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In the marine environment, reinforced concrete will suffer from chloride ion erosion and sulfate ion erosion at the same time. However, most scholars only study the interaction mechanism between chloride ion and sulfate ion, and the consideration of physical adsorption and chemical combination caused by hydration products is not perfect. Based on the law of conservation of mass, this study integrates the relationship between porosity and hydration time, the weakening of chemical binding of sulfate ions to chloride ions into the mathematical model, establishes the coupling transport model of sulfate and chloride, and verifies the rationality of the model by comparing with the measured data. And then, the physical adsorption and chemical binding of chloride ions under the action of sulfate ions were quantitatively analyzed. It is found that chemical binding is dominant and sulfate ion will reduce the chemical binding effect of chloride ion. With the decrease of the initial water/cement ratio, the diffusion depth of free chloride ion will also decrease.
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INTRODUCTION

The concrete structure is widely used admittedly in Ocean Engineering, for example, subsea tunnel engineering which tests the durability extremely. Concrete is buried under the seafloor for a long time to withstand the erosion of sea salt, which will not only cause damage to the concrete structure but also affect the normal service life of the building (Banthia et al., 2005; Choinska et al., 2007; Ghazy and Bassuoni, 2017; Montoya and Nagel, 2020; Wang et al., 2020a; Xu et al., 2020; Zhou et al., 2020). In the marine environment, the porous nature of concrete determines that it will inevitably be eroded by sea salt. This kind of erosion can be divided into two types, one is the diffusion of ions, the other is the combination of ions (Song et al., 2008; Medeiros et al., 2009). As we all know, there are many reasons for the damage of reinforced concrete structure, such as corrosion and expansion of reinforcement, resulting in concrete cracking and damage (Sofia and Alexandre, 2018; Wang et al., 2020b), loss of setting the strength of the concrete itself (Neville, 2004), mechanical wear of concrete structure surface (Fiorio, 2005), etc. In the marine environment, corrosion of reinforcement is mainly caused by the diffusion of chloride ions, while the loss of concrete strength is mainly caused by the chemical reaction of sulfate ions.

At present, many scholars have discussed the combination of chloride ions in concrete. Dhir et al. (1996) reported the results of the determination of the chloride binding capacity of Ground Granulated Blast-furnace Slag (GGBS) slurry. It was found that the higher the concentration of aluminate, the stronger the chloride binding capacity. Zhu et al. (2012) through exploring the influence of different types of chloride salts on the binding capacity of chloride ions in concrete, found that the binding capacity of chloride ions corresponding to calcium chloride is the strongest, while that of sodium chloride and potassium chloride is the weakest. Arya and Xu (1995) studied the influence of different types of cement on the chloride binding capacity. The chloride binding capacity was successively enhanced, and the order was GGBS, Pulverized Fuel Ash (PFA), and Ordinary Portland Cement (OPC). It is observed that although GGBS has the strongest chloride binding capacity, OPC concrete has the strongest corrosion resistance. Tang and Nilsson (1993) studied the sorption of chloride ions on OPC concrete under different water/cement ratio and aggregate content. The results showed that the sorption capacity of chlorine ion was closely related to the content of CSH gel, but had nothing to do with water/cement ratio and aggregate content. Geiker et al. (2007) studied the prediction and analysis of chloride binding capacity in OPC concrete by different salt types. The results showed that the ratio of chloride binding capacity to free chloride content in pore solution was the largest when AFm content was high. Jensen et al. (1999) tested the influence of different components of cement paste and mortar, as well as the different exposure conditions on the self-entry of chloride into the concrete. It was found that the combination of chloride ions changed the shape of the entrance profile of the model. Martin-Pérez et al. (2000) discussed the influence of three kinds of bind isothermal curves on the chloride ion permeability profile with a finite difference method and evaluated the service life of reinforced concrete in this way. Yoon et al. (2014) proposed the use of calcined layered double hydroxides to prevent chloride induction, which greatly improved the durability of reinforced concrete, not only adsorbed the memory effect in aqueous solution but also had a higher binding capacity than the original layered double hydroxides in cement-based materials. The effect of fly ash and slag on the binding capacity of chloride ion in the sulfate environment (Castellote et al., 1999; Xu et al., 2013; Geng et al., 2015). The results show that the addition of fly ash and slag increases the release of chloride ions.

Through the reading of the above literature, it is found that most of the researchers only study and discuss the diffusion law of combined chloride ion and free chloride ion under the action of a single factor. However, it is still shallow to discuss and study the combined chloride ion under the action of multi-factor and multi mechanism, which is divided into physically adsorbed chloride ion and chemically combined chloride ion. In this study, a multi-factor coupled chloride diffusion model is proposed. It will take into account the reduction of chloride binding to chloride ions, the adsorption, and chemical action of hydrated calcium silicate gel, and the quantitative analysis of free chlorine ions, physisorption chlorine ions, and chemically bound chloride ions through the PDE module of the finite element analysis software COMSOL. In this model, the diffusion coefficient of free chloride ion in a porous solution is established by considering the interaction between ions. Besides, it is assumed that there is no calcium corrosion under the coupling effect of sulfate and chloride, that is, the adsorbed free chloride ions do not have biological understanding adsorption. It is worth noting that even though the physically adsorbed chloride ions cannot be moved, they still carry electric charges.



MODELING

The time-depth relationship model of porous Fick law is adopted for chloride diffusion in concrete (Valdes-Parada et al., 2007):
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where εtot is the total porosity of concrete (m3/m3); Ccl is the total chloride ion concentration (%); t is the erosion time (s); Jcl is the material flux of the corresponding component (m/s).

Hirao et al. (2005) have studied that the cement hydration products in concrete have the binding ability to chloride ions, which are mainly calcium silicate hydrate (CSH) and calcium monosulfate hydrate (AFm). Among them, CSH is mainly physical adsorption, while AFm is mainly chemical binding (Florea and Brouwers, 2012). In this model, Equation (2-a) transformation is still carried out according to the law of conservation of mass. The difference is that only the chemical binding term of chloride ions is modeled as a sink term. The reason is that as long as there is calcium aluminate, the chemisorption of chloride ions in the combination will react with it. In the final analysis, it is only related to the concentration of reactants. Therefore, when considering the chloride ion transport of chemisorption, we use the form of sink term to model separately, see Equation (2-b). Add the part of chloride ions physically adsorbed to the first item of Equation (1). Component Ccl is divided into two parts, one is free chloride ion concentration, the other is physical adsorption chloride ion concentration.
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where Ccb is the concentration of chemically bound chloride ions (%); Cpa is the concentration of chloride ions adsorbed in the double layer region (Chatterji and Kawamura, 1992), that is, the concentration of physically adsorbed chloride ion (%); Cf is the concentration of free chloride ion in pore solution (%); Q(Ccb) is the sink term which is a function of chemically bound chloride ions (1/s); CT is the concentration sum of free chloride ion, chemically bound chloride ion, and physically adsorbed chloride ion at the depth z from the erosion surface (%).

Hirao et al. (2005) through the study of the adsorption and combination of chloride ions by cement hydration products, found that ettringite, and calcium hydroxide does not have the ability of physical adsorption of chloride ions. However, through the comparison between the final model and the measured data, it is found that there may be a weak chemical combination. It can be seen from Carrara et al. (2016) that the concentration of chemically bound chloride ion is a function of the concentration of free chloride ion, using Carrara et al. (2016) research model (β = 0.4366, α = 0.58), see Equation (2-d). According to Ishida and Maekawa (1999), the total porosity of chloride in concrete is divided into two categories, one is gel porosity and the other is capillary porosity, see Equation (3-a). Considering that the porosity of concrete is related to the degree of hydration of cement, Masi et al. (1997) established a functional relationship between the degree of hydration α and the time of hydration t by studying the hydration process from calcium aluminate to the hydration product. See Equation (3-b) for the specific expression.
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where εgl is the gel porosity (m3/m3); εcp is the capillary porosity (m3/m3); α is the degree of hydration of cementitious materials; τ is the time consumed in the hydration process(day).

Hansen (1986) has derived the formula for calculating the porosity and capillary porosity of the gel through the formula derived from the experimental data of (Powers and Brownyards, 1948).
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where [image: image] is the initial water/cement ratio in the form of mass fraction (kg/kg).

The results show that the presence of Jin et al. (2019) sulfate ions will reduce the chemical binding capacity of chloride ions, and Equation (5-a) is used for calculation when the relationship between combined chloride and free chloride is non-linear. Because sulfate ion reacts mainly with calcium hydroxide and aluminate hydrate in concrete (Sun et al., 2013), it has little effect on the physical adsorption of chloride ion. In this study, the chemical binding weakening model of chloride ions under the influence of sulfate ions established by Jin et al. (2019) is used, see Equation (5-d). The specific derivation process is as follows.
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where R0 is the ability of chloride binding without the influence of sulfate ion; Cb is the total bound chloride concentration at depth z (%); and are fitting parameters (Carrara et al., 2016) (K = 0.1228, N = 0.0747); R is the chloride binding capacity under the influence of sulfate ion; [image: image] is the chemical binding content of chloride ion under the action of sulfate ion; [image: image] is the sink term produced by the action of sulfate ion (1/s); a, b, and c are fitting parameters (Jin et al., 2019), respectively (a = 1, b = −0.011, c = 1.31); [image: image] is the free sulfate ion concentration (%).

In saturated concrete, ions are mainly transmitted to the medium in the form of diffusion. However, not all ions are presented in dynamic form. Static ions can be divided into two categories: one is physically adsorbed ions, the other is chemically combined ions. As mentioned above, although the physically adsorbed ions in static ions still carry charges, they cannot move. As we all know, only the free ions can conduct electricity. In this model, Einstein's law is used to establish the diffusion coefficient of free chloride ion in pore solution, see Equation (6).
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where Df is the diffusion coefficient of chloride ion in the pore solution (m2/s); Rg is the universal gas constant (J/K·mol); T is the ambient temperature (K); [image: image] is the molar conductivity of free chloride ion in porous solution (Sm2/mol); [image: image] is the chloride ion valence (= −1); F is the Faraday constant (c/mol).

As we all know, the conductivity of mobile ion in solution is closely related to its concentration. In 1929 Onsager deduced the theoretical model of conductivity and concentration through the concept of the ion-atmosphere. However, this model is only applicable to dilute solution with ion concentration C ≤ 0.005 mol/l, not to the solution with higher concentration. Chandra and Bagchi (1989) modified the Onsager model and proposed an ion conductivity that can calculate the ion concentration up to 2,000 mmol/L, see Equation (7).

[image: image]

where [image: image] is the limit molar conductivity of free chloride ion in infinite dilution solution when the ambient temperature is 25°C, the corresponding [image: image] is 7.635 × 10−3[Sm2/mol]; G and H are parameters related to temperature, ion type, and medium; [image: image] is the influence coefficient considering ion activity.

Here, G, H, and [image: image] are calculated by Equations (8-a) to (8-c), respectively.
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where e is the elementary charge (c); ε0 is the vacuum dielectric constant (c2/J·m); εr is the relative permittivity of water; [image: image] is the limit molar conductivity of all ions in the pore solution (Sm2/mol); n is the total number of ions; η is the viscosity coefficient of medium water (see Table 1 for specific parameter values). The conductivity and ionic radius values are given in Table 2.


Table 1. Parameter value in calculation formula of conductivity and free chloride ion diffusion coefficient.

[image: Table 1]


Table 2. Parameter value of ions in pore solution (Chatterji and Kawamura, 1992).

[image: Table 2]

It is not only the interaction between ions but also the tortuosity of aggregate and pore structure that affects the diffusion of free chloride. Therefore, it is necessary to introduce tortuosity to correct the diffusion coefficient in the flux (see Equation 9).
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where Ω is the tortuosity of ion transport in porous media (Ω = 192), the calculation of tortuosity is based on the method used by Ahmad et al. (2005). The tortuosity and porosity are both inherent properties of materials, but the former reflects the complexity of the transport path, which further affects the ion transport. Specifically, the larger the tortuosity is, the more difficult the transport is, and vice versa (see Figure 1).


[image: Figure 1]
FIGURE 1. Tortuosity of concrete solid phase.


By substituting Equations (2-a), (2-b), (3-a), and (9) into Equation (1), the following free chloride transport model can be obtained.

[image: image]

Equation (10) with the help of the COMSOL finite element analysis software, a one-dimensional solution of the two-dimensional geometric model is carried out for the model. The specific operation details are as follows. First, two-dimensional graphics (such as squares) are created in the geometry module. Here, it is emphasized that the creation of two-dimensional/three-dimensional graphics is only for a better presentation of the solution results. From the perspective of diffusion, Equation (10) is essentially one-dimensional. In this paper, the interface of partial differential equation in the form of a coefficient is selected for the transient solution. See Figure 2, 578 domain elements, and 60 boundary elements, that is, the number of triangles or quadrilaterals in 2D geometry. Among them, boundary elements are the number of triangles included in the boundary. For the mathematical model with complex boundary conditions, it needs to be rezoning. In this model, the boundary conditions are set as fixed values, so no modification is needed. It is worth noting that the fitting parameters involved in this paper are all derived from the results of reference concrete (without any mineral admixture). If we want to simulate the concrete with mineral admixture, the retest is needed to determine the parameters.


[image: Figure 2]
FIGURE 2. Physical field control grid.




NUMERICAL VERIFICATION

Based on the test data of Sandberg (1999) by Equation (10), the OPC concrete slab with a length of 100 cm, a width of 70 cm, and a thickness of 10 cm was immersed in seawater for 14 months in the literature. Here, the way of immersion is to use half of the immersion and half of the exposure in the thickness direction. Notice that this model only validates the submerged part of the test block. The specific mix proportion is 390 kg/m3 dry weight cement, 0.5 water/cement ratio, 0–8 mm grain size sand, its density is 853 kg/m3, 8–16 mm gravel aggregate, which is 787 kg/m3. Through the comparison between the model and the measured data and error analysis, it is found that the calculation results are in good agreement with the experimental data. In the model, the surface concentration of free chloride ion is 1.05%, and the initial concentration value is 0. Because the concentration of chloride ion in the marine environment is about 7 times the concentration of sulfate ion, and assuming that the surface ion content of concrete to meet this relationship, the surface concentration of sulfate ion is 0.15%. As shown in Figure 3, the curve of free chloride ion concentration in concrete pore solution with 14 months, [image: image] in the immersion area with diffusion depth is depicted. Figure 4 shows the free chloride concentration (Cf) Test values, calculated values, and relative error values at different depths. Here, the relative error is expressed as a percentage. Through comparison, it is found that the maximum error is not more than 10%. It can be found from Figure 3 that the chloride concentration gradient decreases with the increase of depth.


[image: Figure 3]
FIGURE 3. Simulation and test comparison of free chloride ion of concrete slab exposed to marine environment for 14 months.



[image: Figure 4]
FIGURE 4. Error analysis of calculation value and test value.


Based on Equations (10) and (2-e), the test data of Tumidajski et al. (1995) are verified. In the literature, 50 type cement is used for mix design, which is 370 kg/m3, 1, 107 kg/m3 coarse aggregate, 148 kg/m3 water, and 738 kg/m3 fine aggregate. The size of a concrete specimen is 75 mm × 75 mm × 300 mm, and it is cured in a 100% humidity environment for 28 days. In this model, the surface concentration of free chloride ion is 1.05%, the initial concentration value is 0, the surface concentration of sulfate ion is 0.05%, the initial concentration value is 0, and see Figure 6 for concentration distribution of free chloride ions under time and depth. Figure 5 depicts the concentration distribution curve of concrete beams corroded by chloride ion and sulfate ion in a multi-component solution for 3, 6, and 12 months in a saturated state. It can be seen from Figures 5, 6 that with the increase of time, the internal diffusion depth of concrete is also increasing and the increasing range is decreasing. Through the comparison between the numerical model Equation (2-e) and the measured data, it is found that the error value of the rest points decreases obviously with the increase of the diffusion depth, except for the points close to the erosion surface, which may be caused by the loss of ion concentration during the measurement. The reason why the point close to the erosion surface is more consistent with other points may be due to the measurement time, but on the whole, the calculated value of the model is in good agreement with the measured data. This model can well-reflect the trend of ion concentration.


[image: Figure 5]
FIGURE 5. Simulation and test comparison of total chloride ions in concrete beams exposed for 3, 6, and 12 months.



[image: Figure 6]
FIGURE 6. Concentration distribution of free chloride ions under time and depth.




RESULTS AND DISCUSSION


Effect of Physical Adsorption and Chemical Binding on Chloride Transport

This section discusses the analysis based on Sandberg's test data. Equations (2-d) and (5-c), respectively represent the chloride ion content of chemical binding and physical adsorption at different concentrations of free chloride ion. Figure 7 shows the change curve of free chloride ion content with depth in 14 months pore solution of the concrete slab in immersion area, the distribution curve of chloride ion concentration in pore solution considering adsorption effect, and the curve of total chloride ion in chemical combination.


[image: Figure 7]
FIGURE 7. The free chloride ion calculated by the model includes the physical adsorption and the total chloride concentration curve.


It can be found from Figure 7 that the content of the chemical binding part is more than 5 times that of the physical adsorption part, and the effect is more obvious with the increase of diffusion depth. Therefore, it can be found that chemical binding plays a leading role while physical adsorption and chemical binding are simultaneously applied to the concrete interior. However, physical adsorption and chemical binding did not change the chloride concentration transport trend, and the three showed the same diffusion law. Figure 8 describes the curve of chloride concentration with time under the action of physical adsorption and chemical combination. It can be found in Figure 8 that compared with physical adsorption, chemical binding still dominates, and chemical binding takes place faster than physical adsorption.


[image: Figure 8]
FIGURE 8. Three forms of concrete interior calculated by model: the free chloride, the chloride of including the physical adsorption and the total chloride.




The Effect of Sulfate Ion on the Concentration of Chemically Bound Chloride Ion

Dehwah et al. (2002) studied the effect of cement alkalinity on chloride corrosion in OPC concrete and Sulfate Resistant Portland Cement Concrete (SRPC). It was found that the binding capacity of chloride decreased with the increase of sulfate ion concentration in pore solution. Shaheen and Pradhan (2015), respectively studied the determination of free chloride ion content in the mixed solution with the same chloride ion concentration by 3, 6, and 12% sulfate ion. The results showed that the free chloride ion concentration decreased with the increase of sulfate ion concentration. In this study, the chemical binding model established by Hirao et al. (2005), see Equation (2-d) and based on Paul's experimental data for quantitative analysis.

Figure 9 depicts the change curve of the concentration of chemically bound chloride ions with depth under the action of chemical binding. It can be seen from Figure 9 that sulfate ions cause a decrease of chemically bound chloride ions, which verifies the correctness of the model. It can also be found that in the depth range of 0–45 mm, there is a linear relationship between the chemically bound chloride ions and the diffusion depth, which decreases with the increase of the erosion depth. Figure 10 depicts the relationship between the concentration of chemically bound chloride ions and the depth of diffusion under different concentrations of sulfate ions. It can be seen from Figure 10 that with the increase of sulfate ion concentration, the concentration of chemically bound chloride ion at the same depth decreases continuously, and the decreased amplitude increases with the increase of sulfate ion concentration at the same step length. When the concentration of sulfate ion reaches more than 1.7%, the curve is segmented, and the decrease of the content of chemically bound chloride ion in the range of 0–5 mm is much higher than that in the range of 5–50 mm. This is consistent with the conclusion of Dehwah et al. (2002).


[image: Figure 9]
FIGURE 9. Chemical binding curve of chloride ion: red solid line (sulfate ion is considered), blue solid line (sulfate ion is not considered).



[image: Figure 10]
FIGURE 10. Concentration of chemically bound chloride ions at different sulfate ion concentrations.




Effect of Initial Water/Cement Ratio on Free Chloride Diffusion

Based on Equation (10), the law of chloride diffusion under different initial water/cement ratio was studied. As above, Paul test data is still used as a reference. Figure 11 depicts the diffusion curve of free chloride ion in concrete under different water/cement ratios, among which the blue solid line represents the diffusion curve of free chloride ion eroded for 6 months in Paul's literature. It can be seen from Figure 11 that the diffusion depth of free chloride ion decreases with the decrease of water/cement ratio, which is 31, 30, 27.5, and 23.3 mm in turn. It can be seen that the decreased amplitude has an increasing trend.


[image: Figure 11]
FIGURE 11. Free chloride concentration under different initial water-cement ratio.


Figure 11 shows that the decrease of the water/cement ratio does not change the diffusion rule of free chloride ion. It only reduces the penetration of free chloride ions.




CONCLUSIONS

Through the verification of the mathematical model, it is shown that the model can be used to predict the diffusion process of chloride ions into the concrete. After discussing the coupled transport model of sulfate and chloride, the following conclusions can be obtained:

• The diffusion of chloride in concrete can be reflected more truly by separately modeling of chloride binding and integrating the relationship between porosity and hydration time into the mathematical model.

• It is found that the chemical binding at different depths is more than 5 times the content of physical adsorption chloride ions. However, chemical binding and physical adsorption do not change the diffusion trend of chloride ions.

• The results show that sulfate ion can reduce the chemical binding capacity of chloride ion. With the increase of sulfate ion concentration, the trend is increasingly obvious. When the concentration of sulfate ion is more than 1.7%, the curve of the change of the chemical bound chloride ion with the depth is segmented.

• With the decrease of the initial water/cement ratio, the diffusion depth of free chloride ion decreased. When the initial water/cement ratio increases in the same step (H = 0.05), it can be found that the increasing speed of diffusion depth slows down.
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