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Abstract 

In this report, an attempt to utilize 

mechanistic models to simulate corrosion on 

rebars in new concrete compositions in road 

environments was made. The model as a tool 

for improving the corrosion resistance of new 

types of concrete compositions was evaluated 

as well.  

The mechanistic model was able to simulate 

variations of local pH, chloride 

concentration, wetting, oxygen dissolution 

and potential until initiation of corrosion 

occurred, when modelling parameters were 

available. For instance, inclusion of slag was 

shown to delay the initiation while increased 

porosity seemed to speed up the process. A 

very simplified 2D model setup also 

displayed the importance of accounting every 

boundary of concrete in contact with the 

atmosphere correctly in the simulations. The 

same model also showed that voids in the 

concrete influenced the initiation of 

corrosion. 

The low availability of validation 

experiments and model parameters narrowed 

this work considerably. The mechanistic 

model as a tool for corrosion resistance 

testing of new types of concrete was 

therefore concluded to require further 

development. 
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1 Introduction 
The corrosion of reinforcement bars in concrete contributes considerably to limit the life time 

of concrete structures. Several factors affect the corrosion: surroundings, concrete properties 

and the design of the construction. 

The binder mixture is of great importance for the reinforced concrete. It determines its 

strength, corrosion resistance, cost, and environmental impact. A quick and reliable method to 

evaluate different binders is therefore of upmost significance. 

Modelling is a method that is used to evaluate concrete types in terms of their impact on rebar 

corrosion. Typical models used today are: ERFC, Mejlbro-Poulsen’s, DuraCrete, and ACI 

Life 365. All offer fast ways to calculate chloride concentration profiles mainly in 1D and use 

a diffusion coefficient that is corrected for one or more properties prone to change in exposed 

concrete in an empirical way [1]. For modelling of 1D+ systems and at the same time account 

for most species, reactions (chemical and electrochemical), transport mechanisms, and 

atmospheric conditions, mechanistic models have been used to some extent [2] [3] [4] [5]. 

These usually take longer to solve and require numerous parameters, but have the advantage 

of being able to show details in several dimensions over time.  

This report uses a mechanistic model accounting for homogeneous reactions, mass transport, 

wetting and passive current to study three types of intact (uncracked) concretes. The 

simulations are limited both for simplicity and due to the lack of parameters available to the 

point when the initiation of corrosion takes place. The model incorporates also the dissolution 

of carbon dioxide into the pore liquid of the concrete, thereby accounting for both initiation of 

corrosion through chloride ingress and carbonation [6]. One year of exposure in a road 

environment is modelled. The cycle is based on one year of a published 10 year concrete 

exposure report [7] and accounts for variations in temperature, relative humidity, salt 

spraying, and rain. The comparisons of the concrete mixtures are mainly performed with a 1D 

model. Geometric effects are also studied for one of the mixtures with a simplified 2D model. 
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2 Theory 
The mechanistic model in this report considers the electrochemical driving force imposed on 

species in the pores of a number of uncracked concrete types. All presented symbols are listed 

in chapter 5. 

2.1 Equations 

2.1.1 Governing Equations 

The model solves mass balances for each species, i, in porous media, expressed as [8]: 

 
𝜕(𝜃𝑤𝑐𝑖)

𝜕𝑡
= −∇ ∙ (N𝑖)     (1) 

 

The flux, N, of each species is derived from the electrochemical driving force, as described by 

the Nernst-Planck equation: 

 

N𝑖 = −𝜃𝑤
𝜏 ∙

𝑐𝑖𝐷𝑖

𝑅𝑇
∇𝜇𝑖 ≈ −𝜃𝑤

𝜏 ∙ 𝐷𝑖∇𝑐𝑖 − 𝑐𝑖𝜃𝑤
𝜏 ∙ 𝐷𝑖

𝑧𝑖𝐹

𝑅𝑇
∇𝑉  (2) 

 

As the transport of species within the concrete is a convective diffusion problem, an 

additional flux term needs to be added to Eq. 2. This accounts for the convective flux within 

the water-filled pores [5], given by  

 

𝑁𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = D𝑤(𝜃𝑤)∇𝜃𝑤∇𝑐𝑖    (3) 

 

The volume fraction of pore liquid, θw, is defined by Richard’s equation and includes 

capillary water diffusivity in aged concrete: 

 
𝜕𝜃𝑤

𝜕𝑡
= ∇ ∙ (𝐷𝑤(𝜃𝑤)∇𝜃𝑤)     (4) 

 

Dw(θw) is the water-saturation dependent diffusion coefficient, given by: 

 

𝐷𝑤(𝜃𝑤) = 2.2 ∙ 10−10 ∙ 𝑒
6.4(

𝜃𝑤−𝜃𝑤𝑖
𝜃𝑤𝑑−𝜃𝑤𝑖

)
    (5) 

 

The electric potential in the pore liquid is calculated from the conservation of charge, 

described by:  

 

∇ ∙ 𝑖 = 0      (6) 

 

where the current density in the liquid is computed from the sum of fluxes of charged species, 

given by: 
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𝑖 = 𝐹 ∙ ∑ 𝑧𝑖 ∙ 𝑁𝑖𝑖      (7) 

 

To account for any non-ideality of the liquid, the concentration is multiplied with the activity 

coefficient to get the activity: 

 

𝑎𝑖 = 𝛾𝑖 ∙ c𝑖      (8) 

 

The activity coefficient is computed from by Davies’ law, expressed as [9]: 

 

log(𝛾𝑖) = −0.51 ∙ 𝑧2 (
√𝐼

1+√𝐼
− 0.2 ∙ 𝐼)    (9) 

 

where the ionic strength of the pore liquid is calculated from: 

 

𝑖 = 0.5 ∙ ∑ 𝑧𝑖
2 ∙ 𝑐𝑖𝑖      (10) 

 

Chloride is bound to different degrees on the pore walls of the concrete. The amount of bound 

chloride is proportional to the tricalcium-aluminate (C3A) content of the cement. This content 

varies with the composition of the cement. A Langmuir type expression is used to describe the 

relation between bound, Cb, and free, Cf, chloride in the pores, described by:  

 

𝐶𝑏 =
𝛼𝐶𝑓

1+4𝐶𝑓
      (11) 

 

The constant α in eq. 11 changes with the content of Portland cement, blast furnace, and fly 

ash in the binder [4]. 

 

2.1.2 Boundary Conditions 

 

At the rebar: 

Oxygen reduction and iron dissolution take place on the rebar. A flux dependent on the 

passive current of the iron rebar is placed on the boundary for the liquid phase given by: 

   

𝑁𝑖 = −
𝑖𝑝

𝑛𝑒𝐹
∙ 𝜃𝑤     (12) 

 

The potential in the electrolyte is dictated by the passive current at the rebar (i=ip). 

At the outer boundaries of the concrete: 

The pore water is assumed to be saturated with dissolved oxygen and carbon dioxide at the 

outer boundary (c.f. Table 2). 
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Evaporation of water takes place for the pore liquid at the boundary as well and depends on 

composition (water activity, aw) and relative humidity of the surrounding atmosphere, as 

described by [10]: 

 

𝑁𝜃 = −𝑘𝑣 ∙ (𝑎𝑤 − 𝑅𝐻)     (13) 

 

Eq. 13 assumes that while pore water exits by means of evaporation, the ions accompany the 

water to the surface and are removed from the concrete pores. The model also accounts for 

rainfall and salt spraying. For the former, the water flux is determined by the following 

simplification, which approaches zero as the pores are filled (i.e. volume fraction of pore 

liquid equals the concrete porosity, ε): 

 

𝑁𝜃 = 𝑘𝑟𝑎𝑖𝑛 ∙ (𝜀 − 𝜃𝑤)     (14) 

 

For salt spraying no evaporation is assumed. Species containing iron and calcium are (when 

available) set to be washed out only during rain fall at the same rate as filling of the pores. 

The rain and spray are assumed to be saturated with carbon dioxide and oxygen. 

The entry of chlorides to the concrete is modeled in a manner that accounts for the binder 

composition, given by [4]: 

 

𝑁𝐶𝑙 = −1 ∙ 10−3 ∙ (𝑐𝐶𝑙 − 𝑐𝑠) + 𝐾𝐶𝑙 (
𝑐𝐶𝑙

−0.51
)

2

𝑒−1.15𝑐𝐶𝑙   (15) 

 

During rainfall, the second term in eq. 15 changes sign and the outside concentration is set to 

a low value. Eq. 15 sums diffusional and adsorption driving forces which determine the 

inflow of chlorides. KCl depends on binder composition. 

The potential in the electrolyte is set as a reference (zero) at the outer boundary. 
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2.1.3 General Model Assumptions 

In all calculations several assumptions are made. 

• Only the point until initiation of rebar corrosion can be investigated. I.e. the pore 

liquid composition is studied without any influence of passivity changes and active 

corrosion of the rebar. 

• Self-healing and buffering capacities of the binder (solid) is not studied either [11]. 

• The exposed reinforced concrete is completely hydrated at the start of the 

computations. 

• Formation and reactions of solid species, e.g. Ca(OH)2 and CaCO3 [12], are for 

simplicity neglected. 

• Any change in the volume fraction of the pore solution due to precipitation of salts 

and/or chloride binding is neglected [12] [2]. 

• Carbonization takes place due to dissolution of carbon dioxide into the pore solution at 

the surface of the concrete and is said to affect the carbonate concentration and pH of 

the liquid only.  

• The pore walls do not affect the electroneutrality of the pore solution. 

• Traces (or low concentrations) of cations, other than iron ions, are not included. 

Potassium ions [13] [14], typically not involved in any reactions [12], are for 

simplicity included in the sodium concentration. 

• Despite the fact that sulphides are present in binders containing slag [14], these are for 

simplicity and due to the lack of modelling parameters not accounted for. 

• No evaporation of water takes place within the pores of the concrete. 

• The gas-liquid equilibriums for oxygen and carbon dioxide are only modelled at the 

surface of the concrete. To incorporate gaseous exchange within the pores, the 

diffusion coefficients are corrected as tabulated in Table 4. 

2.1.4 Model Parameters 

Species present in the pore liquid are tabulated in Table 1, the values are based mainly on 

reference [13] and coincide well with other observations [2]. Aside from these values, the 

pores are said to be completely filled with liquid initially. No cracks are at any time present in 

the concrete. 

Table 1. Initial values in the pore liquid. 

Species Value 

Na+ 154 mol/m3 

Ca2+ 0.9 mol/m3  

OH- 151 mol/m3 (~pH 13) 

Cl- 2 mg/l 

Fe2+ 0.02 mol/m3 

O2 (aq) 0.01 mol/m3 

 

The species are involved in numerous reactions, as shown in Table 2. 
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Table 2. Reaction system [15] [16]. 

Reaction 

Equilibrium constant (K) / 

Solubility constant (Ks) / Henry 

constant (H) 

H+ + OH- ↔ H2O logK = -14 

CO2(g) ↔ CO2(aq) H = 3.39.10-2 M/atm 

CO2(aq) + H2O ↔ H2CO3 logK = -2.55 

H2CO3 ↔ HCO3
- + H+ logK = -6.34 

HCO3
- ↔ CO3

2- + H+ logK = -10.33 

Ca2+ + H2O ↔ CaOH+ + H+ logK = -12.697 

Ca2++ H+ + CO3
2- ↔ CaHCO3

+ logK = 11.599 

Ca2++ CO3
2- ↔ CaCO3 logK = 3.20 

Fe2+ + H2O ↔ FeOH+ + H+ logK = -9.5 

Fe2+ + 2H2O ↔ Fe(OH)2 + 2H+ logK = -20.6 

Fe2+ + 3H2O ↔ Fe(OH)3
- + 3H+ logK = -31 

Fe2+ + 4H2O ↔ Fe(OH)4
2- + 4H+ logK = -46 

Fe2+ + Cl- ↔ FeCl+ logK = -0.20 

Fe2+ + 2Cl- ↔ FeCl2 logK = -2.45 

Fe2+ + 4Cl- ↔ FeCl4
2- logK = -1.91 

Fe2++ CO3
2- ↔ FeCO3 logK = 3.20 

Na++ H+ + CO3
2- ↔ NaHCO3 logK = 10.079 

Na++ CO3
2- ↔ NaCO3

- logK = 1.270 

 

Physical parameters and diffusion coefficients are tabulated in Table 3 and Table 4, 

respectively. Detailed assumptions and descriptions of parameter usage are found in the 

“Comment” columns. 
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Table 3. Physical parameters. 

Parameter Value Comment 

ip 0.01 A/m2 [2] 

krain 1 Assumed value. 

kv 1.5e-8 m/s Fitted to reference [17]. 

mbinder 380 kg/m3 Value taken from [7]. 

w/c 0.5 Value taken from [7]. 

ε 0.1 Normally between 0.1 and 0.15 [18] [19]. 

θwi 1.5 Based on the water-cement ratio [5]. 

θd 0.15 
Saturated water content is approximated to be the same as the 

fully filled pore volume, θd=ε. 

τ 2.5 [20] 

 

Table 4. Diffusion coefficients. All iron compounds not listed are set to have the same value as free 

iron ions.   

Property   Value / m2s-1 Comment 

DNa+ 1.33.10-9 
From mobility at 298 K [21]. Temperature 

dependence included in model. 

DCl- 2.03.10-9 ¨ 

DFeCl+ 8.00.10-10 ¨ 

DFeCl2
 1.00.10-9 ¨ 

DFeCl4 1.10.10-9 ¨ 

DFeOH+ 7.50.10-10 ¨ 

DFe(OH)2 7.80.10-10  ¨ 

DH+ 9.30.10-9 ¨ 

DOH- 5.30.10-9 ¨ 

DCO3
2- 9.22.10-10 ¨ 

DHCO3
- 1.18.10-9 ¨ 

Dw 2.2 ∙ 10−10𝑒
6.4(

𝜃𝑤−𝜃𝑤0
𝜃𝑤𝑑−𝜃𝑤0

)
  [5] 

DO2 Function of θw/ε Value increases with less liquid in pores [22]. 

DH2CO3
 

1.92.10-9.DO2(θw=ε)/DO2(θw/ε) 

Value from reference [21] corrected as for DO2 

to roughly approximate for better transport of 

carbon dioxide in liquid-free part of the pores. 
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2.1.5 Model Geometry 

The model dimensions are set to approximately the same dimensions as the slabs in the report 

by Tang et al. [7]. Figure 1 shows a schematic image of the modelled concrete with its pores 

partially filled with liquid and some species in the aqeuous and gaseous phases. 

 

 

Figure 1. Schematic illustration of a fraction of a reinforced concrete slab with some crucial species. 

 

The system above is modelled first in a detailed 1D model from the reinforcement surface to 

the concrete-atmosphere boundary. The distance, equal to the concrete cover thickness, is set 

to 0.05 m in the model. 

A simplified 2D model is also used. The geometric dimensions are in the same order as the 

1D model and it simulates a rebar situated in an asymmetric way in relation to possible 

concrete-atmosphere (outer) boundaries. The 2D model is both solved with the geometry in 

Figure 2a for study of species entry/exit boundaries and with the one in Figure 2b to 

investigate how voids beneath the rebar, as discussed by Zhang et al. [19], may influence the 

initiation of corrosion. 

 

a) 

 

b) 

 

Figure 2. 2D model geometry a) without and b) with void beneath rebar. Coloured boundaries 

indicate concrete-atmosphere boundaries. 
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2.1.6 Service-Life Exposure 

The model uses information from reference [7] for Highway 40 in Sweden together with data 

from the Swedish Meteorological and Hydrological Institute (SMHI) [23] to simulate the 

service life behaviour of concrete in a road environment during one year. The service life 

conditions accounted for in the model are displayed in Figure 3. The data applies for the city 

of Borås, which is situated on Highway 40, during one year (Aug. 2001 - July 2002). The 

temperature and relative humidity (RH) are one day averages. The salt spraying is assumed to 

take place continuously from November up until February and the spray that reaches the 

concrete is said to contain 1 wt% of NaCl salt solution. A concentration of 1 wt% is selected 

since it fits what is typically used in accelerated corrosion tests (ACTs). Borås has 

approximately 15 days with rain each month. As a simplification, the model sets rain 

conditions during the latter half of each month. 

 

  

  

Figure 3. Temperature, relative humidity, salt spraying, and precipitation from August 2001 up until 

July 2002. Coloured dots indicates times, 3 months, 6 months, 9 months and one year, at which the 

results are plotted. 
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3 Results and Discussion 
The results presented are for three types of binder mixtures: 

 

1) 100% Portland cement (or 100% “anläggningscement” [7]) 

2) Portland cement with 12.5% blast furnace slag (similar to Finnish standard Portland 

cement with 10-15% blast-furnace slag [7]) 

3) Portland cement with 12.5% blast furnace slag with higher porosity than cement “2”. 

 

Initial conditions, water-cement ratios and binder masses are the same in all three mixtures. 

The second mixture is included to investigate the impact of new binders and the third to 

investigate a supposed change in concrete porosity with the introduction of slag into the 

binder. Since the dependence of porosity and slag content is unclear [24], a higher porosity is 

selected arbitrarily (from 0.1 to 0.15).  

3.1 1D Model 
Figure 4 shows the variation of chloride concentration, pH, dissolved oxygen, and wetting of 

pores for concrete according to mixture 1. The colours of the curves plotted against distance 

from the reinforcement (or rebar) correspond to the point in time indicated in Figure 3. 

Reported chloride concentration thresholds for corrosion initiation (0.2-0.4 % weight of 

binder [25] [11]) are not surpassed during this year of exposure. The pH decreases to some 

extent near the rebar, but should not be a source for corrosion initiation as it does not fall 

below 11.75, which is the value mentioned by Scott et al. [14] as the lowest pH at which 

rebars are fully passivated in aqueous solution and thus are unlikely to corrode. The oxygen 

concentration at the rebar, critical for the oxygen reduction reaction involved in corrosion, is 

near zero even for the passive current and indicates that the transport of oxygen will limit 

corrosion. The wetting of the pores is shown to be even within the slab and changes 

considerably with time. However, the exposure simulated in this report does not seem to 

completely dry out the slab which limits the transport of gases to the rebar. 
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Figure 4. Chloride concentration, pH, dissolved oxygen concentration, and volume fraction of pore 

liquid for mixture 1. 

 

In Figure 5 simulation results are shown for mixture 2. The differences with mixture 1 are 

very small, especially in regards to oxygen concentration and wetting. However, after 1 year 

the variations in chloride concentration near the rebar are slightly lower and the pH slightly 

higher. This shows that the small slag-content in the concrete in mixture 2 possibly delays or 

even prevents the initiation of corrosion. The explanation is mainly the chloride binding 

isotherm used in the model that increases the chloride binding to the pore walls with the 

addition of slag to the binder mixture. These results are in line with the results presented in 

reference [7] that show small differences between the two slabs after 10 years (slab 202 

compared to 212 in Table 3.2). However, the wetting behavior deviates; the measurements 

show clear discrepancies between the mixtures which may be a consequence of the model 

setup, the simulated exposure cycle, or the fact that only one year is simulated. Decrease in 

free chloride-ion concentration near the rebar with slag content has been reported previously 

[26] [4] [24]. The free chloride concentration values along the depth of the slabs are in the 

same magnitude as what has been seen for cement slabs exposed in road environment for one 

year [27]. 
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Figure 5. Chloride concentration, pH, dissolved oxygen concentration, and volume fraction of pore 

liquid for mixture 2. 

 

Mixture 3 varies from the two previous mixtures as is displayed in Figure 6. The chloride 

ingress in particular is greater; around the threshold for corrosion initiation. This is a result of 

the increased effective diffusion provided by the higher porosity and wetting            

( 𝐷𝐶𝑙𝑒𝑓𝑓 = 𝜃𝑤
𝜏 ∙ 𝐷𝐶𝑙 ). The oxygen concentration profile is similar to mixtures 1 and 2, and 

shows that the corrosion is limited for mixture 3 as well. However, the total amount of oxygen 

reaching the rebar over time is higher causing more oxygen reduction and thus iron 

dissolution at the rebar (increased passive current corrosion). This is clearly indicated by the 

lowered pH at the rebar resulting from the iron hydrolysis. The overall drop in pH in the 

concrete cover is also a result of more carbonation due to faster ingress of carbon dioxide. 

Thus, all species move more efficiently in the larger pores presenting the concrete porosity to 

be a very important property in regards to rebar corrosion. It should be noted, that since the 

passive layer breakdown is not included in the model, the high chloride concentration 

probably affects the concrete more than observed in Figure 6 after some time. However, the 

results still indicate that the time for corrosion initiation is the shortest for mixture 3. 
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Figure 6. Chloride concentration, pH, dissolved oxygen concentration, and volume fraction of pore 

liquid for mixture 3. 

 

The free chloride-ion concentrations near the rebar are shown in Figure 7a. As mentioned 

before, most chlorides have reached the rebar in mixture 3 and least in mixture 2. Another 

relevant measurement of corrosion initiation is found in Figure 7b; the molar ratio between 

free chloride-ion concentration and hydroxide concentration. The differences between the 

three mixtures are more clearly shown here. Scott et al. [14] mention ratios between 0.25 to 

1.08 to induce corrosion in aqueous solution. In regards to this, all the mixtures studied here 

could suffer from rebar corrosion. This may also explain why indications of corrosion have 

been seen for mixture 1 (slab 202, Table 3.2 in reference [7]). 
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a) 

 

b) 

 

Figure 7. Concentration of free chloride ions. b) Molar ratio free chloride ions and hydroxide 

concentrations at the rebar. 
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3.2 2D Model 
The 2D model is considerably simplified compared to the 1D model. This was a necessary 

measure to reduce computation time and computer memory usage. The simplifications were 

made in accordance with the results so far. Since little variation between mixtures 1 and 2 was 

shown in regards to pH and oxygen transport, the 2D model is only solved for bound and free 

chloride-ion concentrations and the volume fraction of the pore liquid. The model investigates 

how the most corrosion resistant mixture (mixture 2) behaves when some geometrical features 

are accounted for. The tortuosity (τ) and evaporation/condensation rate constant(kvap) are set 

to 1.5 and 5.10-8 m/s, respectively, in the model. The work presented here is a first step 

towards creating a reliable 2D model. 

The effect of atmosphere-concrete boundaries on corrosion initiation is studied by simulating 

the cases with either one (boundary B, Figure 8) or two boundaries (boundaries A and B, 

Figure 8) in contact with atmosphere. 

 

 

Figure 8. 2D model geometry used for investigation of different atmosphere-concrete boundaries. 

 

Figure 9 shows that considerably more chlorides reach the rebar when both boundaries are in 

contact with the atmosphere. 

a) 

 

b) 

 

Figure 9. Concentration of free chloride ions after 1 year when a) boundary B and b) boundaries A 

and B are in contact with the atmosphere . 



 

16 

 

In Figure 10a, the concentration of free chloride ions at four locations around the rebar are 

shown for the case of two boundaries in contact with the surroundings. The values are 

considerably higher than for the case of one boundary, which do not surpass 0.001 wt%. 

Additionally, the distribution of chloride ions is very uneven with at least 1 wt% difference 

between the top and bottom of the rebar. As shown in Figure 10b, the drying of the concrete is 

doubled near the rebar. The variation in values around the rebar is very even in both cases, 

reaching a maximum difference of ~0.001 during the exposure.  

a) 

 

b) 

 

Figure 10. a) Free chloride-ion concentrations at the rebar when boundaries A and B are in contact 

with the atmosphere. b) Average of the volume fraction of pore liquid at the rebar for the two different 

atmosphere boundary cases. 

The difference in wetting within the entire slab peaks at the end of drying periods without salt 

spraying (e.g. after 12 days in Figure 11), but is for the rest of the exposure quite evenly 

distributed. This shows a very efficient capillary flow of liquid in contrast to chloride 

transport. The low wetting intensifies the capillary flow from the surface when it rains or 

when salt spraying takes place; capillary flow being driven by the local gradients in the 

volume fraction of pore liquid [6]. Increased capillary flow from the surface during salt 

spraying increases the ingress of chlorides. 

 

a) 

 

b) 

 

Figure 11. Volume fraction of pore liquid after 12 days when a) boundary B and b) boundaries A and 

B are in contact with atmosphere. 
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The presence of a void below the rebar, formed during the hardening of the concrete [19], is 

simulated for mixture 2 with the simplified 2D model as well. However, the present model 

setup only enables study of a void filled with liquid initially which may deviate from real 

conditions. An additional assumption is also required: The void is said to contain enough 

liquid to cover the boundary between the void and concrete with water for the whole exposure 

cycle, i.e. the volume fraction of pore liquid (θw) at that boundary is 0.1. Simulations are only 

performed for the case of one boundary in contact with atmosphere to ensure that the void is 

sufficiently wet. Figure 12 displays the model geometry with the additional assumption. 

 

 

Figure 12. 2D model geometry with void and additional assumption of liquid in void marked. 

 

The wetting of the concrete slab changes considerably with the presence of the void. As 

displayed in Figure 13 after 3 months of exposure, the wetting becomes more uneven 

compared to when no void is present. Also, the vicinity of the rebar tends to contain more 

liquid compared to the rest of the slab. 

a) 

 

b) 

 

Figure 13. Volume fraction of pore liquid after 3 months a) with and b) without void beneath the 

rebar. 
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Figure 14 displays the volume fraction of pore liquid averaged along the atmosphere-concrete 

boundary. This shows the concrete to be more wetted with a liquid filled void. 

 

 

Figure 14. Average of the volume fraction of pore liquid at the atmosphere-concrete boundary 

(boundary B) during the three first months of exposure. Behaviour shown both with and without void. 

 

As explained earlier, both capillary flow and consequently chloride-ion ingress increase when 

the concrete dries out before salt spraying. Figure 15 demonstrates this; the chloride 

concentration is much lower in the concrete with the void present (cf. Figure 9a). 

 

Figure 15. Concentration of free chloride ions after 1 year a) with void and b) without void beneath 

the rebar. 

 

Since a liquid-filled void initially gives more liquid within the pores during the exposure, it is 

likely that a dry void initially dries up the concrete to some extent. This should be a source of 

higher chloride concentrations within and could explain why studies have shown voids to 

increase rebar corrosion in concrete [19]. 
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3.3 Future work 
The following has been identified within this report as a requirement for the development of 

reliable mechanistic models aimed as tools for investigation and improving the corrosion 

resistance of new types of concrete compositions: 

• Experimental data for model validation purposes: The collection of relevant data often 

takes place in intervals of 6 months or more. This is not often enough for validation, 

especially if the data comes from concrete slabs in road environment where the 

variations in properties are much more frequent. Additionally, for new binder mixture 

compositions, 1D profiles (of at least two measuring points) within the concrete are 

critical for validation and scarcely exist for wetting and pH in any type of exposure 

environment. 

• Salt spraying characteristics on concrete slab: The concentration and state of the 

chlorides reaching the concrete during salt spraying in e.g. road environment are not 

fully known, making it difficult to model. 

• Modelling parameters: Mainly mass transport parameters such as diffusion parameters 

are vastly available as effective values including both porous and wetting effects. In 

order to use these, the porosity and/or wetting need to be known as well and this is 

seldom the case particularly for new binder compositions. 

• Modelling features: The procedure of modelling voids is difficult to describe 

mathematically and validation experiments are lacking. The change of rebar passivity 

can be interesting when studying the initiation of corrosion, however, full explanations 

of this process is not available and hard to simulate. 

The future work that needs to be done includes the production of adequate experimental data 

for validation purposes of new binder compositions. Ideally, such data should be from at least 

two measuring points within a reinforced concrete slab of known dimensions, composition, 

and porosity in salt solution of controlled concentration and temperature. If the concentration 

and temperature is possible to hold constant in such an experiment, collection of validation 

data at the beginning and end of exposure is sufficient. Most necessary data and modelling 

parameters can be retrieved from this type of experiment, but data on wetting needs to be 

collected in additional experiments as well. 

For modelling and investigation of concrete under realistic conditions, measures need to be 

taken to fully understand how the salt spraying affects the surface and wetting of the concrete 

slab. Sensors placed on slabs in the field might be a solution. 

If large voids in the concrete are to be accounted for in simulations, the model setup requires 

some tuning and, possibly, validation experiments. At the time being, the setup cannot 

simulate filling of voids. It might also be of relevance to try to solve the 2D model with full 

sets of properties (as the 1D model) to fully verify that the assumptions/simplification are 

valid. Other geometrical shapes and sizes together with more rebars per slab might also be of 

interest to examine. The long term aim is also to include the passive layer breakdown and 

corrosion propagation into the model and the interaction of solid species and liquid. 
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4 Conclusions 
The conclusions from the attempt to utilize mechanistic models to simulate the initiation of 

corrosion in new concrete compositions in road environment are the following: 

• The models are able to simulate details, such as local homogeneous reactions, pH, 

chloride concentration and transport of gases, relevant to the initiation of corrosion for 

three types of binder mixes in road environment. 

• Geometric effects prove possible to study with 2D mechanistic models to some extent 

as well, but the model setup requires some simplifications. 

• Slag in the binder mixture inhibits the initiation of corrosion. However, porosity has a 

larger impact on the initiation. If the porosity increases, the path for species transport 

in liquid opens up more allowing faster ingress of chlorides. 

• The atmosphere-concrete boundaries of a concrete slab in road environment need to be 

accounted for in a correct manner in the model, since these dictate the wetting and 

chloride ingress. 

• Voids that may have formed beneath the rebar affect the wetting of the concrete, 

possibly also affecting the corrosion initiation. 

• At present, new types of concretes are only possible to simulate in a reliable way to a 

very small extent. This is due to the lack of model parameters and relevant 

experiments for model validation purposes, especially from other binder mixtures than 

Portland Cement. 
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5 List of symbols 
 

a activity        [mol m
-3

] 

aw activity of water       [mol m
-3

] 

c concentration       [mol m
-3

] 

Cb  chloride concentration bound to the solid concrete matrix [kg Cl
-
/kg binder] 

Cf  chloride concentration in pore liquid    [kg Cl
-
/kg binder] 

D diffusion coefficient      [m
2
 s

-1
] 

Dw diffusion coefficient of capillary water    [m
2
 s

-1
] 

F Faraday’s constant, 96487     [As mol
-1

] 

I Ionic strength       [mol dm
-3

] 

i current density       [A m
-2

] 

ip passive current density      [A m
-2

] 

KCl adsorption flux constant dependent on binder type  [mol m
-2.

s
-1

] 

kv rate of evaporation/condensation    [m/s] 

krain wash out rate at rain      [m/s] 

mbinder binder mass       [kg/m
3
] 

N flux in pore liquid      [mol m
-2.

s
-1

] 

Nθ flux of water in pore liquid     [mol m
-2.

s
-1

] 

NCl flux of chlorides in pore liquid     [mol m
-2.

s
-1

] 

ne number of electrons exchanged in reaction   [-] 

R universal gas constant, 8.3143     [J mol
-1 

K
-1

] 

RH relative humidity      [-] 

T temperature       [K] 

t time        [s] 

z ion charge number      [-] 

V potential in pore liquid      [V] 

 activity coefficient      [-] 

ε concrete porosity       [-] 

w volume fraction of pore liquid  (of whole concrete volume) [-] 

i initial water content (based on water-cement ratio)  [-] 

d saturated water content      [-] 

µ electrochemical potential     [J mol
-1

] 

 tortuosity       [-] 
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