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Abstract

:

Electrochemical treatment, specified as electrochemical chloride extraction (ECE), is one of the common techniques developed for the rehabilitation of chloride-contaminated reinforced concrete. In practice, ECE is time-consuming; for instance, the treatment duration could last several weeks or even longer. In order to reduce the laboratory work, this paper presents some results about a numerical study of the ECE. It is to solve a series of physical equations governing multiple ionic transport making use of a finite difference method. The effects of some critical factors are discussed in detail, such as the treatment duration, the current density and the cover thickness. In addition, for the sake of validation, the numerical results are also compared with those obtained from an experimental test.
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1. Introduction


The chloride-induced corrosion of steel in reinforced concrete is a worldwide engineering problem, since it brings a severe threat to the service life of infrastructure. Generally, steel in concrete is protected by a passive film. However, the presence of some kinds of aggressive species, for instance, the chloride ions, could accelerate the breakdown of the passive film. As a result, the ingress of moisture and oxygen would initiate the corrosion process. In fact, much evidence suggests that the concentration of the chloride ion at the steel surface has to reach a certain level, i.e., the chloride threshold level, for the corrosion to take place [1,2,3,4]. This means that the control of the chloride content below the threshold level might be an efficient approach for prohibiting the corrosion of the reinforcing steel.



Electrochemical treatment, specified as electrochemical chloride extraction (ECE), is one of the common techniques developed for the rehabilitation of chloride-contaminated reinforced concrete. In principle, when subjected to an externally applied electric field, the negatively charged chloride ions are transferred in the direct current away from the steel bar toward the positively charged anode. That is, the reinforcing steel acts as the cathode, while an external anode is placed in a suitable electrolyte at the surface of the concrete cover. The purpose is to control the chloride content within the reinforced concrete until below the chloride threshold level, and therefore the corrosion of the reinforcing steel can be prohibited [5,6,7].



Over the last three decades, a number of experimental tests have been performed about the ECE [8,9,10,11,12]. Results indicate that if applied in an appropriate way, the electrochemical treatment can lead to a substantial reduction in the chloride profile of the cover zone as well as the corrosion rate of steel in the short term. Nevertheless, if it was applied too late, the electrochemical treatment cannot assure the re-passivation of the corroded steel. In addition, significant alterations might be encountered after the electrochemical treatment about the microstructure of the cementitious matrix as well as the chemical composition of the pore solution [13,14]. For experimental tests, some critical parameters such as the treatment duration, the current density and the cover thickness are of paramount importance to the final effect of the ECE [15,16,17,18].



Along with laboratory and field tests, considerable efforts have also been spent on the numerical modelling of the ECE. The former could last several weeks or even longer, while the latter needs much less work. For instance, Andrade et al. proposed the basic equations and solved them for the cases of chloride concentration being constant or following the error function trend [19]. Based on that, Castellote et al. studied the effects of testing conditions and treatment duration [20,21]. Buenfeld et al. discussed the general experimental situations of chloride transport in concrete subjected to an electric field that may be applicable to the ECE, the cathodic protection and the rapid chloride diffusion test [22]. Li and Page developed a unified transport model for multiple ionic species, which was then solved by means of a finite element method [23,24]. Liu et al. employed the transport model for multiple ionic species and took more factors into account, such as the aggregate content, shape and gradation, the coupled environmental actions, and so on [25,26,27].



In order to reduce the laboratory work, a numerical study of the ECE is performed in this work, which relies on the governing equations of the multiple ionic transport as introduced by Li and Page [23,24]. Different from Li and Page [23,24] and Liu et al. [25,26,27], a finite difference method is adopted and implemented. The effects of some critical factors are discussed in detail, such as the treatment duration, the current density and the cover thickness. The main contents are organized as follows. Section 2 describes the modeling framework of the ECE including the governing equations as well as the finite difference algorithm. Section 3 presents the numerical results. Section 4 compares the numerical results with those obtained from an experimental test. It should be pointed out that the current paper does not aim to demonstrate the advantages or disadvantages of the finite difference scheme, but shows another kind of option other than the existing finite element scheme when the numerical modeling of the ECE is performed.




2. Modeling Framework of the ECE


2.1. The Governing Equations


As shown in Figure 1, the ECE can be implemented on a cylindrical specimen where the reinforcing steel rod is centrally embedded within the concrete cover. The negative terminal is connected to the steel, and the positive terminal is connected to the titanium mesh. Upon the current circuit, the steel achieves negative polarity that repulses anions and attracts cations.



In the present model, five major ionic species are taken into account, i.e., Cl−, Na+, K+, Ca2+, and OH−. The concrete cover is considered as a homogeneous medium, and the transport of ionic species can then be described by a series of physical laws in terms of the equations of continuity, flow, current and electroneutrality as follows [24]:


    ∂  C i    ∂ t   +   ∂  S i    ∂ t   = − ∇  J i   



(1)






   J i  = −  D i  ∇  C i  −  z i   D i   (   F  R T   ∇ U  )   C i   



(2)






  I = F   ∑ i    z i   J i     



(3)






    ∑ i    z i   C i    = 0  



(4)




where Ci is the concentration of free ions, Si is the concentration of bound ions, t is the treatment duration, Ji is the flux, Di is the apparent diffusion coefficient in concrete, zi is the charge number, F = 96,500 C/mol is the Faraday constant, R is the gas constant, T is the temperature, U is the potential, I is the current density, i is the index of ionic species. Note that the equation of flow takes the terms of diffusion and migration into account, while the term of convection is neglected. Substituting Equation (2) into Equations (1) and (3) yields that


    ∂  C i    ∂ t   +   ∂  S i    ∂ t   = ∇  [   D i  ∇  C i  +  z i   D i   (   F  R T   ∇ U  )   C i   ]   



(5)






   (   F  R T   ∇ U  )  = −   I / F +   ∑ i    (   z i   D i  ∇  C i   )        ∑ i    (   z i 2   D i   C i   )       



(6)







The concentrations of bound ions are set to zero except that of the chloride ion. Herein, the chloride binding with solid cementitious phase is accounted for by means of the classic Langmuir isotherm as follows [28]:


   S  C l   =   α  C  C l     w ( 1 + β  C  C l   )    



(7)




where w is the content of the water expressed per unit weight of cement; α = 0.42 and β = 0.8 L/mol are constants [28].



For the completion of the numerical model, the boundary conditions might be written as follows:


  Cathode :        J  O H   =    I 0     z  O H   F   ;      J i  = 0 ,     i ≠ O H  



(8)






  Anode :              J  C l   =    I 1     z  C l   F   ;          J i  = 0 ,     i ≠ C l  



(9)




where I0 and I1 is the current density at the external surface of the steel rod and the concrete cover, respectively.




2.2. Finite Difference Algorithm


Different from previous authors, a finite difference method is implemented to provide the numerical solution of the ECE. The governing equations, i.e., Equations (5) and (6) are rewritten as follows:


    ∂  C i    ∂ t   = −  ξ i  ∇  J i   



(10)






   J i  = −  D i  ∇  C i  +  z i   D i   [    I / F +   ∑ i    (   z i   D i  ∇  C i   )        ∑ i    (   z i 2   D i   C i   )       ]   C i   



(11)




where ξi is the coefficient related to free and bound ions. It holds that


   {     ξ  C l   =      (  1 + β  C  C l    )   2       (  1 + β  C  C l    )   2  + α / w   ;   i = C l      ξ i  = 1 ;   i ≠ C l      



(12)







For the cylindrical shape of the reinforced concrete specimen, the current field within the concrete cover is assumed to be radial, and thus the local current density can be obtained from


  I =  I 0     r 0     r 0  + r    



(13)




where r0 is the radius of the steel rod and r is the distance from the steel surface.



Out of the convenience, a polar coordinate system is established that originates from the centre of the steel rod. Then, the discretization is performed at both the spatial and time domains. Let δr and δt be the spatial and time increments, respectively. The concentration is defined at each element, while the flux is defined at each interface between neighbouring elements, as indicated in Figure 2. The concentration and flux are written as Cki(j) = Ci(j·δr, k·δt) and Jki(j) = Ji(j·δr, k·δt), where the positive integers j and k are the indices denoting the discretization at the spatial and time domains. For the polar coordinate system, the partial derivatives of concentration and flux are expressed as follows:


    ∂  C i k    ∂ t   =    C i  k + 1   ( j ) −  C i k  ( j )   δ t    



(14)






  ∇  C i k  =    C i k  ( j ) −  C i k  ( j − 1 )   δ r   +    C i k  ( j ) +  C i k  ( j − 1 )   2  (   r 0  + j ⋅ δ r  )     



(15)






  ∇  J i k  =    J i k  ( j + 1 ) −  J i k  ( j )   δ r   +    J i k  ( j + 1 ) +  J i k  ( j )   2  (   r 0  + j ⋅ δ r  )     



(16)







Substitute Equations (14)–(16) into the governing equations, and then the concentrations and fluxes of ionic species can be explicitly solved by means of the successive iterations. Note that in order to satisfy the electroneutrality condition, the concentration of the hydroxyl ion shall be adjusted after each loop.





3. Numerical Results


3.1. Model Parameters


The finite difference algorithm might be implemented with δr = 0.1 mm and δt = 60 s. Other parameters are listed in Table 1 which are necessary for the implementation of the numerical model, including initial concentrations, diffusion coefficients, charge numbers and molar masses of free ions. Among them, the initial ionic concentrations were adopted from [29]. The diffusion coefficients were taken from [30,31]. It can be noted that the cations (Na+, K+, Ca2+) are much less mobile than the anions (Cl−, OH−).




3.2. Effect of the Treatment Duration


Figure 3 shows the concentration profiles of cations (Cl−) and anions (Na+) within the concrete cover after 4, 8, and 12 weeks of the electrochemical treatment. For that, the current density I0 is 1.0 A/m2 and the cover thickness R is 50 mm.



A remarkable reduction is detected for the chloride content after the electrochemical treatment. Moreover, the chloride content is much lower in the close vicinity of cathode (i.e., r → 0 mm) or anode (i.e., r → 50 mm) than that at the central area of the concrete cover (i.e., r → 25 mm). Anions such as Na+ tend to be accumulated at the cathode and depleted at the anode as the treatment duration is increased. Table 2 lists the mean concentrations of cations (Cl−) and anions (Na+, K+, Ca2+) in the vicinity of the steel surface (i.e., r < 5 mm). It is found that as the treatment duration is increased from 4 to 8 to 12 weeks, the chloride content is reduced from 29% to 37% to 42%. In other words, compared to the first 4 weeks, the later 8 weeks demonstrates a much lower efficiency in the chloride extraction. Since the concentrations of Na+ and K+ are increased rapidly with the treatment duration, it can result in the risk of the alkali aggregate reaction (AAR). In this regard, it is suggested that the treatment duration should not last more than 8 weeks for experimental tests. This agrees with the previous reports that after 6–10 weeks of application, ECE can remove 30–80% chloride content in concrete [14].




3.3. Effect of the Current Density


Figure 4 shows the concentration profiles of cations (Cl−) and anions (Na+) within the concrete cover for the current density I0 of 1, 3, and 5 A/m2. For that, the treatment duration t is 4 weeks and the concrete cover thickness R is 50 mm.



As the current density is increased from 1 to 3 to 5 A/m2, the chloride content sees a remarkable reduction in the close vicinity of cathode (i.e., r → 0 mm) but is stable in the close vicinity of the anode (i.e., r → 50 mm). Compared to the current density of 1 A/m2, the current density of 3 or 5 A/m2 brings a rapid increase in the efficiency in the chloride extraction. Anions such as Na+ tend to be accumulated at the cathode and depleted at the anode as the current density is increased. Table 3 lists the mean concentrations of cations and anions in the vicinity of the steel surface (i.e., r < 5 mm). It is found that as the current density is increased from 1 to 3 to 5 A/m2, the chloride content is reduced from 29% to 69% to 88%. Nevertheless, this does not assure that a high current density can be applied without any restrictions, since it probably leads to the heat release as well as the hydrogen emission problem. Besides that, like the effect of the treatment duration, the concentrations of Na+ and K+ are increased rapidly with the current density, and special attention should be paid to the risk of the alkali aggregate reaction (AAR). In this regard, a current density 1 < I0 < 3 A/m2 might be suggested for experimental tests.




3.4. Effect of the Cover Thickness


Figure 5 shows the concentration profiles of cations (Cl−) and anions (Na+) within the concrete cover of 30 mm, 40 mm, and 50 mm in thickness. The treatment duration t is 4 weeks and the current density I0 is 1 A/m2. For the sake of comparison, the distance from the steel surface is normalized as r/R.



As the concrete cover thickness R is increased from 30 to 40 to 50 mm, the chloride content sees a gradual increase. That is, the efficiency for the chloride extraction from the reinforced concrete is decreased with the increase of the cover thickness. The reason can be attributed to the fact that for a smaller cover thickness, a shorter path results for the transport of chloride. Anions such as Na+ tend to be accumulated at the cathode and depleted at the anode. Table 4 lists the mean concentrations of cations (Cl−) and anions (Na+, K+, Ca2+) in the vicinity of the steel surface (i.e., r → 3 mm for R = 30 mm, r → 4 mm for R = 40 mm, and r → 5 mm for R = 50 mm. It is found that unlike the treatment duration t or the current density I0, the cover thickness R does not bring a detectable variation in the reduction of the chloride content in the vicinity of the steel surface. In this regard, if only the efficiency of the ECE is considered, there is no specific requirement about the cover thickness for experimental tests.





4. Validation


The data collected from the experimental test performed by Fajardo et al. are chosen to validate the numerical modelling [29]. Besides the same specimen geometry shown in Figure 1 and the initial concentrations of free ions listed in Table 1, the height of the specimen was 110 mm and the cover thickness was R = 50 mm. The current density was I0 = 1 A/m2. The value of ρ and f was 2.5 g/cm3 and 12.9%, respectively.



As shown in Figure 6, Figure 7 and Figure 8, the concentration profiles of the cation (Cl−) and the anion (Na+) within the concrete cover are compared between modelling and the experimental test at three specific stages, i.e., before the electrochemical treatment, after the electrochemical treatments of 21 days and 90 days.



It can be noted that the overall trend of numerical modelling results agrees well with the experimental test, for instance, the concentration profiles of the cation (Cl−). Besides that, some discrepancies are also detected, particularly in the case of the concentration profiles of the anion (Na+). Herewith, two factors might be attributed to such a finding, i.e., the uncertainty of the ionic diffusion coefficient and the spatial variability within the concrete cover. The first one, i.e., the uncertainty of the ionic diffusion coefficient, refers to the fact that a strict determination of its theoretical value is not available in reality, since the ionic diffusion in concrete might be affected by porosity, pore size distribution, and saturation degree [32,33]. As a result, some empirical values derived from a rapid migration or immersion test have to be assigned typically for the chloride ion. There is much less relevant data in the literature about the diffusion coefficients of other cations and anions including Na+. This problem tends to be a major cause for the numerical modeling lagging behind the experimental tests in the case of the ECE. It is worthwhile to point out that, though being challenging, the use of some advanced skills such as first-principle calculation or molecular dynamics simulation might provide new ideas for addressing this issue [34,35,36]. In order to demonstrate the significant influence of the ionic diffusion coefficient, a trivial computation is presented. More specifically, the original value DNa = 0.3 × 10−12 m2/s as listed in Table 1 might be replaced by DNa = 3 × 10−12 m2/s. Results in Figure 9 indicate that the discrepancies between modelling and the experimental test have been alleviated. The second one, i.e., the spatial variability of concrete refers to the fact that the initial concentration profiles of ionic species show a spatial variability in concrete other than the homogeneity [37,38,39]. Nevertheless, the present numerical model assumes constant identical values for both of them, i.e., the initial concentrations and diffusion coefficients of ionic species. Finally, with a great advance in time and cost savings, the numerical modelling allows a novel prediction for the rate of the chloride extraction particularly during the first 4 weeks, as shown in Figure 10.




5. Concluding Remarks


In this paper, a numerical study is performed about the electrochemical treatment of chloride-contaminated reinforced concrete. In particular, a classical multiple ionic transport model is introduced and solved by means of a finite difference algorithm. The effects of some critical factors are then discussed in detail. Some general remarks are given as follows.



	(1)

	
For experimental tests of the ECE, the treatment duration might not last more than 8 weeks with an appropriate current density of 1~3 A/m2. If only the efficiency is considered, there is no specific requirement about the cover thickness.




	(2)

	
The overall trend of the numerical results agrees well with the experimental test for the chloride extraction, which suggests the feasibility of the current modeling scheme.




	(3)

	
It is worthwhile to point out that several issues need to be further addressed for a more fundamental investigation. The convergence condition shall be presented. In addition, two factors shall be defined, i.e., the uncertainty of the ionic diffusion coefficient and the spatial variability within the concrete cover.
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Figure 1. Schematic illustration of the ECE. 
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Figure 2. Schematic illustration of the finite difference method. 






Figure 2. Schematic illustration of the finite difference method.
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Figure 3. The concentration profiles of cations and anions within the concrete cover after 4, 8, and 12 weeks of the electrochemical treatment (a) Cl−; (b) Na+. 
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Figure 4. The concentration profiles of cations and anions within the concrete cover after 1, 3, and 5 A/m2 of the electrochemical treatment (a) Cl−; (b) Na+. 
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Figure 5. The concentration profiles of cations and anions within the concrete cover after 1 A/m2 and 4 weeks of the electrochemical treatment (a) Cl−; (b) Na+. 
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Figure 6. Comparison of the concentration profiles between modelling and the experimental test before the electrochemical treatment (a) Cl−; (b) Na+. 
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Figure 7. Comparison of the concentration profiles between modelling and the experimental test after the electrochemical treatment of 21 days (a) Cl−; (b) Na+. 
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Figure 8. Comparison of the concentration profiles between modelling and the experimental test after the electrochemical treatment of 90 days (a) Cl−; (b) Na+. 






Figure 8. Comparison of the concentration profiles between modelling and the experimental test after the electrochemical treatment of 90 days (a) Cl−; (b) Na+.
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Figure 9. Comparison of the concentration profiles of Na+ between modelling and the experimental test with DNa = 3 × 10−12 m2/s after the electrochemical treatment of (a) 21 days; (b) 90 days. 
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Figure 10. Comparison between modelling and the experimental test for the extracted amount of Cl−. 






Figure 10. Comparison between modelling and the experimental test for the extracted amount of Cl−.



[image: Modelling 03 00024 g010]







[image: Table] 





Table 1. Parameters for the multiple ionic transport model.






Table 1. Parameters for the multiple ionic transport model.





	Ions
	Cl−
	Na+
	K+
	Ca2+
	OH−





	Initial concentration (mmol/L)
	265.0
	507.5
	33.1
	562.5
	1400.6



	Diffusion coefficient (10−12 m2/s)
	25
	0.3
	1
	0.15
	40



	Charge number
	−1
	1
	1
	2
	−1



	Molar mass (g/mol)
	35.5
	23
	39
	40
	17
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Table 2. Mean ionic concentrations in the vicinity of steel after the electrochemical treatment of different treatment durations.






Table 2. Mean ionic concentrations in the vicinity of steel after the electrochemical treatment of different treatment durations.





	Treatment Duration (Weeks)
	Cl− (mmol/L)
	Na+ (mmol/L)
	K+ (mmol/L)
	Ca2+ (mmol/L)





	4
	296.4
	534.4
	38.9
	587.0



	8
	260.9
	560.8
	44.4
	611.0



	12
	242.8
	586.2
	49.3
	634.3
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Table 3. Mean ionic concentrations in the vicinity of steel after the electrochemical treatment of different current densities.






Table 3. Mean ionic concentrations in the vicinity of steel after the electrochemical treatment of different current densities.





	Current Density I0 (A/m2)
	Cl− (mmol/L)
	Na+ (mmol/L)
	K+ (mmol/L)
	Ca2+ (mmol/L)





	1
	296.4
	534.4
	38.9
	587.0



	3
	128.8
	549.7
	42.3
	603.9



	5
	48.4
	564.8
	45.5
	620.6
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Table 4. Mean ionic concentrations in the vicinity of steel after the electrochemical treatment of different cover thicknesses.






Table 4. Mean ionic concentrations in the vicinity of steel after the electrochemical treatment of different cover thicknesses.





	Cover Thickness (mm)
	Cl− (mmol/L)
	Na+ (mmol/L)
	K+ (mmol/L)
	Ca2+ (mmol/L)





	30
	296.2
	534.4
	38.9
	587.0



	40
	296.3
	534.4
	38.9
	587.0



	50
	296.4
	534.4
	38.9
	587.0
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