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Abstract: A comprehensive model of steel reinforced concrete corrosion process is established. The 
coupled effect of carbonation, chloride transport and oxygen transport are discussed in this paper. 
Mathematical formulae depicting mass transport in concrete structures are given to simulate the 
mass transport process. This paper also introduces corrosion distribution and reaction process of 
concrete structures. 

1. Introduction 
Recent years have witnessed a wide application of concrete material, because of its construction 

convenience, high strength and relatively long service life. However, reinforced concrete structure 
has suffered corrosion problems due to aggressive agents from de-icing salts and marine moisture 
[1]. In addition, corrosion process will impair the carrying capacity of rebars set in the concrete 
[2,3], and the concrete also suffer spalling and cracking due do the volume expansion of rust layer. 
However, repairmen and replacement of building components are expensive. Consequently, to 
predict the crack penetration and service life span more precisely, studies focusing on the corrosion 
process are attached the utmost importance. 

The corrosion of reinforced concrete structure is a complicated process, which involves 
carbonation and transport of chloride ions, moisture and oxygen. Coupled processes are also 
included in the corrosion process. It is known that concrete is an alkaline material [1], so a passive 
layer is generated on the surface of rebars. However, when the pH value decreases below 11 or the 
chloride content reaches a threshold, the depassivation process initiates. Rebars are exposed to 
aggressive agents. Therefore, the microcell corrosion process begins. On the other hand, cracks can 
accelerate the diffusion process of aggressive agents, which leads to more corrosion products and 
cracks penetration [4,5]. 

It is notable that the volume of corrosion product is 3 to 6 times larger than the original volume 
of steel reinforcement [6], so the concrete cover undertakes extra pressure. Once the corrosion 
induced stress exceeds the limiting stress, crack initiates.  

2. Mechanism of mass transport in concrete 
2.1 Carbonation process 

Numerous researchers have focused on the carbonation process concrete material. Here, the 
governing equations concerning the carbonation process are given by 

             2( ) ( )w c
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where 𝜇𝜇 is porosity varying with carbonation degrees; 𝜇𝜇𝑤𝑤 is the volume fraction of evaporable 
pore water; Cc is the molar concentration of carbon dioxide in pores of concrete; Dc is the diffusion 
coefficient of gaseous carbon dioxide in concrete; Qch is the rate of reaction between carbonation 
and calcium hydroxide; QCSH is the rate of reaction between carbonation and CSH 
(3CaO·2SiO2·3H2O). It is worth noting that the determination of all parameters mentioned above 
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can be found in literature [7]  

2.2 Chloride transport in concrete 
Three kinds of chloride are discovered in the concrete material, which are chloride ions in pore 

solution in concrete, bond chloride and chloride salt that has the potential to be turned into chloride 
ions by carbonation process. Based on the impact of carbonation on chloride transport, the formula 
depicting free chloride transport in concrete can be given  
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where Cfc is the content of chloride ions in concrete pore solution in concrete; 𝐷𝐷𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐is the diffusion 
coefficient of chloride ions with the consideration of carbonation; 𝐷𝐷ℎ𝑐𝑐𝑐𝑐𝑐𝑐 is the diffusion coefficient 
of water with the consideration of carbonation, which is given by the following equations; Qrc is the 
conversion rate from bond chloride to free chloride because of the carbonation process, and Qrc can 
be determined in literature [8]. As for 𝐷𝐷𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 and 𝐷𝐷ℎ𝑐𝑐𝑐𝑐𝑐𝑐, they can be determined by equations given in 
literature [8] also.   

2.3 Oxygen transport in concrete 
It is until the beginning of electrochemical process that the oxygen participate in the transport 

process in concrete. Hence, the oxygen transport process can be simplified, and the governing 
equation with the consideration of convection can be drawn by 
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where Co is the molar concentration of oxygen that has been dissolved in porous water in concrete, 
and 𝐷𝐷𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐 is the diffusion coefficient of dissolved oxygen with the consideration of carbonation 
degrees, which can be referred in literature [7]. 

3. Mechanism of corrosion reaction 

3.1 Corrosion current density 
It is notable that there are two forms of corrosion when corrosion process initiates. The first one 

is microcell corrosion on the active zone, and the second one is macrocell corrosion on the area 
between active zone and passive zone. Additionally, the process of electrochemical reactions can be 
illustrated by the following chemical equations: 

 2+ -Fe Fe 2e→ +                          (4) 
  -

2 2O 2H O 4e 4OH-+ + →                      (5) 
 2+ -

2Fe 2OH Fe(OH)+ →                      (6) 
It is notable that the cathodic reaction (the reduction reaction of oxygen) is not limited to active 

zone, and there is cathodic reaction on passive zones due to the microcell corrosion. Moreover, the 
corrosion products are not limited to Fe(OH)2, but we regard the ferric hydroxide as the corrosion 
product here, for the sake of simplicity. 

The current density of macrocell corrosion can be drawn as 
a a a
mac and ctdj j j= −                           (7) 

 p p p
mac and ctdj j j= −                           (8) 

where 𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚
𝑎𝑎  and 𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚

𝑝𝑝  are current density on active zones and passive zones respectively; 𝑗𝑗𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
and 𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎  are the anodic and cathodic current density on active zones respectively; 𝑗𝑗𝑎𝑎𝑎𝑎𝑎𝑎

𝑝𝑝 and 𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐
𝑝𝑝  

are the anodic and cathodic current density on passive zones respectively, and 𝑗𝑗𝑎𝑎𝑎𝑎𝑎𝑎
𝑝𝑝  can be 

considered as 0 according to literature [9] 
As for the current density of microcell corrosion, according to literature [10], the current density 

on active zone 𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚
𝑎𝑎  equals the cathodic current density on active zones 𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎 . Therefore, the total 

current density can be given by 
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tot mic mac ctd and ctd andj j j j j j j= + = + − =                 (9) 

where the determination of relating parameters 𝑗𝑗𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 , 𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎  and 𝑗𝑗𝑐𝑐𝑐𝑐𝑐𝑐
𝑝𝑝  can be found in literature[10]. 

3.2 Electric potential and polarization of steel reinforcement 

Here, we employ a Laplace equation to express the electrical potential ϕ in concrete, which can 
be drawn as 

 1( ) 0
R

∇⋅ ∇Φ =                           (10) 

where R is the electrical resistance, which can be determined by the properties of concrete and the 
water saturation. 

On the contact surface between rebars and concrete, the macrocell current densities of active and 
passive zones are equal to the current densities which flows on the anodic and cathodic area. 
Consequently, the boundary condition of electrical potential can be calculated. The electrical 
potential on the rebars can be given by 

 interface
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where n is the unit vector which is perpendicular to the contact surface, and 𝑔𝑔𝑎𝑎(𝐶𝐶𝑓𝑓𝑓𝑓 , 𝑝𝑝𝑝𝑝) and 
𝑔𝑔𝑝𝑝(𝐶𝐶𝑓𝑓𝑓𝑓 ,𝑝𝑝𝑝𝑝) are switch functions which can be depicted by 
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where pH means pH value of the porous solution in the concrete; 𝐶𝐶𝑡𝑡ℎ𝑐𝑐𝑐𝑐𝑐𝑐 is the threshold of 
chloride ions content; pHth is the threshold of pH value when depassivation process initiates; b 
is the binder content percentage in concrete; 𝜑𝜑𝑤𝑤𝑤𝑤 is the volume fraction of porous water that 
can evaporate. More detailed equations determining these above-mentioned parameters can be 
found in literature [8] 

4. Corrosion distribution 
Based on the mass transport equations mentioned above and the electrochemical reactions 

mentioned in literature [7], we can add up total current density at each zone on rebars. According to 
the Faraday law, the radius reduction of rebars on radial direction can be given by 

 F 0
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where 𝜃𝜃 is the polar angle under polar coordinates; ured is the radius reduction; wF is the atomic 
weight of steel; jt is the total corrosion current density, which can be referred to literature [7]; 𝜂𝜂𝐹𝐹 is 
the valency of anodic reaction; F is the Faraday constant; 𝜌𝜌𝑠𝑠 is the density of steel reinforcement. 

If we neglect the mutual effect on shear direction of rust product, for the sake of simplicity, the 
free expansion of corrosion product uexp can be depicted by  

 exp ( , ) ( 1) ( , )redu t u tθ κ θ= −                     (15) 
where 𝜅𝜅 is the expansion coefficient of steel reinforcement, which can be regarded as a constant 
according to literature [11]. 
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5. Conclusion 
This paper presents mathematical formulae to simulate the aggressive mass transport in concrete 

materials. A series of governing equations are given. The mechanism of corrosion process is 
discussed in an accurate method. An electrochemical corrosion process is described by 
mathematical equations. 
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