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RESUMEN 
La corrosión causa varios mecanismos de degradación que pueden afectar la capacidad resistente: (i) 
reducción de la sección transversal y ductilidad del acero, (ii) fisuración y desprendimiento del hormigón, 
(iii) disminución de la resistencia a compresión del hormigón y (iv) modificación de la adeherencia entre 
el hormigón y acero. En la ponencia se presenta una revisión de los modelos más habituales y su 
aplicación al análisis no lineal de estructuras corroídas de hormigón armado mediante el método de 
elementos finitos. La precisión de los distintos modelos se evalúa comparando los resultados numéricos 
con los experimentales obtenidos de vigas en flexión con y sin corrosión llevadas hasta rotura.  

ABSTRACT 
Typical corrosion-associated phenomena that affect structural capacity concern: (i) cross-section and 
ductility reduction of steel, (ii) concrete cracking, (iii) concrete area reduction due to spalling and (iv) 
modification of the bond properties. A number of models have been presented in recent years addressing 
these issues. The paper presents a critical review of such models and its application to the analysis of 
corroded RC members using nonlinear FEA. The accuracy of different modelling approaches is assessed 
through comparison with experimental results on corroded beams subjected to monotonic loading.  

PALABRAS CLAVE: corrosion, MEF, hormigón fisurado, análisis no lineal, resistencia residual. 
KEYWORDS: corrosion, FEM, cracked concrete, nonlinear analysis, residual capacity  

 

1. Introduction

Most of existing structures, even if not located 
in particularly aggressive environments, suffer 
from carbonation and/or chloride attack over its 
life-span resulting in some level of corrosion. 
Field inspections on European bridge 
infrastructure report that about 70% of observed 
deterioration is related to corrosion [Gehlen et 
al. (2014)]. Meanwhile, several experimental and 
theoretical studies have pointed out the 
detrimental effects of corrosion-induced 
deterioration on the structural capacity 

[Rodriguez et al. (1996), Castel et al. (2000), 
Hanjari et al. (2011)], among others. However, 
the influence of corrosion is not always taken 
into account at ultimate limit state assessment, 
despite the fact that design codes require using 
updated material properties for verification of 
existing structures [e.g. SIA269]. Corrosion is 
typically regarded a durability issue that is limited 
to verifying the critical chloride content and 
carbonation front penetration. 
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In the case of nonlinear finite element analysis 
(NLFEA), the effects of corrosion can be 
accounted for through modification of the non-
corroded material properties of steel, concrete 
and bond [Coronelli and Gambarova (2004)]. 
However, these modifications are not 
straightforward. Different models have been 
proposed in the last decades, which are usually 
derived from isolated experiments on a material 
level under accelerated corrosion. Their 
interaction, accuracy and numerical stability on a 
member level needs further investigation in 
order to provide unified modelling criteria for 
practical applications.  
The paper presents an overview of the available 
models for corrosion-induced damage and their 
application to NLFEA. Experiments on 
corroded and non-corroded beam specimens 
subjected to 4 point bending were used as a 
benchmark. Models with varying levels of 
complexity were defined in order to gain better 
understanding of the contribution of each 
mechanism and its influence on the collapse load 
and mode. Finally, recommendations are given 
for reliable capacity assessment of existing 
structures affected by corrosion. 

2. Models for corrosion-induced 
deterioration  

2.1 Steel 

2.1.1. Uniform and local corrosion 
Cross-section reduction of steel is the most 
relevant effect of corrosion. It initiates once the 
passive layer around the reinforcement is 
destroyed by carbonation and/or chloride 
penetration, causing uniform and localized 
(pitting) corrosion (Fig.1). Uniform corrosion 
can be directly accounted for in the analysis 
thorough reduction of the bar diameter as: 

dc=do-2x (1) 

 

where dc is the corroded and do the initial bar 
diameter, and x the corrosion attack penetration. 
Attack penetration can be obtained either from 
direct measurements or estimated using 
analytical models for corrosion progression. 
Modeling corrosion progression in real 
structures is more challenging due to 
uncertainties in the large number of factors 
affecting corrosion, e.g. corrosion rate, type of 
corrosion products and environmental 
conditions, among others [Angst 2018]. 
Pitting corrosion varies randomly along the 
reinforcement, forming at imperfections in the 
passive layer. It is quantified with a pitting factor, 
R, representing the ratio between maximum pit 
depth, p, and average corrosion penetration 
calculated indirectly from weight loss. Typical R 
values for naturally corroded specimens vary 
between 4 and 8, and between 5 and 13 for 
accelerated corrosion [Gonzalez et al. (1995)]. 
Some probabilistic models have been proposed 
predicting the maximum pit depth as a function 
of the time of corrosion exposure, reinforcing 
bar diameter and bar length [Darmawan and 
Stewart (2006)]. However, it is a common 
assumption to localize pitting corrosion at 
critical sections such as mid-span or supports 
regions, thus neglecting spatial variability. The 
pit configuration is approximated with an 
equivalent circle of radius equal to the maximum 
penetration depth (Fig.1). Analytical expressions 
are provided in [Val and Melchers (1997)]. 
 

 

Figure 1. Modelling uniform and pitting corrosion of 
single reinforcement bar (effective cross-section of 

the corroded bar equals to the shaded area). 
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2.1.2 Mechanical properties. 
It is generally agreed that corrosion causes 
ductility reduction of steel, i.e. reduction in the 
tensile fracture strain. However, some 
experimental tests show that yield and maximum 
stress remain unaffected [Apostolopoulos and 
Papadakis (2008)]. Theoretically, this 
corresponds to the case when corrosion is 
completely due to uniform corrosion. In the 
presence of pitting corrosion, however, there is 
a reduction in the yield and maximum stresses. 
Experimental observations suggest a linear 
relationship for strength and ductility reduction 
as follows [Cairns et al. 2005]:  

Xc=�1-αQc�Xo (2) 

where Xc, Xo is either yield stress fy, maximum 
stress fmax or ultimate strain εu of corroded and 
un-corroded steel, respectively. Qc is the 
percentage of cross-section loss due to pitting 
corrosion. Suggested values for α vary between 
0.005-0.017 for fy, between 0.010-0.018 for fmax, 
and between 0.000-0.060 for εu [Morinaga 
(1996), Cairns et al. (2005), among others]. This 
significant scatter is attributed to differences in 
the experimental techniques. Also, in some cases 
it is unclear whether the un-corroded or mean 
corroded area was used in the stress calculation. 
Larger α values could be associated with the un-
corroded area, and therefore α would account for 
both uniform and pitting corrosion. Regarding 
the mode of failure, also different conclusions 
have been reported. In some cases yielding with 
ductility reduction was observed, whereas in 
others brittle fracture occurred after only 20% 
section loss [Stewart and Al-Harthy (2008)]. 
Figure 2 (top) shows the effect of pitting 
corrosion on the tensile yield capacity (yield 
stress × area) of reinforcement for different 
levels of normalized pit depth and α values. Also 
shown is the cross-section reduction. Since 
pitting corrosion affects both cross-section and 
yield stress, the relationship between yield 
capacity and cross-section loss is quadratic. For 

normalized pit depths of less than 10%, the loss 
in yield capacity is relatively small, as well as the 
influence of α. For larger pit depths, α values 
greater than 0.005 lead to excessive loss of yield 
capacity when the corroded cross-section is used 
in the calculation. It is therefore suggested to use 
α=0.005 when the cross-section is explicitly 
reduced in the model. In this case, it can be seen 
that most of the contribution to the yield 
capacity loss is due to the cross-section 
reduction. 

 

 

Figure 2. Normalized yield capacity due to pitting 
corrosion for different values of α (top), concrete 
compressive strength reduction due to corrosion 
cracking and comparison with compression field 

models (bottom). 

2.2 Concrete 

2.2.1. Compressive strength 
Tensile strains orthogonal to the direction of 
principal compression can cause reduction in the 
compressive concrete strength. This 
phenomenon, known as compression softening, 
has been previously observed for members in 
biaxial stress conditions within the context of 
compression field models [Vecchio and Collins 
(1986)]. Corrosion-induced cracks orthogonal to 
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the compression field, e.g. cracks parallel to the 
compression reinforcement, can produce a 
similar effect, which has been also quantified as 
a function of the orthogonal tensile strain as 
[Coronelli and Gambarova (2004)]:  

fcc=
fco

1+k ε⊥εo
 (3) 

ε⊥=
nwcr

bo
 (4) 

where k is a factor related to bar diameter and 
roughness, εo is the strain at peak compressive 
stress, ε┴ is the smeared orthogonal tensile strain 
estimated as a function of the number of cracks, 
n, the average crack width for each bar, wcr, and 
the member width bo. Figure 2 (bottom) 
compares equation (3) with different expressions 
proposed in the context of compression field 
models [Belarbi and Hsu (1995)]. A similar 
overall trend can be observed, with k between 
0.1-0.3 covering most of the range. For k=0.1, 
as proposed in [Coronelli and Gambarova 
(2004)] for medium-diameter ribbed bars, 
equation (3) yields less conservative reductions. 
It should be noted that in the case of corrosion, 
tensile strains occur in the circumferential 
direction due to internally restrained volume 
expansion, whereas compression field 
expressions were derived from biaxial panel 
testing (plane stress conditions) under direct 
loading. Although strictly speaking the two 
phenomenon are different, equation (3) 
represents a valuable approximation for practical 
applications.  

The main challenge, however, relies in the 
estimation of wcr. Different, usually linear, 
expressions have been proposed to quantify wcr 
as a function of corrosion penetration. Figure 3 
(left) compares two common expressions: (i) 
Molina et al. (1993), who proposed an analytical 
expression as a function of the volumetric 
expansion ratio, and (ii) Vidal et al. (2004), who 
proposed an empirical expression including the 
influence of bar diameter and concrete cover. 

Significant differences between the two 
approaches can be observed. The effect on the 
concrete compressive strength is shown in 
Figure 3 (bottom). For a corrosion penetration 
of 1mm, crack widths vary between 2 and 6mm. 
As a consequence, strength reductions range 
between 0.60 and 0.80. This difference is 
presumably related to the method of corrosion, 
which was accelerated corrosion in Molina et al., 
and natural corrosion in Vidal et al. Empirical 
expressions derived from accelerated corrosion 
tests result in larger crack widths and therefore 
in more conservative results.  

 

 

Figure 3. Corrosion-induced crack width as a 
function of corrosion penetration for Val et al. and 
Molina et al. models (top) and corrosion-induced 

compressive strength reduction according to 
equation (3) (bottom). 

2.3 Bond 

Corrosion generates flaky rust products around 
the rebar that affect bond adhesion and friction 
with surrounding concrete. A number of 
empirical models have been proposed usually 
based on pull-out tests of corroded bars with 
different diameters, concrete cover and presence 
of transverse reinforcement [fib (2000)]. It was 
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shown that bond strength increases at early 
corrosion stages due to volume expansion and 
friction. Afterwards, a rapid loss of bond 
strength occurs until reaching a residual value 
which remains approximately constant (Fig.4 
(left)). 

Some models are compared in Figure 4 
(right) [Val et al. (1998), Chung et al. (2004), 
Maddawy et al. (2005), Feng et al. (2006), 
Lundgren et al. (2009), Fischer (2012)], where 
the ratio between maximum corroded and non-
corroded bond strengths, r, is shown as a 
function of the weight loss. Most of the 
proposed models neglect the initial increase in 
bond strength and only consider the degrading 
phase. Differences between models are mostly 
due to the experimental data used for calibration, 

which is affected by the test set-up, specimens 
and current densities applied to accelerate 
corrosion. 

3. Non-linear finite element analysis 

Two beam specimens tested by Rodriguez et al. 
were selected for analysis. The specimens 
consisted of simply supported rectangular RC 
beams loaded in 4-point bending. Beam B111 
was non-corroded, whereas beam B116 was 
corroded under accelerated corrosion. Further 
information on material and geometrical 
properties can be found in [Rodriguez et al. 
(1997)].

 

 
Figure 4. Left: Reduction of bond strength between reinforcement and concrete (adapted from [fib (2000)]) as a 

function of corrosion; Right: comparison between used models for bond reduction, with r being the ratio between 
maximum bond strengths in corroded and non-corroded stat

FE-Modelling was performed with IDEEA non-
linear FEM-Software, which is available at HSR 
as an in-house FEM-software package. Given 
the symmetry conditions, only half of the beam 
was modeled with 105 plane stress (membrane) 
FE elements (Fig.5). Bottom flexural 
reinforcement was defined as discrete with 
nonlinear truss elements connected to concrete 
with bond elements. Top flexural and transverse 
reinforcement were defined as smeared with 
equivalent reinforcement ratios. An orthotropic, 

smeared-fixed-crack constitutive model was 
used for concrete. Steel was modeled with a 
uniaxial bilinear material model.  
In order to quantify the contribution of each 
damage mechanism, models with increasing 
degree of complexity were defined. 
Modifications to the non-corroded FE model of 
beam B111 were successively introduced starting 
from uniform corrosion and adding the effects 
of pitting corrosion, yield strength reduction, 
etc. according to Table 1. 
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Figure 5. Left: Reduction of bond strength between reinforcement and concrete (adapted from [fib (2000)]) as a 

function of corrosion; Right: comparison between used models for bond reduction, with r being the ratio between 
maximum bond strengths in corroded and non-corroded stat

Table 1: Modelling variables:  

U: uniform corrosion, P: pitting corrosion, fy: yield strength, fc: concrete compressive strength, Ct: concrete tensile model, 
τb,c: bond strength.

 
Load-deflection results are shown in Figure 6 
(top). For the response of beam B111, the 
concrete tensile strength and initial tangent 
modulus were estimated as fct=0.65fc0.33 and 
Ec=5000fc0.5, which resulted in 2.4MPa and 
35,355MPa, respectively. With these values 
better agreement was found in the crack-
development phase. We observed that the 
curves gradually converge to the experimental 
response of the corroded beam B116. As 
expected for flexural failure due to yielding of 
bottom reinforcement, the maximum load is 
controlled by uniform and pitting corrosion and 
reduction in the yield strength. Reduction in the 
concrete strength has very little influence, and 
reduction in the bond strength no influence at all 
provided the failure mode does not change. 
Bond shows some influence in the post-cracking 
stiffness prior to initiation of yielding. In Model 

6 an additional modification was introduced, 
which consisted in increasing by a factor of 2 the 
constitutive model parameter controlling the 
exponential decay in the tension-stiffening phase 
of concrete. This is equivalent to reducing the 
fracture energy by 50%. This last model showed 
the best overall agreement with the corroded 
specimen. Failure ultimately occurred due to 
fracture of bottom reinforcement. Although this 
was not explicitly modeled, due to lack of data 
regarding the fracture strain of the 
reinforcement, calculated tensile strains at 
ultimate displacement (24mm) were 7.5% at the 
mid-span steel element, which is close to 
fracture. 
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Figure 6 Top: Load deflection results for beams B111 
(non-corroded reference beam) and B116 (corroded 

beam); Bottom: sensitivity results for beam B116 
comparing different models for degradation of bond 

between reinforcement and concrete under 
corrosion). 

Model 7 represents the extreme situation in 
which the top cover elements were completely 
removed from the numerical model, assuming 
total spalling of concrete cover. This situation is 
very conservative, underestimating the collapse 
load by 30%. 

The effect of bond strength is shown in 
Figure 6 (bottom). The results discussed so far 
used the CEB-FIP1990 bond model for 
unconfined concrete and all other bond 
conditions. Values for the maximum corroded 
bond strength using expressions from section 

2.3 ranged between 0.8-2.3 MPa. As previously 
stated, bond mostly affects the post-cracking 
phase, with negligible influence on the collapse 
load provided a switch in the failure mode does 
not occur. For the Cheng et al. model, a pull-
out/splitting failure of the bottom flexural 
reinforcement occurs, which results in an 
undesirable brittle failure mode at about 20% of 
the failure load at flexural yielding. Crack 
patterns reported in Figure 7 show that a single 
vertical crack develops to the left of the applied 
load. Limited crack propagation occurs in the 
case of pull-out/splitting failure, whereas several 
vertical cracks develop in the case of flexural 
yielding failure.  

4. Conclusions 

Numerical FE results for flexure-critical beams 
controlled by yielding of tensile reinforcement 
indicated that corrosion-induced degradation of 
reinforcement (area and yield strength) amounts 
to 95% of the total load reduction. These 
mechanisms can be regarded as primary 
mechanisms. Secondary mechanisms, such as 
reduction in the concrete compressive strength 
and bond, were found to have a smaller 
influence. However, under significant 
degradation secondary mechanisms can become 
dominant, producing a switch in the failure 
mode from ductile to brittle. Therefore, both 
primary and secondary mechanisms should be 
considered for adequate serviceability and 
ultimate limit state assessment. 

 

 
Figure 7. Crack patterns in corroded beam B116 at flexural failure (left) and at bond-slip failure (right).
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