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Abstract

:

The attack of chloride ions is one of the most important factors affecting reinforced concrete (RC) durability. Chloride ingress into concrete is usually studied by assuming constant diffusivity and constant surface chloride concentration. However, these two approximations could badly estimate the chloride concentration in RC structures and then the lifetime assessment. Several factors influence the chloride concentration and ingress mechanisms in the convection area. In this paper, a new multifactorial and multiphase model to account for some effects on chloride surface concentrations in the convection zone is proposed. 136 values have been collected to identify the position and the chloride concentration in the border between the diffusion and convection zones. In addition, a time-dependent multifactorial diffusivity is considered. Diffusivity, which is the key parameter of the mechanical diffusion accounts in this paper for the water/cement ratio, chloride binding, temperature, concrete age, internal humidity, concrete deformation, and damage. The surface chloride model considers environment humidity, temperature, superficial concrete irregularities, and convection area of concrete. Advanced numerical solutions have been carried out to consider space and time dependencies in the model. Results show that the error function-based solutions could underestimate the chloride concentration C for periods < 10 years and for concrete depths > 4.0 cm in comparison with the proposed model.






Keywords:


chloride diffusion; superficial chloride; non-constant diffusivity; convection area; concrete irregularities












1. Introduction


1.1. Background


A relevant mechanism of deterioration for reinforced concrete (RC) structures is the corrosion of steel bars and concrete elements induced by chloride ion diffusion. Structures that are usually subjected to this attack are placed in aggressive environments (i.e., industrial and coastal zones) as shown in the literature [1,2,3]. For example, in [2,3] it is shown how the chloride concentration in the atmosphere reaches high values on the coast up to 4500 m from the seashore due to the variations of temperature, humidity, and wind during a year. Also, in [4] it is shown that structures placed up to 6500 m from a coastline could be affected by chloride attacks.



The main transport mechanism of chloride ions in concrete is diffusion, which is a complex non-linear time-dependent process that depends on several intrinsic phenomena, such as capillary absorption and permeation [5,6]. The modeling of ion diffusion is also complicated by the heterogeneity of the concrete, which exists at a variety of scales.



The heterogeneity is due to the composition of the ingredients of the hardened cement paste which are, at the scale of millimeters, water, cement clinker, supplementary cementitious materials, and/or aggregates. At the scale of micro-meters, it is possible to identify capillary pores, un-hydrated cement, crystalline, and gel hydration products, each with its diffusion properties [7].



The diffusivity parameter, that controls the chloride ingress process, is usually used as a constant value, without considering several factors such as the water/cement ratio, binding chloride ions, temperature, concrete aging, concrete deformation [8], exposure to the de-icing salts [9,10], aggregate volume [11,12]. Therefore, considering these aspects a correct estimation of the diffusivity becomes paramount for improving lifetime assessment. In [13] several empirical models, to estimate the chloride diffusivity, are shown, but each diffusivity would seem non-complete.



In alternative research, the diffusivity is also studied in function of the presence of graphene and silica fume in concrete [14] and the function of recycled aggregate concrete with nanoparticles [15].



The need to propose a new model about the surface chloride concentrations is because its calculus is in many cases carried out by adopting several hypotheses that could under- or over-estimate the final chloride concentration in concrete. For this, two main models have been used to provide more reliable results in terms of chloride concentrations: a multifactorial diffusivity and a multiphase surface chloride concentration.



In several research studies [16,17,18] the chloride ingress is modeled by using a solution of Fick’s law based on the error function that considers that the peak value (i.e., high chloride concentration) is located at the surface of the concrete. However, experimental assessments of chloride profiles show that the peak value happens inside the concrete and near the concrete surface area called “convection area”, and thus the chloride concentrations at surface concrete are lower than this peak [19]. Therefore, these experimental observations indicate that the boundary conditions that are usually imposed in Fick’s laws are not quite representative of the real chloride ingress process for the convection area. In [13] it is shown that the concrete is “saturated below the outer convection zone of the cover in chloride profiles”.



The main difference between convection and diffusion areas is that in the first area (convection) the concrete is not supposed to be saturated and therefore several physical mechanisms affect the chloride ingress process. In the diffusion area, it is supposed that chloride ingress is mainly driven by pure chloride diffusion mechanisms.



Authors of this paper prefer to use the nomenclature “convection area” (or “convection zone”) and “diffusion area” (or “diffusion zone”), in accordance with [20,21], to divide two areas instead of using “saturated and non-saturated areas”.



In [22,23] it is shown that the surface chloride concentration, Cs, increases in function of the concrete age, up to a defined value where it stabilizes. For this reason, Cs is usually considered constant; but, as already mentioned, this could under- or over-estimate the total chloride concentration C as studied in [24].



In [25,26,27] through the study of real structures, manly bridges, and offshore structures placed on marine environments, it is also shown how the chloride concentration peak is placed at a certain distance from the concrete surface. In these studies, the chloride concentration, as mentioned, increases from the concrete surface and reaches a peak value inside the concrete, where the pure diffusion, which could be modeled by the Fick laws, starts. From these studies, the mean maximum chloride concentration at the convection zone and the convection zone depth are estimated as ~11.0 kg/m3 and ~1.5 cm, respectively. The depth value depends on the typology of the studied structures and could be very variable. The mean maximum Cs is ~5.50 kg/m3.



In [28,29] by experimental tests on beams, analog results were obtained, confirming that the maximum chloride concentration is not placed in the concrete surface (at zero depth). In [30] This phenomenon is shown by experimental laboratory tests to rehabilitate a concrete element. From these studies, the mean maximum chloride concentration at the convection zone and the convection zone depth are ~10.0 kg/m3 and ~1.0 cm, respectively. Here, the mean maximum Cs is ~6.0 kg/m3.



From these and other studies [21], several values of chloride concentration and convection zone depths have been collected to estimate new reference values. These values have been well explained in this work, indicating the main environmental and exposure conditions.



Therefore, in this paper, a more complete model is proposed for chloride diffusion to account for the influence of the convection area, the irregularity of the concrete surface, and the external temperature and humidity. Also, a multi-factorial relationship for diffusivity has been used. These conditions directly affect the chloride ion diffusion in the concrete. To carry out this model with a non-constant diffusivity, advanced numerical solutions have been implemented.




1.2. Problem Statement


The flux in the x direction of chloride ions J in concrete [20,31] (diffusion zone) is governed by partial differential equations (PDEs) named as the first (Equation (1)) and second (Equation (2)) Fick’s laws, respectively [23,32,33]:


  J = −  D    ∇ C  ( x )   



(1)






    ∂ C  (  x , t  )    ∂ t   = ∇ ·  (   D    ∇ C  (  x , t  )   )  =  ∂  ∂ x    (  D   ∂ C  (  x ,    t   )    ∂ x    )   



(2)




where ∇C is the total chloride concentration gradient and D is the coefficient of diffusion of chlorides (or diffusivity). Equation (2) comes from Equation (1) by considering the general mass balance in time t and x direction under a non-steady state [23].



A closed-form analytical solution of Equation (2) is obtained as Equation (3) by considering: (i) initial conditions, C(x, t = 0) = C0, and (ii) Dirichlet’s boundary conditions, C(x = 0, t) = Cs and C(x = ∞, t) = C0 (i.e., semi-infinite medium), where C0 and Cs are the inner and surface chloride concentrations, respectively [28,34]. Therefore, Equation (3) is:


  C =  C 0  +  (   C s  −  C 0   )   (  1 − erf  x  2    D   t       )   



(3)




where erf(·) is the Gaussian error (integrated from 0 to   x /  (  2    D   t     )   ) [35]. Equation (3) has been widely used for lifetime assessment in this form or it has been developed to consider other factors.



This solution neglects the variations of chloride concentration in the convection zone, the effects of environmental exposure, chloride binding, mechanical loadings, etc. To account for these aspects, a complex numerical solution of coupled PDEs should be required [9,35]. Nevertheless, these models are not easy to use in engineering practice because they require larger user expertise and getting several parameters.



This study proposes an alternative chloride ingress model that considers the effects of environmental exposure, chloride binding, mechanical loads, concrete aging, the convection zone, irregularities in the concrete surface, and variations of the surface chloride concentration. In this sense, these aspects, accounting in a unique way, represent the contributions of this work.



The model could be applied to components placed in non-saturated conditions (i.e., atmospheric zones) [20,31]. Therefore, two areas are considered (see Figure 1) in accordance with [20,21]: (i) convection zone where Equation (3) cannot be applied; and (ii) diffusion zone where Equation (3) or other similar solutions are still valid. Accordingly, the proposed methodology encompasses:



	1.

	
a multifactorial diffusion model for the diffusion zone detailed in Section 2;




	2.

	
a procedure and models for lifetime assessment that provide an equivalent surface chloride concentration (Cs′) in the boundary between the convection and diffusion zones that is located at the distance x′ from the concrete surface (see Figure 1). These procedures and models are described in Section 3 and illustrated in Section 4.









2. Multifactorial Chloride Ingress Model for Pure Diffusion Zones


2.1. Model Formulation


The chloride ions are mainly transported into a water-saturated or non-saturated (i.e., atmospheric conditions) concrete [20,31] via diffusion. The diffusivity takes place at a very slow rate, e.g., 10−13 to 10−11 m2/s [15,17], allowing that the chemical process of multispecies transfer [36] in concrete pores remains in equilibrium during the diffusion at any time (i.e., the chloride binding Cb remains constant). This is because the diffusion happens via water-filled pores and not via air-filled pores [37].



Chloride ingress is also affected by external load conditions, for example, the compaction effect could lead to an increase in chloride diffusion as shown in [38]. This aspect has been accounted for by the f4 factor, which depends on the elastic deformation ε and damage d (Equation (4)). In this study, the presence of load-induced cracks (d ≠ 0) has been considered by only adopting experimental values, and thus it should be considered in an indirect way.



The chloride diffusivity D can be considered constant [17], variable [32] or multi-factorial [35]. The multi-factorial relationship considered in this study, recently introduced in [39], is:


  D =  f 0   (  w / c  )  ×  f 1   (   C b   )  ×  f 2   ( T )  ×  f 3   ( t )  ×  f 4   (  ε , d  )  ×  f 5   ( h )   



(4)




where f0(w/c), f1(Cb), f2(T), f4(ε,d), and f5(h) are related to the water/cement ratio (w/c) (or reference factor), Cb, temperature T, and relative humidity h, respectively.



Equation (4) should represent a good way to estimate D by accounting for the mentioned factors. Also, Equation (4) should be suitable to the proposed model (explained in Section 3) since it allows the simulation of (i) the external actions of h and T in a variable way, (ii) Cb concentration in the function of Cs, and (iii) the f3 factor in a dynamic way.



The aging factor, which is directly related with time t, is f3(t) [40]:


   f 3   ( t )  =  {       1  1 − m      (     t  ref    t   )   m       If   t  <  t r         1  1 − m      (     t  ref      t r     )   m       if   t  ≥  t r         



(5)




where tref is the reference concrete age, and tr is the time after which D is assumed constant. The exponent m is an index that changes with type and quantity of mineral admixtures, and it depends on the fly ash and slag as shown in [41] (here, by neglecting fly ash and slag in concrete, the index m is assumed as m = 0.20). Equation (5) varies in t up to a tr value and then it maintains constant.



In literature, other factors to estimate D have been introduced. In [11,12] it is considered a factor f(V) to estimate D, which accounts for the volume fraction V and the maximum size of coarse aggregate to quantify the concrete heterogeneity. This factor is not accounted for in this study since the concrete is supposed to be homogeneous. Also, in [15] a diffusivity relation is shown in function of the volume fractions of recycled aggregate and adhesive rate of mortar.



Figure 2 shows the mentioned factors and their related sub-factors (i.e., parameters of the models). The values for the sub-factors used in this study will be provided in Section 4. These 20 sub-factors can be estimated by specific laboratory tests or retrieved from the literature [16,42,43,44] (some sub-factors have been already introduced):




	
f0: age, temperature, humidity of concrete; w/c ratio [42].



	
f1: ωe, α, β, Cf (Equation (6)).



	
f2: Ea is the activation energy of the diffusion process that depends on the type of cement and w/c ratio; R is the universal gas constant that depends on the chemical potential of ions, molar concentration, and temperature [31]; T0 is the reference temperature [45] (see Section 3.1).



	
f3: tref, tr, m (Equation (5)).



	
f4: d, ε and its corresponding load [16]. This factor can be called as “loading factor” and depends on several conditions as the properties of concrete, such as the sinuosity and the shrinkage degree of capillary pores. For this, it is complicated to be estimated as shown in [38,42]. In this paper, it is considered as a constant value.



	
f5: hc is the humidity, at a certain temperature, at which D drops halfway between its maximum and minimum values; n is a value that characterizes the spread of the drop in D [46] (see Section 3.1).








The total chloride concentration C can be calculated by C = (ω − ωn) Cf + Cb, where Cf is the free chlorides dissolved in pore solution, Cb is the chemically binding chlorides, and ω is total water content (for Cb = 0 → C = ωe Cf). ω can be defined by ω = ωe + ωn where ωe and ωn are the non-evaporable and evaporable water contents, respectively [44,47].



Given that Cf is mainly transported by water present in the pores of the concrete, it should be reduced by a value of ωe < 1.0, and thus not contributing to the mechanical diffusion. Cb depends on temperature, cement, and solution types, and includes the reaction/absorption with the solid paste of the cement [48].



Cf can be assumed as Cf = C0 + Cs since they represent the chloride content present in concrete. Thus, the relationships between Cf and Cb at a known temperature can be estimated by the nonlinear Langmuir isotherms [33,45,49]:


   f 1   (   C b   )  =    (  1 +  α   ω e     (  1 +      β C   f   )   2     )    − 1   =    (  1 +  α   ω e     (  1 +    β  (  C 0  +      C   s  )  )   2     )    − 1    



(6)




where α and β are parameters that depend on the type of concrete. Here, the ordinary Portland concrete is used, and therefore in accordance with the literature [44] the following experimental values are adopted: α = 11.8 and β = 4.0. Equation (6), in this form, assumes a dependency on Cs.




2.2. Numerical Solutions


Numerical solutions allow to pass from analysis with a constant D to a non-constant D. In this way it is possible to account for Equation (4) and propose the model for Cs′ (see Section 3) for a non-steady state.



For this, Kampé de Fériet (KDFPs) and Hermite (HPs) polynomials are adopted since they have been already used to solve finite element discretization problems as shown in [50] and the Heat equation as shown in [51,52], which has the same form of the second Fick’s law.



2.2.1. Constant Diffusivity


Equation (2) for D = 1 has a solution by using the KDFPs of non-negative integers n (i.e., degree of the polynomial), in x ∈ R and t ∈ R, defined by the series, generating function (with p is an exponential power term) and identity, respectively [39,51,52]:


   H n   (  x , t  )  = n !   ∑  r = 0    [   n 2   ]        x  n −  (  2 r  )     t r     (   n    − 2 r  )  ! r !    



(7)






    ∑   n = 0  ∞     p n    n !    H n   (  x , t  )  =  e  xp +   tp  2     



(8)






   H n   (  x , t  )  =  e  t  ∂ 2  / ∂  x 2     (   x n   )   



(9)







Substituting Equation (7) in Equation (2), with the initial and boundary conditions, it is obtained:


   {       ∂  ∂ t    H n   (  x , t  )  −    ∂ 2    ∂  x 2     H n   (  x , t  )  = 0            Initial condition  :      H n   (  x , 0  )  =  x n         Boundary conditions  :      H n   (  0 , t  )  = 0           H n   (  ∞ , t  )  → Indeterminate            



(10)







Equation (10) shows that the KDFP provided by Equation (7) satisfies the equilibrium. For this, Equation (7) can be used to plot numerically the concentration C in time t and space x.




2.2.2. Non-Constant Diffusivity


Equation (7) does not represent the exact solution of Equation (2) for D ≠ 1. However, it can be used to get HPs approximated solution. Thus, HPs in x and t are introduced by the series, generating function and identity, respectively [51,53]:


   {       H n   ( x )  = n !   ∑  r = 0    [   n 2   ]          (  2 x  )    n − 2 r      (  − 1  )   r     (  n − 2 r  )  ! r !        in   x  - axis        H n   ( t )  = n !   ∑  r = 0    [   n 2   ]          (  2 t  )    n − 2 r      (  − 1  )   r     (  n − 2 r  )  ! r !        in   time   t         



(11)






   {        ∑  n = 0  ∞      p n    n !    H n   ( x )  =  e  2 xp +  p 2         in   x  - axis         ∑  n = 0  ∞      p n    n !    H n   ( t )  =  e  2 tp +  p 2         in   time   t         



(12)






   {       H n   ( x )  =    (  − 1  )   n   e   x 2       d n      dx  n     (   e  −  x 2     )       in   x  - axis        H n   ( t )  =    (  − 1  )   n   e   t 2       d n      dt  n     (   e  −  t 2     )       in   time   t         



(13)







HPs satisfy the orthogonality relation: Hn(·) and other HPs of degree j, Hj(·), are orthogonal in L2ω(Λ) where Λ = (−∞, +∞) with respect to the weight function ω(·) =    e  −    ( · )   2      and satisfy in the following relation [53]:


    ∫   − ∞   + ∞    H n   ( · )   H j   ( · )  ω  ( · )  d  ( · )  =  2 n  n !  π   δ  n , j    



(14)




where δn,j is the Kronecker delta function assuming Equation (14) is equal to zero for n ≠ j.



In this study, to solve Equation (2) by considering a non-constant D, the conditions are defined as:


       Initial   condition  :     C  (   x m  , 0  )  =  C 0         Boundary   conditions  :     C  (  0 ,  t m   )  =  C s           C  (  q ×  x m  ,  t m   )  =  C 0       



(15)




where xm and tm are two pre-imposed variables related to the position and time, respectively. The parameter q defines the boundary conditions for a finite medium (here is assumed q = 20 in accordance with previous studies [39,43]).



These previous studies [39,43] were useful to validate the use of HPs also in this work. However, in these studies, the proposed model described in Section 3 has not been accounted for, and therefore a comparison with analytical solutions was necessary.






3. Proposed Chloride Ingress Model for Unsaturated Conditions


The proposed model is divided into four phases as shown in Figure 3. The first phase considers the effects of humidity and temperature on the whole diffusion process. The second phase accounts for the effects of concrete irregularities during a building, which should respect specific tolerances for concrete construction and materials [54,55,56].



In the third phase, it is considered that the maximum chloride concentration Cs′ is located inside the concrete at the distance x′ for non-saturated conditions. Finally, in the fourth phase, the diffusion process by Fick’s laws is modeled using the multifactorial numerical approach already presented (Equation (4)) and considering the effects mentioned for phases I, II, and III. In the following sections, each phase is described and justified.



All phases encompass all factors modifying the chloride ingress in the convection area. A physical condition to obtain Equation (3) is that Cs must be uniform and constant in t and x and the external surface of the concrete must be plane [22,57]. This condition could be applied when the effects of the environment variations are negligible and there is no frequent washing for example by rain [40]. However, Cs depends on environmental conditions, topography, the orientation of the concrete surface, and distance from the coastline [1]. In [26] it is also shown that Cs depends on the chloride binding capacity of the concrete and its porosity at the surface, whereas in [4] Cs have correlated to the wind dynamic actions. In this sense, Cs in real conditions are not constant in time t.



It is more useful for lifetime assessment, to estimate an equivalent surface chloride concentration (Cs′) in the boundary between the convection and diffusion zones that are located at the distance x′ from the concrete surface (see Figure 1). Therefore, in this section a new procedure to estimate Cs′ under the following hypotheses is proposed:




	
Concrete is homogenous and subjected to an atmospheric chloride condition at x ≥ 0.



	
Two different axis systems are defined: x, y, and x′, y′ to differentiate between the convection and diffusion areas (Figure 3).



	
Fick’s laws (pure diffusion) are only valid for x′ ≥ 0 (diffusion area).



	
The diffusion process is unidimensional and is purely mechanical.



	
The concrete element is a finite medium described by Equation (15).



	
The convection process depends on x-axis.



	
D is considered non-constant and multi-factorial.



	
The external environment conditions (humidity and temperature) are periodic for a year and vary in t.



	
The effects of concrete surface irregularities on Cs are considered.



	
There is a difference of Cs, i.e., ΔCs = Cs′ − Cs, from x = 0 to x′ = 0.



	
An inner chloride concentration C0 is considered constant and is added to Cs.








3.1. Phase I: External Environmental Conditions


The external chloride concentration is strongly related to the surrounding environmental conditions where the temperature, humidity, and wind change [4,9]. In [2,3] it is shown how these three parameters influence the chloride concentration in the atmosphere. In this sense, it is possible to consider that external environmental conditions directly affect internal diffusion trends. Therefore, in this phase, the effects of the external relative humidity h and temperature T are considered, which affect the diffusivity D, described in Equation (4), by adding fluctuating trends in time t (expressed in years). The adopted functions f2(T) and f5(h) are thus modified as [35]:


   {       f 2   ( T )  →  g 1   (  T ,    t   )  =      e     [     E a   R   (   1   T 0    −  1  T  ( t )     )   ]          T  ( t )  =    T  max   −      T    min    2  sin  (  2  π t   )  +    T  max   +      T    min    2         



(16)






   {       f 5   ( h )  →  g 2   (  h , t  )  =  1  1 +      (  1 −    h   ( t )   )   n       (  1 −      h   c   )   n            h  ( t )  = −    h  max   −      h    min    2  sin  (  2  π t   )  +    h  max   +      h    min    2         



(17)




where Tmax and Tmin are respectively the maximum and minimum temperatures in one year, and hmax and hmin are respectively the maximum and minimum relative humidities in one year. The other parameters in Equations (16) and (17) have been already explained in Section 2.1.



In [35] a periodic function is used where the trend represents the season weather, e.g., one year (t = 1 year) corresponds to one cycle with two peaks: positive (hot and dry summer) and negative (cold and wet winter). Equations (16) and (17) represent these conditions as shown in Figure 4 for the values given in Section 4.1. Therefore, the form of Equations (16) and (17) have been defined a posteriori.




3.2. Phase II: Surface Concrete Irregularities


The goal of this phase is to estimate the variations of Cs in the function of the irregularity trend of the concrete surface, Cs,r. These irregularities are due to the composition of the concrete, size of aggregates, treatments of concrete smoothing as well as on concrete casting.



In a similar way to a study of pavement irregularities [58], here the concrete surface and the concrete/chloride contact have been defined as a stationary stochastic process described by power spectrum density (PSD) functions S(Ωn):


  S  (   Ω n   )  = S  (   Ω 0   )     (     Ω n     Ω 0     )    − 2    



(18)




where Ωn is the spatial frequency, S(Ω0) is the irregularity coefficient, and Ω0 (Ω0 = 0.01 m−1) is a reference spatial frequency. The value for S(Ω0) depends on the concrete condition; therefore, by considering as worst-case scenario, for a maximum amplitude of the formed surface irregularity of about ±0.15 cm, as suggested in [54], S(Ω0) is assumed a posteriori equal to 100 m3/rad.



An irregularity profile r(y) can be generated as the sum of a number (here N = 1500) of harmonic series through the following expression:


  r  ( y )  =   ∑  n = 0  N     2 S  (   Ω n   )   Δ Ω       cos   (  2    π Ω   n  y +  ϕ n   )   



(19)




where ϕn are the random phase angles distributed in the range 0 to 2π and, ΔΩ, with Ωf = 10 m−1, is:


   Δ Ω  =    Ω f  −      Ω   0   N   



(20)







Figure 5 shows a trend of an irregularity profile r(y) at the surface (x = 0), and at the transposed ideal surface (x′ = 0) inside the concrete, i.e., r(y) +     Δ x  ¯   , where     Δ x  ¯    is the average difference between the positions of the peak chloride concentration at x′ and x (x is the depth at which Cs is determined). This average value is determined from experimental data as illustrated in Section 3.3.



This trend represents a possible profile, since, as mentioned, Equation (19) generates random profiles. However, given that for each profile the mean value of r(y) is different to zero (i.e.,     r  ( y )   ¯    ≠ 0), it makes sense to consider the contribution of r(y).



By considering the average variation between Cs‘ and Cs (i.e.,     Δ  C s   ¯  =  C s ′  −  C s   ), Cs,r is computed as:


   C  s , r   =     Δ  C s   ¯  ×    r     ( y )    max       Δ x  ¯       



(21)







In Section 3.3 will be provided some examples of     Δ x  ¯    and     Δ  C s   ¯    estimated from several collected experimental data. Cs,r will be integrated afterward for the assessment of Cs′ in Section 3.3.




3.3. Phase III: Changes on Cs Due to Unsaturated Conditions


In this phase, a convection area is considered where Cs increase up to reach a peak value Cs′ located in the internal border of the convection zone x′. The convection area, as defined in [20,31], appears under “non-saturated conditions”. The diffusion in this region depends on external environmental conditions (e.g., rain, tidal cycles, environmental temperature, relative humidity, solar radiation, etc.) [59].



In the simplified approach by Equation (3), this phase is not considered, i.e., it is assumed that Cs = Cs′, which could be directly estimated from information available in Table 1. Table 1 lists four levels of environmental aggressiveness (from low to extreme), which are related to different exposure classes of structures [60,61]. These values are in accordance with those found in [2,3]. Another high condition is added to Table 1, i.e., de-icing salts attack, for structures placed in mountain zones [9,10].



From literature [13,25,26,27,28,29,30], 136 values have been collected to determine Cs′ at x′. The main selection criterium is related to unsaturated exposure conditions where the chloride concentration profiles reach a maximum value Cs′ at x′ point. The collected values come from several results plotted in chloride concentration vs. concrete depth curves shown in each paper. In this sense, it was possible to estimate the points that correspond to Cs, Cs′, x, and x′ values.



All values have been homogenized for comparison purposes since in some studies [13,26] Cs is expressed in different units. These values were obtained from (1) laboratory measurement tests and (2) real structure monitoring. All studied element sizes can be different; however, the diffusion model is unidimensional; and therefore, it is supposed that the size of the concrete components is enough to ensure chloride ingress in one dimension.



All data refer to the same type of ordinary Portland concrete. The main considered conditions are summarized as follows:




	
For laboratory tests: 1 month of exposure time under the mean values of T = 20 °C and h = 60.0% [29]; 14 days of exposure time under dry/wet cycles (extreme level of aggressiveness) [28]; 8 weeks of exposure time [30]; 60 months of exposure time in the tidal zone (extreme level of aggressiveness) [13].



	
For real structures: 12–16 years of field exposure time [27]; 25 years of service life in marine environments under the mean values of T = 27 °C and h = 70.8% [26]; 28 years of exposure time under the mean values of T = 12.8 °C and h = 80.0 % [25].








Figure 6 shows the collected values of Cs at depth x (Figure 6a) and Cs′ at depth x′ (Figure 6b), indicating the four levels of aggressiveness (horizontal lines) from low to extreme in accordance with Table 1.



From points shown in Figure 6, the registered maximum and minimum values of Cs are 11.04 kg/m3 (at x = 0.50 cm) and 1.20 kg/m3 (at x = 0.50 cm), respectively, whereas the registered maximum and minimum values of Cs′ are 17.28 kg/m3 (at x′ = 1.20 cm) and 2.20 kg/m3 (at x′ = 0.70 cm), respectively.



The depth x and x′ range between 0.10 to 0.60 cm and 0.25 to 2.50 cm, respectively. Here, it is possible to note that Cs values do not reach the maximum values at x = 0 where they should be expected. This should be correlated to the fact that during the measurements, the chloride ions are generally extracted at a given depth x ≠ 0.



All collected data have been processed and studied. First, we determine the differences of the chloride concentrations and related depths between the surface and the boundary of convection and diffusion zones. Then, we estimate the mean value and its standard deviation, σ. Table 2 shows the results for each collected parameter by considering the following range: low (0–1.14 kg/m3), moderate (1.15–2.94 kg/m3), high (2.95–7.34 kg/m3), and extreme (>7.35 kg/m3) levels of aggressiveness. As expected, larger values of Cs, Cs′, and Δx (= x′ − x) were found for larger levels of aggressiveness.



Finally, from Equation (15), the boundary condition regarding Cs at x′ = 0 for the numerical analyses, Cs′, will be defined by the following function:


   C s ′   (      x ′   = 0  )  =  C s  + Δ  C s  +  C  s , r    



(22)







With respect to Equation (21), Equation (22) also integrates the contribution of Cs increment in convection area, ΔCs, in the numerical analyses.




3.4. Phase IV: Chloride Ion Diffusion


In this last phase, the chloride ion diffusion is developed by Fick’s laws. Three conditions have been defined to quantify the possible variations of Cs′ that represent the peak of the diffusion profile:


   {       C s ′  >  C s       Upper   limit           C s ′  =  C s       Standard   limit         C s ′  <  C s       Lower   limit         



(23)







The increment of standard Cs is quantified as Cs + ΔCs = Cs′, where the upper limit is verified when ΔCs > 0, whereas the lower limit is verified when ΔCs < 0. In these situations, there is an accumulation or reduction of chloride ions in concrete, respectively. The standard limit regards the case where the convection area is not considered (i.e., ΔCs = 0) as, for instance, for chloride ions immersion as mentioned in [20,31].





4. Numerical Examples


4.1. Problem Description and Used Materials


This section summarises the problem description and data used for the analyses. As shown in Table 3, some data have been collected from the literature for concrete produced by using ordinary Portland cement.



The used values of the environmental conditions described in the phase I range between −5 to 30 °C (temperature) and 60 to 80% (humidity). As already explained, it is assumed that the external environmental conditions (temperature and relative humidity) also maintain the same inside the concrete. This approximation could lead to some errors, especially when assessing the water content inside the concrete.



The f4 factor accounts for the possibility to amplify the diffusivity of the chloride ions due to the concrete cracks [63]. Here an experimental value has been adopted, which refers to “load-induced cracks” under “static loading” [38].



In Table 3 it is possible to see the weight of each factor. In particular, it is evident how the factors f0, f4, and g1 play important roles in the increase of diffusivity D since they can reach a value >1.0. In this sense and favor of safety, one could state that other factors and their correlated sub-factors (Figure 2) could be neglected. This aspect has been treated in another study [39].



Figure 7a shows the trend of the factors in time t described in Equation (4) using the values in Table 3. The factors f0, f1, and f4 are not dependent on time; therefore, they are plotted by a unique constant horizontal line (dashed line). The sinusoidal trends are due to the function g1 and g2 described in Equations (16) and (17), respectively. Finally, the exponential trend is due to the factor f3 defined in Equation (5) where for tr ≥ 30 years this factor assumes a constant value. In Figure 7a the weight of the g1 factor (see “f0 × g1“ grey curve) is more evident since it varies between a great range of −5 to 30 °C strongly affecting the diffusivity. However, this effect is damped by the g2 factor (see “f0 × g1 × g2” red curve) that re-balances the diffusivity; as shown in Figure 4, when T is maximum (hot weather) the humidity is minimum (dry weather), and vice-versa. The exponential decrease of the f3 factor due to concrete aging is also observed (see “f0 × f3” yellow curve).



Figure 7b depicts the trends of the non-constant and constant values of diffusivity D (= 0.47 cm2/year, Table 3), used in the analyses, considering all factors, their interdependencies, interactions, and fluctuations. In Figure 7b it is possible to see the difference between the constant and non-constant multifactorial values of D. Up to ~5 years the non-constant D is higher than the constant D and therefore the chloride concentration in RC structures by using analytical solutions with the constant D (Equation (3)) could be under-estimated. After ~15 years, an overestimation of the chloride ingress rate in the case of the constant D could lead to wrong lifetime assessments.



Therefore, the use of a non-constant multifactorial D allows estimating the chloride concentration accounting for external and internal factors, that affect the structural concrete and the diffusion mechanical process to provide several more reliable predictions.




4.2. Description of Analysed Cases


This paper considers and compares four cases identified by four specific line types on the next results:




	
Solid black line: analytical results by using Equation (3) with a constant D. This analysis is used to compare the numerical analyses and the proposed model. The used D is 0.47 cm2/year (Table 3), and the Cs values are shown in Table 1.



	
Dashed black line: analytical results like the previous case plus the contribution of Cs′. In this case, it is possible to see the impact of the convection area where Cs increases (grey area) and the effects of the non-constant D.



	
Dashed blue line: numerical results by Equation (11) considering the non-constant multifactorial D and the proposed model shown in Figure 3. Due to the amplitude of the irregularity profile, an upper curve and a lower curve are plotted, which represent the chloride contents for the r(y)max and r(y)min, respectively. Therefore, the effects of the irregularity are represented by the filled blue area. For each analysis, a different irregularity profile is generated, but its random variability is imperceptible since     r  ( y )   ¯    maintains substantially constant.








	4.

	
Solid orange line: numerical results like analysis 3 but without the irregularity effects (i.e., r(y) = 0).







For these 4 analyses developed by Mathematica software [64], the high and extreme levels of aggressiveness have been considered since, as shown in Table 2, the most significant data regard these levels. However, the information about the conditions on the data (listed in Section 3.3) shows that most of the data come from the conditions subjected to an extreme level of aggressiveness and/or a long period of exposure. This means that 21 data of Cs classified as “moderate/high level” could be not consistent. This indicates that it is very difficult to define the history of the external conditions that act on the structure by knowing only a posteriori Cs values. For this, a unique value of     Δ  C s   ¯    = 3.64 kg/m3, which is the mean of all data, is used for both high and extreme aggressiveness cases. In this sense, by Equation (23), the upper limit case is always verified.




4.3. Results


Figure 8 and Figure 9 show the chloride ion concentration C in concrete in the function of x′ axis and time t. Periods of 5, 10, 35, and 50 years and x′ varying between 0 and 6 cm have been considered. The boundaries of the numerical solutions indicated in Equation (15) are calculated within an interval of 0 < tm ≤ 50 years and 0 ≤ xm ≤ 6 cm.



As expected, the results in Figure 8, provide higher values for extreme aggressiveness than for high aggressiveness. For example, at x′ = 3.50 cm (i.e., x +     Δ x  ¯    = 3.50 + 0.85 = 4.35 cm) where steel bars should be placed, the difference of C comparing both aggressiveness levels and all times varies around 2.0 for all models.



In Figure 8, the analytical model gives lower concentrations than the numerical ones mainly due to the difference of     Δ  C s   ¯    as expected in the theory (see Figure 1). This difference of     Δ  C s   ¯    = 3.64 kg/m3 is maintained constant at x′ = 0 but it affects the chloride C in a different way depending on the used model.



It is important to say that for the case of saturated exposure described by the analytical cases, the existence of the convection zone is not accounted, leading, in this case, to an underestimation of chloride concentrations.



The influence of the surface concrete irregularity is shown by the filled blue area. The numerical solutions without considering the irregularity, i.e., r(y) = 0 (orange line), pass in the center of the filled area; in this sense, the orange line represents the mean value. The upper chloride bound of the filled blue area represents the case when a chloride ion is closer to the steel rebar because of larger irregularities that decrease concrete cover; therefore, in this case, it should reach a steel bar faster and vice-versa as indicated in Figure 5. It is also observed that the reduction of the filled area with the increasing of depth x′, indicating that there is a decrease in the influence of irregularities with depth. These numerical results highlight that the effects of surface regularities should be experimentally validated in further studies to improve lifetime assessment.



In Figure 9 the impact of the presence of the convection area is highlighted by the solid grey area where two limits are defined by the analytical solutions. The lower bound corresponds to an analytic model with the constant D, whereas the upper bound considers an analytic model by also accounting for the presence of the convection zone. It is observed in all considered cases that there is an underestimation of the chloride concentration C when convection is neglected. The differences decrease for larger depths and times. These results suggest that ΔCs, due to the presence of a convection area, should be considered to improve lifetime assessment.



The effect of the non-constant multifactorial D is shown in Figure 9. It is represented by the difference between the numerical curve (orange) and the analytical curve (dashed black line) because both models account for the presence of a convection area, and therefore, at x′ = 0 the concentration C is the same. These differences are consistent with Figure 7b where the non-constant D is higher than a constant D from a certain exposure time, producing high chloride concentrations for a relatively short period (t < 10 years). This is confirmed in Figure 9a where at t ≈ 10.0 years both curves intersect each other.



In this sense, it is possible to state that analytical solutions underestimate the chloride concentration C for the period t < 10 years and overestimate C for t > 10 years. This is mainly due to the absence of the variability of the factors g1, g2, and f3 for the constant D. However, this consideration is not always verified. In fact, in Figure 9b for x′ > 5.0 cm, the numerical curve is always higher than the analytical curve, and therefore in this case the analytical solutions also underestimate the concentrations C. This is due to the reduction of Cs′ effects that is more evident for higher depths.



The uniqueness of these results mainly regards the use of the proposed model in Figure 3 and the trend of the non-constant D shown in Figure 7b.



To the best of the authors’ knowledge, there are no similar models that account uniquely for the concrete irregularity and the increment of Cs. Therefore, it was difficult to compare our model with other studies. However, the following aspects were conducted to validate it: (i) the use of consolidated inputs adopted in several published studies (see Table 1 and Table 3); (ii) the use of numerical analyses already calibrated in previous studies, e.g., [39,43]; (iii) the collection of data from reliable published studies (see Figure 6 and Table 2); and (iv) the comparison of the error function based solutions with the new numerical results in this paper.





5. Conclusions


This paper proposed a new model to study the chloride ingress in an RC element in a non-saturated area. It accounts for non-constant diffusivity, surface concrete irregularity, and the presence of a convention area. The main conclusions are summarized as follows:




	
The diffusivity D, which is the key parameter of the mechanical diffusion process, should account for the w/c ratio, chloride binding, variations of temperature and humidity, concrete aging, concrete deformation, and damage. This paper used a new complete multi-factorial D (Equation (4)) that includes 20 sub-factors to estimate in a more realistic way the chloride ingress process. It is shown that up to ~10 years the non-constant D is higher than the constant D, and therefore, the chloride concentration in RC structures by using a constant D could be underestimated. After ~15 years the situation is the opposite; however, an underestimation of the chloride attack for the early service life could increase corrosion initiation risks.



	
From literature, 136 values have been collected to find two parameters characterizing the convection zone (    Δ  C s   ¯    and     Δ x  ¯   ). Both parameters were integrated into the proposed multi-phase model (see Figure 3) to estimate the evolution of chloride concentration inside non-saturated concrete. From the results of the numerical example, it is possible to affirm that the consideration of convection effects is crucial to improve the accuracy of the prediction models. Further research will focus on the experimental validation of the proposed approach.



	
Numerical solutions by using HPs have been carried out to develop the proposed model in a dynamic way. Due to the variability of some factors and parameters, only by advanced numerical solutions, it could be possible to plot good approximations of chloride concentrations in concrete. The results show that the analytical solutions could underestimate the chloride concentration C for period t < 10 years and for x′ > 4.0 cm.








Finally, to the best of the authors’ knowledge, in literature, there are no similar models that account, as proposed herein, for surface concrete irregularity and the increment of Cs in the convection area. Therefore, we have no available experimental results to compare and validate our model at this stage of our research.



Based on the results of this study we hope in the future to design and carry out an experimental campaign allowing us to compare and validate our proposed model. In addition, further research will focus on the application to other concrete formulations. This will require new experiments to provide all the model parameters and chloride profiles to study how this model behaves for other concrete formulations.
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Figure 1. Chloride profiles for atmospheric and saturated exposure conditions. 
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Figure 2. Representation of used 6 factors (from f0 to f5) and 20 sub-factors correlated to the chloride diffusion coefficient D. 
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Figure 3. Proposed model (middle) and phases: (above) environmental conditions and concrete irregularity; (below) increment of Cs and diffusion process. The model is composed of two reference systems: x, y, t, and x′, y′, t. 
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Figure 4. Function trends described by (a) Equation (16) and (b) Equation (17). 
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Figure 5. Concrete irregularity trends at x = 0 and x′ = 0 in y-axis. 
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Figure 6. Collected data: (a) Cs at depth x and (b) Cs′ at depth x′ retrieved from literature [13,25,26,27,28,29,30]. The horizontal lines indicate the four levels of aggressiveness (from low to extreme, Table 1). 
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Figure 7. Diffusivity: (a) factor trends with respect to the reference constant f0 factor; (b) non-constant and constant D with all factors. 
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Figure 8. C-x′ curves by analytical and numerical solutions for (a) high and (b) extreme levels of aggressiveness. 
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Figure 9. C-x′ curves by analytical and numerical solutions for (a) high and (b) extreme levels of aggressiveness. 
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Table 1. Value of Cs for each level of aggressiveness (adapted from [60,61]).
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	Level of Aggressiveness
	Description
	Cs (kg/m3)





	Low
	Structures placed at ≥2.84 km from the coast. Seaspray coming from the wind is the main source of chlorides a.
	0.35



	Moderate
	Structures placed between 0.10–2.84 km from the coast without direct contact with seawater.
	1.15



	High
	Structures placed to ≤0.10 km from the coast without direct contact with seawater.
	2.95–3.50 b



	Extreme
	Structures subject to wetting/drying cycles. The processes of chloride accumulation are due to seawater, evaporation, salt crystallization.
	7.35







a At 4.50 km from the coast, Cs can also reach high values due to the combination among T, h, and wind as shown in [3]. b 3.50 kg/m3 refers to an inland structure located in a cold region where de-icing salts are applied during a winter period [9].
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Table 2. Cs, Cs‘,   Δ  C s   , and Δx values for each level of aggressiveness a.
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	Parameter
	Level of Aggressiveness
	Unit
	Number of Measures
	Mean
	σ





	Cs
	Low
	kg/m3
	–
	–
	–



	
	Moderate
	
	6 (see Figure 6a)
	1.69
	0.50



	
	High
	
	15 (see Figure 6a)
	4.96
	1.21



	
	Extreme
	
	13 (see Figure 6a)
	8.76
	0.88



	Cs′
	Low
	kg/m3
	–
	–
	–



	
	Moderate
	
	1 (see Figure 6b)
	N/A
	N/A



	
	High
	
	7 (see Figure 6b)
	5.21
	1.32



	
	Extreme
	
	26 (see Figure 6b)
	10.91
	1.78



	  Δ  C s    b
	Low
	kg/m3
	–
	–
	–



	
	Moderate
	
	6
	3.84
	3.53



	
	High
	
	15
	5.10
	2.78



	
	Extreme
	
	13
	1.87
	0.85



	Δx
	Low
	cm
	–
	–
	–



	
	Moderate
	
	6
	0.91
	0.63



	
	High
	
	15
	0.68
	0.65



	
	Extreme
	
	13
	1.01
	0.38







Note: N/A = Not available. a Rigorously, this classification should be possible only for Cs values in accordance with the criteria used in Table 1, but, to obtain an order of aggressiveness of the Cs′, ΔCs, and Δx impact, for these values the classification is also made. b This parameter has been divided in the function of the level of aggressiveness of Cs values to quantify their increments in x′ − x.
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Table 3. Used parameters and their values.
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	Parameter
	Value and reference





	Inner chloride concentration, C0
	0.50 kg/m3 [62]



	Surface chloride concentration, Cs
	(see Table 1)



	Reference factor, f0(w/c)
	4.35 cm2/year [42] a



	Binding factor, f1(Cb)
	0.85–0.93 (Equation (6)) b



	Age factor, f3(t)
	0.38–0.75 (Equation (5)) c



	Deformation/damage factor, f4(ε,d)
	1.73 [38]



	Modified temperature factor, g1(T,t)
	0.17–1.48 (Equation (16)) d



	Modified humidity factor, g2(h,t)
	0.13–0.71 (Equation (17)) e



	Constant diffusivity, D
	0.47 cm2/year (Equation (4)) f







a With w/c = 0.50 (ordinary Portland cement). b For Cf = C0 + Cs = 0.85–7.85 kg/m3, and ωe = 0.14 [47]. Other values are shown in Equation (6). c For t = 1.0–30.0 years. With m = 0.20, tref = 0.08 years (= 28 days), and tr = 30.0 years [41]. d With Ea = 41.8 kJ/mol, R = 8.314 J/mol K, T0 = 296.0 K [16], and T = 268.0–303.0 K (i.e., from about −5.0 to +30.0 °C). e For h = 0.60–0.80, n = 0.40, and hc = 0.75 [7]. f This value is obtained considering the mean constant values of each factor by using Equation (4). 
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