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ABSTRACT

The adoption of corrosion initiation as a limit state to define service life of RC structures has been chal-
lenged by researchers and engineers alike in light of the advancements in the concrete construction
industry: improved reliability and safety, reduction in costs, and conservation of both materials and
energy, which contribute towards sustainable concrete construction. The corrosion propagation phase
is now appreciated as a significant component in the service life of RC structures and a good understand-
ing of the propagation process is paramount. Various models have been developed to simulate and/or
predict the propagation phase. This paper presents a critical review of some of the available models
for corrosion propagation, and proposes ways forward to overcome some of these problems. Salient
issues including the modelling techniques, input parameters and limit states are covered. Emphasis is
also placed on the usefulness of the propagation models as tools to aid in the repair and maintenance

of corrosion-damaged RC structures.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Modelling has become a powerful tool used by researchers and
engineers alike to understand the response of RC structures to ser-
vice loads and to predict their performance, especially with respect
to deterioration and residual load-carrying capacity under different
service conditions. This trend has now been extensively embraced
in the study of corrosion-affected RC structures, where focus has
shifted to the propagation phase, but without neglect of the initia-
tion phase. Several reasons may be cited for the increased use of
modelling in the field of corrosion-affected RC structures but the
main reasons are: (i) laboratory and field experiments (even with
accelerated tests) are relatively expensive and time consuming
and (ii) difficulty in replicating different test scenarios, i.e. isolating
different variables in the test environment to replicate different
real exposure conditions for RC structures.

However, even though numerical simulation of the corrosion
process has been used to develop prediction models for the corro-
sion propagation phase in RC structures, results so far have shown
that it cannot be used independently of laboratory and/or field
tests to obtain accurate results. This is because in the majority of
cases, the simulations do not replicate the real corrosion process
and/or exposure conditions [1]. To overcome this limitation, paral-
lel laboratory and/or field experiments, and modelling may be
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carried out, with the laboratory/field test results being used to
validate the modelling process [2] and hence the model developed.
The two approaches can be said to be complementary and should
be treated as such. Only a few studies where such a process has
been carried out can be cited in the literature [3-5].

Nevertheless, even models that have been validated may not be
infinitely applicable with respect to their accuracy over a given
period of time. It is therefore recommended that calibration of such
models [6] using data from long-term field tests is done. Further-
more, improved understanding of both the corrosion mechanisms
(chemical and kinetic processes) and material (concrete, steel
and concrete-steel composite) properties warrants the refinement
of previous models to account for such improvements.

This paper presents a critical review of the modelling of the cor-
rosion propagation phase in RC structures. First, a brief overview of
the different approaches that can be used to model corrosion prop-
agation are presented. These will then be critiqued, and conclu-
sions drawn.

2. Prediction models for corrosion propagation

The service life (tsvice) Of RC structures, with respect to rein-
forcement corrosion, is usually modelled as comprising of distinct
phases following pre-defined (serviceability and ultimate) limit
states with distinct corrosion-induced damage indicators. This ap-
proach was first used by Tuutti [7] who proposed a conceptual
model dividing the service life of a RC structure into two distinct


http://dx.doi.org/10.1016/j.cemconcomp.2010.11.002
mailto:Mike.Otieno@uct.ac.za
http://dx.doi.org/10.1016/j.cemconcomp.2010.11.002
http://www.sciencedirect.com/science/journal/09589465
http://www.elsevier.com/locate/cemconcomp

M.B. Otieno et al./Cement & Concrete Composites 33 (2011) 240-245 241

Structural failure

Time to concrete spalling

Level of damage

Li’s model

Ingress of CI', CO,
I li | I
[ 1

Fig. 1. Phases and sub-phases in the service life of corrosion-affected RC structures
[7,8].
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phases viz the corrosion initiation phase (t;) and corrosion propa-
gation phase (tp), i.€. tservice = ti + t, (Fig. 1). However, Tuutti’s model
was generalised with respect to t,; it does not depict the different
sub-phases of corrosion-induced damage in the propagation phase.
To account for this (i.e. differentiate structural response to corro-
sion-induced damage), t,, which is the focus of this study, can fur-
ther be sub-divided into sub-phases as shown in Fig. 1, for example
[8].

The duration of the propagation period depends principally on
the corrosion rate, which is affected by several factors [9-14].
The associated deterioration leads to a variety of negative effects
with respect to both structural and durability performance of the
RC structure. The prediction of corrosion propagation is therefore
a complex process mainly due to the difficulty in incorporating
all the relevant factors affecting the process and the associated
damage in a prediction model. Usually, one of the negative corro-
sion-induced damage effects is adopted as a limit state in the pre-
diction model. The pre-defined acceptable level of damage (i.e. the
limit state or damage indicator) can be said to denote the end of
corrosion propagation period. Corrosion-induced damage in RC
structures can range from loss of steel cross-section [15], loss in
stiffness [16], loss of steel-concrete interface bond [17], cracking
of concrete cover [3,4], to local or global failure of the structure
or its members respectively. However, for repair purposes, global
failure (collapse of the structure) cannot be adopted as a limit state
mainly due to human safety reasons. A detailed coverage of these
limit states can be found in the literature; but in summary, some
of the basic requirements of a limit state indicator adopted should
include the following: (i) it should be easy to assess and quantify,
(ii) the level of damage should not compromise structural integrity
such as its stability and hence safety of the users/occupants, and
(iii) the damage should be relatively easy to repair in terms of
restoring both structural integrity and durability performance
requirements.

A corrosion propagation prediction model can be developed
based on any, or a combination of, the already mentioned corrosion
damage indicators. However, it is important to note that, to date,
the available prediction models adopt only one damage indicator
and are therefore only valid for the given damage indicator. The
possibility of using more than one limit state criterion still remains
to be explored objectively.

Regardless of the damage indicator adopted, prediction models
for corrosion propagation can be grouped as either analytical,
numerical or empirical depending on the criterion used in their
development [18]. The following section will give a brief overview
of prediction models for corrosion propagation, but without spe-
cific mention of specific available models, as this will be done in
the next section.

2.1. Empirical models

These are models based on assumed direct relationships be-
tween corrosion rate and basic concrete parameters, e.g. w/b ratio,
binder type and environmental parameters [19]. They are usually
developed using data from laboratory factorial experiments that,
by design, isolate other corrosion-influencing parameters. Empiri-
cal models are sub-divided into three types viz [20]:

(i) Expert Delphic oracle models: Corrosion rate is estimated
based on past years’ experience. However, it has not been
used for chloride-induced corrosion due to its complexity.

(ii) Fuzzy logic models: In these models, sets of assumed relation-
ships are defined hence allowing the calculation of corrosion
rate using fuzzy set logic theory [21,22]. It has been used for
the assessment of corrosion-induced deterioration and to
estimate the reduction in steel cross-sectional area [19].
Fuzzy set theory has been criticised in the past for its inabil-
ity to reflect different kinds of fuzzy phenomena in the nat-
ural world (e.g. corrosion process) correctly but this has
been modified [23].

(iii) Models based on electrical resistivity and/or oxygen diffusion
resistance of concrete: These assume that concrete electrical
and oxygen diffusion resistance are the main controlling fac-
tors for the corrosion process. They indirectly takes into
account other influencing factors including exposure condi-
tions, w/b ratio and binder type [24,25].

One of the main disadvantages of empirical models is that the
selected variables under consideration (for both concrete (material)
and corrosion (process)) are investigated in isolation from other
influencing parameters and/or the interaction thereof. Conse-
quently such models may be limited to the set of conditions under
which they are developed. However, the end-users are usually
either not aware of the limitations associated with the models or
choose to neglect them. A common procedure, especially among
practising engineers, is to select the most convenient model (based
on the available or easily quantifiable input parameters) and use it
depending on the available input parameters. This can lead to
either under- or over-estimation of the service life of the RC struc-
ture, of which the latter may be catastrophic with respect to struc-
tural failure and hence occupants’ safety.

2.2. Numerical models

A numerical (mathematical/analytical) model is a set of mathe-
matical (analytical) equations which when solved, gives approxi-
mate solutions of the subject parameter(s) over time [26].
Numerical simulations can be used to estimate corrosion rates,
the effects of changes in electrochemical conditions, and structural
response to corrosion-induced damage. Three different approaches
can be used to develop numerical models viz [27]: (i) finite ele-
ment method (FEM), (ii) boundary element method (BEM), and
(iii) resistor networks and transmission line method. These are
covered in the following sections.

2.2.1. Finite element method approach

The finite element method (FEM) is a process of approximation
to continuum problems such that: (i) the continuum is sub-divided
into a finite number of individual parts (elements), the behaviour
of which is specified by a finite number of parameters whose
behaviour can be readily understood and (ii) the solution/under-
standing of the complete system is an assembly of its individual
elements, i.e. the sum of sub-models [28].

With respect to RC structures, the steel, concrete, concrete-steel
interface and the bulk phase of the concrete can all be modelled
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using FEM. Therefore, in FEM models, all the three aspects of inter-
facial properties, changes in transport properties of the concrete
with time, and the geometrical properties can be taken into ac-
count. FEM models also provide the ability to easily vary the bulk
concrete properties. However, the main drawback of these models
is that for practical situations, the numerical size of the model can
be impractically large and hence expensive and time consuming
[29].

In FEM models, the objective is to satisfy the boundary condi-
tions set for the problem (in this case steel corrosion in concrete).
The boundary conditions may include temperature, relative humid-
ity, chloride content (in the case of chloride-induced corrosion),
concrete resistivity and the electrochemical behaviour of both ac-
tive and passive steel [5]. The active or passive state of the steel
can be described, for example, using polarisation curves expressed
as Butler-Volmer relations (Egs. (1) and (2)) between current den-
sity and potential for the active and passive steel areas [29]:

&a = icarr,A{eXp (W) — exp <w> }
aA cA

for active steel area (1)
and;
gP _ icorr.P{eXp <V - Vcorr,P> _ exp <_V - Vcorr.P) }
ba.P bC-P
for passive steel area (2)

where g: normal component of the current density (ic), V: poten-
tial, V. free corrosion potential, by, b.: slopes of the anodic and
cathodic polarisation curves respectively, and subscripts A, P: active
and passive states of corrosion respectively.

2.2.2. Boundary element method approach

In the boundary element method (BEM), only the concrete-steel
interfaces are modelled as opposed to FEM models where the cor-
rosion process is comprehensively described [29]. In BEM, the
objective is to satisfy the differential equations used to describe
the (corrosion) system. Distinct boundary conditions that can be
applied to the surface elements of a model include: (i) constant
corrosion potential, (ii) constant current density, and (iii) linear
or non-linear relation between current density and potential.

In comparison with FEM, BEM has the advantage that much
fewer number of elements is required and that two dimensional
elements can be used to simulate a three dimensional problem. A
further advantage of BEM is the reduction of the problem dimen-
sion and hence the cost of pre-processing and mesh generation is
also greatly reduced. The main disadvantages of BEM are the
requirements that the electrolyte conductivity has to be constant
and that within the electrolyte, results can only be calculated at
discrete points [26].

2.2.3. Resistor networks and transmission line approach

In this approach, the relationship between the driving voltage
(corrosion potential), the resistances of the corroding system, and
the electrical macrocell current, which is proportional to the corro-
sion rate, can be calculated based on simplified electrical circuits.
Models developed using this approach consist of the driving volt-
age (U,), the resistances of steel, anode, cathode and electrolyte,
and the electrical current (I.) flowing between the anode and the
cathode (Fig. 2). The galvanic current can be calculated using the
following equation [30]:

_ UR,C - UR.a (3)
where I.: corrosion rate, i.e. electrical current between the anode
and cathode, Ui, Ug,: equilibrium potential at the cathode and an-
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Fig. 2. Simplified schematic electrical circuit model for the corrosion of steel in
concrete [28].

ode respectively, 1, r.: specific anodic and cathodic polarisation
resistances respectively, A,, Ac: Anodic and cathodic steel surface
areas respectively, p.;: specific resistance of the electrolyte (con-
crete) and k: cell constant geometry. The resistance of the steel,
Ry, with respect to the transport of the electrons, is usually ignored
because it is negligibly small compared to other active resistances.
The shortcoming of this approach is that the geometry of the
corrosion cells, i.e. the anode/cathode surface area ratio, insulation
distance between the anode and cathode, electrolyte film depth
and the shapes of the anode and cathode [31], which also have
an influence on the corrosion rate, are not taken into account.
The galvanic cell geometry determines the galvanic current and
thus significantly influences the galvanic corrosion behaviour.

2.3. Analytical models

These are models based on closed-form solutions to mathemat-
ical equations, i.e. the solutions to the (known) theoretical equa-
tions used to describe the system and/or the changes in the
system can be expressed as a mathematical analytical function
[26]. In this approach, RC is usually modelled using a thick-walled
cylinder approach as shown in Fig. 3 (where D is the diameter of
steel bar, dj is the thickness of the annular layer of concrete pores
(i.e. a pore band) at the concrete-steel interface, and C is the con-
crete cover) [32,33].

The schematic shown in Fig. 3 has been used in the past to mod-
el both corrosion-induced cracking of the concrete cover and
corrosion-induced bond degradation. Examples of corrosion prop-
agation prediction models developed using this technique include
those by Li et al. [32], Bhargava et al. [33] and Coronelli [34].

However, the approach has been mostly used to model corro-
sion-induced cracking [32-35]; where, to simulate the process,
the internal circular boundary at the concrete-steel interface is as-
sumed to be displaced so as to accommodate the expansive corro-
sion products resulting in the evolution of the (uniform) expansive
radial pressure at the boundary [33].

C

Fig. 3. Schematic representation of embedded steel in analytical RC models [30,31].
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A limitation of the thick-walled uniform cylinder model de-
scribed above is its inability to account for non-linear behaviour
of concrete, which takes place when radial cracks start to form near
the inner surface of the cylinder. This can be overcome by partition
of the cylinder into two parts (a cracked inner cylinder and an un-
cracked outer one) [36] and taking into account tension softening.
Another limitation of most corrosion-induced cracking models
developed using this approach, as noted by Chernin et al. [37], is
the assumption of plane stress formation; which is incorrect con-
sidering that the concrete cylinder around a reinforcing bar is actu-
ally within the bulk concrete of a RC element, which prevents free
deformation in the direction of the cylinder axis. Under such con-
ditions, plane strain formation is more appropriate. Plane stress
would be applicable only if the ends of the pressurised cylinder
were free. Similar to numerical models, these models should be
calibrated against experimental (laboratory and/or field) test re-
sults before they can be reliably applied.

3. Critique of existing corrosion propagation models

A number of prediction models [3,4,24-26,29,33,35,38-45]
have been developed in the past based on the approaches dis-
cussed in the previous section. However, it is necessary to note that
although a variety of limit states are available within the corrosion
propagation phase, most of the available models have adopted cor-
rosion-induced cracking of the concrete cover as a limit state
[3,4,40,45]. This can be attributed to the complexity in quantifying
some of the limit states either in the laboratory or in real struc-
tures, or both. It is the aim of this section to critically review some
of these models, and where possible, suggest ways forward with
respect to modelling the corrosion propagation phase in RC struc-
tures. This will be done under different sub-sections.

3.1. Model input parameters (variables)

One of the major drawbacks of existing propagation models is the
difficulty in obtaining accurate and easily quantifiable input param-
eters. Most of the existing prediction models, e.g. El Maaddawy and
Soudki [35] and Liu and Weyers [40] the corrosion-induced cracking
models, have input parameters, which in most cases due to the
inability to easily obtain representative or actual values, are usually
arbitrarily set, e.g. tensile strength, modulus of elasticity, Poisson’s
ratio, creep coefficient of concrete, type of corrosion products
formed (and their chemical composition), and size of the concrete-
steel interface.

3.2. Model validation

Model validation is the process of substantiating that the model,
within its pre-defined domain (or context) of applicability, gives
results with satisfactory accuracy, consistent with the modelling
objectives [2]. However, inasmuch as model validation ensures
that the model meets its intended requirements in terms of the
theories employed and the results obtained it should not be taken
as an absolute proof of its validity but as an indication of its valid-
ity [46]. Some of the existing prediction models for corrosion prop-
agation have never been (successfully) validated [4,38,40] and
hence cannot be reliably applied to real structures. In some cases,
the validation is usually done using data from accelerated tests, the
disadvantages of which will be discussed later.

3.3. Model assumptions

In an attempt to simplify the numerical modelling process, and
due to lack of a good understanding regarding the material (con-

crete, steel) and its behaviour, several assumptions are usually
made a priori. Some of the assumptions made in previous models
include: (i) constant/steady corrosion rate [38], (ii) types of corro-
sion products formed [38], (iii) uniform loss of steel cross-section
along the perimeter of the bar [4], (iv) critical amount of corrosion
products required to induce cracking of the cover concrete [40,45],
(v) thickness of the porous zone around the concrete-steel inter-
face [40], and (vi) concrete as a homogeneous, isotropic and linear
elastic material [33], among others. Inasmuch as it may be valid to
make assumptions based on sound engineering knowledge and
judgement, such assumptions should be checked at the model val-
idation stage to ensure they still hold. Furthermore with improved
knowledge and/or experience, such assumptions should be refined.

3.4. Accelerated laboratory tests

The use of accelerated galvanostatic or potentiostatic corrosion
tests in the laboratory has become a common technique to simu-
late corrosion-induced damage in RC structures, mainly because
results can be obtained within a short period of time. However,
this technique has been criticised for not being representative of
the natural corrosion process and hence the results obtained from
such tests may not be reliably extended to real structures [3,47].
Furthermore, previous studies [47] have shown that the use of
Faraday’s law to obtain corrosion rates from such tests may not
be valid and leads to over- or under-estimation of mass losses.
In most studies, 100% current efficiency is assumed, i.e. all the ap-
plied/resulting current is assumed to be consumed in dissolution
of the steel [47]. However, this may not be the case because (i)
acidification (up to a pH of approx. 3) developed by the progres-
sive corrosion may induce a simultaneous additional corrosion
[47], (ii) there are parts of the metal that may not dissolve electro-
lytically but that spall out from the metal surface when the sur-
rounding material is oxidised [47] and, (iii) heat generation may
cause losses in current [3]. It is therefore important that results
from accelerated tests are carefully used to validate numerical
models.

3.5. Size of test specimens and sample size

It is common that accelerated laboratory tests, and even field
tests, are carried out using small-sized as opposed to real-sized
RC specimens mainly due to cost and space constraints [3,25].
Accelerated corrosion damage tests carried out using such
specimens may not be representative of the real RC structure with
respect to its response to applied loads (if any) and the corrosion-
induced damage. Most existing models are usually developed
based on isolated RC members [3,4], which in most cases are
beams. It is important to appreciate that the response of an iso-
lated RC member may not be the same as that of the same member
when considered in conjunction with the RC structure as a whole.

The sample size used to obtain data, especially for the purposes
of model validation, is also an important aspect to consider. The
need for a statistically sufficient number of tests, even though
costly, is paramount if the data collected are to be considered reli-
able [18].

3.6. Influence of cracking

The influence of service load-induced cracking on corrosion ini-
tiation and propagation has received much attention in the recent
past and a general consensus, based on a number of studies
[13,14,48-51], is that its influence should be taken into account
when dealing with corrosion in RC structures. Only one empirical
model by Scott [25], developed using cracked RC beam specimens,
can be cited in the literature; and even in this model, cracking is
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not explicitly incorporated in the model. None of the available
numerical models take the influence of load-induced cracking on
corrosion into account. In most cases, interest is always on corro-
sion-induced cracking; and even in such instances, the influence
of such type of cracking on subsequent corrosion rates is not con-
sidered. It is important to appreciate the influence of load-induced
cracking on corrosion propagation when developing prediction
models so that they can be representative of real structures.

3.7. Accounting for variability

Variability of model input parameters is important and should
be modelled in such a way that realistic results, and hence deci-
sions, can be derived from the model. Probability-based methods
should be applied in the development of corrosion propagation
prediction models to take into account this variability. A few exam-
ples can be cited in the literature where attempts have been made
to carry out such an analysis viz Marita [41], Duracrete [44] and
Christensen [39]. Aspects of variability which are seldom taken
into account are spatial and temporal variability, although they
greatly affect the behaviour of concrete structures [52,53]. The fact
that many parameters also show spatial and temporal variability is
usually not explicitly taken into account. Spatial variability may be
linked to dependencies on temperature, w/b ratio, micro-climate,
humidity and workmanship [54] while temporal variability takes
into account the variation of concrete parameters that vary with
time. The available models neglect spatial and temporal variation
within a structure or an element and take the whole structure or
element as fully homogeneous, the result(s) at one point being
applicable for the entire structure or element. The consequences
of such models on decision-making, for example, would be to sug-
gest a total repair or replacement of the structure or element; and
would rule out local repairs as a reasonable option.

Furthermore, a model may comprise several sub-models, and er-
rors associated with its development can be cumulative. Although
accurate representation of the RC concrete’s applied loads, re-
sponse to applied loads and the corrosion process is a difficult task
in the modelling process, effort should be made to minimise, if not
eliminate, errors in the sub-models. The use of appropriate statis-
tical analyses should be used to resolve this [18].

4. Discussion

The damage caused by corrosion of reinforcing steel, coupled by
the complex chemical and kinetic nature of corrosion, is not as
straightforward as the available prediction models may imply.
Even though some researchers have appreciated that several
factors affect the response of a RC structure with respect to corro-
sion-induced damage, most of these factors are yet to be quanti-
fied, e.g. types of corrosion products formed and their chemical
composition, and porosity of the concrete-steel interface. The
common approach, especially in numerical models, is to arbitrarily
assign values for these parameters, a process that compromises
the accuracy of the prediction results, but which cannot be
ascertained.

As a consequence, use of the available prediction models is
usually limited to the exposure conditions under which they
were developed in the case of experimental empirical models,
or to the values set (some arbitrarily) for the different input
parameters used and theories and/or assumptions adopted in
the model development in the case of numerical ones. In cases
where numerical models are validated using experimental and/
or field tests, a few successes (with respect to convergence of
both the numerical and experimental/field results) have been re-
ported [3,4]. The discrepancies between the numerical and

experimental results may be caused by a number of factors
including:

(i) Use of inaccurate models for corrosion rate.

(ii) Lack of knowledge of the chemical composition and proper-
ties of the corrosion products.

(iii) Lack of knowledge of the residual strength of concrete after
cracking.

(iv) Lack of models to appropriately describe the response of the
RC structure to corrosion-induced damage.

(v) Improper selection of material properties, e.g. for the cover
concrete.

Further, discrepancies have also been reported between similar
prediction models of various researchers, with some over- or
under-estimating either the time required to attain the adopted
limit state (e.g. corrosion-induced cracking of the concrete cover)
or the severity of the damage. These inter-model discrepancies
may be ascribed to one or a combination of the following factors:

(i) Differences in test methods used to obtain the input param-
eters or to validate numerical models, e.g. tensile strength of
concrete, accelerated versus natural corrosion processes, etc.

(ii) Differences in assumptions made at the model development
stage, e.g. modelling corrosion as 2-dimensional as opposed
to 3-dimensional, assuming concrete to be a homogeneous,
isotropic and linear elastic material [33], or types of corro-
sion products formed at the concrete-steel interface.

(iii) Isolation of different corrosion-affecting factors during the
modelling or testing process.

It is also apparent that the majority of the available models are
deterministic and do not account for the stochastic nature of the
corrosion process and the model input parameters. The result is
that point estimates are obtained as opposed to interval estimates
[18] that more closely describe the corrosion phenomenon and the
RC structure’s response to corrosion-induced damage. This can
greatly affect the formulation of proactive maintenance and repair
strategies with respect to action times.

Finally, it is clear from this review that both field and laboratory
data should be combined with numerical modelling to formulate
models for the prediction of the time to pre-defined limit states,
or to estimate the time to necessary maintenance and/or repair.
Maintenance and repair strategies can therefore be formulated
based on predictions of such models. However, this is only possible
if the adopted limit state is easily quantifiable and representative of
the actual structure’s response to corrosion-induced damage, e.g.
deflections and corrosion-induced cracking of the concrete cover.

5. Conclusions

This paper has presented a critical review of the modelling of
corrosion propagation in RC structures, citing areas that still re-
quire further research. The following conclusions can be drawn:

(i) Modelling the corrosion of steel in RC structures requires a
good understanding of both the corrosion process and the
associated effects on the structure.

(ii) The validity of most prediction models is always limited to
the set of conditions under which it was developed. The
end-users of such models should be made explicitly aware
of such conditions to avoid improper predictions.

(iii) Model validation using data from natural corrosion assess-
ments on real structures should be preferred to the use of
laboratory accelerated tests.
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(iv) Prediction models should account for:

(a) the effects of both load- and corrosion-induced cracking
on corrosion rate and,

(b) variability of both concrete as a material and the corro-
sion process. This should encompass both the variability
in the input parameters, spatial and temporal variability
of the RC structure. Temporal variability can be taken into
account by carrying out a time-dependent analysis, i.e.
re-evaluation of the time-dependent parameters (e.g.
polarisation of steel surface, type and amount of rust pro-
duction, pH of the pore solution) at every time-step of
analysis. In general, service life prediction of corrosion-
affected RC structures should adopt a probabilistic
approach to account for the variability in the influencing
parameters.

(v) The formulation of optimal proactive maintenance and
repair strategies for corrosion-damaged RC structures is
highly dependent on results of prediction models. Therefore,
limit states used to denote acceptable corrosion-induced
damage should be easily quantifiable and representative of
the actual state of the structure with respect to its structural
and durability performances.

Acknowledgement

The authors would like to acknowledge the funding assistance
of the University of Cape Town.

References

[1] Magin D], Reizes JA. Computer simulation of laboratory experiments: an
unrealized potential. Computers & Education 1990;14(3):263-70.

[2] Balci O. Verification validation and accreditation of simulation models. In:
Proceedings of the 29th WSC; 1997. p. 135-41.

[3] Andrade C, Alonso C, Molina FJ. Cover cracking as a function of bar corrosion:
part | - experimental test. Mater Struct 1993;26:453-64.

[4] Molina FJ, Alonso C, Andrade C. Cover cracking as a function of rebar corrosion:
part Il - numerical model. Mater Struct 1993;26:532-48.

[5] Isgor OB, Razaqpur AG. Modelling steel corrosion in concrete structures. Mater
Struct 2006;39:291-302.

[6] Macal CM. Model verification and validation. In: Workshop on threat
anticipation: social science methods and models, University of Chicago and
Argonne National Laboratory, April 7-9, 2005, Chicago, IL; 2005.

[7] Tuutti K. Corrosion of steel in concrete. Swedish Cement and Concrete
Research Institute. Stockholm; 1982. p. 468.

[8] Li CQ. Reliability based service life prediction of corrosion affected concrete
structures. ASCE ] Struct Eng 2004;130(10):1570-7.

[9] Zivica V. Influence of w/c ratio on rate of chloride induced corrosion of steel
reinforcement and its dependence on ambient temperature. Bull Mater Sci
2003;26(5):471-5.

[10] Pettersson K. Chloride threshold value and the corrosion rate in reinforced
concrete. In: Proceedings of Nordic seminar, Lund; 1995.

[11] Yoon S, Wang K, Weis W], Shah SP. Interaction between loading, corrosion, and
serviceability of reinforced concrete. ACI Mater ] 2000;97(6):pp-644.

[12] Richardson MG. Fundamentals of durable concrete, modern concrete
technology. London: Spon Press; 2002.

[13] Scott AN, Alexander MG. The influence of binder type, cracking and cover on
corrosion rates of steel in chloride-contaminated concrete. Mag Concr Res
2007;59(7):495-505.

[14] Otieno MB, Alexander MG, Beushausen HD. Corrosion in cracked and
uncracked concrete - influence of crack width, concrete quality and crack
re-opening. Mag Concr Res 2010;62(6):393-404.

[15] Stansbury EE, Buchanan RA. Fundamentals of
corrosion. Ohio: ASM International; 2000.

[16] Xia P-Q, Brownjohn JMW. Residual stiffness assessment of structurally failed
reinforced concrete structure by dynamic testing and finite element model
updating. Soc Exp Mech 2003;43(4):372-8.

[17] Auyeung Y, Balaguru P, Chung L. Bond behaviour of corroded reinforcement
bars. ACI Mater ] 2000;97(2):214-21.

[18] Quinn GP, Keough M]. Experimental design and data analysis for
biologists. The Edinburg Building, Cambridge CB2 2RU, UK: Cambridge
University Press; 2002.

[19] Bjegovic D, Krstic V, Mikulic D. Design for durability including initiation and
propagation period based on the fuzzy set theory. Mater Corros
2006;57(8):642-7.

[20] Raupach M. Models for the propagation phase of reinforcement corrosion - an
overview. Mater Corros 2006;57(8):605-12.

electrochemical

[21] Gottwald S. Foundations of a set theory for fuzzy sets. 40 years of
development. Int ] General Syst 2008;37(1):69-81.

[22] Sobhani J, Ramezaninpour AA. Modelling the corrosion of reinforced concrete
structures based on the fuzzy systems. In: 3rd International conference on
concrete and development, 27-29 April, 2009, Tehran, Iran; 2009. p. 730-741.

[23] Gao X, Gao QS, Hu Y, Li L. A probability-like new fuzzy set theory. Int ] Pattern
Recogn Artificial Intelligence 2006;20(3):441-62.

[24] Andrade C, Alonso C, Arteaga A, Tanner P. Methodology based on the electrical
resistivity for the calculation of reinforcement service life. In: Proceedings of
the 5th canmet/ACI international conference on durability of concrete -
supplementary papers volume, Barcelona, Spain; 2000. p. 899-915.

[25] Scott AN The influence of binder type and cracking on reinforcing steel
corrosion in concrete. PhD thesis, Department of Civil Engineering, University
of Cape Town; 2004.

[26] Warkus ], Brem M, Raupach M. BEM-models for the corrosion propagation
period of chloride-induced reinforcement corrosion. Mater Corros
2006;57(8):636-41.

[27] Gulikers ], Raupach M. Numerical models for the propagation period of
reinforcement corrosion. Mater Corros 2006;57(8):618-27.

[28] Zienkiewicz OC, Taylor RL, Zhu JZ. The finite element method: its basis and
fundamentals. 6th ed. Linacre House, Jordan Hill, Oxford OX2 8DP: Elsevier
Butterworth-Heinemann; 2005.

[29] Redaelli E, Bertolini L, Peelen W, Polder R. FEM-models for the corrosion
propagation period of chloride-induced reinforcement corrosion. Mater Corros
2006;57(8):628-34.

[30] Raupach M. Chloride-induced macrocell corrosion of steel in concrete-
theoretical background and practical consequences. Construct Build Mater
1996;10(5):329-38.

[31] Jia JX, Song G, Atrens A. Influence of geometry on galvanic corrosion of AZ91D
coupled to steel. Corros Sci 2006;48:2133-53.

[32] Li CQ, Melchers RE, Zheng JJ. An analytical model for corrosion-induced crack
width in reinforced concrete structures. ACI Struct ] 2006;103(4):479-87.

[33] Bhargava K, Gosh AK, Mori Y, Ramanujam S. Analytical model for time to cover
cracking in RC structures due to rebar corrosion. Nucl Eng Des
2006;236:1123-39.

[34] Coronelli D. Corrosion cracking and bond strength corroded bars in reinforced
concrete. ACI Struct ] 2002;99(3):267-76.

[35] El Maaddawy T, Soudki K. A model for prediction of time from corrosion
initiation to corrosion cracking. Cem Concr Compos 2007;29(3):168-75.

[36] Tepfers R. Cracking of concrete cover along anchored deformed reinforcing
bars. Mag Concr Res 1979;31(106):3-12.

[37] Chernin L, Val DV, Volokh KY. Analytical modelling of concrete cover cracking
caused by corrosion of reinforcement. Mater Struct 2010;53:543-56.

[38] Bazant Z. Physical model for steel corrosion in concrete sea structures—theory
and application. ] Struct Div 1979;105(ST6):1137-66.

[39] Christensen PT. Stochastic modelling of the crack initiation time for reinforced
concrete structures. In: Proceedings of the ASCE structures congress,
Philadelphia, May 8-10; 2000.

[40] Liu Y, Weyers RE. Modelling the time-to-corrosion cracking in chloride
contaminated reinforced concrete structures. ACI Mater ] 1998;95(6):675-81.

[41] Marita LA. Probability of corrosion-induced cracking of reinforced concrete.
Cem Concr Res 1995;25(6):1179-90.

[42] Torres-Acosta AA, Navarro-Guitierrez S, Teran-Guillen ]J. Residual flexure
capacity of corroded reinforced concrete beams. Eng Struct 2007;29:1145-52.

[43] Bhargava K, Ghosh AK, Mori Y, Ramanujam S. Models for corrosion-induced
bond strength degradation in reinforced concrete. ACI Mater ]
2007;104(6):594-603.

[44] Duracrete. Probabilistic performance based durability design: modelling of
degradation. The Netherlands; 1998.

[45] Morinaga S. Prediction of service lives of reinforced concrete buildings based
on rate of corrosion of reinforcing steel. Special Report of the Institute of
Technology. Skimiza Corporation, Japan; 1989.

[46] Rabe M, Spieckermann S, Wenzel S. A new procedure for model verification
and validation in production and logistics simulation. In: Proceedings of the
2008 winter simulation conference; 2008. p. 1717-26.

[47] Alonso C, Andrade C, Rodriguez ], Diez JM. Factors controlling cracking of
concrete affected by reinforcement corrosion. Mater Struct 1998;31:435-41.

[48] Arya C, Wood L. The relevance of cracking in concrete to corrosion of
reinforcement. Concr Soc 1995.

[49] Pettersson K, Jorgensen O. The effect of cracks on reinforcement corrosion in
high-performance concrete in a marine environment. Third ACI/CANMET int.
conference on the performance of concrete in marine environment, St.
Andrews by-the Sea, Canada; 1996. p. 185-200.

[50] Sirivivantnanon V. Effect of cracking on service life of concrete. Proceedings of
the international conference by the concrete institute of Australia, 11-14th
September, Perth, Western Australia; 2001. p. 273-9.

[51] SuzukiK, OhnoY, Praparntanatorn S, Tamura H. Mechanism of steel corrosion in
cracked concrete. In: Page C, Treadaway K, Bramforth P, editors. Corrosion of
reinforcement in concrete. London: Society of Chemical Industry; 1990. p. 19-28.

[52] Sudret B. Probabilistic models for the extent of damage in degrading reinforced
concrete structures. Reliab Eng Syst Saf 2008;93:410-22.

[53] Li Y. Service life prediction and repair of concrete structures with spatial
variability. Heron 2007;52(4):251-66.

[54] Chryssanthopoulos MK. Integration of deterioration modelling and reliability
assessment for reinforced concrete structures. In: Proceedings of the 1st ASRA
net international colloquium 8-10th July 2002, Glasgow, Scotland; 2002.



	Modelling corrosion propagation in reinforced concrete structures – A  critical review
	Introduction
	Prediction models for corrosion propagation
	Empirical models
	Numerical models
	Finite element method approach
	Boundary element method approach
	Resistor networks and transmission line approach

	Analytical models

	Critique of existing corrosion propagation models
	Model input parameters (variables)
	Model validation
	Model assumptions
	Accelerated laboratory tests
	Size of test specimens and sample size
	Influence of cracking
	Accounting for variability

	Discussion
	Conclusions
	Acknowledgement
	References


