefficients is beyond the scope of the present work. The
corrosion is assumed uniform, and a sketch of the reinforcement is given in Figure 1.
Diffusion of corrosion products into the concrete
matrix is not taken into account in the present
model. Hence the volume of corrosion products
leading to an increase in the pressure in the interface
is proportional to the volume of consumed steel.
(1)
where ∆Vc is the volume of corrosion products, ∆Vs
is the volume of consumed steel and ηvol is the volume expansion coefficient of the corrosion products.
Assuming uniform corrosion, the depth of consumed steel due to corrosion can be determined from
Faraday’s law, cf. Equation 2:
(2)
where M is the atomic mass of iron, ρ is the density
of iron, n is the valence of iron, F is Faraday’s number,
t is the time and icor is the corrosion current density.
As the thickness of the corrosion products is very
small compared to the radius of the reinforcement,
we get:
(3)
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Figure 3. Schematic illustration of pressure on confining concrete due to expansive corrosion products. Adapted from Liu &
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Figure 5. Mesh for modeling the cracking of cover due to reinforcement corrosion.
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where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this
Figure 6. Meshing of reinforcement and interface layer.

The measures of the semi-infinite concrete body
are 100 mm on each side of the reinforcement, except from cover, which has revealed to be sufficient
to ensure that the behavior of the body is semiinfinite. Modeling is conducted for plain strain and
cracking is solely modeled as Mode-I, opening
mode, cracking.
A slip interface has been modeled around the upper half of the rebar. The interface elements are used
for simulation of the debonding in the steel-concrete
interface and have Mixed-Mode properties and a
shear retention factor of app. 3.
Further descriptions of the model are given in
Michel et al. (2009).
3 MODELING OF CRACKING
The crack initiation and propagation in reinforced
concrete due to reinforcement corrosion is modeled
for various cover thicknesses and various mechanical properties of the cover layer, viz. cohesive relationships.
3.1 Parameters for the model
In order to describe the influence of the cover layer
on the cracking, different values for the thickness of
the cover layer have been investigated, viz. 10, 20
and 40 mm. For all of the simulations, the diameter
of the reinforcement bar is constant. The values for
the mechanical properties of the reinforcement, the
elastic domain of concrete and corrosion products
are constant for all of the simulations and given in
Table 1:
Table 1. Constants for fracture mechanical model.
Parameter
Value
Dimension
Young’s modulus for steel

210

GPa

Young’s modulus for concrete

31

GPa

Young’s modulus for corr. product

2.1

GPa

Tensile strength of concrete

3.0

MPa

Poisson ratio of steel

0.3

-

Poisson ratio of concrete

0.2

-

Poisson ratio of corr. products

0.2

-

Expansion coef. of corr. product

2.1

m/K-1

Diameter of reinforcement

10

mm

In order to investigate crack initiation and propagation for different mechanical properties of concrete the cohesive relationships for plain concrete
and fibre reinforced concrete are investigated.
For the modeling of the cohesive relationship, a
bi-linear model has been suggested. For plain concrete the cohesive relationship does not vary signifi-
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Figure 10. Results from modeling of crack initiation and propagation in plain concrete, b2,1, for C=40mm.

3.3.2 Influence of cohesive relationship on cracking
In order to illustrate the influence of the cohesive relationship on the cracking of the cover layer, the
displacements at different locations for the cohesive
relationships for plain concrete, b2,1, and the most
ductile FRC investigated, a2,4, for C=10mm and
C=40mm are illustrated in Figures 11-12:
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Figure 11. Results from modeling of crack initiation and propagation in plain concrete and FRC for C=10mm.
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Figure 12. Results from modeling of crack initiation and propagation in plain concrete and FRC for C=40mm.
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parameters as material a2,4 is very similar to the meNote that, at early age, since the chemical reactions
chanical performance of a 20mm cover of plain conassociated with cement hydration and SF reaction
crete with mechanical properties as material b2,1. Fiare exothermic, the temperature field is not uniform
nally, from Figure 14 it is seen that the same
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mechanical effect can be obtained by applying 20
temperature is constant. Heat conduction can be
mm FRC (a2,4) instead of 40 mm plain concrete
described in concrete, at least for temperature not
(b2,1).
exceeding
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tionship from two different approaches, cf. Section
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is illustrated in Figures 15-16. It is seen that the
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influence on the crack opening at the concrete surface from the different cohesive relationships is inwhere with
q isthethe
heat influx,
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creased
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in this
Though the same mechanical properties of
the
cover can be obtained for smaller covers with FRC
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than larger covers of plain concrete it is noted, that
changing the cover thickness influences the transport
of hazardous substances to the reinforcement. Thus
the initiation of corrosion might be advanced when
the cover is decreased. However in order to evaluate
this issue, a simulation of the formation of corrosion
cells on embedded rebars has to be performed, e.g.
like proposed by Michel et al. (2009).
5 CONCLUSION
A numerical model for the initiation and propagation
of cracks in a semi-infinite concrete body has been
presented. The model is based on Hillerborgs fictitious crack model where MODE I cracking and
Mixed mode cracking is taken into account. The
cracking of the cover is modeled by the use of interface elements with a cohesive relationship and the
expansion of the corrosion products is modeled with
a fictitious thermal load. A uniform distribution of
the corrosion products is assumed.
Based on the numerical simulation of the crack
initiation and propagation in concrete covers due to
reinforcement corrosion it is concluded:
• For the cohesive relationships investigated, the
crack opening at the steel-concrete interface is
independent of the ductility of matrix.
• After a certain thickness of the corrosion products is reached, the crack propagation is app.
linear with tcor.
• The crack opening at the concrete surface is almost independent of the mechanical properties of the matrix when regarding a small
cover (10mm). However, as the cover thickness is increased the influence of the material
properties gets more pronounced, and increased ductility of the material leads to decreased crack opening at the concrete surface.
Furthermore the crack propagates to the concrete surface for small covers (C=10mm) and
small values of tcor whereas the crack propagation is stable inside the concrete cover for
larger cover thicknesses (C=40mm).
• The mechanical performance of a 20mm cover
of plain concrete, b2,1, is within the same
range as the mechanical performance of FRC,
a2,4. The same can be seen for 40mm plain
concrete, b2,1, and 20mm FRC, a2,4.
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