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Abstract 
In the construction sector, the concrete and the steel bars represent still the key components, although they are very 

vulnerable by the atmospheric agents, as in the case of their degradation caused by corrosion. The value of the 

concrete carbonation may enhance the corrosion around the reinforcing bar, promoting deterioration of the 

mechanical properties of the material and finally of the structure. In this work we present a computational model 

of the reinforcement corrosion in a carbonated concrete, based on experimental data obtained from a carbonation 

process and corrosion of the metallic bars. Using an accelerated carbonation chamber, we carried out testing on 

cylindrical concrete samples reinforced with four steel bars, followed by electrochemical measurements to 

characterize the corrosion mechanism of the metal elements. The experimental data are then introduced in Comsol 

Multiphysics® 6.1 to model the corrosion of the reinforcing metal under steady state conditions. We define the 

electrochemical mechanism of the bars using the Second Current Distribution of the Corrosion Module, while the 

computation of the oxygen diffusion is developed with the Transport of Dilute Species interface of the Chemical 

Reaction Engineering Module. The model is completed by incorporating experimental kinetics data of the 

electrochemical electrode reactions, reflecting the carbonation front progress. Starting from experimental values 

of corrosion potential, corrosion current density, anodic, and cathodic slopes of the Tafel curve, the values of 

exchange currents are computed and then used to simulate the corrosion of four reinforcing bars. According to the 

computational results, the outermost bars are characterized by stronger corrosion and reduction currents, 

phenomena depending also on the oxygen concentration values associated to the coupled gas diffusion process. 
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Introduction 
Although concrete and metal reinforcement are very 

vulnerable to atmospheric agents, they represent the 

most widely used materials for civil constructions. 

Since the carbon dioxide is increasing in the 

atmosphere due to the climate change, it is necessary 

to evaluate the impact of corrosion on civil structure 

[1,2] for safety reasons and the high costs associated 

with their repair or replacement.  

Concrete is fundamentally a porous ceramic material 

[3], with a structure exposed to atmospheric 

degradation mechanisms caused by carbonation. 

When CO2 diffuses into a concrete reinforced with 

metal bars, the alkaline conditions of the solution 

within the pores are modified and the metal 

reinforcement loses the protection layer (de-

passivation) [4]. A series of fundamental articles on 

the carbonation process are due to the author 

Papadakis [5,6,7,8,9]. Numerous works investigated 

the corrosion process of metallic reinforcement, one 

of the pioneering authors was Bazant [10]. The 

dependence of the cathodic reaction on the degree of 

water saturation was the subject of the work of Hue 

et al. [11], the kinetics of metal corrosion caused by 

carbonation were analysed in [12,13] and the 

coupling of oxygen transport with a micro-cell 

corrosion model also developed in [14]. Among 

others, reinforcement corrosion in a carbonated 

concrete has been simulated [15,16], corrosion in 

aluminium alloy modeled in Comsol Multiphysics® 

[17], the same mechanism induced by chloride ions 

studied in [18], while the transport of corrosive 

agents with electrochemical reaction system has 

been numerically represented by Ghods et al. [19]. 

On the other hand, microstructural reconstructions of 

the concrete using X-ray tomography are due to Lu 

et al. [20] and phase field computational methods 

describing the surface of a metallic anode to Mai and 

Soghrati [21]. Finally, several works have applied 

experimental and computational methods for 

modelling carbonation and corrosive phenomena, 

among others [22,23,24,25,26,27]. 

Computational model 

Hypothesis of the model 

The corrosive process can break the passivation 

layer protecting the steel, when the alkalinity of the 

aqueous solution (electrolyte) in the pores of the 

concrete decreases due to carbonation [4,10,28]. It 

consists of the dissolution of iron in the pore water, 

since Fe oxidizes and the  𝐹𝑒 2+ ions pass into 

solution, according to the anodic reaction: 

 

𝐹𝑒 → 𝐹𝑒 2+ + 2𝑒−   (anode)     (1) 

where 𝑒− is the electron. The regions of the steel 

surface close to the anodic areas serve as cathodic 

sites and the 𝑒− move towards them, creating an 

electrical current from cathodic to anodic regions. 

Simultaneously, atmospheric oxygen diffuses 

through the concrete towards the metal surface and, 

at the cathodic sites in contact with aqueous solution 

reacts with the electrons of reaction 1. The following 

reduction reaction originates with the formation of 

hydroxyl ions 𝑂𝐻 −: 



 

2 

 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻 −  (cathode)      (2) 

The electric current flows through the electrolyte, 

from the anodic surface to the cathodic area, caused 

by the transport in the opposite direction of the 

negative charges 𝑂𝐻 −. On the other hand, the 𝑂𝐻 – 

ions reaching the anodic region electrically 

neutralize the dissolved 𝐹𝑒 2+ and form a solution of 

ferrous hydroxide Fe(OH)2 : 

 

𝐹𝑒 2+ + 2𝑂𝐻 −  → 𝐹𝑒(𝐻𝑂)2  (anode)      (3) 

The overall cell reaction, adding reactions 1, 2, and 

3 is therefore: 

 

2𝐹𝑒 + 2𝐻2𝑂 + 𝑂2 → 2𝐹𝑒(𝐻𝑂)2  (cell)      (4)

    

Eqs. 2,3, and 4 show that 𝑂2 is fundamental for the 

corrosive phenomenon of the reinforcement metal. 

In the pores, we assume that water is sufficient for 

developing the previous chemical reactions, 

influencing the corrosion process through two 

mechanisms [10]: a) the degree of saturation of the 

water affects the electrical resistivity of the concrete; 

b) the diffusion coefficient of the gases 𝑂2 and CO2 

depends on the same degree of saturation.  

Consequently, we establish the following hypotheses 

for the computational model: 

a)  concrete is a porous medium not completely 

saturated with water, where the carbonation 

phenomenon modifies the passivation state of the 

metallic reinforcement; 

b) the oxidation-reduction process is modeled by 

oxidation of Fe and reduction of 𝑂2 on the whole 

surface of the metallic bars (uniform corrosion by 

carbonation): 

c) the atmospheric 𝑂2 surrounding the concrete 

diffuses in the gas phase of the pores, towards the 

metal surfaces; 

d) the electrochemical corrosion reactions are 

controlled by the 𝑂2 concentration in proximity 

of the bars, with sufficient water; 

e) the oxidized material of the reinforcement and its 

volumetric changes are neglected; 

f) the corrosion phenomenon is modeled under 

steady-state conditions. 

Physical model 

Fig.1 illustrates the geometry of a reinforced sample 

[29], prepared with a Holcim MP/A-28 hydraulic 

cement, using the materials and relative quantities of 

Table 1. The final water/cement ratio is 0.57 with an 

aggregate/cement ratio of approximately 4.17. The 

upper side of Fig.1 gives a vertical view of the 

sample, with a 50 mm long exposed metal section 

belonging to a 110 mm high reinforcement bar. The 

extreme silicone coatings, insulating the other two 

sections of the bar are also indicated in this vertical 

view. The lower left side of Fig.1 provides a 

horizontal section with the position of a central bar 

and four outermost reinforcements, measured from 

the lateral surface of the cylindrical sample. The  

 

 

Figure 1. Schematic and dimensions of the reinforced 

concrete sample. 

 
Table 1. Composition of the concrete. 

Material  Weight 

(kg)  

Hydraulic cement (MP/A-28)  381.927 

Sand  (wet) 687.31 

Gravel  (wet) 907.12 

Water 197.45 

Note: water to binder w/c ratio is 0.52, while the real value 

is 0.57, considering the humidity of the material.  

rectangular Cartesian coordinate system, x,y,z, of the 

isothermal, steady-state, computational model is 

represented in the same Fig.1. We study the case of 

a sample carbonated for 33 days and exclude in the 

model the central bar, since it represents only a 

reference electrode. 

Kinetics of the electrochemical reactions 

A fundamental component of the computational 

model is the definition of the electrochemical 

reaction’s kinetics on the electrode surfaces. First, 

using data based on an experimental process, the 

depths of the carbonation penetration is estimated for 

the concrete sample of Fig. 1 as a function of the 

carbonation time. For a sample carbonated 33 days 

in the accelerated chamber, at a CO2 concentration 

of 25% and relative humidity of 65%, the penetration 

depth is 18 ± 1 mm from the outer cylindrical surface 

of the specimen. For a reinforced concrete sample 

carbonated 33 days, Table 2 gives the experimental 

values of the polarization test for four steel bars 

placed at different distance from the outer surface of 

the sample. As the carbonation is more intense, near 

the rods at 5 mm and 10 mm from the external 

surface, the corrosion potentials are more negative, 

and the current intensity is greater. For the bars at 15 

silicone coating 
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Table 2. Corrosion potential, current density, anodic and 

cathodic Tafel slopes of four reinforcement bars placed at 

different distances from the external cylinder surface.  

Distance: 5 mm 

Ecorr 

(V) 

icorr 

(A/cm2) 

ba 

(V/dec) 

bc 

(V/dec) 

-0.6507 9.1468E-06 0.92964 -0.91109 

 

Distance: 10 mm 

Ecorr 

(V) 

icorr 

(A/cm2) 

ba 

(V/dec) 

bc 

(V/dec) 

-0.6051 7.5005E-06 0.88559 -0.82915 

 

Distance: 15 mm 

Ecorr 

(V) 

icorr 

(A/cm2) 

ba 

(V/dec) 

bc 

(V/dec) 

-0.5685 4.0430E-06 0.64922 -0.60148 

 

Distance: 20 mm 

Ecorr 

(V) 

icorr 

(A/cm2) 

ba 

(V/dec) 

bc 

(V/dec) 

-0.5239 6.4684E-06 1.0871 -0.8971 

Note: the experimental values are measured by 

polarization resistance (the corrosion potential Ecorr is 

evaluated vs an Ag/AgCl saturated electrode at 25°C). 

 

Table 3. Exchange current density for iron oxidation and 

oxygen reduction of four reinforcement bars placed at 

different distances from the external cylinder surface. 

Distance: 5 mm 

iO (Fe oxidation) 

(A/cm2) 

iO (O2 reduction) 

(A/cm2) 

0.1017 E-04 0.1308 E-06 

 

Distance: 10 mm 

iO (Fe oxidation) 

(A/cm2) 

iO (O2 reduction) 

(A/cm2) 

0.0744 E-04 0.0800 E-06 

 

Distance: 15 mm 

iO (Fe oxidation) 

(A/cm2) 

iO (O2 reduction) 

(A/cm2) 

0.0351 E-04 0.0089 E-06 

 

Distance: 20 mm 

iO (Fe oxidation) 

(A/cm2) 

iO (O2 reduction) 

(A/cm2) 

0.0541 E-04 0.1199 E-06 

 

mm and 20 mm from the external surface the results 

are very similar to each other and show that the metal 

still maintains a certain degree of passivity.  

Using the values of corrosion potential Ecorr, 

corrosion current density icorr, anodic ba and 

cathodic bc slopes of the Tafel curve, the anodic and 

cathodic exchange currents [28] of the metal bars can 

be estimated. The exchange current iO for the 

oxidation of Fe is obtained by extrapolating the 

anodic Tafel curve towards the value of equilibrium 

potential of Fe (- 0.631 V vs Ag/AgCl electrode in 

1M KCl solution at  25 °C). For the O2 reduction, the 

exchange current is determined by extrapolating the 

cathodic curve towards the value of the O2 

equilibrium potential (1.007 V vs Ag/AgCl electrode 

in 1M KCl solution at 25 °C). Table 3 provides the 

values of iO for oxidation and reduction mechanisms 

of the four steel bars. Next, the values of iO , ba, and  

bc will be used in the model to describe the 

electrochemical kinetics of the metal/concrete 

interfaces. 

Solution con Comsol Multiphysics®  
In Comsol Multiphysics® 6.1 we define the 

electrochemical mechanisms of the reinforced 

concrete using the Second Current Distribution of 

the Corrosion Module [30]. The computation of the 

oxygen diffusion, gas required by the reduction 

reaction, is developed with the Transport of Dilute 

Species interface of the Chemical Reaction 

Engineering Module [31]. Using the Electrode 

Surface Coupling we introduce a flux boundary 

condition based on current densities and 

stoichiometric coefficient according to Faraday´s 

law. 

For gaseous O2, the concentration of 8.58 mol/m3 is 

set at the boundaries, which corresponds to a partial 

volume of oxygen of 21% in the carbonation 

chamber. Except for the exposed metal surfaces, 

where reduction reactions take place, all other walls 

are considered impermeable to O2. Using a 

correlation of Papadakis et al. [7], the porous 

medium is assigned a porosity of 0.32 and a water 

saturation equal to 0.27, for a water cement ratio of 

0.57 and relative humidity of 65% in the carbonation 

chamber. It is assumed that O2 moves in the gas 

phase of the pores with an effective transport 

coefficient of 2.5x10-8 m2/s, as a function of porosity 

and relative humidity [7]. The initial O2 

concentration in the computational domain is also 

prescribed equal to 8.58 mol/m3. 

For the corrosion mechanism of the four reinforcing 

rods, concrete is modeled as an electrolytic medium 

with an effective electrical conductivity of 0.005 S/m 

[22]. Excluding the exposed areas of the metal, all 

other surfaces are required to be electrically 

insulated, both in the electrolyte and in the electrode. 

The calculation of the electric currents inside the 

metal is neglected since its electrical conductivity is 

much greater than that of the electrolyte. 

Finally, the 3D computational mesh of finite element 

method generated in Comsol Multiphysics® is 

composed of 2.0x106 tetrahedral elements and 

1.2x105 triangular elements, generating a steady-

state model with approximately 8.55x105 degrees of 

freedom.  

Results and Discussion  
For the corrosion of the metallic reinforcement, Fig. 

2 shows the electric potential and current density 

lines of the electrolyte. When the electric current 

flows, the concrete (electrolyte) in the regions where 

the anodic reactions are more intense, presents a 

more positive electrical potential than the concrete 
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Figure 2. Electric potential and current density vector in 

the electrolyte. 

 

Figure 3. O2 concentration on a horizontal plane of the 

reinforced concrete (z=50 mm). 

 

Figure 4. Current density lines in the electrolyte and 

values on the bar’s surfaces.  

 

of the regions where these are less intense. 

Therefore, when Fe is oxidized, the Fe++ ions 

dissolve in the nearby concrete, while the 𝑒− move 

in the metal and, close to the cathodic region, are 

available for the reduction of O2. In Fig. 2 the electric 

current density in the electrolyte is directly 

proportional to the electric potential difference 

(Ohm’s law). This quantity is given by the difference 

between the potential of the electrolyte close to the 

most intense anodic regions, minus the potential of 

the electrolyte of those regions where the corrosive 

phenomenon is less strong. Fig. 3 plots the O2 

 
Figure 5. Current density lines in the electrolyte and 

electrode potential vs reference.  

 

distribution in a horizontal plane that cuts the 

cylinder at half its height (z =50 mm), intersecting 

the metallic rods. The decrease in O2 is evident in the 

area near the metal, particularly in the regions facing 

the centre of the cylinder. This is due to the 

consumption of O2 in the reduction reactions, 

representing a sink modeled by the Faraday´s law. 

The current density lines in the electrolyte volume 

are given in Fig. 4, where we observe that in 

proximity to the bar positioned 5 mm from the outer 

surface on the negative side of the x axis, the electric 

current is more intense and the O2 concentration is 

low, due to the reduction reactions. For the 

reinforcement placed 20 mm from the exterior wall 

on the positive side of y axis, the O2 is even lower, 

since this electrode is more distant from the 

periphery, where the boundary concentration is 

fixed. In the model, which implements the 

electrochemical kinetics of the Tafel equations and 

neglects the calculation of the electric current inside 

the metal, the potential 𝜙𝑠 of the metallic phase is 

defined as null and the overpotential 𝜂 is computed 

as  𝜂 = 𝜙𝑠 − 𝜙𝑙 − 𝐸𝑒𝑞 = −𝜙𝑙 − 𝐸𝑒𝑞 , where 𝐸𝑒𝑞  is 

the equilibrium potential and 𝜙𝑙 is the electrolyte 

potential. Fig. 5 depicts the current density lines in 

the electrolyte and the electrical potential of the 

electrode vs. the reference. The electrolyte current 

density lines arise in the regions where Fe oxidation 

is most intense, i.e. in the outermost rods of the 

carbonated concrete. The mechanism is highlighted 

in Fig. 6 by plotting the electrolyte potential and the 

current density in a horizontal plane at z = 50 mm. 

We observe that the areas with the highest potential 

are located near the outermost oxidized bars. Fig 7 

gives the magnitude of the current density in the 

electrolyte, on the horizontal surface z =50 mm. For 

all metal bars, the graph of Fig. 8 plots the oxidation 

(or corrosion) current density of Fe, computed along 

a vertical edge opposite the center of the concrete 

specimen and facing outwards. On the other hand, 

Fig. 9 provides the computational results of the O2 

reduction corresponding to the same edge. Fig. 8 

points out that the Fe oxidation current for the rod 5 

mm from the outer surface is greater than those of 

the rest, since it is located inside a carbonated area 
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Figure 6. Electric potential and electrolyte current density 

vector on a horizontal plane (z=50 mm) of the reinforced 

concrete. 

 
Figure 7. Electrolyte current density magnitude on a 

horizontal plane (z=50 mm) of the reinforced concrete. 

 
Figure 8. Local current density of iron oxidation on the 

electrode interface, for the 4 bars placed at different 

positions in the reinforced concrete. 
 

where the electrochemical corrosion mechanism is 

more favourable. According to Table 3, the bars, 

except the reinforcement placed 20 mm from the 

outside, are characterized by a corrosion current 

decreasing with the distance from the periphery. The 

numerical results of Fig. 9 show a similar behaviour 

for the O2 reduction, i.e. the reduction current density 

is greater for the outermost reinforcement, where the 

O2 also diffuses more rapidly from the environment. 

For the more external bars, located respectively at 5 

mm and 10 mm, the values of the anodic current 

densities are higher than those of the corresponding 

cathodic currents. These results are analysed with the 

interface potential, namely with the anodic 

overpotential 𝜂. When in some regions the 𝜙𝑙 

potential is lower, there 𝜂 is higher and thus the 

corrosion current given by the Tafel oxidation 

equation. In the case of O2, the reduction rate 

increases with its concentration in the electrolyte, 

and, by the Tafel cathodic equation, with the most 

negative values of 𝜂 corresponding to the interfaces 

placed in areas where the 𝜙𝑙 potential is greater. 

 
Figure 9. Local current density of oxygen reduction on the 

electrode interface, for the 4 bars placed at different 

positions in the reinforced concrete. 

Conclusions 
Using Comsol Multiphysics® 6.1, we have 

developed a model of reinforcement bars corrosion 

by incorporating experimental kinetic data to reflect 

a carbonation mechanism interesting the concrete. 

Starting from experimental values of corrosion 

potential, corrosion current density, anodic, and 

cathodic slopes of the Tafel curve, the values of 

exchange currents have been computed and then 

used to simulate the corrosion of four reinforcing 

bars. The analysis of the computational results has 

shown that when the carbonation is more intense, as 

occurs with the outermost bars, the corrosion 

potential is more negative, and the current density 

presents larger values. According to these results, the 

external bars are characterized by stronger corrosion 

and reduction currents, phenomena depending also 

on the oxygen concentration values associated to the 

gas diffusion, process which has been coupled to the 

corrosion mechanism. 
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