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Abstract  

This study proposes a quantitative examination of the issue of chloride ion infiltration in concrete 

under mechanical strain in a hostile setting while considering the influence of time, commonly 

referred to as the aging effect. The relationship between the diffusion coefficient and age, when 

subjected to specific levels of uniaxial or biaxial stresses for various W/C ratios, has allowed us to 

assess the concentration of chloride ions and the time needed for corrosion to begin through the 

coating layer in three dimensions. The numerical model results corroborate the notion that the 

corrosion process is affected by the fluctuation of the diffusion coefficient, which is directly linked 

to the age factor and the mechanical stresses exerted on the concrete. The model also emphasizes 

the extended distribution of chloride ion concentration at a certain depth, which is connected to the 

ratio of water to cement, influenced by the diffusion coefficient and the degree of mechanical stress 

in older structures. 

Keywords: Modeling. Coupling. Uniaxial and biaxial stresses. Aging. Chloride ions. Diffusion 

coefficient. 

 

1. Introduction 

The durability of reinforced concrete structures depends on their ability to withstand 

aggressive factors, particularly chloride ion attacks, by means of the protective properties of their 

constituent materials. Corrosion is influenced by various complex factors that arise from the 

physical and/or chemical interaction between the material and its environment. These factors 

include aggressiveness, age, cracking, the water/cement ratio, and the level of stress within the 

cementitious matrix. All of these factors are of significant importance. Reinforced concrete 

structures are engineered for long-term durability [1], but they gradually deteriorate due to corrosion 

induced by the harsh environmental conditions they encounter [2], [3]. The steel, which is initially 

shielded by the concrete coating, can lose its protective properties due to either carbonation caused 
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by carbon dioxide or the infiltration of chloride ions from seawater, sea spray, or de-icing salts [4]. 

This phenomenon poses a greater risk when the structure is exposed to mechanical strain [5] and 

deteriorates progressively [6], [7]. The interplay between stress levels and age contributes to a 

fluctuation in the diffusion coefficient, thereby expediting the progression of mechanical or physico-

chemical pathology that can impact concrete. 

The lifespan of a reinforced concrete structure can be divided into two distinct periods [8]: an 

initial period, determined by the rate at which the concrete coating is neutralized, and a subsequent 

period, characterized by the corrosion of the reinforcement and eventual deterioration of the 

structure. To accurately determine the lifespan of structures, it is best to utilize dependable and 

efficient models that depict the progression of chloride ions and establish the duration needed for 

the reinforcement to lose its protective layer. There are two types of penetration, depending on the 

characteristics of the medium [9]. In an environment that is already filled, such as structures that are 

exposed to seawater, chloride ions enter the structure through the process of diffusion, which occurs 

due to a difference in concentration and increases the likelihood of corrosion starting. Within tidal 

zones, where there is a cyclic humidification-drying environment, the process of capillary 

absorption is succeeded by diffusion in saturated areas [4].  

The objective of this study is to develop a precise numerical model that describes the 

phenomenon of ion propagation, considering both the stress level [5] and the aging effect [10]. The 

model will enable the determination of multiple quantities, including concentration, corrosion 

initiation time, thickness, and stress level, as well as the generation of a three-dimensional 

representation. The constructed model will validate its reliability by describing the relationship 

between concentration, coating thickness, and corrosion initiation time. 

 

2. Model basics 

The majority of models that describe the infiltration of chloride ions in concrete are based on 

Fick’s second law widely used [8] and [9]. 

 
∂C(x,t)

∂t
=Dc

∂2C(x,t)

∂x2
              (1) 

 

where C(x,t) is the concentration of chloride ions at a depth x and a time t, Dc is the effective 

diffusion coefficient of chloride ions, [m²/s]. 

Theoretically, Eq. (1) is a partial differential Eq. without an analytical solution. It can be 

obtained by assuming that the diffusion of chloride ions in concrete is a one-dimensional semi-

infinite medium with constant surface chloride concentrations. If we assume that the initial chloride 

concentration in the concrete is zero, a solution of the error function of Eq. (1) can be obtained as: 

 

C(x,t)=Cs [1- ERF (
x

2√Dc.t
)]            (2) 

 

where Cs is the concentration of chloride ions at the surface, [%], and x is the coating depth, [mm]. 

The diffusion coefficient changes over time as a result of concrete maturation. Thus, older 

concrete is more susceptible to chloride penetration. Eq. (3) is used to determine the nominal value 

of the time-dependent diffusion coefficient. Its evolution over time can be predicted using reference 

values and the aging coefficient developed by Lehner and Konecny in 2017 [10], reformulated by 

Zhao et al. in 2020 [11], and Hornakova et al. in 2020 [12]. Taking age into consideration, we note: 

 

D0=Dc,ref(
Tref

T
)M              (3) 

 

where Dc,ref is the reference diffusion coefficient for chloride ions, [m²/s], D0 is the initial diffusion 

coefficient of chloride ions without stresses, [m²/s],Tis the chloride exposure time, [s], Tref is the 

measured reference time, [s], and M is the age factor. 
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3. Experimental data 

 

3.1Concrete compression 

In 2020, X. Cheng et al. [5] conducted experiments to study the diffusion law of chloride ions 

in concrete under compressive stress [5]. The specimens were created with Portland cement, which 

has a characteristic compressive strength of 42.5 MPa. Gravel with a maximum size of 20 mm and 

a density of 1550 kg/m3 is used for coarse aggregate. Natural river sand is used as fine aggregate 

with a fineness modulus of 2 to 3. All concrete specimens were produced using a polycarboxylic 

ether superplasticizer. The concrete specimens are then carefully placed in the loading device’s 

uniaxial or biaxial direction, with X-pressure readings used to monitor and control compressive 

stress [5]. The concrete samples were divided into three categories based on compressive stresses 

of 47.21 MPa, 52.68 MPa, and 56.78 MPa, respectively. The uniaxial and biaxial cases had 

water/cement (W/C) ratios of 0.44, 0.4, and 0.36, respectively. The following formula calculates 

stress levels: 

 

µ1,2=
𝝈c(x,y)

Fc
               (4) 

 

where 1,2 represents stress levels index 1 for uniaxial and 2 for biaxial, σc(x,y) is the mechanical 

compressive stress applied in both directions, [MPa], Fc and the compressive strength measured at 

28 days. 

 

3.2 Diffusion of chloride ions 

According to Hornakova et al. [12], the chloride ion penetration experiment was carried out 

in an artificial climate simulation box with a temperature range of 20° to 22°C. The concrete 

specimens were exposed to chloride salts for two months. To minimize the impact of errors, three 

values were chosen for the drilling depth of the same layer. Following this, the chloride ion 

concentration of the concrete powder sample was determined. The model for the apparent chloride 

ion diffusion coefficient under a sustained uniaxial stress level proposed by X Cheng et al. [5]is as 

follows: 

 

Dc(µ1)=D0(1-0.2µ1+0.3µ1
2+0.3µ1

3)          (5) 

 

where D0is the initial unstressed chloride ion diffusion coefficient, [m²/s], and Dc is the chloride ion 

diffusion coefficient with stresses, [m²/s]. 

 

Figure 1 shows the relationship between stress level 1 and the uniaxial stress function f(1) 

for different ratios (W/C) 0.40, 0.36, 0.44, presented by Cheng et al. [5] which is approximately a 

cubic curve. 
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Figure 1 - Relationship between stress level 1 and uniaxial stress function f(1) for 

different ratios W/C 

 

Concrete’s chloride ion diffusion capacity is affected by both 1 and 2 under biaxial 

compressive loading. Figure 2 demonstrated by Cheng et al. [5] illustrates the relationship between 

stress level 2 and the stress function (1,2 ), where 1 remains constant for each (W/C) ratio of 

0.44, 0.40, and 0.36. 

 
Figure 2 - Relationship between stress level 2 and stress function f(1, 2) with held 

(1)  constant for each ratio W/C 

 

The model of the apparent chloride ion diffusion coefficient under a sustained biaxial stress 

level continued proposed by Cheng et al. [5] can also be obtained as follows: 

 

Dc(µ1,µ2)=D0(1.01-2.39µ2+12.59µ2
2-14.36µ2

3)(1-0.2µ1+0.3µ1
2+0.3µ1

3)    (6) 

 

Development of the equations required for modeling in Matlab R2021a and the Gauss integral 

using polar coordinates and the Jacobian gave us the following relationships: 

 

*Uni-axial stress case: 

C(x,t)2

Cs
2 = [1-e

-x2

2Dc(µ1)t(m-1) (m-1)⁄ ]            (7) 

 

* Bi-axial stress case: 
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C(x,t)2

Cs
2 = [1-e

-x2

2Dc(µ1,µ2)t(m-1) (m-1)⁄ ]            (8) 

 

The values calculated by the above equations for a surface concentration Cs is 0.20%, 

proposed by Lehner et al. [10], an age factor M= 0.284 for ordinary concrete [10] and a reference 

diffusion coefficient equal to give chloride ion Dc,ref = 5.585x10-12 (m²/s) [10]. The values calculated 

by our model are represented in Tables 1, 2 and 3: 

 
Table 1- Chloride ion diffusion coefficients values W/C=0.44 and Fc=47.21 MPa 

Uniaxial stress Biaxial stress 

Sample 𝝈𝒄(𝒙) 

(MPa) 

µ𝟏 Dc(µ1) 

(m²/s) 

Sample 𝛔𝐜(𝐱) 

(𝐌𝐏𝐚) 

𝛔𝐜(𝐲) 

(𝐌𝐏𝐚) 

µ𝟐 

µ
1
= 0.3 

Dc(µ1) (m²/s) 

 

1 7.08 0.15 7.55x10−12 1 14.16 3.54 0.07 6.72x10−12 

2 14.16 0.30 7.47x10−12 2 14.16 7.08 0.15 6.52x10−12 

3 21.24 0.45 7.66x10−12 3 14.16 10.63 0.22 7.16x10−12 

4 28.33 0.60 8.07x10−12 4 14.16 14.16 0.30 7.67x10−12 

D0=7.65x10-12 (
m2

s
) 

 
D0=7.65x10-12 (

m2

s
) 

 

Table 2 - Chloride ion diffusion coefficients value W/C=0.40 and Fc=52.68 MPa 

Uniaxial stress Biaxial stress 

Sample 𝝈𝒄(𝒙) 

(MPa) 

µ𝟏 Dc(µ1) 

(m²/s) 

Sample 𝛔𝐜(𝐱) 

(𝐌𝐏𝐚) 

𝛔𝐜(𝐲) 

(𝐌𝐏𝐚) 

µ𝟐 

µ
1
= 0.3 

Dc(µ1) (m²/s) 

 

1 7.08 0.13 6.10x10−12 1 14.16 3.54 0.06 5.44x10−12 

2 14.16 0.25 5.98x10−12 2 14.16 7.08 0.13 5.14x10−12 

3 21.24 0.27 6.16x10−12 3 14.16 10.63 0.20 5.52x10−12 

4 28.33 0.40 6.35x10−12 4 14.16 14.16 0.27 5.97x10−12 

D0=6.19x10-12 (
m2

s
) 

 
D0=6.19x10

-12 (
m2

s
) 

 

Table 3 - Chloride ion diffusion coefficients values 
W

C
=0.36 and 𝐅c =56.78 MPa 

Uniaxial stress Biaxial stress 

Sample 𝝈𝒄(𝒙) 

(MPa) 

µ𝟏 Dc(µ1) 

(m²/s) 

Sample 𝛔𝐜(𝐱) 

(𝐌𝐏𝐚) 

𝛔𝐜(𝐲) 

(𝐌𝐏𝐚) 

µ𝟐 

µ
1
= 0.3 

Dc(µ1) (m²/s) 

 

1 7.08 0.12 4.89x10−12 1 14.16 3.54 0.06 4.46x10−12 

2 14.16 0.25 4.84x10−12 2 14.16 7.08 0.13 4.21x10−12 

3 21.24 0.37 4.92x10−12 3 14.16 10.63 0.19 4.38x10−12 

4 28.33 0.50 5.05x10−12 4 14.16 14.16 0.25 4.75x10−12 

D0=4.98x10
-12 (

m2

s
) 

 
D0=4.98x10

-12 (
m2

s
) 
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4. Results and discussion 

Based on the diffusion coefficient values provided in Tables 1, 2 and 3, Figure 3 (a, b, c) 

displays the distribution of chloride ion concentration at 30 mm depth as a function of corrosion 

initiation time and uniaxial stress levels 1 for various water-to-cement ratios (W/C). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3 - Results of chloride ion concentration distribution at a depth of 30 mm as a 

function of corrosion initiation time and uniaxial stress levels 1 for various W/C ratio 
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(a) 

 
(b) 

 
 (c) 

Figure 4 - Results of chloride ion concentration distribution as a function of corrosion 

initiation time with biaxial stress levels 2 for various W/C ratio 

 

We present in the following Table 4 the numerical values of concentrations as a function of the 

corrosion initiation time in the uniaxial and biaxial cases. 
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Table 4 - Concentration values for uniaxial and biaxial cases 

Uniaxial stress Biaxial stress 
𝐖

𝐂
 

Time(years) 𝝁𝟏 Chloride 

concentration 

(%) 

Time(years) 𝝁𝟐 Chloride 

concentration 

(%) 

𝝁𝟏 

0.44 

20 0.15 0.211 20 0.07 0.202 0.30 

40 0.30 0.241 40 0.15 0.231 0.30 

60 0.45 0.270 60 0.22 0.263 0.30 

80 0.60 0.304 80 0.30 0.321 0.30 

0.40 

20 0.13 0.213 20 0.07 0.206 0.27 

40 0.27 0.243 40 0.13 0.234 0.27 

60 0.40 0.267 60 0.20 0.266 0.27 

80 0.54 0.289 80 0.27 0.298 0.27 

0.36 

20 0.12 0.222 20 0.06 0.203 0.25 

40 0.25 0.242 40 0.12 0.234 0.25 

60 0.37 0.264 60 0.19 0.262 0.25 

80 0.50 0.292 80 0.25 0.287 0.25 

 

 Considering the stress level and the age factor (aging), Figure 3(a, b, c) and the results in Table 

4 show the increase in chloride ion concentration between (0.2:0.3%) as a function of corrosion 

initiation time at several steps (20, 40, 60, 80) years in the coating layer of aged ordinary concrete 

when the stress level is uniaxial for progressive W/C ratios (0.36, 0.40, and 0.44) is compatible with 

that proposed by Petr Lehner et al. [10]. Figure 4 (a, b, c) and the results in Table 4 support this 

finding, but only for biaxial loading. The concentration of chloride ions directly affects the corrosion 

initiation time of metal reinforcement in aged concrete. The higher the concentration, the faster 

corrosion initiation occurs at both uniaxial and biaxial stress levels.  

The (W/C) ratio is also an important parameter in estimating service life based on the free 

distribution of chloride ion concentration in aged reinforced concrete structures subjected to uniaxial 

and biaxial stresses caused by the acceleration of corrosion initiation time. Figures 3 and 4 show 

this clearly, as does Table 4.  

Figure 5 (a, b, c) displays the distribution of chloride ion concentration as a function of 

concrete cover thickness and uniaxial stress level (µ1) for three water-to-cement ratios (W/C). The 

stress level (µ1) affects the ion concentration distribution in concrete, resulting in a decrease ranging 

from 0.14:0.13%. The diffusion of chloride ions in the thickness of the coating (0:30) mm for 

various (W/C) ratios of 0.44, 0.40, and 0.36 is consistent with the model proposed by Cheng et al. 

[5], following an exponential law until reaching the reinforcement. 
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(a) 

 
(b) 

 
(c) 

Figure 5 - Results of chloride ion concentration distribution as a function of concrete coating 

thickness with uniaxial stress level 1 for three water-to-cement ratios (W/C). 

 

Figure 6 (a, b, c) shows the distribution of chloride ion concentration as a function of concrete 

coating thickness with a biaxial stress level (µ2) and three water-to-cement ratios(W/C). Mechanical 

loading has a greater impact on ion concentration distribution when biaxial stresses are present (µ2). 

The diffusion of chloride ions in the coating thickness (0:30) mm at various (W/C). ratios (0.44, 

0.40, and 0.36) is comparable to that proposed by Cheng et al. [5]. 
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(a) 

 
(b) 

 
(c) 

Figure 6 - Results of chloride ion concentration distribution as a function of concrete coating 

thickness with a biaxial stress level 2 for three water-to-cement ratios (W/C) 

 

The concentration values are displayed in Table 5. The concentration of chloride ions in the 

aggressive medium affects the value of the concrete coating, particularly when the aging effect is 

taken into account. This concentration weakens the concrete’s structure and impairs its ability to 

protect reinforcement from corrosion, resulting in accelerated age-related deterioration of the 

structure. The simulation also demonstrates that increasing the (W/C) ratio has a significant impact 

on the free concentration distribution, indirectly increasing porosity and thus facilitating the 
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transport of chloride ions through the thickness of the coating of old structures by accelerating deep 

diffusion towards the metal reinforcement. 

We present in the following Table 5 the numerical values of concentrations as a function of the 

coating thickness in the uniaxial and biaxial cases. 

 

Table 5- Concentration values 

Uniaxial stress Biaxial stress 

𝐖

𝐂
 

Depth(mm) 𝝁𝟏 Chloride 

concentration 

(%) 

Depth(mm) 𝝁𝟐 Chloride 

concentration 

(%) 

𝝁𝟏 

0.44 

5 0.15 0.142 5 0.07 0.125 0.30 

10 0.30 0.137 10 0.15 0.127 0.30 

20 0.45 0.139 20 0.22 0.138 0.30 

30 0.60 0.142 30 0.30 0.163 0.30 

0.40 

5 0.13 0.141 5 0.07 0.124 0.27 

10 0.27 0.138 10 0.13 0.127 0.27 

20 0.40 0.136 20 0.20 0.133 0.27 

30 0.54 0.140 30 0.27 0.141 0.27 

0.36 

5 0.12 0.142 5 0.06 0.124 0.25 

10 0.25 0.137 10 0.12 0.128 0.25 

20 0.37 0.134 20 0.19 0.132 0.25 

30 0.50 0.139 30 0.25 0.140 0.25 

 

 

5. Conclusion 

This study aimed to build a numerical model that characterizes the response of structures to 

corrosion caused by chloride ion attack. Specifically, we focus on modelling the changes in the 

diffusion coefficient, considering the interplay between three factors: the magnitude of compressive 

stress, the aging factor, and the water-to-cement 𝑊/𝐶 ratio. The model accurately replicates the 

experimental findings documented in the literature, where each factor was examined independently. 

The model verifies that the infiltration rate of chloride ions escalates as the 𝑊/𝐶 ratio and stress 

levels, whether uniaxial or biaxial, increase. The age of the concrete influences the diffusion 

coefficient of chloride ions.  

The findings show that older concrete allows for better propagation of ions compared to new 

concrete. By combining multiple parameters into a single model, we can gain a more comprehensive 

understanding of the individual impact of each parameter on the phenomenon, which is the primary 

objective of this study. Various factors in concrete affect the spread of chloride ions and, 

consequently, the onset of corrosion in the reinforcement. Nevertheless, this model accurately 

replicates the rate at which chloride ions spread and consequently affects the durability of concrete 

by considering three key parameters. The model can be enhanced by either extending its 

applicability to different types of loading or by considering additional factors that affect the 

corrosion of reinforcement in reinforced concrete structures, such as the occurrence of cracking. 
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