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Abstract. It is not fully understood how corrosion-induced cracking in reinforced concrete is affected
by corrosion rate. Improved understanding of this effect is important because it assists with predicting
the state of structures which suffer from corrosion-induced cracking based on results of accelerated
laboratory tests with confidence. Possible reasons for the effect of corrosion rate on corrosion-induced
cracking are creep of concrete, migration of corrosion products into pores and cracks, and composi-
tion of corrosion products. Here, we test the effect of creep. We carry out corrosion experiments
on specimens consisting of a single reinforcement bar embedded in a concrete cylinder. We vary
corrosion rates and water-cement ratios of concrete. The modelling of corrosion-induced cracking
is carried out with a lattice approach based on a visco-elastic damage-plasticity constitutive model
which predicts the effects of linear creep, but not the migration of corrosion products nor the effect of
corrosion rate on corrosion products. With this choice of model, we test if creep together with fracture
can reproduce the effects of water-cement ratio and corrosion rates. Based on our experimental re-
sults, corrosion penetration at a fixed surface crack width increases with decreasing corrosion rate and
increases with increasing water-cement ratio. The lattice approach with fracture and creep but without
corrosion product migration is not able to reproduce the dependencies of rate and water-cement ratio
on critical corrosion penetration satisfactorily.

1 INTRODUCTION

Corrosion of steel in reinforced concrete is
a commonly encountered deterioration process,
which is divided into an initiation (before the
onset of corrosion) and propagation stage (after
the onset of corrosion) [37]. During the propa-
gation stage investigated in this study, corrosion
products build up close to the concrete-steel in-
terface. These corrosion products are of greater
volume than steel and, therefore, compress ra-
dially the surrounding concrete. Compression
is equilibrated by tensile stresses, which typi-
cally result in cracking and spalling of concrete
cover. Corrosion may lead to significant loss of
steel area, which affects the ultimate limit state

of structures [12].

The process of naturally occurring corrosion
in reinforced concrete is very slow. It often
takes many decades before corrosion results in
structural damage [20, 14]. Therefore, exper-
iments on corrosion-induced cracking are usu-
ally accelerated. Laboratory tests in which the
environment of the reinforced specimens are
made more aggressive by means of exposure to
salt fog are reported in François and Arliguie
[20], Zhang et al. [41, 42, 43]. Results are ob-
tained even quicker by speeding up the depas-
sivation of the reinforcement by adding chlo-
rides and accelerating the flow of electrons by
impressed current [6, 30, 18]. A wide range of
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impressed current densities from 3 µA/cm2 in
Alonso et al. [4] to 10400 µA/cm2 in Almusal-
lam et al. [3] have been used. For low currents,
the onset of cracking can occur after a year [4],
whereas for high currents it has been reported
to occur after a few hours [3]. It is known
that most naturally occurring current densities
during steel corrosion in concrete are between
0.1 µA/cm2 and 10 µA/cm2, but can occasion-
ally reach 100 µA/cm2 [12], which is the most
used current density for acceleration with im-
pressed currents [6, 4, 5].

It is still not fully understood what the effect
of current density on the link between corrosion
penetration (transformation of steel into corro-
sion products) and the cracking process is. The
majority of experimental studies on corrosion-
induced crack initiation and propagation use
small ranges of current densities and water-
cement ratios [4, 38, 32, 40, 29]. Only in a few
studies either water-cement ratio or current den-
sity is varied. Water-cement ratio was varied in
Alonso et al. [4], Vu et al. [38], Mullard and
Stewart [32] but the current density was kept
constant. In these studies, it was shown that the
greater the water-cement ratio is, the smaller is
the crack opening at a constant corrosion pen-
etration. In Zhang et al. [44], the effect of rate
on the composition of corrosion products was
studied.

Possible reasons for these trends are suitably
explored by numerical modelling as done in
this study. Structural analyses approaches based
on 3D/2D spatial discretisation of the speci-
men using finite element method [9] and dis-
crete approaches [35, 11, 23] are well suited for
modelling crack evolution and have been used
for corrosion-induced cracking [31, 19, 2, 28].
These spatial discretisation approaches are suit-
able for modelling asymmetric crack evolution,
nonuniform corrosion and the effect of multiple
reinforcement bars.

This study aims to investigate if creep has
a strong effect on corrosion-induced crack-
ing. For the numerical approach, we choose
a visco-elastic damage-plasticity lattice model
proposed in a recent numerical study reported

in Aldellaa et al. [2]. This approach has been
shown to be suitable for modelling fracture us-
ing plasticity and damage and for predicting lin-
ear creep by the visco-elastic part of the model.
The heterogeneity of concrete is modelled by
spatially autocorrelated fields. By design, mi-
gration of rust and changes of composition of
corrosion products is not taken into account in
the numerical modelling approach, because we
want to test if creep together with fracture can
predict the experimentally observed effects of
current density on the relation of crack width
and corrosion penetration. For the experimental
part of this study, we investigated both the effect
of current density (50, 100, and 500 µA/cm2)
and water-cement ratio (0.38, 0.45, 0.55 and
0.7) on the relation of crack width and corro-
sion penetration.

2 EXPERIMENTAL PROCEDURE
Corrosion-induced cracking experiments ac-

celerated by an impressed current are carried
out. Both current density and water-cement ra-
tio are varied. The test setup consists of a con-
crete cylinder with a single steel reinforcement
bar in the centre as shown in Figure 1.

concrete

steel rebar

100 mm

20 mm

150 mm 150 mm

16 mm

Figure 1: Geometry of test specimen.

The diameter and height of the concrete
cylinder are 150 and 100 mm, respectively. The
reinforcement bar has a diameter of 16 mm and
is embedded in the concrete specimens up to a
depth of 80 mm. The concrete cylinders were
made by using four different concrete mixes
called wc0p38, wc0p45, wc0p55 and wc0p70,
with water-cement ratios 0.38, 0.45, 0.55 and
0.70, respectively. For all concrete mixes, Or-
dinary Portland Cement 32.5N was used. The
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maximum aggregate size is 20 mm and 10 mm
for two-thirds and one-third of the total content
of aggregate, respectively. A concentration of
2 % of sodium chloride NaCl by weight of ce-
ment (w/w) has been added to the mixtures to
initiate corrosion. For each mix, 9 cylinders
were cast, so that there are three specimens of
the same mix for each current density.

The specimens were placed in water at a con-
stant temperature of 20 C◦ one day after mixing
and were left in water until testing. Three cubes
of each mix were tested in compression to deter-
mine compressive strength fc28 at the age of 28
days. Based on this compressive strength, ten-
sile strength ft, Young’s modulus E and frac-
ture energy GF were calculated according to
the fib Model Code 2010 formulae. The values
for these properties at 28 days and the concrete
age at which the corrosion tests were started are
shown in Table 1.

Table 1: Concrete properties for four concrete mixes

fcm(28) ftm(28) Eci(28) t0
[MPa] [MPa] [GPa] [days]

wc0p38 42.1 3.2 34.7 684
wc0p45 29.9 2.3 31.0 535
wc0p55 23.2 1.8 28.5 429
wc0p70 14.4 1.0 24.3 339

Corrosion was accelerated by means of im-
pressed currents with current densities of 50,
100 and 500 µA/cm2. A constant current was
applied from a DC power supply to a control
box with adjustable load channels to provide
the three chosen current densities for this study.
This adjusted current was then applied to the
steel bar (anode) and copper mesh (cathode) by
connecting the positive terminal with the bar
and the negative terminal with the copper mesh.
To ensure that the concrete specimen with the
steel bar (anode) and the copper mesh (cathode)
have electrical contact, both were immersed in
sodium chloride solution with 5 per cent con-
centration. The experimental setup for three of
the specimens is shown in Figure 2.

Figure 2: Experimental setup of the accelerated test.

During the testing, the value of the current
passing through each test specimen was mon-
itored continuously with a voltmeter to ensure
that the current density remained constant at the
desired value. To identify cracking on the con-
crete surface and to measure the crack width,
a digital concrete crack width meter was used.
The readings were taken several times a day
during the early period of the test. At the end
of the test, the mass of corrosion products was
measured following standard practice accord-
ing to ASTM Committee G01 Standard [36]
and compared to theoretical predictions using
Faraday’s law [1], which provided a reasonable
agreement.

3 LATTICE MODELLING
The experiments were simulated with a lat-

tice model implemented in the finite element
program OOFEM [33]. This section describes
the lattice modelling approach for corrosion-
induced cracking used in this study which was
originally developed in Aldellaa et al. [2]. The
present approach is a combination of two mod-
elling concepts, where a lattice model based on
a damage-plasticity constitutive model for frac-
ture [21, 7] is combined with a linear creep
model based on the Micro-Prestress Solidifica-
tion (MPS) theory of concrete creep [25].

The lattice model belongs to the group of
discrete techniques in which the fracture pro-
cess is modelled as the failure of discrete
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trusses, beams and rigid bodies [27, 16, 45, 34,
39, 17]. The present lattice approach is based
on the rigid body spring concept first proposed
in Kawai [27]. Extension of this rigid body con-
cept for which the shape of rigid bodies is deter-
mined by Voronoi tessellation has been proven
to be suitable for fracture simulations [39]. The
constitutive models for these approaches are
constructed in terms of tractions and displace-
ment jumps similar to interface models for con-
crete fracture [13].

Within the lattice model, points are ran-
domly placed in the domain to be analysed
while enforcing a minimum distance between
the points. A dual Voronoi and Delaunay tessel-
lation based on this set of random points, pro-
vides the location of the nodes of discrete ele-
ments. The location of the lattice elements is
determined from the edges of the Delaunay tes-
sellation. The properties of the cross-section of
the elements are obtained from the facets of the
dual Voronoi tessellation [39] (Figure 3).

 

 

Figure 3: Geometrical relationship between Delaunay
and Voronoi tessellations.

As shown in Figure 4, there are six De-
grees Of Freedom (DOF) for the lattice element
nodes, namely three displacements and three ro-
tations.

Figure 4: Lattice element with cross-section defined by
the associated Voronoi facet.

From the DOFs, six displacement jumps at
the centroid of the mid cross-section of the ele-
ments are computed. The three rotational jumps
are related to effective moment like quantities
via elastic relationships. The three translational
jumps are used in a plasticity constitutive model
to calculate the corresponding effective trac-
tions [21]. All six components are reduced by
damage.

The damage-plasticity constitutive model
was adopted for concrete based on the work
provided in [22, 21, 7]. The plasticity model
uses a yield surface that is based on the normal
component and the norm of the two shear com-
ponents of the effective stress. The surface is
composed of two ellipses as shown in Figure 5.

 

Figure 5: Yield surface.

Plastic flow is modelled with a plastic poten-
tial that differs from the yield function. This
allows for the control of the amount of normal
plastic strain. The damage variable is deter-
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mined from an exponential softening law shown
in Figure 6.

Figure 6: Exponential softening law.

The damage-plasticity model requires a
number of parameters. The macroscopic
Young’s modulus and Poisson’s ratio are con-
trolled by parameters E and a1. Furthermore,
to control the shape and the size of the yield
surface the required parameters are ft, fc, αc, βc
and Ah. Additionally, parameter ψ controls the
plastic flow, and GF controls the amount of
dissipated energy during cracking. A detailed
description of the equations containing these
parameters is available in Grassl and Davies
[21], Athanasiadis et al. [7].

The damage-plasticity model was extended
to visco-elasticity for the special case of con-
stant ambient temperature under hygrally sealed
conditions. For this case, the response of the
visco-elastic model is identical to the basic
creep compliance function of the B3 model.
The implementation of the MPS material model
uses the rate-type approach summarised in “Al-
gorithm 10.1: Incremental stress–strain relation
according to the microprestress-solidification
theory” [10]. Under sealed conditions this al-
gorithm can be further simplified to “Algo-
rithm 5.3: Exponential algorithm for solidify-
ing Kelvin chain”. Additionally, the parame-
ters of the Dirichlet series are estimated from
the continuous retardation spectrum [26] of the
non-ageing compliance function, which makes
the implementation more efficient.

The evolution of tensile and compressive
strength with time in the visco-elastic exten-

sion of the damage-plasticity approach models
was described by the fib Model Code 2010 for-
mulae [15]. The damage-plasticity model is
connected in series with the viscoelastic model.
Accordingly, the total strain (stress-dependent)
is divided into viscoelastic and inelastic com-
ponents so that the stress transferred by the two
models is equal. An iterative approach is used
to satisfy this condition [2].

4 Analyses
The geometry and boundary conditions and

calibration procedures used with the modelling
approach are described in the following para-
graphs. The geometry of the problem analysed
is a concrete cylinder with a steel reinforcement
bar at its centre. The inner radius which is the
radius of the reinforcement bar is ri = 8 mm
and the outer radius of the concrete cylinder is
ro = 75 mm, with an out-of-plane thickness is
10 mm of the top layer of the cylinder as shown
in Figure 7.

Figure 7: Concrete specimen: a) top view of a 10 mm
slice of the concrete cylinder with the steel bar in the cen-
tre, b) 3D geometry of the cylinder with the steel bar.

The steel bar is discretised by lattice ele-
ments and the radial displacement induced by
the formation of the corrosion products is mod-
elled by inelastic displacements ucor applied to
elements adjacent to the concrete steel inter-
face, which are set equal to corrosion penetra-
tion xcor assuming an expansion factor of 2.
Here, the corrosion penetration xcor is calcu-
lated from Faraday’s law as

xcor = 0.032icort (1)
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where xcor is in µm, icor is the current density
in µA/cm2, t is time in days, and 0.032 is a fac-
tor to convert µm/day into µA/cm2. This ap-
proach assumes that the corrosion penetration
xcor is much smaller than the diameter of the
steel reinforcement bar, which is valid for the
modelling carried out [31].

The calibration procedure for the lattice
model was carried out in multiple steps. In the
first step, the two elastic parameters E and a1
were determined from a direct tensile test with-
out taking creep into account using the refer-
ence elastic properties of the concrete (Eref and
νref) for each of the four mixes in Table 1. The
dimensions of the specimen for determining the
elastic properties are 75 mm×50 mm×10 mm.
In this test, the load is applied in the long direc-
tion of the specimen.

The next step is to determine the parameters
for basic creep which are q1, q2, q3 and q4 on
a single element tested in uniaxial tension, first
using the formulas in Bažant and Baweja [8] to
calculate the parameters then scaling them to
obtain the desired Young’s modules of lattice
material E that is obtained from the previous
step. In this single-element test, the load is ap-
plied at the age of 28 days for a loading duration
of 0.01 days.

The next calibration step is carried out on a
direct tensile test to obtain the inelastic param-
eters f ref

t and Gref
f . In this test, the end regions

are set as elastic to avoid cracks at the bound-
aries, so that only 50 mm of the middle region is
able to fracture. The randomness of the material
strength is considered for the lattice model by
an autocorrelated random field with a Gaussian
probability function of fully correlated strength
and fracture energy [23]. The chosen autocorre-
lation length is la = 2.67 mm, and the coefficient
of variation of the random field is cv = 0.2. In
this step of the calibration process, six analy-
ses with different random fields and meshes for
the four concrete mixes are carried out. The in-
put parameters of these analyses for each con-
crete mix ft and wf are chosen to determine a
mean tensile strength and fracture energy from
the analyses that agree with the reference prop-

erties for the four mixes. The other parameters
of the lattice model are set to the default values
as presented in the manual of OOFEM [33].

5 RESULTS
The results of experiments and simulations

are presented in the form of crack opening ver-
sus corrosion penetration curves and crack pat-
terns. For the crack opening versus corro-
sion penetration curves, the mean, maximum
and minimum value of the crack opening are
shown for a given corrosion penetration. In Fig-
ure 8, crack opening versus corrosion penetra-
tion curves for the four mixes and a current den-
sity of 500 µA/cm2 are shown.
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Figure 8: Crack opening versus corrosion penetration for
icor = 500 µA/cm2.

For this current density, concrete with a very
high water-cement ratio requires a higher cor-
rosion penetration for the same crack opening
than other water-cement ratios. For the other
water-cement ratios, the effect of water-cement
ratio on crack opening for a constant corrosion
penetration is not clear. From the lattice model
results it can be seen that the crack width for
a given corrosion penetration is much smaller
than in the experiments. The effect of water-
cement ratio on crack opening for a constant
corrosion penetration is very small too.

In Figure 9, crack opening versus corrosion
penetration curves for four mixes and a current
density of icor = 100 µA/cm2 are shown.
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Figure 9: Crack opening versus corrosion penetration for
icor = 100 µA/cm2.

Again, for the high water-cement ratio of
0.7 more corrosion penetration is required for
a given crack opening than for the other water-
cement ratios. For the lattice modelling results,
the effect of water-cement ratio is stronger than
for icor = 500 µA/cm2, but still much less than
in the experiments. Again, the crack opening
for a fixed corrosion penetration obtained with
the model is much less than in the experiments.

Finally, in Figure 10, crack opening versus
corrosion penetration curves for four mixes and
current density of icor = 50 µA/cm2 are shown.
There is a strong influence of the water-cement
ratio on the amount of the required corrosion
penetration to obtain the same crack opening.
For instance, it can be seen that for a 0.3 mm
crack width the corrosion penetration for a con-
crete mix with a high water-cement ratio of
0.70 is three times higher than that for a small
water-cement ratio of 0.45. For this current den-
sity, the modelling results still underestimate
the crack openings obtained in the experiments.
However, the difference between model and ex-
periment is less pronounced than for the higher
current densities.
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Figure 10: Crack opening versus corrosion penetration
for icor = 50 µA/cm2.

Is should be noted that the corrosion process
was initiated at a time at which the concrete was
mature, as shown in Table 1. Therefore, creep
is less pronounced than for concrete at 28 days.

The lattice model is based on a three-
dimensional discretisation of the cylinder,
which provides detailed information about
force distributions and crack patterns at differ-
ent stages of the analysis. That allows us to
make a comparison between the crack patterns
from the lattice model and experiment speci-
mens as shown in Figure 11, which presents
the crack patterns for wc0p45 with three cur-
rent densities (icor = 50, 100 and 500 µA/cm2).
Since the geometry of the specimen is axis-
symmetric and the applied corrosion is uniform
with respect to the circumference of the bar,
the crack orientation of the main crack which
reaches the surface is random. To be able to
compare well experiments and simulations, the
experimental crack patterns were rotated so that
the directions of the main cracks in experiments
and simulations are aligned.

It should be noted that the crack width in the
experimental specimens are different because
the photos were taken at the same time and a
higher current density provided a bigger crack
at the same duration. For the lattice model the
crack patterns are shown for the same corrosion
penetration. The colour red (dark grey in black
and white) corresponds to an equivalent crack
width of w̄c > 2 µm.
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Figure 11: The crack patterns after the concrete cover
cracked from the lattice model and experiment for the
three current densities: a) icor = 50 µA/cm2, b)
100 µA/cm2 and c) 500 µA/cm2.

6 CONCLUSIONS
The main aim of the study was to investigate

if fracture and linear creep modelled by a lat-
tice approach can predict the effect of current
density and water-cement ratio on corrosion-
induced cracking observed in experiments car-
ried out in this study. Comparing the results
from the lattice modelling and the experiments,
it can be concluded that the lattice modelling
approach with fracture and linear creep alone
underestimates the crack opening obtained in
the experiments for the same corrosion penetra-
tion. This underestimation is particularly strong
for high current densities. For low current den-
sities, an increase in the water-cement ratio in-
creases the crack opening at a constant corro-
sion penetration for the lattice modelling. How-
ever, this increase is still less than observed in
the experiments. Therefore, our results indi-
cate that fracture and creep alone is not suffi-
cient to predict the crack-opening versus cor-
rosion penetration curves obtained in experi-
ments. The modelling framework is also not
sufficient to model the effect of water-cement
ratio on crack opening versus corrosion pene-
tration accurately. Therefore, it is required to
consider in addition other processes in the mod-
elling framework such as migration of corrosion
products and change of composition of corro-
sion products as a function of current density.
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