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Abstract

In marine and coastal environments, penetration of chloride ions is one of the main mechanisms causing concrete 

reinforcement corrosion. Currently, most of experimental investigations about submerged penetration of chloride ions 

are started after the four weeks standard curing of concrete. The further hydration of cement and reduction of chloride 

diffusivity during submerged penetration period are ignored. To overcome this weak point, this paper presents a 

numerical procedure to analyze simultaneously cement hydration reaction and chloride ion penetration process. First, 

using a cement hydration model, degree of hydration and phase volume fractions of hardening concrete are determined. 

Second, the dependences of chloride diffusivity and chloride binding capacity on age of concrete are clarified.  Third, 

chloride profiles in hardening concrete are calculated. The proposed numerical procedure is verified by using chloride 

penetration test results of concrete with different mixing proportions.
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1. Introduction

The ingress of chloride ions constitutes a major source of durability problems affecting reinforced concrete structures which 

are exposed to marine environments. Once a sufficient quantity of chloride ions has accumulated around the embedded steel, 

pitting corrosion of the metal is liable to occur unless the environmental conditions are strongly anaerobic. In the design of 

concrete structures, the influence of chloride ingress on service life must be considered [2].

2. Cement hydration model

The shrinking-core model, which was originally developed by Tomosawa [2], is used in this study to simulate the develop-

ment of cement hydration. This model is expressed as a single equation consisting of three coefficients: kd the reaction co-

efficient in the induction period; De the effective diffusion coefficient of water through the C-S-H gel; and kri a coefficient 

of the reaction rate of mineral compound of cement as shown in eqs. (1) and (2) below:
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3. Chloride penetration model

The following modified Fick’s second law equation can be obtained, as equation (3) :
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As shown in equation (2),     is the binding capacity of the concrete binder (m
3
 of pore solution/m

3
 of concrete), Dc is the 

effective diffusion coefficient when the concentration is expressive in kilograms per cubic meter of pore solution (m
2
/s). The 

analyzed results about chloride diffusion coefficients and chloride profiles are shown in figure 1. as shown in this figure, the 

analyzed results generally agree with experimental results. 
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Figure 1. evaluation of chloride ions penetrations

4. Conclusions

This paper presents a numerical procedure to analyze chloride penetration into hardening concrete. The simultaneous cement 

hydration reaction and chloride ion penetration process are modeled. The proposed numerical procedure is verified by using 

chloride penetration test results of concrete with different mixing proportions.
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