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ABSTRACT: A finite element (FE) method was proposed to calculate the corrosion penetration depth (rcrit) on 
steel reinforcement necessary for the first visible crack to appear on the concrete cover. The FE analysis was car-
ried out using the commercial software from ANSYS. The obtained FE method is a function of free concrete 
cover depth (C), reinforcement diameter (D), length of the anodic zone (L), and concrete type. The results show 
a strong influence of localized corrosion (small-size anode versus large-size cathode) on the prediction of the rcrit 
value. This influence can only be analysed three-dimensionally. The proposed FE method is validated with experi-
mental results from literature. This approach is a novelty in considering the longitudinal direction in the analysis 
to account for the extension of the anodic cell. Corrosion type strongly depends on the C/L ratio, this leads to 
uniform corrosion for values between 0.02<C/L<0.1 and localized corrosion for values between 0.5<C/L<4.0.
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RESUMEN: Predicción del agrietamiento inducido por corrosión en hormigón armado mediante modelización por 
elementos finitos. Este trabajo propone un método de elementos finitos (FE) para calcular la profundidad de 
penetración por corrosión (rcrit) en las armaduras de acero, necesaria para originar la aparición de la primera grieta 
visible en el recubrimiento de hormigón. El análisis por FE se ha llevado a cabo utilizando el programa comercial 
ANSYS. El método de FE obtenido se ha desarrollado en función del espesor del recubrimiento de hormigón libre 
(C), el diámetro de la armadura (D), la longitud de la zona anódica (L), y el tipo de hormigón. Los resultados 
obtenidos muestran una gran influencia de la corrosión localizada (pequeñas zonas anódicas frente a grandes 
zonas catódicas) en la predicción del valor de rcrit. Esta influencia sólo puede ser analizada tridimensionalmente. 
El modelo de FE propuesto se validó utilizando datos de la bibliografía. La originalidad del procedimiento pro-
puesto radica en la consideración de la dirección longitudinal en el análisis, para tener en cuenta la extensión de 
la zona anódica. El tipo de corrosión tiene una gran dependencia de la relación entre C/L, ocasionando corrosión 
uniforme para valores entre 0,02<C/L<0,1, y originando corrosión localizada para valores entre 0,5<C/L<4,0.
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1. INTRODUCTION

Reinforced concrete (RC) is one of the most 
widely used materials in the construction sector 
because of its versatility, cost and durability. The 
highly alkaline environment (pH above 12.5) of a 
good quality concrete leads to the formation of a 
passive layer on the embedded steel rebar, protecting 
it from corrosion and assuring a low steel corrosion 
rate of less than 1.16 μm/year (González et al., 1996; 
García et al., 2012; Fajardo et al., 2014). However, 
this protective passive layer can be disrupted when 
the pH of the concrete pore solution is lowered, e.g. 
by environmentally-induced carbonation, or when 
aggressive chloride ions from de-icing salts, direct 
contact with seawater or exposure to marine aero-
sols reach the reinforcement or are directly added 
during the mixing process as an admixture, enabling 
diffusion to the steel surface (Jaegermann, 1990; 
Chung et al., 2008).

Steel corrosion and the loss of rebar cross- section 
take place in the presence of oxygen and water 
through an electrochemical process (Ahmad, 2003). 
In general, the iron ions released from the steel 
react with oxygen to generate chemically stable iron 
oxides which are deposited on the steel surface. The 
spatial gap left by the consumed iron is not enough 
to accommodate these oxides, which have a higher 
volume and lower density than iron (Sánchez-Deza 
et al., 2017), and their growth generates pressure on 
the surrounding concrete cover. When the expansion 
stress of the iron oxides surpasses that of the con-
crete, cracking and spalling can take place (Sánchez-
Deza et al., 2018).

Depending on the location of  the anode and 
the cathode, steel reinforcement corrosion may 
occur in micro-cells, where anodic and cathodic 
half-cell reactions occur in the same place, or in 
macro-cells where corroded zones (anode) are 
distinguished from uncorroded zones (cathode) 
(González et  al., 1995; Elsener, 2002). The lat-
ter case is very important because the higher the 
cathode to anode surface area ratio, the faster 
the dissolution of  the rebar cross-section, origi-
nating a high level of  steel corrosion (Raupach, 
1996). Most of  the research works reported in 
the literature, in relation with the corrosion pen-
etration depth (rcrit) on steel necessary to induce 
concrete cover cracking, they have considered uni-
form corrosion conditions (micro-cells), and only 
a few cases have assessed non-uniform corrosion 
(macro-cells) (Torres-Acosta and Sagües, 2004; 
Busba and Sagües, 2013). Thus it may be of  inter-
est to carry out a detailed analysis of  the length of 
the anodic zone (L) defined above.

Analytical efforts have been made to propose a 
model that can predict either the time to corrosion-
induced concrete cover cracking of  a corroded 
structure or the residual flexural strength of  RC 

beams subjected to rebar corrosion (Bažant, 1979; 
Hutchinson and Suo, 1992; Molina et  al., 1993; 
Andrade et al., 1993; Liu and Weyers, 1998a; Liu 
and Weyers, 1998b; Martín-Pérez, 1999; Balafas 
and Burgoyne, 2010; Balafas and Burgoyne, 2011; 
Pantazopoulou and Papoulia, 2001; Vu et  al., 
2005; Oh et  al., 2009; Zhang et  al., 2017). Such 
studies have used a thick-walled cylinder model 
to calculate the stress generated by iron oxides 
(Bažant, 1979), have evaluated oxide formation 
in partially cracked cylinders (Liu and Weyers, 
1998a; Liu and Weyers, 1998b; Martín-Pérez, 
1999), and have applied the FE theory (Molina 
et al., 1993; Andrade et al., 1993; Pantazopoulou 
and Papoulia, 2001).

The aim of this paper is to develop a numerical 
method by FE methodology to calculate the rcrit 
on reinforcing steel in concrete and its validation 
through experimental results from the literature. In 
this way it is proposed to analyse the parameters 
which define the mechanical properties of the con-
crete based on the stress-strain response curve as the 
concrete is damaged by stress.

2. EXPERIMENTAL PROCEDURE

2.1. Description of the Problem

A model is proposed to describe the problem, 
which consists of a steel rebar with an initial radius 
(r0) embedded in concrete, the distance from the 
steel rebar centre to the nearest free concrete surface 
is defined by the Rc parameter (Rc=C+r0), where C 
is the free concrete cover depth; and r0 as defined 
above, Rc, C, and r0 are showed in Fig. 1. In order 
to model the concrete cover cracking, the expansion 
strength of the iron oxide layer (d ) was included (see 
Fig. 1), i.e. the iron oxide layer required to generate 
a similar tangential stress (st) to the maximum ten-
sile strength of the concrete ( ft) to start the crack-
ing process at the steel/concrete interface (Bhargava 
et al., 2005).

The reliability of  the common thick-walled 
concrete cylinder approach, under the action of 
internal pressure originated by the expansion 
of  iron oxide of  the corroded steel rebar, is only 
approximate (Sánchez-Deza et  al., 2018). This 
may be attributed to the boundary conditions, see 
Fig. 1, around the corroded steel rebar, because the 
residual resistance of  the cracked concrete cover 
is ignored (Pantazopoulou and Papoulia, 2001). 
To avoid these problems, corroded steel rebar is 
described as a structural element which is forced 
to occupy the volume inside a hollow-core con-
crete cylinder whose interior diameter (D), D=2r0, 
is smaller than the diameter of  the corroded steel 
rebar, 2r0+d. When both steel and concrete are 
 coupled it is possible to calculate the pressure gen-
erated between them.

https://doi.org/10.3989/revmetalm.150�


Finite element modelling to predict reinforced concrete corrosion-induced cracking • 3

Revista de Metalurgia 51(4), July–September 2019, 55 (3), e150, ISSN-L: 0034-8570. https://doi.org/10.3989/revmetalm.150

2.2.  FE Method for the Steel/Oxide/Concrete 
System

In order to describe the steel/concrete interface, 
contact elements may be used, which are consid-
ered as layers without thickness that adhere to 
the surfaces and allow them to come into contact. 
One side of  the contact element is referred to as 
the ‘contact surface’ and the other side as the ‘tar-
get surface’. The contact surface is a highly non-
linear feature. In the present analysis, the contact 
surface adheres to the steel rebar, while the target 
surface adheres to the surrounding concrete, since 
it is assumed that the rust pushes on the concrete. 
To use contact elements, it is necessary to define 
their stiffness properties. If  stiffness is very high, 
fluctuation and convergence problems may occur 
in the numerical calculation process, limiting the 
magnitude of  d .

When using contact elements, the main difficulty 
is that the contact surface between the two bodies 
is unknown in advance. Under ideal conditions, an 
initial value of d  is obtained by solving the prob-
lem through the elasticity theory for a homogeneous 
material (Timohenko and Goodier, 1970):
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where Pg is the radial pressure at the steel/concrete 
interface; ns is the Poisson’s coefficient of steel; Es 
is the modulus of elasticity for reinforcement steel; 
nc is the Poisson’s coefficient of concrete; Ec is the 
modulus of elasticity for concrete; r0 and Rc have 
been defined above. It is possible to demonstrate that 

Pg parameter can be calculated using the expression 
(Wang, 1953):
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where all parameters have been defined previously.
In order to calculate d  and Pg parameters using 

Eq. (1) and Eq. (2), respectively, it is assumed that 
the concrete is not cracked and the elasticity theory 
for a homogeneous material may be utilized. When 
the iron oxide layer grows and reaches the value of 
d , the concrete starts to crack at the corroded steel/
concrete interface. For values higher than d  it is not 
possible to use the elasticity theory, although the 
concrete cover still maintains some residual tensile 
strength. This process is modelled by FE method as 
follows.

A 3D model for the FE method has been uti-
lized to represent the interaction of the steel/oxide/
concrete system, on which the compressibility of 
rust products is not considered, and the expansion 
of corrosion products, denoted by d, is uniformly 
distributed around the reinforcing steel. (i) The 
concrete has been modelled using the three-dimen-
sional element SOLID65 (from ANSYS) defined 
by 8 nodes and 3 degrees of freedom in each node: 
displacements in the x, y and z axes. This software 
has the capacity to represent concrete failure due 
to tension and compression by means of cracks 
which occur at the integration points along the three 
orthogonal directions, once the concrete’s resis-
tance to stress and compression has been reached. 
Figure 2 shows the stress-strain curve for concrete 
using  theoretical compressive strength values ′f( )c  
(Thorenfeldt et al., 1987; Popovics, 1973). In Fig. 2 

Figure 1. Model’s parameters for the estimation of stresses during corrosion process. C is the free concrete cover depth, Rc is the 
distance from steel rebar to the nearest free concrete surface, r0 is the initial radius of steel rebar, and d is the iron oxides layer. 
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the compressive strength of 35 MPa and strain of 
0.002 are used for illustration, these values are vari-
able parameters in the proposed model, while n and 
k are constant, with values of 2 and 1, respectively. 
The tensile stress-strain relation adopted for con-
crete is the cracking criterion achieving the concrete 
tensile strength. (ii) The reinforcing steel properties 
can be modelled using the plasticity model, which 
considers the strain hardening effect. Figure 3 shows 

the tri-linear proposed stress-strain curve that may 
be adjusted to experimental data as a function of 
the yield strength ( fy) and the ultimate strength ( fu). 
And finally, (iii) the use of contact elements for 
friction modelling associated to iron oxide layers 
often involves great converge problems in the fitting 
process due to their highly non-linear behaviour. 
Friction and stiffness (also called ‘penalty stiffness’) 
are dependent upon the type of iron oxide layer and 

Figure 2. Stress-strain curve for concrete. Considering n=2, e0=0.0021, ′fc  =35 MPa, and k=1. Where n and k are mechanical 
properties parameters, e0 is the unit strain in concrete at the compressive strength of concrete ( ′fc ).

Figure 3. Tri-linear stress-strain curve for steel. Where eu is the unit strain in reinforcing steel at the fu ultimate strength, and ey is 
the unit strain in reinforcing steel at the fy yield strength.
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the permissible penetration is obtained from the FE 
method analysis. The most important challenge in 
modelling with contact elements is to determine 
when the two surfaces come into contact, and this 
depends on several factors such as the separation 
between them or the mesh size used.

It is assumed that the reinforcing steel and the 
surrounding concrete cover always remain in con-
tact, but with the possibility of sliding, it is necessary 
to provide a friction coefficient, contact stiffness, 
and permissible penetration parameters. Steel rcrit 
(see Fig. 1) may be calculated using the expression 
(Castorena, 2007):
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where a is the molar volume ratio coefficient; and 
the other parameters have been defined previously. 
The molar volume (Vm, cm3·mol-1) of an iron oxide 
is defined as the ratio between the molar mass and 
the density of a given oxide phase. Table 1 presents 
the a coefficient of oxide molar volume expansion 
to iron consumed in the corrosion process for a 
marine environment in the presence of chloride ions 
(Sánchez-Deza et  al., 2017; Sánchez-Deza et  al., 
2018):

 a=Vm(oxide)/Vm(Fe) (4)

where Vm(oxide) and Vm(Fe) are the molar volumes 
of  oxide and iron, respectively. The α coefficient 
indicates the increase in volume during the corro-
sion process (Sánchez-Deza et al., 2017). The high 
α coefficient of akaganeite (3.29) may acceler-
ate the cracking process more than the other five 
oxide phases: lepidocrocite (3.16), goethite (2.94), 
maghemite (2.30), hematite (2.13), and magnetite 
(2.09).

The smeared crack model proposed by 
Pantazopoulou and Papoulia (2001) was used to 
calculate the width of the crack (w) using results 
yielded by the FE method, i.e. the average deforma-
tion around the fictitious perimeter generated by the 
Rc is obtained using the formula:

 w = 2πRcet (5)

where et is the strain in polar coordinates; and Rc 
has been defined above.

The procedure to carry out the non-linear FE 
method analysis is as follows, the mechanical prop-
erties of the concrete are defined by: (a) their stress-
strain curves, (b) the steel diameter (D=2r0), (c) the 
C, and (d) the L parameters. With these four param-
eters a first d  value is obtained using Eq. (1) which 
may simulate the oxide thickness (d ) necessary for 
corrosion cracking to start. With this d  value, the 
three parameters required in the contact elements 
are: (1) friction, (2) stiffness, and (3) permissible 
penetration. These input parameters together with 
the number of FEs were adjusted. For example, if  
the corrosion products are mainly of lepidocrocite 
type, then a coefficient of friction of 0.458, a normal 
contact stiffness of 4000 (force/length), and a per-
missible penetration factor of 0.1 are used as prop-
erties of the contact element. Once the parameters 
for the contact elements have been established, the 
d  value is then increased, accompanied by a value 
according to the type of iron oxide (see Table 1), 
until the crack reaches the surface of the concrete 
cover. This is defined as the first visible crack. At 
this point, Eq. (3) is applied to calculate rcrit, and 
Eq. (5) is applied to yield the width (w) of this first 
visible crack. The analysis allows the value of d  to 
be raised even further, so that a relationship between 
rcrit and w can be obtained beyond the first time a 
visible crack appears.

The strategy followed in the present analysis to 
avoid convergence problems is similar to the pro-
posal by Mohyeddin et al. (2013), i.e. to apply a d  
value in several large steps, and when the program 
fails due to convergence problems to note the corre-
sponding step number and then repeat the analysis 
with smaller steps until convergence failure occurs 
again, noting the step in which this happens, and 
so on.

3.  EXPERIMENTAL RESULTS AND 
DISCUSSION

3.1. Validation of the FE Method

To validate the present FE method results from 
Torres-Acosta and Sagües (2004) were used, in 
which 14 cylindrical concrete specimens were ana-
lysed. Each reinforcement has a pipe tubular part 

Table 1. Molar volume (Vm) and molar volume expansion 
ratio coefficient (a) (a  = Vm(oxide)/Vm(Fe)) for oxides of iron 
generated in a marine environment (Sánchez-Deza et al., 

2017; Sánchez-Deza et al., 2018).

Iron and Iron Oxide Phase

Molar 
Volume (Vm),
(cm3·mol−1)

Molar Volume 
Expansion Ratio 
Coefficient (α)

Iron, Fe 7.09 −

Akaganeite, b-FeOOH 23.32 3.29

Goethite, a-FeOOH 20.82 2.94

Lepidocrocite, g -FeOOH 22.42 3.16

Hematite, a-Fe2O3 30.27 2.13

Maghemite, g -Fe2O3 32.63 2.30

Magnetite, Fe3O4 44.52 2.09
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composed of three regions: two end regions pro-
tected with PVC covers and an exposed central 
region (anodic zone) to measure deformation and 
to calculate the pressure during an accelerated 
 corrosion process applying a current density of 
0.1 mA·cm−2.

Figure 4 shows the output results for a cylindri-
cal cross-section and a rectangular cross-section 
(denominated beam). For this first step of the vali-
dation, i.e. when the first crack appears at the steel/
concrete interface, it was assumed that the value of 
L has no influence, because identical results were 
obtained for different L values. It should be noted 
that the importance of Fig. 4 results is because they 
are utilized to calculate rcrit by FE method modelling 
of a reinforcement with a cylindrical shape, due to 
their symmetry and simplification of the calculation, 

and that it is equally applicable for beams of rectan-
gular section.

During the second step, when the first visible 
crack appears on the concrete cover surface, the 
numerical FE method and the experimental results 
from Torres-Acosta and Sagües (2004) are shown 
in Fig. 5 as an example. This figure shows details 
of the state of cracking and pressure in the contact 
elements at the most important points of the curve, 
i.e. the first crack at the steel/concrete interface, the 
maximum pressure, and the first visible crack. The 
part where the first crack appears at the steel/con-
crete interface is coincident because at this point, the 
FE method always matches with the experimental 
results. Figure 6 shows tangential stress (st) on con-
crete due to localized corrosion of an anodic zone 
having a length L, where L determines the length 

Figure 5. Variation of pressure (Pc) originated by expansion of iron oxides and the ratio of corrosion penetration depth on steel 
and initial radius of steel rebar (rcrit/r0) at the steel/concrete interface. “First Crack” indicates that cracking of concrete initiates at the 

steel/concrete interface.

Figure 4. Comparison between tangential stress (st, MPa) results obtained for different boundary conditions (cylinder and 
beam). r0 is the radius of the steel reinforcement (mm), and C is the free concrete cover depth. Parameters used in the simulation: 

free concrete cover depth (C=20 mm), modulus of elasticity of concrete (Ec=28836 MPa), Poisson’s coefficient of concrete (nc=0.24), 
steel reinforcement radius (r0=4.75 mm), modulus of elasticity of reinforcing steel (Es=210000 MPa), and Poisson’s coefficient of 

reinforcing steel (ns=0.3).
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along which parameter d  is imposed at the steel/
concrete interface. For simplicity, one quarter part 
of the cylinder was considered to be representative. 
After a converge analysis, it is sufficient to use 4020 
finite elements, that is 3300 to simulate the concrete 
(SOLID65), 480 to simulate the steel (SOLID45), 
and 240 to simulate the contact elements.

For a given ratio of C/D, and taking into 
account the properties of the concrete (compressive 
strength, tensile strength, and modulus of elastic-
ity), the model is validated according to the calcu-
lated values of d  and Pg using Eq. (1) and Eq. (2), 
respectively. Later, using different C/D ratios, a total 
of 100 different cases have been analysed using the 
FE method and a regression analysis method using 
the statistical analysis system (SAS) program, with 
a correlation coefficient R2=0.9200. The obtained 
model is described by the proposed expression:

 δ= × 











− −r
C
D

C
L

5.272 10crit
3

0.267
0.435

0.467

  (6)

where C/D and C/L have been defined previously 
and d  is calculated using Eq. (1). The influence 
of concrete properties is implicit in the calculation 
of d , see Eq. (1). The applicability of the present 
model, described by Eq. (6), is shown in Fig. 7. A 
good fit can be observed comparing results obtained 
using Eq. (6) and experimental results from Torres-
Acosta and Sagües (2004). It should be noted that 
Eq. (6) has been used for experimental results other 

than those used for the comparing of the model 
(Castorena et  al., 2008), and the use of Eq. (6) is 
applicable to situations where the concrete might be 
confined by compressive stress fields or stirrups/ties.

3.2. Influence of Type and Size of Specimens on rcrit 

The influence of  mechanical properties of  con-
crete and geometrical conditions of  steel rebar on 
rcrit defined by Eq. (6) was analysed. The influence 
of  compressive strength of  concrete was evaluated 
using a range of  ′fc  values between 20 MPa and 
70 MPa. Where ′fc  value is implicitly included in 
Eq. (6), given that for the calculation of  d  it is nec-
essary to use Eq. (1). The other mechanical prop-
erties values are function of  ′fc , that is, modulus of 
elasticity (Ec) and tensile strength ( ft) (Mohyeddin 
et al., 2013; ACI 318M−08, 2008). To analyse the 
influence of  these variables, C/D values were cho-
sen between 0.5 and 8.0. Two extreme C/L values 
were used: C/L=0.05 (Fig. 8) for uniform corro-
sion, and C/L=2.5 (Fig. 9) for localized corrosion. 
As it is observed in Figs. 8 and 9, the influence 
of  concrete properties in the estimation of  rcrit is 
not relevant, possibly because of  the difference in 
stiffness between steel and concrete, which is on 
the order of  7 to 8 times as average. This fact is 
of  great practical importance, since Eq. (6) can 
be used in existing reinforced concrete structures, 
in which the values of  the properties of  the con-
crete used in its construction are not known with 
precision.

Figure 6. Tangential stresses (st) in concrete due to localized corrosion. Parameters used in the simulation: D=102 mm, H=406 
mm, L=92 mm, C/D=0.9, C/L=0.4, and Poisson’s coefficient of concrete nc=0.24. 
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Figure 7. Comparison between results obtained using the present FE method (rcrit using Eq. (6)), and experimental results (rcrit 
Experimental) obtained from Torres-Acosta and Sagües (2004).

Figure 8. Influence of the mechanical properties of concrete on rcrit for a C/L ratio of 0.05.

Figure 10 shows the influence of  steel rein-
forcement diameter (D=9.5, 19 and 38 mm) on 
rcrit for a fc value of  35 MPa and a C/L ratio of 
1.0. Implicitly, the value of  the rebar diameter is 
related to the d variable, see Eq. (1). Contrary to 
the influence of  concrete properties (Figs. 8 and 9) 

the influence of  the d parameter is important 
(see Fig. 10). This behaviour is derived from the 
geometric conditions between the diameter of 
the steel reinforcement (D) and the free concrete 
cover depth (C), as r0 appears to be as power of 
two in Eq. (1).
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Finally the influence of C/L ratio on rcrit was 
analysed, taking ′fc  and d values as 35 MPa and 
0.002632 mm, respectively. The C/L values were 
over the range of 0.02 (uniform corrosion) and 4.0 
(localized corrosion). After the numerical analy-
sis the results obtained were plotted in Fig. 11, in 
which the importance of C/L ratio on the value of 

rcrit is shown. From the analysis of Fig. 11, it can 
be concluded that for relations comprised 0.02<C/
L<0.10, the reinforced concrete element undergoes 
uniform corrosion (that is, there is little influence 
of the C/L ratio on rcrit), and for values between the 
range 0.5<C/L<4.0, the reinforcement suffers local-
ized corrosion.

Figure 9. Influence of the mechanical properties of concrete on rcrit for a C/L ratio of 2.5.

Figure 10. Influence of the size of the steel reinforcement diameter, D=9.5, 19 and 38 mm on rcrit for ′fc  =35 MPa, and C/L=1.0.

https://doi.org/10.3989/revmetalm.150�


10 • J.H. Castorena-González et al.

Revista de Metalurgia 51(4), July–September 2019, 55 (3), e150, ISSN-L: 0034-8570. https://doi.org/10.3989/revmetalm.150

4. CONCLUSIONS

Based on the results of this experimental inves-
tigation under marine environment, the following 
conclusions are drawn:

 - Using contact elements methodology it is pos-
sible to model initiation and propagation stages 
of the concrete cover cracking due to corrosion 
of steel reinforcements.

 - A FE method is proposed to determine the cor-
rugated steel corrosion penetration depth at 
the point when the first visible crack appears. 
The FE method is based on geometry, free con-
crete cover depth (C), steel reinforcement rebar 
diameter (D), anodic zone length (L), and the 
mechanical properties of the concrete: modu-
lus of elasticity, compressive strength, Poisson’s 
modulus, and tensile strength.

 - A good correlation was found between experi-
mental results from the literature and the devel-
oped FE method. Corrosion type (uniform or 
localized) strongly depends on the C/L ratio. For 
a C/L ratio value comprised 0.02<C/L<0.10 the 
steel reinforcement presents uniform corrosion, 
while for higher a C/L ratio value of 0.5<C/L<4.0 
the reinforcement suffers localized corrosion. 
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