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RESUMEN

La corrosión del acero en estructuras de hormigón armado puede llevar a la fisuración del recubrimiento, debido a la
expansión volumétrica del óxido. En la simulación de este efecto resulta fundamental conocer el comportamiento de
fractura del hormigón y mecánico del óxido. Para obtener información sobre el comportamiento del óxido, en trabajos
anteriores se presentó un método que combina experimentos y simulaciones, con resultados satisfactorios para probetas
ensayadas con una cierta densidad de corriente. Las probetas fueron prismas de hormigón con tubo liso como armadura
que se instrumentaron de manera especı́fica y original para medir la deformación del tubo, lo que resultó esencial. El
presente trabajo estudia la influencia de la densidad de corriente en la fisuración del hormigón, aplicando este método.
En concreto, se presentan los resultados principales de una campaña experimental de ensayos de corrosión acelerada con
varias densidades de corriente y profundidades de corrosión, y de simulaciones numéricas, para estados de fisuración
inicial. Además, se analiza el patrón de fisuración de las probetas. Los resultados muestran una marcada influencia de la
densidad de corriente en la profundidad de corrosión necesaria para la iniciación de las fisuras, la expansión volumétrica
neta y el patrón de fisuración.

PALABRAS CLAVE: Corrosión acelerada, Fisura cohesiva, Densidad de corriente, Hormigón armado, Elementos
finitos

ABSTRACT

Corrosion of steel in reinforced concrete structures can lead to cracking of the cover, due to the volumetric expansion of
the oxide. In the simulation of this effect, it is essential to determine the fracture behavior of concrete and the mechanical
behavior of oxide. In order to obtain information about the oxide behavior, a method that combines experiments and sim-
ulations was presented in previous works, with satisfactory results for specimens corroded under a given current density.
The specimens were concrete prisms with a smooth steel tube as reinforcement. They were originally instrumented, in
order to measure the tube deformation, which was essential. The present study investigates influence of the current density
on concrete cracking, applying that method. In particular, the main results of accelerated corrosion tests are presented
for several densities of current and corrosion depths and of numerical simulations, for initial cracking stages. In addition,
the pattern of cracking of the specimens is analyzed. The results reveal a clear influence of the current density on the
corrosion depth necessary for crack initiation, net volumetric expansion and pattern of cracking.
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1 INTRODUCTION

Corrosion of steel in reinforced concrete structures can
lead to cracking of the cover, among other effects, due to
the generation of an oxide layer which occupies a volume
greater than that of steel [1]. In the simulation of this
effect, it is essential to determine the fracture behavior of
concrete and the mechanical behavior of oxide [2].

Since there is a lack of experimental information regard-
ing the oxide behavior, in previous works a methodol-

ogy was presented which combines the results of exper-
iments and simulations, in order to obtain indirectly in-
formation about the mechanical parameters of oxide [3].
In that method, the specimens are concrete prisms rein-
forced with a smooth steel tube which are specially in-
strumented in order to measure the tube deformation. In
addition, opening of the main crack developed through
the cover and the crack pattern are analyzed. The simu-
lations are carried out using a model that combines finite
elements with an embedded adaptable crack to simulate
fracture of concrete [4] following the standard cohesive
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model [5], and expansive joint elements to simulate the
oxide expansion and its mechanical behavior [2]. Such
methodology was applied with successful results to spec-
imens corroded under a given constant current in labora-
tory conditions [6].

The density of current, though, may affect the corrosion
product generated [7] and, therefore, its mechanical prop-
erties as well. For that reason, influence of the corrosion
rate on the mechanical interaction of reinforcing steel,
concrete and oxide was sought in a previous work [8]. In
particular, specimens were corroded under three different
current densities up to three corrosion depths.

The current study continues that presented in [8], with
special focus on the comparison between the experimen-
tal results and those of numerical simulations, and the
crack pattern of the specimens. In the paper, the main
aspects of the applied methodology are briefly summa-
rized. Then the experimental and numerical results are
presented and discussed.

2 OVERVIEW OF THE METHOD

2.1 Specimens and materials

The specimens and materials of this study are those pre-
sented in [8]. The main aspects are reviewed next for
completeness of the text. The specimens are concrete
prisms reinforced with a smooth steel, instead of a ribbed
bar, as those in [2, 3]. They were designed to obtain a
single main crack through the cover during accelerated
corrosion. The dimensions are displayed in Fig. 1.

The concrete was fabricated using Portland Cement type I
52,5 R, siliceous sand and aggregate with maximum size
of 8 mm, superplasticizer and calcium chloride in the mix
proportions displayed in Table 1. Prior to casting, the
steel surface was cleaned and an enamel coating applied
to the tube ends, in order to protect them from corrosion
during curing, while keeping a centered length of 80 mm
free to corrode.

Dimensions in mm
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Figure 1. Sketch and dimension of the specimens.

Table 1. Mix proportions of concrete by weight of cement.

Water Cement Sand Aggreg. CaCl2 Superp.
0.5 1 2.85 2.05 0.03 0.0055

Table 2. Series of accelerated corrosion tests, indicating
the batch of concrete, density of current i and nominal
corrosion depth x at the end of the test.

Series Batch i (µA/cm2) x (µm)
1 1 400 38
2 100 25
3 25 13
4 2 400 38
5 100 25
6 100 25
7 100 25
8 25 13
9 3 400 38

10 400 25
11 400 13

∗ Series 6 was discarded due to long-lasting power failure

The prisms were casted from three batches. Standard
specimens were also prepared for mechanical characteri-
zation of each batch at 28 days of age, in particular cylin-
ders 150 mm in diameter and 300 mm in height for com-
pression and brazilian tests, and beams 100×100×500
mm3 for stable three-point bending tests. The specimens
were fabricated in laboratory conditions and cured sub-
merged in a bath of lime saturated water in a temperature-
controlled chamber at 20oC until testing time. See [2] for
details in the fabrication of the specimens.

2.2 Experiments

Accelerated corrosion tests were carried out in laboratory
conditions using the impressed current technique [9, 10].
Series of test were conducted with three specimens being
corroded in parallel. Table 2 displays the current density
and final corrosion depth for the specimens of each series.

In the test the specimen was submerged with the tube in
vertical position, taking the necessary precautions to en-
sure electrical insulation of that and create plane field of
current; thus, uniform corrosion was expected to occur
along the tube length (see [2] for the details). The width
of the main crack, called main CMOD, was recorded at
specimen mid-height, at 5 mm from the concrete surface
(points A and B in Fig. 1). The variation of the inner di-
ameter perpendicular to the expected main crack (points
C and D in Fig. 1) and variation of inner volume of the
tube, through the capillary height of a circuit, were mea-
sured using special instruments (see [3] for their design),
in two and one specimen per series, respectively. The
electrical variables and temperature of the working elec-
trode were measured using standard means.

After accelerated corrosion, the gravimetric loss was mea-
sured, finding that the difference between the theoretical
and experimental loss was acceptable according to the
values reported in the literature [11]. Therefore, Fara-
day’s law is applicable to the present tests and the nom-
inal corrosion depth was calculated from the records of
intensity, assuming uniform corrosion and perfect effec-
tiveness of the current.
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Figure 2. Softening curve of concrete and bilinear ap-
proximation. This is defined by the tensile strength ft,
fracture energyGF , horizontal intercept of the initial lin-
ear segment w1 and cohesive stress at the kink point σk.

Besides, the specimens were cut into five slices. The ex-
ternal ones were discarded and normally the central slice
was used in adherence tests which are out of the scope of
this paper. The remaining slices were impregnated with
fluorescent resin, following the method described in [2],
in order to study the pattern of cracking. In particular, it
was analyzed at four cross-sections for each specimen.

2.3 Numerical simulations

The model used for numerical simulations has the fol-
lowing main characteristics. Fracture of concrete is as-
sumed to follow the standard cohesive model introduced
by Hillerborg et al. [5]. Such behavior is implemented in
elements with an embedded adaptable crack [4], in which
the crack can reorient according to the principal stresses
until a threshold opening wth is reached. Particularly, in
this work a bilinear softening curve was used as input,
whose main parameters are defined in Fig. 2.

For the oxide, expansive joint elements were used, which
simulate the oxide expansion and its mechanical behav-
ior [2, 12]. Those are four-node elements with zero initial
thickness which simulate a free expansion βx, where β is
the expansion factor and x the corrosion depth, i.e., the
amount of steel that is transformed into oxide. They re-
produce a fluid-like behavior, as proposed in [13]. More-
over, they incorporate separation and debonding effects
by reducing the normal stiffness kn in tension using a di-
rectionality factor η and the shear stiffness kt.

The tests were simulated using two-dimensional models
of the specimens. The mesh was generated using Gmsh
[14]. Concrete was modeled with constant strain trian-
gles (CST) with an embedded cohesive crack, steel with
CST and linear elastic material, and oxide with expan-
sive joint elements. A free radial expansion of 20µm was
simulated in 40 steps.

Table 3 displays the material parameters. The concrete
parameters were determined in mechanical experiments
for each batch, following the method described in [15].
Simulations were carried out for Concrete 1 and 2, but

also the experimental parameters of Concrete 3 are dis-
played in the table for completeness of the text. For the
steel, standard values were assumed. The reference ox-
ide parameters were as those in [6], which were deter-
mined for specimens corroded with a current density of
400µA/cm2. Apart from the simulations with the ref-
erence values, simulations were conducted for Concrete
1 and 2 with 30% of reduction in toughness, for oxide
with expansion factor β = 1.2, and both with reduction
in toughness and small expansion factor.

3 RESULTS

3.1 Results of accelerated corrosion

Figure 3 shows the main experimental results of acceler-
ated corrosion tests (continuous lines). For convenience
of the text, the results of simulations are included in the
same figure (dashed lines).

The main CMOD, Fig. 3(a) and (b), grew slowly during
the first microns of corrosion depth, but then suddenly in-
creased, indicating development of the main crack. The
corrosion depth corresponding to the break in the curves
is called the critical corrosion depth. It increased as the
density of current decreased, indicating that more con-
sumed steel was necessary for crack initiation. This could
be due to different species of oxide being formed with
smaller expansion factor, or to the effect of diffusion of
oxide into the pores and cracks of concrete. As an excep-
tion, a specimen of Series 5 with 100µA/cm2, dotted line
with a crossed square, presented a critical depth smaller
than that of specimens with 400µA/cm2; for that reason
Series 7 was launched, which provided reliable results.

The variation of capillary height, Fig. 3(c) and (d), pre-
sented a step rise up to a peak, which coincides with the
critical corrosion depth, and then decreased. It indicates
a diminution in the inner volume of the tube up to devel-
opment of the main crack and then a partial recovering.
Moreover, the variation of inner volume is related to the
mean pressure over the tube, as explained in [3]; thus, an
increase in pressure until crack development is detected.
An important observation is that as the current density de-
creases, the slope in the curves is smaller and there is an
initial nonlinear delay in the pressure build-up, as espe-
cially noticed in the specimens corroded with 25µA/cm2;
in addition, the peak in the curves is smaller.

The variation of inner diameter is not used in the discus-
sion and the corresponding curves are not included in this
paper (see [8] for the results). As a summary, they re-
vealed that deformation of the tube is not uniform, with
a change of shape from circular to oval, as assessed in a
numerical study with similar specimens [6].

The numerical curves for reference simulations (Fig. 3,
β=2.0 and 0% of toughness reduction) overall reproduce
the experimental results of specimens with 400µA/cm2,
except for the differences mentioned in [3]: firstly, the
main CMOD may be overestimated for high corrosion
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Table 3. Mechanical parameters determined in experiments for each batch of concrete, and material properties in the
simulations, where E is the elastic modulus, ν Poisson’s ratio, ft, GF , w1 and σk are defined in Fig. 2, α′ is the
adaption factor of the crack, Red. 30% toughness indicates a down-scaling of 30% in the softening curve, β is the
volumetric expansion factor, x0 the cutoff corrosion depth to avoid numerical instability, k0n and k0t are the normal and
shear stiffnesses corresponding to x0 (see [12] for a detailed definition), and η the reduction factor of the tensile stiffness.

E (GPa) ν ft (MPa) GF (N/mm) w1 (mm) σk (MPa) α′

Steel 200 0.3 — — — — —
Base Concrete 1 32.1 0.2 2.88 0.102 0.0311 0.338 0.2

materials Concrete 2 34.1 0.2 3.15 0.107 0.0281 0.337 0.2
Concrete 3 34.2 0.2 3.33 0.110 0.0206 0.521 0.2

Red. 30% Concrete1 32.1 0.2 2.01 0.0501 0.0218 0.237 0.2
toughness Concrete2

β x0 (mm) k0n (N/mm3) k0t (N/mm3) η
Oxide Ref. 2.0 1.0× 10−3 1.0× 106 1.0× 103 1.0× 10−11

Batch 1 Batch 2

(a) (b)

(c) (d)
Figure 3. Experimental and simulated curves of main CMOD (a, b) and variation of capillary height (c, d) for Batches 1
(a, c) and 2 (b, d).
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depths, since diffusion of oxide is not considered in the
model; secondly, the peak of capillary height is also over-
estimated, which could be explained by the difference in
the loading rate of the mechanical and corrosion tests. A
diminution in the effective volumetric expansion of ox-
ide, which in the simulations is achieved by a reduction
in the expansion factor (dashed curves with squares), ex-
plains the increase in the critical corrosion depth and the
variation in the slope of capillary-height curves. The re-
duction in the peak of capillary height could be explained
by a reduction in toughness of the specimens, as shown
in Fig. 3(c) and (d), dashed curves with triangles point-
ing up. However, a combination of both effects (dashed
curves with triangles pointing down) is not enough to re-
produce the experimental curves for small current den-
sities. In order to reproduce the initial nonlinear delay
in the pressure build-up, time dependent effects should
be considered, as diffusion of oxide into the cracks and
pores and expansion factor depending on the corrosion
rate and corrosion depth.

3.2 Crack pattern

The impregnated slices were inspected under ultraviolet
light. In all the cases, the crack pattern consisted of a
main crack through the concrete cover, which was visible
by the naked eye, and several thin secondary cracks, only
detected under ultraviolet light. However, the number of
secondary cracks varied with the corrosion depth and cur-
rent density. See [2] for a picture of the crack pattern
of specimens with 400µA/cm2 and 38µm of corrosion
depth. For a quantitative analysis, the number of visible
cracks and their angular position was evaluated for each
cross-section and the mean position of a given crack was
computed for each specimen as in [2]. Table 4 displays
the number of cracks for each variant of test. Figure 4
shows polar plots of the crack position for selected spec-
imens of each current density and corrosion depth.

From the results of specimens of Batch 3, it is observed
that the number of secondary cracks diminished nearly
linearly with the corrosion depth, for a given current den-
sity. The specimens of Batches 1 and 2 corroded with
400µA/cm2 and 38µm displayed a crack pattern similar
to those of Batch 3, with differences within the experi-
mental error reported for specimens corroded in similar
conditions [2]. Thus, their crack patterns can be com-
pared. With respect to specimens corroded with 100 and
400µA/cm2 and similar corrosion depth, no significant
differences are observed in the number of cracks. How-
ever, for specimens with 25µA/cm2 it was smaller than
for specimens with 400 µA/cm2, although the difference
was less than the scatter in the measurements. Moreover,
for the specimens with 25µA/cm2 the crack distribution
was more irregular, as seen in Fig. 4.

4 CONCLUSIONS

As the density of current decreases, crack initiation of
the specimens occurs for a greater corrosion depth, which

400µA/cm
2
, x = 38µm 400µA/cm

2
, x = 38µm

400µA/cm
2
, x = 25µm 100µA/cm

2
, x = 25µm

400µA/cm
2
, x = 13µm 25µA/cm

2
, x = 13µm

Figure 4. Polar plots of the mean angular position of
the cracks of selected specimens for each density of cur-
rent and final corrosion depth. The number of sections
at which the cracks were visible is indicated according to
the legend.

means that more consumption of steel is necessary. In
addition, there is a diminution in the mean pressure and
an initial nonlinear delay in the pressure build-up.

As assessed from simulations, the increase in the criti-
cal corrosion depth necessary for crack development is
explained by a diminution in the effective volumetric ex-
pansion of the oxide, which can be due to a smaller ex-
pansion factor and to diffusion of oxide into the pores and
cracks of concrete. The diminution in pressure could be
explained by a reduction in concrete toughness.

Finally, as the current density decreases, the number of
cracks of the specimens diminishes and their distribution
is more irregular. This effect is more noticeable for the
specimens corroded with the smallest current density.
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Table 4. Results of crack pattern for each variant of accelerated corrosion tests: batch, density of current i, theoretical
corrosion depth x, number of slices analyzed for each variant of accelerated corrosion, number of cracks per section
–mean, standard deviation, maximum and minimum– and overall standard deviation of the angular position of the cracks.

Batch i x No. slices Number of cracks Position
(µA/cm2) (µm) mean std. dev. max. min. std. dev. (o)

1 400 38 6 6.67 0.89 8 5 8.27
100 25 6 5.67 0.89 7 4 8.70
25 13 6 3.17 0.83 5 2 12.07

2 400 38 6 6.42 1.16 8 4 8.58
100 25 12 5.08 0.97 7 3 6.61
25 13 6 3.08 1.00 5 2 10.21

3 400 38 6 6.83 1.34 9 4 7.35
400 25 6 5.42 0.79 7 4 7.62
400 13 6 4.33 0.98 6 3 8.17
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