
12th International Conference on Fracture Mechanics of Concrete and Concrete Structures
FraMCoS-12

B.L.A. Pichler, Ch. Hellmich, P. Preinstorfer (Eds)

THE EFFECT OF CORROSION RATE ON CORROSION-INDUCED
CRACKING IN REINFORCED CONCRETE
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Abstract. Corrosion of steel in concrete is responsible for 70-90% of the premature deterioration of
reinforced concrete structures and can even cause structural failure, as infamously documented by the
recent collapse of aerated concrete panels in the UK. Under field conditions, corrosion of reinforced
concrete is a slow process that takes years or decades. Therefore, high corrosion rates are artificially
applied in laboratory conditions to shorten the duration of experiments. It has been known for decades
that this underestimates the damage caused by corrosion under natural conditions, but the reasons for
this have been unclear. Based on recent experimental results, we propose a hypothesis that explains
this phenomenon by the variability of the chemical composition of rust, in particular the variable
ratio of iron oxides and iron hydroxy-oxides, with the applied corrosion rate. The simulation results
obtained were found to be able to reproduce the hitherto puzzling trends in the experimental data
for different corrosion rates. The proposed model can be used to estimate the error caused by the
acceleration of corrosion tests and to extrapolate the results to the natural corrosion regime.

1 INTRODUCTION
This study deals with the mathematical mod-

elling of corrosion-induced cracking in rein-
forced concrete. Concrete is the second most
used material in the world after water. How-
ever, 70-90% of reinforced concrete structures
deteriorate prematurely due to corrosion of the
steel reinforcement embedded in the concrete
[1, 2]. This leads to significant damage or even
sudden structural collapse, as illustrated by the
recent failures of reinforced autoclaved aer-
ated concrete (RAAC) panels [3], which forced
the closure of more than 100 schools in Eng-
land. Corrosion-induced cracking is a dominant

degradation mechanism, leading to the fracture
of the concrete cover and its subsequent delami-
nation or spalling, exposing the embedded steel
members to the elements. As natural corrosion
in concrete is a long-term process, lasting years
or decades, experimental investigation of natu-
rally corroding specimens alone is not feasible.
For this reason, researchers often resort to im-
pressed current testing, which can significantly
accelerate corrosion-induced cracking. This is
achieved by applying a high corrosion current
density in hundreds or thousands of µA/cm2,
drastically reducing the duration of the experi-
ment to days or hours.
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Although the impressed current technique is
very time-efficient, it raises the applied current
density well above the range of values typical
for natural corrosion (about 1 µA/cm2 [4, 5, 6,
7, 8]). This raises the question of whether the
crack propagation rate (understood, for exam-
ple, as the rate of surface crack width in relation
to the thickness of the uniformly corroded rust
layer) resulting from impressed current tests is
representative of corrosion in field conditions.
Several studies have investigated this problem
and found that accelerating the corrosion cur-
rent up to about 200 µA/cm2 resulted in signif-
icantly slower crack propagation (with respect
to the same thickness of corroded rust layer) [9,
10, 11, 12, 13]. For example, Alonso and An-
drade [12] reported that the slope of the linearly
fitted crack width/corrosion penetration curve
for the corrosion rate of 10 µA/cm2 was even
six times greater than for the corrosion rate of
100 µA/cm2.

While the decrease in crack propagation
rate with increasing corrosion rate is well-
documented, there is no agreement on the origin
of this phenomenon. Pedrosa and Andrade [13]
suggested that the loading rate-dependent mate-
rial properties of concrete may be responsible.
If true, this would effectively mean that the ef-
fect of corrosion rate on crack propagation rate
is due to concrete creep. While creep is likely
to affect the results of long-term tests conducted
under natural-like corrosion current densities,
an extensive modelling study by Aldellaa et al.
[14] concluded that creep alone does not ex-
plain the dependence of the crack propagation
rate on the corrosion rate.

To elucidate the interplay between corrosion
rate and crack propagation rate, we propose a
new hypothesis [15] that relates the chemical
composition of rust, in particular the ratio of
iron oxides and iron hydroxy-oxides, to the ap-
plied corrosion rate. We further propose that the
variable chemical composition affects the den-
sity of the rust so that the pressure on the con-
crete, and hence the induced crack propagation
rate, decreases with increasing current density.
This assumption is adopted in a coupled chemo-

mechanical model that we have previously pro-
posed [15]. It is shown that the simulation re-
sults obtained reproduce the hitherto puzzling
decreasing trend of the crack propagation rate
with increasing corrosion current density.

2 THE IMPACT OF CORROSION RATE
ON THE CHEMICAL COMPOSITION
OF RUST

Figure 1: The mass fraction of hydroxy-oxides
rust rh with varying corrosion current densities.
While the content of hydroxy-oxides is high
for corrosion under natural conditions (corro-
sion current densities around 1 µA/cm2), it de-
creases rapidly with increasing corrosion rate
applied in impressed current tests.

To study the effect of corrosion rate on the
chemical composition of the rust, we assume
that corrosion is initiated and progresses uni-
formly over the steel surface with a constant
corrosion current density ia. This is a typical
scenario for impressed current tests. As the
electric current flows, Fe2+ ions are released
from the steel surface into the pore solution.
Prior to rust formation, the dissolved iron ions
form a number of intermediate products (see
Refs. [16, 17, 18, 19, 20] for more details).
Although there are many types of rust, X-ray
diffraction (XRD) measurements have shown
that regardless of the corrosion rate, the main
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corrosion products are iron oxides (wüstite
FeO, hematite α−Fe2O3, magnetite Fe3O4) and
iron hydroxy-oxides (goethite α − FeO(OH),
akaganeite β − FeO(OH), lepidocrocite γ −
FeO(OH), ferroxyhite δ−FeOOH) [21, 22, 23,
24, 25, 26]. It should be noted that the XRD
method can only determine the presence of
crystalline materials, but some corrosion prod-
ucts are known to be amorphous [21].

Crucially for this study, there is experimen-
tal evidence that the mass ratio of iron oxides
and iron hydroxy-oxides varies with the applied
corrosion rate. The experimental data of Zhang
et al. [24], depicted in Fig. 1, indicate that
the mass ratio rh of iron hydroxy-oxides is as
high as 0.9 when corrosion proceeds under nat-
ural conditions, i.e. with a current density of
about 1 µA/cm2 [4, 5, 6, 7, 8]. However, rh
decreases dramatically with corrosion rate to
about 0.5 for 50 µA/cm2, while a subsequent
decrease is much more moderate. In Fig. 1,
the data of Zhang et al. [24] are fitted with a
power function k1(ia/ia,ref )

k2 where ia,ref = 1
µA/cm2 is the reference corrosion current den-
sity. Except for the first data point on the left
in Fig. 1, Zhang et al. [24] measured the con-
tent of iron oxides and iron hydroxy oxides in
controlled corrosion rate tests. However, the
first data point was from a naturally corroding
sample for which the corrosion rate was not
known. Thus, we estimated the corrosion rate
to be 1 µA/cm2, which is a typical value mea-
sured during the natural corrosion process in
reinforced concrete [4, 5, 6, 7, 8]. Although
experimental measurements of the mass ratio
of specific corrosion products are very rare in
the current literature, the results of Zhang et al.
[24] are in agreement with studies on samples
corroded under natural conditions [23, 22] and
with accelerated impressed current tests [27].
The ratio of iron oxides to iron hydroxy-oxides
in the rust has a profound impact on the over-
all density of the rust and therefore the pres-
sure exerted on the concrete by the rust accu-
mulation under confined conditions. While the
molar volume ratio of iron oxide rust to iron is
about 2, it increases to about 3 for iron hydroxy-

oxide rust. This results in a significantly in-
creased corrosion-induced pressure on the con-
crete when the content of hydroxy-oxides in the
rust is high.

3 THE CHEMO-MECHANICAL MODEL
FOR CORROSION-INDUCED CRACK-
ING

To investigate the effect of the corrosion rate
on the crack propagation rate, we have used a
chemo-mechanical model described in detail in
our previous study [15]. The state-of-the-art
knowledge of the underlying processes has been
incorporated into three interrelated sub-models
– (i) a reactive transport model for the transport
of iron ions released from the steel surface into
the concrete pore space where they precipitate
as rust, (ii) a model for the corrosion-induced
pressure resulting from the simultaneous con-
strained accumulation of compressible rust in
(ii.A) the dense rust layer in the steel volume
vacated by corrosion and (ii.B) in the concrete
pore space (evaluated with a newly proposed
precipitation eigenstrain), and (iii) a phase-field
fracture model of Wu et al. [28, 29] cali-
brated to accurately describe the quasi-brittle
fracture of concrete. The proposed model was
implemented in COMSOL Multiphysics soft-
ware and solved numerically using the finite el-
ement method.

4 RESULTS
The geometry and mechanical properties

of the simulated impressed current tests were
adopted from the study of Pedrosa and Andrade
[13] (see detailed discussion of the chosen pa-
rameter values in our previous study [15]). Fig.
2a depicts a typical fracture pattern obtained
from numerical simulations. The main crack
propagates over the shortest distance between
the concrete surface and the rebar, perpendicu-
lar to the concrete surface, and opens wide with
the ongoing corrosion process. In addition, two
other lateral cracks form. For the same corro-
sion penetration, i.e. the thickness of the cor-
roded steel layer tcor, the crack width decreases
with increasing applied corrosion current den-
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sity (see Fig. 2b), as observed in experimental
studies [12, 13, 30, 9, 31, 32, 11]. In the pro-
posed model, this behaviour results from the hy-
pothesis that the chemical composition of rust,
in particular the mass ratio of iron oxides and
iron hydroxy-oxides, changes with the magni-
tude of the applied current density (see Fig. 1),
such that the rust density increases with in-
creasing current density, reducing the pressure
caused by constrained expansion.

To analyse the effect of corrosion rate on
crack propagation rate, series of identical im-
pressed current tests were simulated at varying
current density. The predicted crack width w
was fitted linearly by w = βtcor + ζ . This
allowed the crack width slope β to be com-
pared with its experimental counterpart mea-
sured by Pedrosa and Andrade [13], who ap-
plied the same fitting procedure to their ex-
perimentally measured crack widths. Only the
crack widths w ≥ 1 µm was considered in the
fitting to avoid the bias caused by non-linearity
for zero and very small crack widths. The lin-
ear fit was found to be quite accurate for the
thinner concrete of 20 mm (Fig. 2b). However,
for the thicker cover of 40 mm, the crack width
increases superlinearly with tcor, which makes
the linear fit less accurate. For the thicker con-
crete cover, the predicted crack width slope β
is therefore affected by the maximum evaluated
tcor and the linear fit is not optimal.

Comparison of the predicted crack width
slope β with the experimental data from [13]
shows that the predictions are within the exper-
imental range and accurately reproduce the ob-
served trend, such that the slope β decreases
with a negative power of the current density
[13]. To assess how well the predictions match
this trend, the results were fitted using β =
γ1(ia/ia,ref )

γ2 where ia,ref = 1 µA/cm2 is
the reference corrosion current density. As
shown in Fig. 3, the predictions for a 20 mm
concrete cover show excellent agreement with
this model. However, for the thicker 40 mm
cover, the results are more scattered, although
the overall trend is still consistent. There are
two reasons for this behaviour.

(a)

(b)

Figure 2: (a) Corrosion-induced cracks in a uni-
formly corroding reinforced concrete specimen
resolved by the phase-field fracture method.
The phase field variable ϕ = 1 indicates a fully
cracked sample while ϕ = 0 denotes undam-
aged concrete. For this simulation, the 28-days
old concrete, the concrete cover of 20 mm and
the corrosion current of ia = 1 µA/cm2 were
considered. (b) The surface crack width of the
crack between the rebar and the upper concrete
surface increases with time with the thickness
of the corroded steel layer tcor. For identical
tcor, w decreases with increasing applied cur-
rent density as a result of the changing chemical
composition of the rust, which causes its den-
sity to increase and thus the corrosion-induced
pressure to decrease.

Firstly, for thicker concrete cover, the crack
width/corrosion penetration curve is non-linear
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and therefore a linear fit is not optimal. Sec-
ondly, it has been observed that as the con-
crete cover thickness increases, the model be-
comes numerically more sensitive, leading to
slight variations in the surface crack width due
to small numerical differences. These differ-
ences influence the formation of specific crack
patterns, resulting in varied crack width evolu-
tion.

The proposed model is able to capture the
initially rapid decrease of β with increasing cur-
rent density ia, as indicated by the experimen-
tal data of Pedrosa and Andrade [13]. For cur-
rent densities above about 50 µA/cm2, the rate
of decrease of β becomes more gradual. As
shown in Fig. 3, this trend is in good quali-
tative agreement with the experimental obser-
vations. However, for current densities below
10 µA/cm2, the slopes reported by Pedrosa and
Andrade [13] are significantly larger than those
predicted by the simulations. While the study
by Pedrosa and Andrade [13] remains the most
thorough experimental investigation of the ef-
fect of impressed current magnitude on crack
width slope, it involved a limited number of
specimens (11 in total), with each test per-
formed only once. Thus, it is not clear whether
the observed discrepancy between the quantita-
tive values of the numerical predictions and the
experiments is due to the experimental error or
to some other phenomena not accounted for by
the model. Clearly, more extensive experimen-
tal campaigns are needed. For current densities
greater than 10 µA/cm2, the numerical predic-
tions are in better quantitative agreement with
the experimental measurements, although they
mostly underestimate the experimental values.

The comparison of data for four scenarios—
two curing times (resulting in different me-
chanical properties) and two concrete cover
thicknesses—depicted in Fig. 3 shows that β in-
creases with longer curing times, resulting in
improved mechanical properties. In addition,
a thicker concrete cover can result in a higher
β at lower, natural current densities. This was
observed in the case of a 40 mm cover com-
bined with 147 days curing, consistent with our

previous findings [33]. The modelling results
in Fig. 3 suggest that the influence of concrete
cover thickness is considerably more significant
than curing time (and hence concrete strength).
Furthermore, the effect of curing time on β di-
minishes as the current density increases.

Understanding the slope of crack width with
respect to corrosion penetration under natural
conditions is critical to accurately predicting
the duration of the corrosion propagation pe-
riod, i.e. the time between corrosion initiation
and critical delamination or spalling of the con-
crete cover. Currently, national design codes
estimate durability based on the time to corro-
sion initiation, which is governed by the diffu-
sion of aggressive agents such as chlorides from
the concrete surface to the steel reinforcement.
However, this approach is overly conservative
because, while corrosion initiation is often the
longest phase, the propagation time can also be
significant. For example, results for a 40 mm
thick concrete cover and 28 days cured concrete
indicate that under natural conditions (typically
ia ≤ 1 µA/cm2) the propagation period could
be at least 7 years before a surface crack width
of 0.3 mm (the Eurocode limit for serviceabil-
ity) is reached. However, even this threshold
may underestimate the time to severe delamina-
tion or spalling, as noted in [12, 34].
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Figure 3: The slope β of the linearly fitted predicted crack width (w = βtcor + c) for varying current
density ia is shown in (a) and (b). The slope β decreases with increasing current density. In the
log-log plot (a) it can be observed that the model captures well the decreasing negative power-law
trend of the crack width slope with current density. However, the experimental results depicted in
(a) suggest even higher slopes for lower current densities such as ia = 5 µA/cm2. In figure (b) it is
easier to observe the rapid decrease of the crack width slope β up to about ia = 50 µA/cm2. This is
followed by a more moderate decrease.
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5 CONCLUSIONS
This study examines the effect of the cor-

rosion rate applied in impressed current tests
on the crack propagation rate, which has puz-
zled researchers for nearly three decades. A
new hypothesis has been proposed that relates
the chemical composition of rust, in partic-
ular the mass ratio of its major constituents,
iron oxides and iron hydroxy-oxides, to the im-
pressed current density applied. This hypothe-
sis was implemented in our recently proposed
phase-field-based chemo-mechanical model for
corrosion-induced cracking in reinforced con-
crete, and numerical simulations were validated
with available experimental studies. The main
findings are summarised as follows:

• The simulation results strongly support
the hypothesis that the chemical compo-
sition of rust changes with increasing cor-
rosion current density. This would ex-
plain the experimentally observed slower
crack growth (relative to corrosion pene-
tration) in accelerated impressed current
tests compared to natural conditions [12,
13, 30, 9, 31, 32, 11, 9].

• The simulations support the experimental
conclusion of Pedrosa and Andrade [13]
that the decay of the slope of the crack
width as a function of corrosion penetra-
tion follows a negative power law of the
corrosion current density.

• Current design codes estimate corrosion
resistance as the time to corrosion initia-
tion (determined by the diffusion of ag-
gressive agents such as chlorides through
the concrete cover). This approach is
overly conservative as it neglects the
propagation phase (from corrosion initia-
tion to significant delamination/spalling).
Incorporating the propagation stage into
the service life predictions can signifi-
cantly extend the service life estimates.
For example, for a 40 mm concrete cover
and 28 days cured concrete, the proposed

model predicts that under natural condi-
tions (ia ≤ 1 µA/cm2) it would take
at least 7 years to reach a surface crack
width of 0.3 mm.

Overall, the proposed framework allows com-
putational impressed current testing to comple-
ment experimental studies and to estimate the
error due to artificial corrosion acceleration.
While the simulation results strongly support
the hypothesis that rust composition changes
with corrosion current density, further experi-
mental studies are essential to confirm this con-
clusively. In addition, the exact chemical mech-
anisms driving these composition changes re-
main to be elucidated.
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