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Abstract 
An assessment of deteriorative effects on reinforced concrete structures is presented focusing mainly on the propagation 
of the reinforcement corrosion stage. It necessitates the utilization of relevant models and advanced simulation tech-
niques to enable the probabilistic analysis of concrete structures and service life prognosis. Several analytical models 
for the initiation of concrete cracking, for crack width and for a decrease in the effective reinforcement cross-section are 
briefly presented. The described approach is applied to some illustrative examples showing the feasibility of predicting 
the development of reinforcement corrosion and its effect on the service life and/or reliability of the structure. The au-
thors believe that such methodology supports the optimisation of design strategies as well as effective decision-making 
processes. 
 

 
1. Introduction 

Reinforced concrete is a widely used material in struc-
tures of such different types as bridges, buildings, un-
derground structures and others. Damage due to rein-
forcement corrosion is recognized as one of the major 
causes of the deterioration of such structures with ser-
vice life reduction and considerable additional costs as 
consequences. Cost-effective decisions need to be made 
when forecasting the time when an existing structure 
should be repaired or predicting the service life of a 
structure during the design stage. Both these activities 
require some knowledge about the corrosion mechanism 
and its progress over time, and about the relevant reli-
ability level. The objective is to ensure the functionality 
and reliability of the structure over its entire service life 
in order to obtain an optimal result from the whole-life 
financial point of view. Note that the performance re-
quirements of a structure are generally established by 
means of performance criteria and associated constraints 
related to service life and reliability; considering in this 
respect the reinforcement corrosion of a concrete struc-
ture it is evident that a general approach capable of 
modelling relevant deteriorative effects is needed.  An 
extensive amount of research on these topics has been 
organized and reported over the last decades and has 
been published elsewhere – a detailed analysis is not 
feasible here; some of these studies are mentioned in the 
following text. Moreover, the majority of such works 
deal with the deterministic approach, although advanced 
and effective service life assessments have to be based 

on probabilistic analyses – this is also a topic dealt with 
in the presented paper.  

Owing to either the carbonation of reinforced con-
crete or the ingress of chlorides into such a material, the 
depassivation of the reinforcing steel within it occurs (a 
process known as the initiation period, or more exactly 
corrosion initiation). This may be followed (in the pres-
ence of moisture and oxygen) by a steel corrosion proc-
ess (known as the corrosion propagation period) – see 
(Tutti 1982). Suitable methods for the monitoring and 
reliable mathematical modelling of associated effects 
are needed – better knowledge in this respect provides 
the basis for a practical and proactive strategy when 
designing and maintaining concrete structures. This is 
also reflected in recent international standards and 
documents – e.g. (ISO 2008) and (fib 2010). 

Frequently, the initiation of reinforcement corrosion 
is supposed to define the end of a structure’s service life 
– see e.g. (JSCE 2007). However, in certain situations 
the corrosion propagation period may form a significant 
part of the total service life of a structure and the resid-
ual service life is taken as the time remaining before a 
crack of certain width develops at the surface of the 
concrete. This has been studied e.g. by (Ohtsu and Ud-
din 2008). Generally, the specified service life (which 
should be decided by the owner) defines the period in 
which the required performance is maintained (fib 2010). 

This is why the present paper concentrates on the 
propagation period, i.e. reinforcement corrosion effects 
and relevant limit states suitable for design practice. In 
this respect, the chosen models of the degradation 
mechanisms are of the simplified type; their functional-
ity is reinforced by the probabilistic approach and a 
user-friendly software tool. 

Note that modelling of the initiation period and asso-
ciated degradation mechanisms has been dealt with in 
many other works, e.g. (Papadakis et al. 1992; RILEM 
1996; Engelund and Faber 2000; Teplý et al. 2010).  

The goal of the paper is to present a tool for the full 
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probabilistic analysis of concrete structures and for ser-
vice life prognosis in the context of limit states associ-
ated with durability and reliability focused on the corro-
sion propagation stage. Note that the same approach and 
tools may be adopted for the initiation of the corrosion 
stage – see e.g. (Teplý et al. 2007 and 2012). Predictive 
models for material degradation are utilized together 
with advanced simulation techniques; thus the optimisa-
tion of design strategies as well as effective decision-
making processes may be supported. 

 
2. Limit states associated with the 
propagation period 

Among the key factors influencing reinforcement corro-
sion in concrete are the presence of moisture and the 
ingress of oxygen from the air. The reader may find a 
detailed description of these factors in e.g. (Morigana 
1988; Živica 1994; Escalante and Satoshi 1990). A 
number of models have been developed which can be 
roughly divided into two categories – empirical models 
and more complex electrochemical models. For the pur-
pose of introducing a practical approach for the progno-
sis of the service life and relevant reliability level of 
concrete structures the simplest models are utilized in 
the present work. Inherent uncertainties in the material, 
technological and environmental characteristics of rein-
forced concrete structures have to be considered while 
solving such problems. To achieve this, a probabilistic 
approach has been utilized.  

The limit state (LS) concept – in either its Service-
ability limit state (SLS) or Ultimate limit state (ULS) 
variant – is applicable here, governed by a probability 
condition which in its general form reads: 

[ ]( ) ( )f dP P A t B t P= ≥ <   (1) 

where Pd is the design (required) probability, t is time, A 
is the effect of the analysed action and B is the barrier. 
Generally, both A and B are time dependent and hence 
the probability of failure Pf is time dependent too. The 
combined effect of both structural performance and age-
ing should be considered wherever relevant. Time tS 
corresponds to the limit given by eq. (1), i.e. it is the 
predicted service life; time tD is the design service life. 
Both tS and the deteriorative effect A are assessed by 
utilization of the appropriate degradation models, which 
apply a probabilistic approach. Note that the index of 
reliability β is frequently utilized in practice instead of 
the probability of failure Pf – see e.g. (ISO 1998; CEN 
1990 2002).  

The level of reliability in the context of durability 
should be left to the client’s decision together with the 
definition of a target service life, creating in this way a 
necessary background for the making of critical deci-
sions (e.g. financial optimisation) – see e.g. (fib 2010; 
Teplý 2007).  

Concerning reinforcement corrosion and the appro-
priate LS, the following cases may be distinguished: 

(i) The volume expansion of rust products develops 
tensile stresses in the surrounding concrete leading 
to concrete cracking (mainly affecting the concrete 
cover); for more details about the crack mechanism 
see e.g. (Ohtsu and Uddin 2008). In this case, B in 
Eq. (1) represents the critical tensile stress that ini-
tiates a crack in concrete at the interface with a re-
inforcing bar. A is the tensile stress in concrete at 
design service life tD ; 

(ii) alternatively, B is the critical crack width at the 
concrete surface and A is the crack width at the 
concrete surface generated by reinforcement corro-
sion at time tD. When the progress of corrosion and 
consequently the opening of cracks continue, a 
network of cracks is propagated that possibly 
reaches the surface of the concrete cover. Together 
with cracks due to mechanical loading (Miyazato 
and Otsuki 2010), a crack network may form and 
lead to the separation of concrete elements. Such 
delamination is a complex effect depending e.g. on 
the diameters of reinforcing bars, their location, 
concrete quality, coarse aggregate size, cover, the 
type and amount of loading, and the configuration 
of the structure.  Such a state is either an SLS or a 
ULS – depending on the location and the severity 
of this effect; 

(iii) given a decrease in the effective reinforcement 
cross-section due to corrosion and excessive de-
formation, loss of bearing capacity and finally the 
collapse of the member/structure in question may 
occur. Such effects fall either into the SLS (defor-
mation capacity) or ULS (load bearing capacity) 
categories; in this situation A is the actual (mod-
elled) reinforcement cross-sectional area at time tD 
and B is the minimum acceptable reinforcement 
cross-sectional area with regard to either an SLS or 
a ULS; 

(iv) finally, some changes will occur in the characteris-
tics of the bond between steel and concrete due to 
corrosion. This may lead either to an excessive de-
flection of the structure or to a loss of structural 
strength. The former appears to be a more critical 
effect (Zhang et al. 2009). The bond may be mod-
elled by using the time function of bond stress vs. 
slip affected by the degree of reinforcement corro-
sion.  

 
3. Software tool and models  

3.1 Model selection 
With respect to durability assessment it is important to 
develop a relevant approach, evaluation procedures and 
methods for service life prognosis. In this area, mathe-
matical modelling is often a useful tool together with 
relevant limit states for the accomplishment of such a 
task. Several models may be available for the degrada-
tion process in question and the engineer can select a 
suitable one for each specific use. The main criteria in 
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selecting the relevant degradation model for each spe-
cific use may be listed as follows: 

1. the type of relevant limit state and exposure con-
ditions; 

2. the accuracy and relevance of the model when 
using the available data in relation to the required 
design exactness; 

3. the type of representation (1D, 2D or 3D; spatial 
and/or temporal variability); 

4. the level of physical sophistication (macro-, 
meso- or micro-level); 

5. the level of mathematical involvement; 
6. the possibility or feasibility of model combina-

tion or conditionality;   
7. the availability of model data and their statistical 

characteristics, and/or the availability of relevant 
testing methods; 

8. labor and/or time consumption; 
9. level of model validation and calibration; 
10. the type of concrete (e.g. High-Performance Con-

crete, Fibre-Reinforced Concrete, ...) and/or the 
type of structure; 

11. the availability of efficient software tools. 
For pragmatic reasons the model choice is frequently 

based on points 7 and/or 11. 
There are several predictive computational models for 

the modelling of degradation caused by the corrosion of 
reinforcement. They are mainly heuristic and operate on 
a deterministic basis, using more or less simplified ap-
proaches and relatively easily obtainable data. As an 
example of a more complex model let us mention the 
model developed by (Isgor and Razaqpur 2006). It is a 
comprehensive finite element model for predicting the 
rate of steel corrosion in concrete structures considering 
processes which commence in the initiation stage, such 
as temperature, moisture, chloride ion and oxygen 
transport within concrete. It continues in the propaga-
tion stage and allows the model to include the effects of 
changes in exposure conditions; the corrosion rates on 
the surface of steel are calculated by solving Laplace’s 
equation for electrochemical potential with the appro-
priate boundary conditions, including the relationship 

between over potential and current density for the an-
odic and cathodic regions. A non-linear solution algo-
rithm is used. Evidently, such a model is not feasible for 
service life assessment in design practice and is not in-
cluded in the authors’ present work. 

The simple models dealt with in the present contribu-
tion are summarized in Table 1. A common feature of 
all models is that the input data suffer from a particular 
type of uncertainty (known as aleatory uncertainty – 
associated with randomness, i.e. variability that repre-
sents natural randomness) and sometimes are not easily 
available. Because of this, the development of the appli-
cations utilizing stochastic methods is inevitable.  

The authors of this paper and their co-workers have 
developed a software application called FReET-D in 
which all relatively well-known models are converted to 
the probabilistic format (input variables are treated as 
random variables) and summarized within the frame-
work of a unified software environment. In FReET-D a 
combination of analytical models and simulation tech-
niques has been amalgamated to form specialized soft-
ware for assessing the potential degradation of newly 
designed as well as existing concrete structures (Teplý 
et al. 2007; Veselý et al. 2010). The included models for 
carbonation, chloride ingress and corrosion of rein-
forcement (among other phenomena) can be directly 
employed in the durability assessment of concrete struc-
tures in the form of a durability LS, i.e. the assessment 
of service life and of the level of the relevant reliability 
measure. Several features are offered including paramet-
ric studies and Bayesian updating. Altogether, 32 mod-
els are implemented as pre-defined dynamic-link library 
functions. In this paper only the included models for 
corrosion of reinforcement are presented. 

FReET-D is actually a specialized module of FReET 
software (Novák et al. 2010). FReET probabilistic soft-
ware allows simulations of uncertainties affecting an 
analyzed problem basically at the level of random vari-
ables (in civil/mechanical engineering these are typi-
cally material properties, loading, geometrical imperfec-
tions). Attention is given to those techniques that have 
been developed for the analysis of computationally in-

Table 1 Models for corrosion propagation in FReET-D.  
Model 
notation Source Output Comment 

Corr1 Andrade et al. (1996) and Rod-
riguez et al. (1996) Net rebar diameter at time t Uniform type of corrosion 

Corr2 Gonzalez et al. (1995) Pit depth at time t Pitting type of corrosion 

Corr3 Val and Melchers (1998) Net cross sectional area of 
rebar at time t Pitting type of corrosion 

Corr4 Liu and Weyers (1998) Time to cracking due to 
corrosion 

Crack initiation on the steel-concrete interface; uni-
form corrosion 

Corr5 Li et al. (2006) Crack width due to  
corrosion at time t Crack width on concrete surface; uniform corrosion 

Corr6 El Maaddawy and Soudki 
(2002) 

Time to cracking due to 
corrosion 

Crack initiation on the steel-concrete interface; uni-
form corrosion 

Corr7 Du et al. 2005a, b; Cairns 2005; 
Yi et al. 2010 

strength and ductility of 
corroded steel 

Yield stress and ultimate stress - apparent values; 
strain at ultimate  strength 
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tensive problems; nonlinear FEM analysis being a typi-
cal example. The stratified simulation technique Latin 
hypercube sampling (LHS) is used in order to keep the 
number of required simulations at an acceptable level. 
This technique can be used for both the random variable 
and random field levels. Statistical correlation is effi-
ciently imposed by the stochastic optimisation technique 
known as simulated annealing, which is described by 
Vořechovský and Novák (2009). Sensitivity analysis is 
based on nonparametric rank-order correlation coeffi-
cients.  

In the following sections the models implemented in 
FReET-D for corrosion of reinforcement in concrete are 
briefly described. For the purpose of this paper and for 
simple cross referencing the models are labeled as 
CorrX in the following sections, where X is an ordinal 
number. These models are summarized in Table 1 and 
briefly described in the following text. 

 
3.2 Corr1 - rebar diameter 
This model by Andrade et al. (1996) and Rodriguez et 
al. (1996) is frequently used for the prediction of uni-
form corrosion. The formula for the time-related net 
rebar diameter d(t) at exposure time t reads (see Fig. 
1a): 

[ ]( ) 0.0116 ( )

0

i

i corr corr i

d

d t d i R t t= − −

⎧
⎪⎪
⎨
⎪
⎪⎩

ψ
0.0116

0.0116

i

i

i i

corr corr

i

i

corr corr

t t
d

t t t
i R

d
t t

i R

≤

< ≤ +

> +

 

 (2) 

where di is the initial bar diameter; t = ti+tp where ti is 
the time to corrosion initiation (steel depassivation), and 
tp is the time of corrosion propagation. Parameter Rcorr 
expresses the type of corrosion; ψ is the uncertainty 
factor of the model. For uniform corrosion the coeffi-
cient Rcorr equals 2. The effects of chloride concentra-
tion, pH level or other conditions may also be described 
by the coefficient Rcorr whenever applicable. The pa-
rameter icorr is the current density; the mean value can 
be obtained by measurement or testing. Alternatively, 

there exist various analytical equations derived on the 
basis of experimental data. For example Li and Lawan-
wisut (2003) derived the formula that describes the de-
pendence of icorr on time, which is derived on the basis 
of experiments for RC flexural members. In (Voře-
chovská et al. 2009) the parameter icorr was derived 
from experimental measurements as a function of chlo-
ride concentration for two different pH values of 9 and 
12.5. It was recalculated from the corrosion rate found 
on the basis of experiments and was deliberately rear-
ranged to transform it into the uniform type of corrosion. 
The pH values of 9 and 12.5 were chosen due to the fact 
that the pH value of the pore solution is about 12.5 in 
the case of non-carbonated concrete and pH = 9 in the 
case of carbonated concrete. 
 
3.3 Corr2 - depth of pit 
In cases of localised corrosion the following model can 
be taken into consideration. The studies by Gonzalez et 
al. (1995) show that the maximum rate of corrosion 
penetration in the case of pitting corrosion is about 4-8 
times that of general corrosion. The depth of the pit p(t) 
at time t can be estimated by the following equation (see 
Fig. 1b): 

[ ]( ) 0.0116 ( )corr corr ip t i R t t= −ψ  (3) 

The meaning of the parameters is the same as in Eq. 
(2). The value of coefficient Rcorr varies from 4 to 8 
(Gonzalez et al. 1995); note that the effects of chloride 
concentration, pH level or other conditions may also be 
described by the coefficient Rcorr whenever applicable. It 
is evident that the model given by Eq. (3) can serve as 
an estimate only. The value of p(t) may serve as an input 
parameter for model Corr3. 

 
3.4 Corr3 - net cross sectional area 
An alternative means of modelling localised corrosion 
has been presented by Val and Melchers (1998). The 
section at the pits is predicted by a simplification in the 
hemispherical form. The net cross sectional area of a 
corroded rebar Ar at time t is calculated as the geometri-
cal area of the grey colored part in Fig. 1c. The value of 
p(t) may be obtained from model Corr2. 

d(t) di

di

x Rcorr

a) b)

x x di

ap

p t( )�1
�

�

A tr( )

c)

d( )t

 
Fig. 1 Schematic representation of the damage caused to a reinforcing bar due to: a) uniform corrosion; b) and c) pitting 
corrosion. 
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It should be noted that pitting corrosion is highly lo-
calised on individual reinforcement bars. It is unlikely 
that many bars could be affected in the same section of a 
construction member; hence, pitting corrosion will not 
significantly influence the structural capacity in the 
early stage of corrosion.  

 
3.5 Corr4 - time to cracking of concrete cover 
The corrosion cracking model was proposed by Liu and 
Weyers (1998) to estimate the critical time to cracking tc 
= ti + tp,cr of concrete cover due to stresses resulting 
from the expansion of corrosion products from rein-
forcement. Within this paper only the modelling of tp,cr 
is utilized. It is assumed that uniform corrosion causes 
rust products to form uniformly around the steel surface. 
Three stages are considered in this model: (1) Free ex-
pansion – the porous zone around the reinforcement is 
filled by rust products. The total amount of corrosion 
products is less than the amount of corrosion products 
required to fill the porous zone around the steel-concrete 
interface WP and so no stresses are exerted on the sur-
rounding concrete; (2) Stress initiation – the total 
amount of corrosion products exceeds the amount of 
corrosion products needed to fill the porous zone WP 
and expansive pressure is applied to the surrounding 
concrete; (3) Cracking – the total amount of corrosion 
products reaches the critical amount of corrosion prod-
ucts Wcrit and cracking of the surrounding concrete is 
induced. 

For a constant corrosion rate, the resulting time to 
cracking at the rust-concrete interface since corrosion 
initiation tp,cr can be derived as: 

2

, 2
crit

p cr
p

W
t

k
=ψ  (4) 

where kp is related to the rate of metal loss and is ex-
pressed as: 

10.092p i corrk d i⎛ ⎞= ⎜ ⎟
⎝ ⎠

π
α

  (5) 

where α is the ratio of steel to the molecular weight of 
the corrosion products. 
 
3.6 Corr5 - corrosion induced crack width 
This model, proposed by Li et al. (2006), provides an 
estimation of corrosion-induced crack width – essential 

information for the prediction of the serviceability of 
corrosion-affected RC structures. 

A concrete element with an embedded reinforcing 
steel bar can be modelled as a thick-walled cylinder – 
see (Bažant 1979; Pantazopoulou and Papoulia 2001; 
Tepfers 1979). This is shown schematically in Fig. 2a. 
Usually the porous zone thickness d0 is constant once 
the concrete has hardened.  When the reinforcing steel 
corrodes, its products fill the pore band completely. As 
the corrosion propagates in the concrete, a ring of corro-
sion products forms, the thickness ds(t) (Fig. 2b). The 
growth of the ring of corrosion products (known as a 
rust band) exerts outward pressure on the concrete at the 
interface between the rust band and the concrete. Under 
this expansive pressure the concrete cylinder undergoes 
three phases in terms of cracking: (i) no cracking; (ii) 
partially cracked; and (iii) completely cracked.  

When the crack propagates to the concrete surface 
(case iii) the corrosion-induced concrete crack width 
can be expressed as follows (see also Fig. 2d): 

4 ( ) 2

(1 )( / ) (1 )( / )stiff stiff

s t
c

ef
c c

d t yf
w

Ex y y x
= −

− + +
α α

π π

ν ν
(6) 

where 0( 2 ) / 2ix d d= +  and 0( 2 ) / 2iy a d d= + + , a is 
concrete cover, stiffα is stiffness reduction factor, Eef is 
the effective modulus of elasticity, ft is the tensile 
strength of concrete and cν is the Poisson ratio of con-
crete. 
 
3.7 Corr6 - time to cracking 
A mathematical model for the prediction of time to crack-
ing due to corrosion ,c i p crt t t= + was proposed by El 
Maaddawy and Soudki (2002) aiming for the further im-
provement of model Corr4. The authors developed a rela-
tionship between steel mass loss and the internal radial 
pressure caused by rust growth. The time to corrosion 
cracking is estimated on the basis of Faraday´s law. 

Four basic assumptions were used in the currently-
described model to determine the internal radial pres-
sure caused by the expansion of corrosion products: 
1) The corrosion products are formed uniformly 

around the steel reinforcing bar, which results in 
uniform expansive stresses around the steel bar. 

2) There is a porous zone around the steel reinforcing 
bar which the corrosion products must first fill be-
fore they start to induce pressure in the surrounding 

di

a)

ad0

y

r
x

b)

ds(t)
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c)

r0

y

x

d)

y

x
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Fig. 2 Schematic diagram of the corrosion-induced concrete cracking process. 
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concrete. 
3) The volume expansion caused by corrosion only 

creates strain in the concrete (i.e. strain in the steel 
is neglected). 

4) The concrete around the steel reinforcing bar is 
modelled as a thick-walled cylinder with a wall 
thickness equal to the thinnest concrete cover. The 
concrete ring is assumed to crack when the tensile 
stresses in the circumferential direction at every 
part of the ring have reached the tensile strength of 
the concrete. 

The time from corrosion initiation to corrosion crack-
ing, tp,cr, is obtained:  

( )( )

( )( )
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where k is given by the following equation: 

( )
( )

2

0

0

2

2 2
i

i

d d
k

a a d d

+
=

+ +
  (8) 

For the sake of completeness note that models Corr4, 
5 and 6 are based on the thick-walled cylinder represen-
tation and so do not produce results realistic enough for 
cases when e.g. bars are positioned near the corner of a 
cross section or in cases of low cover. In such situations 
the corrosion effect may be better modelled using the 
Finite Element Method (FEM). Several papers have 
been presented utilizing such an approach for concrete 
cracking caused by steel corrosion, e.g. (Molina et al. 
1993; Thoft-Christensen 2003; Pernica and Teplý 2005; 
Isgor and Razaqpur 2006; Vořechovský and Voře-
chovská 2010).  

 
3.8 Corr7 - residual strength and ductility of 
corroded steel 
Due to reinforcement corrosion the load-carrying capac-
ity of a reinforced concrete member is reduced; if such 
corrosion appears, the decreased strength and ductility 
characteristics of the steel need to be assessed. Note the 
yield stress and ultimate stress are represented by the 
apparent values, i.e. based on the initial, non-corroded 
cross section of the bar. A practical model for the resid-
ual strength and ductility (Du et al. 2005a, b; Cairns 
2005; Yi et al. 2010) of corroded steel (pitting or uni-
form type of corrosion) may be assessed by empirical 
correlation with cross section loss: 

0

0

1 0

(1.0 )
(1.0 )
(1.0 )

y y corr y

u u corr u

u corr

f Q f
f Q f

Q

= −
= −
= −

α ψ
α ψ

ε α ε ψ
   (9) 

where fy, fu and εu are yield strength, ultimate tensile 
strength and strain at ultimate strength after time t, 
while fy0,  fu0 and ε0 represent yield strength, ultimate 

tensile strength and strain at the ultimate strength of a 
non-corroded bar. Qcorr is the average cross section loss 
expressed as a percentage of the original cross section; 
αy, αu and α1 are empirical coefficients. Note that the 
relevant Qcorr value (and its statistics) can be gained 
using the Corr1 or Corr2 model. 

According to Du et al. (2005a, b) and Cairns (2005), 
an αy or  αu value of 0.01 represents a uniform corrosion 
attack; values in excess of 0.01 represent the effect of 
pitting corrosion. For α1 values from 0.017 to 0.06 were 
reported.  

The influence of corroded steel on fatigue behavior is 
treated in a similar way in (Yi et al. 2010) as the corro-
sion damage of steel is more critical for RC structures 
under fatigue loading. 

 
3.9 Influence of cracks 
The influence of cracks due to shrinkage and mechani-
cal load upon depassivation and/or corrosion of rein-
forcement should also be mentioned here since no gen-
eral and well-verified model yet exists. According to fib 
Model Code (2010) the minimum structural reliability 
of a cracked concrete structure shall be of comparable 
magnitude to the minimum reliability of a comparable 
exposed uncracked structure, providing the limiting 
crack width is in the range of 0.2 to 0.4 mm. 

An example of a model dealing with such a problem 
may nonetheless be cited, i.e. (Zhang et al. 2011), where 
a combined model that covers several factors (including 
load-induced cracks) is discussed with a focus on the 
chloride diffusion process for structures in marine envi-
ronments.    

 
4. Examples 

4.1 Comparison of steel corrosion models 
The above-mentioned models operate using different 
sets of input parameters. To compare them completely is 
not a simple or straightforward task. For this reason 
only three models are compared here – Corr4, Corr5 and 
Corr6, all in deterministic form only for the purpose of a 
clearer comparison. Corr4 and Corr6 enable the calcula-
tion of the time to crack initiation in concrete while 
Corr5 allows the tracking of the whole cracking process. 
As assumed in these models, concrete with an embed-
ded reinforcing steel bar is modelled as a thick-walled 
cylinder. The models are compared in Fig. 3a via the 
dependence of rc on ds, where rc is the radial distance 
from the steel-concrete interface to the outer face of the 
cracks and ds is the thickness of the ring of corrosion 
products (see Fig. 3b). A time axis is also given in the 
figure. A full description of all input values can be 
found in Table 2.  

In Fig. 3a, zero time is assumed to be the time of cor-
rosion initiation. According to the Corr4, Corr5 and 
Corr6 models, cracks in concrete initiate in 2.10 (trian-
gular point), 0.61 (rectangular point) and 0.27 (circular 
point) years, which corresponds to ds = 0.0156, 0.0084 
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and 0.0056 mm, respectively. These ds values, which 
correspond to times of crack initiation, agree with linear 
tangential stresses in concrete (at the steel-concrete in-
terface) of 9.60, 5.17 and 3.41 MPa, respectively. Note 
that the input tensile stress of concrete has been taken to 
be equal to 2.4 MPa.  

 
4.2 Critical crack width on the concrete surface 
A parametric study utilizing the Corr5 model is demon-
strated in this example. The limit state condition is con-
structed in this case in the form: 

( ){ }( ) 0f D cr a D dP t P w w t P= − ≤ ≤    (10) 

where wcr is the limit value of a crack width equal to 0.3 
mm – one of the essential limits for the serviceability 
assessment of corrosion-affected RC structures recom-
mended in CEN (2003). The actual corrosion-induced 
crack width wa over time is computed according to Eq. 
(6). In this example, time tD represents the propagation 
period only; to gain a service life prediction the appro-
priate initiation period must be added.  

All input information is listed in Table 3. Note that 
the adopted concrete is approximately of class C35/40, 

which is relevant e.g. to exposition class XD3 according 
to CEN (2003).   

In Fig. 4 the results of statistical analysis are depicted, 
i.e. the values of crack width on the concrete surface 
after 15 years of steel corrosion development as the 
function of concrete cover a. Next, Fig. 5 shows the 
reliability index β vs. concrete cover for three different 
propagation time values; the limit value of β = 1.5 pre-
scribed typically for SLS is also shown in the figure. It 
appears that e.g. for tD = 25 years the cover should be 
greater than 50 mm to satisfy the serviceability require-
ments; for tD = 15 years 30 mm of cover would be satis-
factory.  

 
5. Concluding remarks 

• The use of modelling in the field of reinforcement 
corrosion in RC structures has recently increased in 
the context of the solving of everyday design prob-
lems. Nevertheless, it is recommended that users be 
aware of the conditions under which the model in 
question was developed – see comments by Otieno et 
al. (2011) or Ahmad (2003). The final remarks of (fib 
Bulletin 59 2011) may be cited in this respect: “… 

Table 2 Input parameters for corrosion model comparison. 

Input parameter Nomenclature Unit Value Model: Corr 
Initial bar diameter  di mm 25 4,5,6 
Porous zone thickness d0 mm 0 4,5,6 
Concrete cover a mm 50 4,5,6 
Current density icorr μA/cm2 1 4,5,6 
Specific gravity of rust ρrust kg/m3 3925 4,5,6 
Specific gravity of steel ρst kg/m3 7850 4,5,6 
Ratio of steel to rust molecular weight α - 0.622 4,5,6 
Tensile strength of concrete ft MPa 2.4 4,5,6 
Elastic modulus of elasticity of concrete Ec GPa 30.5 4,5,6 
Poisson´s ratio of concrete νc - 0.24 4,5,6 
Creep coefficient crϕ  - 2 4,5,6 
Material constant γ - 1 5 
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Fig. 3 (a) Comparison of models Corr4, Corr5 and Corr6; (b) a quarter of the section of the model. 
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models, methods and procedures are of value when 
used properly and adjusted to the structural situation. 
The sensitive selection of input data … adequate limit 
states for decision making are therefore necessary”. 

• The scheme of the presented methodology for the 
assessment of a degrading concrete structure is as fol-
lows: information/data about the structure → expo-
sure conditions → choice of limit state → choice of 
model → obtaining of relevant input data values (in-
cluding their statistical parameters) → statistical and 
reliability analysis (possibly also sensitivity analysis) 
→ service life and reliability index assessment → 
evaluation of results and appropriate decision making. 

• A broader choice of models is useful e.g. due to prob-
lems with the availability of statistical data for the in-
put variables of some models. 

• The usefulness of effective degradation modelling and 
hence reliable design/assessment for durability may 
enhance advanced design practice, decision processes 
and, as a consequence, bring positive financial and 
sustainability impacts. 
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