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INTRODUCTION 

In the United States, corrosion is considered to be a major problem [1]. Chloride-induced corrosion is responsible for 

the damage of reinforced concrete structures exposed to marine environments [2]. Since Collepardi et al. [3] adopted 

Fick’s second law for the simulation of chloride migration in concrete, it has been widely used to describe a one-

directional chloride diffusion process. The content of chlorides can be determined by analytical equations [4] and the 

finite difference method [5]. These approaches, however, may not be adequate for practical application when the 

spatial domain of a concrete member is concerned with the multi-directional movement of chlorides. To address this 

issue, a two-dimensional cellular automata model may be employed to simulate interactions between neighboring cells 

in accordance with a given algorithm. The algorithm is utilized iteratively in the time domain of the cells and leads to 

a solution for a complex problem. Such a modeling technique has been successfully applied to various fields, namely, 

politics [6], economics [7], transportation [8], and chloride diffusion [9]. The model is capable of simulating a two-

dimensional process of chloride migration in reinforced concrete, thereby predicting the corrosion of rebars under 

corrosive environments. Following a standard of the National Association of Corrosion Engineers (NACE) [10], three 

corrosive zones may be considered for marine structures: atmospheric, splash, and submerged zones. Chloride-induced 

corrosion models can be formulated with the process of chloride diffusion in saturated concrete under the atmospheric 

and submerged conditions, while wet-dry cycles are associated with the splash condition. The wet-dry cycle is a 

combination of capillary suction and diffusion, which can accelerate corrosion damage [11,12]. Unlike the 

atmospheric and submerged conditions, where surface chloride concentrations are assumed constant, the surface 

chloride concentration of concrete subjected to splash increases over time [13]. This paper deals with a preliminary 

study concerning the applicability of cellular automata in simulating a corrosion process in a bridge column subjected 

to those marine environments. Upon verifying the modeling concept, follow-up research will be carried out and refined 

outcomes will be reported in due course.  

RESEARCH SIGNIFICANCE 

Because of socioeconomic concerns caused by the corrosion of reinforced concrete, an adequate understanding of 

chloride-induced corrosion is imperative. A cellular automata model is developed to predict the consequences of 

corrosion damage in a concrete column under marine environments. 

BENCHMARK BRIDGE 

A bridge column is designed per the American Association of State Highway Transportation Officials (AASHTO) 

Load and Resistance Factor Design (LRFD) Bridge Design Specifications (BDS) [14]. Its constituent materials and 

structure are presented in this section. Corrosive environments that affect the performance of the column are also 

discussed. 

Materials 

The column concrete had a strength of f’c = 30 MPa (4,350 psi) at a water-cement-ratio ratio of w/c = 0.54 based on 

ACI 211.1-91 [15]. The ingredients were water (193 kg/m³ (12.05 lb/ft³)), cement (358 kg/m³ (22.35 lb/ft³)), coarse 

aggregate (1,144 kg/m³ (71.42 lb/ft³)), and fine aggregate (679 kg/m³ (42,39 lb/ft³)). The yield strength and elastic 

modulus of reinforcing steel were fy = 414 MPa (60 ksi) and Es = 200 GPa (29,000 ksi), respectively.  
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Structural Description 

The circular tied column was reinforced with twelve No. 14 rebars (diameter: ϕ = 43 mm (1.69 in.) and cross-sectional 

area: As = 1,452 mm2 (2.25 in.2), each). Complying with AASHTO LRFD BDS [14], a concrete cover of 125 mm 
(4.92 in.) was assigned for a direct exposure to saltwater. 

Service Environments 

As stated in the NACE standard [10], three service environments were involved: atmospheric, splash, and submerged 

zones.  

MODELING 

An evolutionary modeling approach is described with the principle of chloride diffusion, multi-agent interaction, and 

corrosion initiation.  

Cellular Automata Model 

Modeling program—A cellular automata algorithm was programed using an agent-based modeling platform, NetLogo 

[16,17]. The software provides a two-dimensional space comprising a grid of square agents, representing constituent 

materials. Individual agents interacted with their surrounding environments, as explained below. 

Interaction rule—Fick’s second law was used to simulate interactions between adjacent agents ([4],[18],[19]) 

𝜕𝐶𝜕𝑡 = 𝐷𝑐𝑒(𝑡) 𝜕2𝐶𝜕𝑥2  (1) 

where C is the chloride content; 𝐷𝑐𝑒(𝑡) is the chloride diffusion coefficient in concrete at time 𝑡; and x is the diffusion

depth. The differential equation was approximated by the cellular automata algorithm [9]. The local rule used by the 

model for the simulation of chloride diffusion is presented in Eq. 2, showing that chlorides migrate in both vertical 

and horizontal directions. Figure 1(a) presents a sectional model for the column surrounded by an environment. The 

progression of chloride contents (𝐶𝑐𝑒𝑛𝑡𝑒𝑟,𝑡+1) was determined (Eq. 2), as depicted in Fig. 1(b) with ɸ6 = (1 −  ɸ1)/4
[20] 𝐶𝑐𝑒𝑛𝑡𝑒𝑟,𝑡+1 =  ɸ1𝐶𝑐𝑒𝑛𝑡𝑒𝑟,𝑡+ ɸ2𝐶𝑛𝑜𝑟𝑡ℎ,𝑡+ ɸ3𝐶𝑒𝑎𝑠𝑡,𝑡+ ɸ4𝐶𝑠𝑜𝑢𝑟𝑡ℎ,𝑡+ ɸ5𝐶𝑤𝑒𝑠𝑡,𝑡   (2) 

where 𝐶𝑐𝑒𝑛𝑡𝑒𝑟,𝑡 is the chloride concentration in the center agent at current time step t; 𝐶𝑛𝑜𝑟𝑡ℎ,𝑡, 𝐶𝑒𝑎𝑠𝑡,𝑡, 𝐶𝑠𝑜𝑢𝑟𝑡ℎ,𝑡, and,𝐶𝑤𝑒𝑠𝑡,𝑡 are the chloride contents in the neighboring agents; and ɸ𝑖 (𝑖 = 1,2,3,4, and 5) is the evolutionary coefficient

that satisfies Eq. 3 [9]. ∑ ɸ𝑖 = 1  (3) 

It was assumed that concrete was an isotropic media [21]; as a result, the evolutionary coefficients of the four 

neighboring agents were equal. In other words, the probabilities of chloride diffusion toward the four directions were 

identical: ɸ2 = ɸ3 = ɸ4 = ɸ5. Podrouzek and Teply [20] found that the accuracy of the model would be adequate

when ɸ1 = 0.5, and ɸ𝑖 (𝑖 = 2,3,4, and 5) = 0.125. As shown in Eq. 4, ɸ1 had a typical relationship with the chloride

diffusion coefficient (𝐷𝑐𝑒  (𝑡)) [20].∆𝑡 =  ɸ1 ∆𝑥2𝐷𝑐𝑒(𝑡)  (4) 

where ∆𝑥 and ∆𝑡 are the size of the agent and the time step, respectively. The diffusion coefficient at the first year 𝐷𝑐𝑒(1)  (mm²/year) was figured out with the water-to-cement ratio and exposure environments [22]

𝐷𝑐𝑒(1) = 𝑘𝐷 ×  𝑒𝑥𝑝(−√ 10𝑒𝑞𝑣(𝑤/𝑐𝐷))   (5) 

𝑒𝑞𝑣(𝑤/𝑐𝐷) =  𝑊𝑃𝐶+𝐹𝐴+7×𝑆𝐹 (6)
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where  𝑘𝐷 is a factor based on service environment (𝑘𝐷 = 10,000 mm²/year (15.5 in2/year) for the atmospheric 
condition, 𝑘𝐷 = 15,000 mm²/year (23.25 in2/year) for the splash condition, and 𝑘𝐷 = 25,000 mm²/year (38.75 in2/year) 
for the submerged condition [22]; and W, PC, FA, and SF represent the mass of water, portland cement, fly ash, and 

silica fume, respectively. The equivalent w/cD ratio (Eq. 6) was equal to the water-to-cement ratio because only 

portland cement was involved as a cementitious material in this study. To appraise the time-dependent property of the 

diffusion coefficient Dce(t), a power function was used [23]     𝐷𝑐𝑒(𝑡) =  𝐷𝑐𝑒(1)𝑡−𝛼  (7)  

α = 𝑘𝛼  (1 − 1.5 × 𝑒𝑞𝑣(𝑤/𝑐𝐷))  (8) 

where  𝐷𝑐𝑒(1) is the diffusion coefficient (mm²/year) at the first year; α is the age parameter to consider the time-

dependent diffusion coefficient; and 𝑘𝑎 is a factor depending upon exposure condition (𝑘𝑎 = 1 for the atmospheric

condition; 𝑘𝑎 = 0.1 for the splash condition; and 𝑘𝑎 = 0.6 for the submerged condition [22]).

Boundary condition—To approximate the circular shape of the column in a simulation space, over 164,000 agents 

were necessary (4 × 4 mm (0.16 × 0.16 in.), each). Figure 2 compares chloride distributions with various agent sizes 

when the time and environment were 10 years and the submerged condition, respectively. The sensitivity analysis 

indicated that the convergence of the chloride distribution was obtained at an agent size of 8 mm (0.31 in.) and smaller. 

Similar observations were found in other cases when the time and environment were changed. 

Simulation—One-dimensional models were prevalent to simulate chloride migration, which can only handle chloride 

distributions in a single direction. In practice, chloride contents are determined by the interaction of multidirectional 

agents [24]. Therefore, it was necessary to develop a two-dimensional model for the column. The views of chloride 

migration from 1 year to 100 years are illustrated in Fig. 3.  

Validation—A comparison between predicted chloride concentrations and those provided by literature [25] is 

presented in Fig. 4. The surface chloride concentration and diffusion coefficient given in Cao et al. [25] were 0.5% of 

concrete weight and 3.22 × 10⁻¹² m²/s (4.99 × 10⁻⁸ in.²/s), respectively, and their approach was independently assessed 

by others [26].  

Corrosion—The corrosion initiation year (𝑡𝑖) of the column under the atmospheric and submerged conditions is

estimated by [27] 

𝑡𝑖 =  (𝑐/10)24𝐷𝑐𝑒(1) [𝑒𝑟𝑓−1 (𝐶𝑐𝑟−𝐶0𝐶𝑖−𝐶0 )]−2
 (9) 

where c is the concrete cover in mm; erf is the Gauss error function; 𝐶𝑐𝑟 is the critical chloride concentration (𝐶𝑐𝑟 =

0.4% of cement weight [28]); 𝐶𝑖 is the initial chloride content that is assumed to be 0% of the cement weight [28]; and𝐶𝑜 is the surface chloride content (0.2% and 0.5% of concrete weight under the atmospheric and submerged conditions,

respectively [29]). The corrosion current density (𝑖𝑐𝑜𝑟𝑟  in μA/cm2) was determined using [30]𝑙𝑛 (1.08 𝑖𝑐𝑜𝑟𝑟(𝑡)) =  8.37 + 0.618 ln 1.69 𝐶𝑓(𝑡)- 3034/T - 0.000105 𝑅𝑐 + 2.32𝑡−0.215   (10) 

where T is the temperature at the steel surface in Kelvin (T= 293.15K); 𝑅𝑐 is the resistance of the concrete cover in

ohms (𝑅𝑐=1,500 Ohms); t is the exposure time in year; and 𝐶𝑓(𝑡) is the free chloride concentration in kg/m3, which

may be determined by [31] 𝐶𝑓(t)  = 0.8541 𝐶𝑡(𝑡)  (11) 

where 𝐶𝑡(𝑡) is the total chloride concentration attained from the cellular automata model in kg/m3. The chloride

concentration of the concrete under the atmospheric and submerged conditions were constant; however, a power 

equation was used for the splash condition (𝐶0(t) in % weight of concrete) [32]
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𝐶0(t) = [0.213 (𝑤𝑐 ) + 0.134]𝑡0.484  (12) 

where 
𝑤𝑐  is the water to cement ratio and t is the exposure time in years. Because the surface chloride contents of the 

splash case increases significantly (𝐶0(t) > 𝐶0), a corrosion initiation year predicted by Eq. 9 needs to be adjusted. A

threshold current density of icorr = 0.3 μA/cm2 (1.94 μA/in.2) was employed to predict the corrosion initiation year 

under the splash condition [33] by converting Eq. 10  

t𝑖 = (ln(1.08 ×0.3)−8.37− 0.618 ln 1.69𝐶𝑓(𝑡)+3034T + 0.000105 𝑅𝑐2.32 )0.215
        (13) 

Val and Melcher [34] proposed an equation for a reduction in the diameter of rebars when 𝑡 is larger than 𝑡𝑖 𝑑𝑏(𝑡) = 𝑑𝑏 − 0.0232 ∫ 𝑖𝑐𝑜𝑟𝑟(𝑡)𝑑𝑡𝑡𝑡𝑖  (14)  

where 𝑑𝑏(𝑡)  is the rebar diameter at year t and 𝑑𝑏  is the initial rebar diameter. The analytical expression was

approximated to be  𝑑𝑏(𝑡) = 𝑑𝑏 − ∑ 0.0232𝑖𝑐𝑜𝑟𝑟(𝑡)∆𝑡𝑡=100𝑡=0  (15)  

Table 1 summarizes the modeling parameters used for the present simulation. 

 SIMULATION RESULTS 

The migration of chlorides is computed under various exposure conditions to predict chloride concentrations, 

corrosion current density, and a reduction in rebar diameter. 

Diffusion—Fig. 5 illustrates the diffusion coefficients of chlorides for the concrete subjected to the corrosive 

environments. In all cases the diffusion coefficients decreased exponentially over time, which were ascribed to the 

changes in the pore structure of the concrete [35, 36]. The submerged condition resulted in the highest diffusion 

coefficient, followed by the splash and atmospheric conditions. A similar trend was reported by others [29].  

Chloride concentration—Fig. 6 presents the increased chloride concentrations of the concrete at the steel-surface 

level over time. During the early years, the chloride concentration of the submerged case was higher than that of the 

splash case due to the former’s higher surface chloride concentration and diffusion coefficient (Table 1). When the 

time reached 20 years,  the chloride concentration of the splash case exceeded the submerged case, resulting from the 

effects of wet-dry cycles. This observation agrees with the findings of 10-year experimental results [37]: chloride 

concentrations in a submerged zone were higher than the concentration in a splash zone for the first five years; however, 

the chloride concentration of the splash case developed significantly after five years compared with that of the 

submerged zone. The chloride concentration of the atmospheric case was consistently lower because the concrete was 

exposed to air-borne chlorides. Figure 7 presents a decreasing trend in the chloride concentrations at 100 years. The 

splash condition exhibited higher chloride concentrations than the submerged and atmospheric conditions. 

Corrosion current density—Ferrous ions from the reinforcing steel reacted with oxygen and water [38]. As shown in 

Fig. 8, regardless of the environment, the corrosion current density of the column gradually slowed down with the 

accumulation of rust [39]. Among the three environments, the splash condition had the highest corrosion current 

density because of the expedited corrosion environment with sufficient oxygen, chlorides, and electrolytes. 

Reduction in rebar diameter—A reduction in the diameter of the reinforcing bars occurred when the exposure time 

reached a corrosion initiation year. As shown in Fig. 9, the corrosion initiation year in the splash zone was similar to 

the year in the submerged zone with a 7% difference; on other hand, the initiation year of the atmospheric case was 

remarkably higher than others. Consequently, the reduced rebar diameter under the atmospheric condition was lower 

than the reduction under the splash and submerged conditions (Fig. 10). The amount of reductions under the 

submerged condition was larger compared with the amount under the splash condition at early years owing to its 

higher surface chloride content and diffusion coefficient, whereas the reduction in the splash condition exceeded the 

submerged case after 40 years because of the wet-dry influence in the splash zone. 
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CONCLUDING REMARKS 

This preliminary research has examined the chloride migration of a bridge column under atmospheric, splash, and 

submerged conditions, based on a cellular automata model, which led to the development of corrosion current density 

and a reduction in the diameter of reinforcing bars. The following conclusions are drawn: 

 The splash condition showed higher chloride concentrations at the surface of the rebar than the submerged

and atmospheric conditions; accordingly, the corrosion current density of the column concrete under the

splash condition was greater with a larger reduction in the rebar diameter.

 The corrosion initiation year of the column under the splash and submerged conditions was analogous;

however, the initiation year under the atmospheric condition was lower than others.

The ongoing research includes an investigation into the consequences of variable concrete mixtures and construction 

methods, the behavior of the corroded column subjected to axial compression combined with flexural loading, and the 

efficacy of composite-based rehabilitation.   
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Table 1—Modeling parameters [1 MPa = 145 psi; 1 mm = 0.0394 in.; 1 m = 3.28 ft] 

Service 

environment 

Diffusion coefficient 

Dce(1)  

( × 10-12 m2/s) 

Age 

parameter 𝛼 

Surface chloride 

concentration C1  

(% wt. of cement) 

Corrosion 

initiation 𝑡𝑖
(year) 

Atmospheric 4.29 0.19 1.33 54.1 

Splash 6.43 0.019 1.65𝑡0.484 8.97 

Submerged 10.72 0.114 3.31 9.6 

      (a)  (b) 

Fig. 1—Concept of two-dimensional cellular automata model: (a) column cross section; (b) interaction 

[1 mm = 0.0394 in.] 

Fig. 2—Convergence of chloride concentration 
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      (a)                                    (b)                                      (c) 

Fig. 3—Chloride migration in column concrete over time: (a) 1 year; (b) 50 years; (c) 100 years 

[1 mm = 0.0394 in.] 

Fig. 4—Validation of the model 
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[1 m = 3.28 ft] 

Fig. 5—Comparison of time-dependent diffusion coefficients under various service environments 

Fig. 6—Chloride concentration at steel surface level subjected to different service environments 
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