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Abstract.  This study presents the mathematical model for predicting chloride penetration into saturated 
concrete under non-isothermal condition. The model considers not only diffusion mechanism but also 
migration process of chloride ions and other chemical species in concrete pore solution such as sodium, 
potassium, and hydroxyl ions. The coupled multi-ionic transport in concrete is described by the Nernst-
Planck equation associated with electro-neutrality condition. The coupling parameter taken into account the 
effect of temperature on ion diffusion obtained from available test data is proposed and explicitly 
incorporated in the governing equations. The coupled transport equations are solved using the finite element 
method. The numerical results are validated with available experimental data and the comparison shows a 
good agreement. 
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1. Introduction 
 

Chloride-induced corrosion of reinforcing steel is one of the major problems in long-term 

durability of reinforced concrete structures. The problem occurs particularly in reinforced concrete 

structures subjected to chloride-rich environments such as marine structures in splash and tidal 

zones; bridge decks, and parking garages exposed to deicing salts. Chloride ions ingress into 

concrete through interconnected pore network in concrete. When chloride ions penetrate into 
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concrete the chloride concentration of pore solution increases, and when the concentration reaches 

the critical value, the corrosion of reinforcement embedded in concrete starts.  The corrosion of 

steel results in various deteriorations of reinforced concrete structures, such as cracking, spalling, 

and delamination of concrete cover due to the accumulation of the rust, and reduction of load 

carrying capacity of steel bars due to the reduced cross section area. 

Many mathematical models have been developed to predict chloride ions transport in concrete 

structures. Under saturated condition, chloride penetration into concrete is mainly driven by 

concentration gradients of various diffusing ions in concrete (Zuo et al. 2010). Under non-

saturated condition, chloride penetration into concrete is driven not only by the concentration 

gradients but also by moisture gradient, and many studies have shown that the moisture transport 

has a significant effect on the chloride diffusion in concrete (Ababneh et al. 2003, Abarr 2005, 

Suwito et al. 2005). Similarly, the moisture diffusion is influenced by the chloride penetration 

which accelerates the rate of moisture diffusion (Ababneh and Xi 2002). Under actual service 

condition, reinforced concrete structures are exposed to an environment with deicing salts, 

moisture variation, and temperature fluctuation. In this case, not only the moisture diffusion has an 

influence on the chloride transport, the temperature variation also has an effect on the chloride 

penetration. The temperature effect has been investigated by few researchers. Recently, Isteita 

(2009) conducted an experimental study on the temperature effect on chloride transport in concrete. 

It was found that the thermal effect contributed significantly to chloride penetration mechanism. 

With an increasing temperature, the rate of chloride penetration increased. A coupling parameter 

for the effect of temperature on the chloride transport was developed in the study. Over the years, 

there have been mathematical and numerical models developed to investigate chloride ions 

transport as well as multi-ionic transport in concrete, but there has been little research on the 

temperature effect. Yu and Page (1996), and Li and Page (1998, 2000) developed a mathematical 

model to simulate electrochemical chloride removal (ECR) from concrete and then Wang et al. 

(2005) applied the ECR model to perform the simulation of the mechanism of chloride ingress into 

concrete. Samson et al. (1999) conducted a theoretical study on ion diffusion mechanisms in 

cement-based materials. Later on, Samson and Marchand (1999) presented the mathematical 

model of ion diffusion mechanisms in porous media based on the Extended Nernst-Planck 

equation which accounts for electrostatic potential gradient. Recently, Marchand (2001) and 

Samson and Marchand (2007) developed a simulation model of multi-ionic transport in 

unsaturated cement-based materials exposed to aggressive chemical environments called 

STADIUM® . The mechanism of chloride penetration into non-saturated concrete was also 

investigated by Nguyen et al. (2006). The governing equations of the model were derived based on 

the Nernst-Planck and electro-neutrality equations. Then, the numerical results obtained from the 

model were compared with test data and a good agreement was observed.  

As the actual condition of concrete structures exposed to various chloride environments is most 

likely non-isothermal rather than isothermal, the temperature variation has significant effect on the 

transport properties and chemical reaction of ions. In this study, we developed a mathematical 

model to predict the influence of temperature on chloride penetration into saturated concrete 

structures. The moisture diffusion was not considered in the model, while the effect of other ions 

in concrete pore solution was taken into account such as, Na+, K+, and OH-. And, the governing 

equation of temperature was described in terms of Fourier’s law. Differing from those models 

proposed by Saetta et al. (1993) and Martin-Perez et al. (2000) in which temperature dependent 

transport parameters were used for the thermal effect, the present model took into account the 

coupled effect of temperature on chloride transport by an explicit term in the ionic flux equations. 
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There was a coupling parameter associated with the explicit term which was incorporated in the 

governing equations, and the value of coupling parameter and the model for the coupling 

parameter were obtained from Isteita study (2009). The governing equations were solved by the 

finite element method. The numerical results obtained from the present model were compared with 

available test data. The model can be applied to predict chloride penetration into saturated concrete 

structures under non-isothermal condition. 

 
 
2. Basic formulation 
 

The formulation of mathematical models for chloride transport can be done by two different 

approaches. One is based on Fick’s first and second law which is related to the diffusion 

mechanism at macroscopic level (Sergi et al. 1992, Tang and Nilsson 1993, Saetta et al. 1993, 

Frey et al. 1994, Berke and Hicks 1994, Yu and Page 1996, Wee et al. 1997, Li and Page 1998, Xi 

and Bazant 1999, Ababneh et al. 2003, Suwito and Xi 2004, Zuo et al. 2012). This type of 

formulation is convenient for considering the single ion (the chloride ion) transport in concrete. 

The other formulation is based on the Nernst-Planck equation which takes into account the electro-

chemical coupling phenomena. This type of formulation is necessary for characterizing the fully 

coupled multi-ionic transport in concrete. In the present study, the formulation of chloride ions and 

other chemical species in concrete pore solution, Na
+
, K

+
, and OH

-
, is based on the Nernst-Planck 

equation. The governing equation of heat flow is described by the Fourier’s law of heat 

conduction. The flux of each ionic species in a porous media without thermal effect can be 

expressed as 

iiiiii C
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F
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where Ji is the flux of species i, Di is the diffusion coefficient of species i, Ci is the concentration of 

species i in the solution, zi is the charge number of species i, F is the Faraday constant, R is the gas 

constant, T is the temperature of material, and Φ is the electrostatic potential. The mass balance 

equation for each ionic species can be written as 
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in which Ct is the total chloride ion concentration which is the summation of free chloride ion (Ci) 

and bound chloride ion (Si). When chloride ions penetrate into concrete, some of them can have 

chemical reaction with cement components and some of them can attach to the pore wall, and 

these chloride ions are called bound chlorides. The others are free to move through interconnected 

pores in concrete which are called free chlorides. ∂Ct/∂Ci is the chloride binding capacity. The 

binding capacity is applied only to chloride ion not to other species, Na
+
, K

+
, and OH

-
 (will be 

discussed in the section of material models), and thus there is no subscript i for Ct. The binding 
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capacity is related to the ratio of the free and bound chloride, and this parameter will be explained 

in the next section. 

In order to solve the Nernst-Planck equation, another relation accounted for the electrostatic 

potential induced by ionic interaction is required. The electrostatic potential can be determined 

based on three different methods. Samson and Marchand (2007) solved the electrostatic potential 

for ion transport in cement-based materials by using Poisson’s equation. As mentioned by Samson 

et al. (1999), the Poisson’s equation can be used in more general cases. The nil current assumption 

was used by Li and Page (2000) and Wang et al. (2005). This method is based on the fact that 

there is no net current flow within the concrete pore solution due to the coupled ionic transport. 

The third method is based on electro-neutrality condition (i.e., the total charge of all ions in 

concrete is zero), which will be used in the present study. The electro-neutrality equation can be 

expressed as 

0
1




i

n

i

i zC

                                
(4)

 

in which Ci is the concentration of species i, zi is the charge number of species i, and n is the 

number of ionic species. The main advantages of using electro-neutrality condition are the 

simplified governing equations, reduction of computational time, and less difficulty in 

computational schemes than the other two methods (Wang et al. 2005, Nguyen et al. 2006). The 

comparison among the nil current, Poisson’s equation, and electro-neutrality condition used in 

modeling of chloride penetration into concrete was investigated by Nguyen et al. (2006) and 

Damrongwiriyanupap et al. (2011).  

For the heat flow in concrete material, the heat flux can be simply expressed by Fourier’s law 

of heat conduction equation 

TDJ TTQ                                 (5) 

in which JQ is the heat flux, DT-T  is the thermal diffusivity of concrete, and T is temperature. The 

mass balance equation of heat flow is written as 
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Q






                                (6) 

Combining Eqs. (5) and (6), the partial differential equation (PDE) governs the heat flow in 

concrete can be defined as 
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where TQ  /  is the heat capacity of concrete.  

In order to take into account the temperature effect on the transport of ions in concrete, the 

mass balance equations of each ionic species need to be reformulated. There are two ways to 

perform it. One is to use temperature dependent transport parameters in Eq. (3), and the other is to 

add an explicit term in Eq. (3) for the thermal effect. The latter method is used in the present study. 

The advantage is that the material models developed for the transport parameters in Eq. (3) under 

isothermal condition can be used, and the thermal effect is considered by the additional term. To 

this end, the original Nernst-Planck equation, Eq. (3), is modified as  
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in which Di-T is the coupling parameter due to influence of temperature on the diffusions of ions. A 

model for this parameter will be described in the next section based on the experimental study of 

temperature effect on chloride penetration into saturated concrete by Isteita (2009). The effect of 

ionic diffusion on the heat conduction is considered as insignificant and thus not included in Eq. 

(7).  

 

 

3. Material models 
 
In order to solve the governing equations, Eqs. (7) and (8), and the electro-neutrality condition, 

Eq. (4), the material parameters involved in the equations must be determined first. These material 

parameters are ionic diffusion coefficients, ionic binding capacities, and the coupling parameters. 

In general, the material parameters depend on mix design and age of concrete and they are not 

constants. For instance, the chloride diffusion coefficient depends on water cement ratio, curing 

time, aggregate content and microstructure of cement paste, which in turn depends on concrete 

mix design parameters and age of concrete. In the present study the chloride diffusion coefficient 

is characterized by a material model proposed by Xi and Bazant (1999) which takes into account 

these influential parameters. Similarly, the chloride binding capacity can be described by the 

material model developed by Xi and Bazant (1999). A material model for the coupling parameter 

for the temperature effect will be developed based on available experimental results. For reader’s 

convenience, the previously developed transport parameters will be introduced briefly, and then 

the model for the coupling parameter will be described in detail.   

 
3.1 Chloride diffusion coefficient (DCl) 
 

The diffusion coefficient of chloride ions in concrete can be estimated using the multifactor 

method as follows 

)()()(),/( 43201 fiCl CfTfgftcwfD 
                      (9) 

in which ),/( 01 tcwf  is a factor accounting for the influence of water-cement ratio (w/c) and 

curing time of concrete (t0). The diffusion coefficient is higher when water-cement ratio increases. 

A formulation for ),/( 01 tcwf  was proposed by Xi and Bazant (1999) 
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The second factor, )(2 igf , is incorporated for the effect of composite action of the aggregates 

and the cement paste on the diffusivity of concrete. This factor can be calculated by using the three 

phase composite model developed by Christensen (1979) 
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where Dagg and Dcp are the chloride diffusivities of aggregates and cement paste, respectively. 

These two parameters can be determined by using the model proposed by Martys et al. (1994) 
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in which Vp is the porosity, S is the surface area, and V
c
p is the critical porosity (the porosity at 

which the pore space is first percolated). When Eq. (12) is used for the diffusivity of cement paste, 

Dcp, then Vp, S, and V
c
p are considered as the parameters for cement paste. The critical porosity 

may be taken as 3% for cement paste (Martys et al. 1994). Based on the study of Xi et al. (1994a), 

the surface areas of cement paste, S, can be estimated by the monolayer capacity, Vm, of adsorption 

isotherm of concrete which is proportional to S. The porosity, Vp, can be estimated by adsorption 

isotherm, at saturation (H=1). More detail on adsorption isotherm can be found in Xi et al. (1994a, 

b). The diffusivity of aggregates, Dagg, can be taken as a constant, and a proposed value is 1x10
-12

 

cm
2
/s. 

The third factor, f3(T), is to consider the effect of temperature on the diffusion coefficient of 

concrete. This can be calculated by using Arrhenius’ law 
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in which U is the activation energy of the diffusion process, R is the gas constant (8.314 J mol
-1

 K
-

1
), T and T0 are the current and reference temperatures, respectively, in Kelvin (T0 = 296 K). 

According to the studies by Page et al. (1981) and Collepurdi et al. (1972), the activation energy 

of the diffusion process depends on water-to-cement ratio, w/c, and cement type which can be 

found in Table 1. 

The fourth factor, )(4 fCf , describes the so-called concentration dependence, i.e. the dependence 

of the chloride diffusion coefficient on the free chloride concentration which can be expressed as 

follows 

m

fionf CkCf )(1)(4 
                         (14) 

where kion and m are two constants, 8.333 and 0.5, respectively. kion and m were obtained by Xi and 

Bazant (1999). It should be noted in Eq. (14) and all following equations that Cf is used to 

represent the free chloride concentration and Ci is for ionic concentration of all other ions. 

 

 

Table 1 Activation energies for various cement paste 

w/c 
Ordinary portland cement 

(KJ/mol) 

Cement with pozzolans 

(KJ/mol) 

0.4 41.8 ± 4.0 - 

0.5 41.8 ± 4.0 4.18 

0.6 41.8 ± 4.0 - 
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3.2 Modelling of the material 
 
As mentioned before, the ionic binding capacity is considered only for chloride ions. Other 

chemical species in concrete pore solution are assumed to be no binding capacity. The total 

chloride concentration, Ct, is the summation of free chloride, Cf, and bound chloride, Cb, which 

can be given by 

bft CCC 
                              (15) 

The chloride binding capacity is defined as the incremental ratio of the free chloride content 

and total chloride content 

f
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The term 
fb dCdC / can be obtained experimentally. By using the model developed by Xi and 

Bazant (1999), the chloride binding capacity can be expressed as 
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where A and B are two material constants related to chloride adsorption and equal to 0.3788 and 

1.14, respectively (Tang and Nilsson 1993). The binding capacity depends on the two parameters, 

sol and HSC  . 

The parameter sol  is described as the relationship between the volume of pore solution and 

weight of concrete (L/g) 
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where Vsol is the volume of pore solution, wsol is the weight of pore solution, wconc is the weight of 

concrete, 
sol is the density of the pore solution (g/L) and is dependent on chloride concentration. 

To simplify the calculation, the parameter sol can be estimated by using the density of pore water. 

The weight ratio of pore solution to concrete (wsol/wconc) represents chloride adsorption isotherm 

which is related to relative humidity, H, temperature, T, and pore structure of concrete. Due to a 

lack of test data on chloride isotherm, n(H,T) may define as the isotherm of water adsorption 

instead of chloride isotherm. The adsorption isotherm of concrete can be described in terms of 

adsorption isotherm of cement paste and aggregate as follows 
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),(),(),( THnfTHnfTHn aggaggcpcp 
                   (19) 

in which cpf and aggf are the weight percentages of cement paste and aggregates, and ),( THncp and 

),( THnagg
are the water adsorption isotherms of cement paste and aggregate, respectively.  

The parameter
HSC  can be explained as the weight ratio of C-S-H gel to concrete (g/g). This 

factor is used to determine the effect of the cement composition and age of concrete on the volume 

fraction of C-S-H gel which is written as 

total

HSC

HSC
w

w 
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where HSCw  and totalw  are the weight of C-S-H gel and the total weight of concrete. The details 

of parameters n(H,T) and
HSC  can be found in the paper by Xi (1994a). 

The limitation of binding capacity based on the Freundlich isotherm, Eq. (17), is that the term 

0/  tf CC  when the free chloride concentration, Cf, is zero because of A < 1. As a result, 

0/  tf CC  leads to 0/  tC f
. This can be concluded that Cf is a constant at all time steps and 

equals to initial free chloride concentration. Thus, chloride diffusion never starts. To solve this 

problem, Tang and Nilsson (1993) suggested that the Freundlich isotherm can be used when Cf is 

large (> 0.01 mol/l), and the Langmuir isotherm is employed when Cf is small (< 0.05 mol/l). For 

these reasons, in the present study, the chloride binding capacity is represented by Langmuir 

isotherm for initial free chloride concentration (Cf = 0), and while the free chloride concentration is 

more than zero (Cf > 0), the chloride binding capacity can be determined by Eq. (17) based on 

Freundlich isotherm. The Langmuir isotherm is expressed as 

bmfbmb
CCCkC

1111
'''


                           
(21) 

where 
'k is an adsorption constant, and Cbm is the bound chloride content at saturated monolayer 

adsorption (Tang and Nilsson 1993).
'

bC and
'

fC are the bound and free chloride contents used in 

Eq. (21). The units of these two parameters are in milligrams of bound chloride per gram of 

calcium silicate hydrate gel (mg/g) and in free chloride per liter of pore solution (mol/l), 

respectively, which is different from Cb and Cf. In the numerical simulation, it is necessary to use 

the consistent unit. Therefore, '

bC and '

fC can be converted and correlated to the unit of Cb and Cf as 

follows 
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Substituting Eqs. (22) and (23) into Eq. (21), yields 
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Eq. (24) can be re-expressed in a simple form as 
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Derivative of Eq. (25) with respect to Cf yields 
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By substituting Eq. (28) into Eq. (16), the binding capacity based on Langmuir isotherm can be 

expressed as 

2
1

1
1

1

1

1




















 f

f

bt

f

C
dC

dCdC

dC

                    

(29)

 

Eq. (29) is used to calculate the binding capacity when free chloride concentration tends to 

zero, then the binding capacity is )1/(1  . The parameter α can be calculated by using Eq. (26) 

and is dependent on many factors. As a result, α is definitely a non-zero number. The parameters 

in chloride binding capacity based on Langmuir isotherm can be obtained from Tang and Nilsson 

(1993) paper that is ,1849.0/1 bmC  ,002438.0)/(1 ' bmCk ,841.75' k and 4083.5bmC . 
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3.3 Coupling parameter (Di-T) 
 
The coupling parameter presented in this study was proposed by Isteita (2009). The parameter 

was evaluated based on the experimental study of temperature effect on chloride penetration into 

saturated concrete. The results from the experiment showed that the effect of temperature on 

chloride diffusion is very significant and the coupled effect of temperature on chloride diffusion in 

concrete should be taken into account. The influence of temperature on ions diffusion is related to 

Soret effect, which is the occurrence of a diffusion flux due to the temperature gradient. Then, the 

coupling parameter was derived by using a multifactor approach. It was also found that the 

coupling parameter was not constant but depended on chloride concentration, age of concrete, and 

temperature. This can be obtained by curve fitting of the test data written as 

)()(105 21

8 TftfCxD fTCl



 
                      

(30) 

Based on the Soret effect, the heat flow in concrete can carry not only chloride ions but also 

other ions in concrete pore solution so that we may apply this coupling parameter to all ionic 

species (Cl
-
, Na

+
, K

+
, and OH

-
), it gives, 

)()(105 21

8 TftfCxDD fTClTi



 
                   

(31) 

in which Di-T is the coupling parameter due to temperature effect on each ionic species i; Cf is the 

free chloride concentration; the first factor, f1(t), is the factor accounting for the age effect of 

concrete which is relevant to hydration reactions of cement paste given by Eq. (32) 

1

1 4)(  ttf
                              (32) 

where t is the age of concrete. The second factor, f2(T), takes into account the influence of 

temperature which is described by the definition of Arrhenius’s law 

))
11

(1.0()(2
TTR

U
ExpTf

ref



                       
(33)

 

where U is the activation energy of the diffusion process; R is the gas constant; and T and Tref are 

current and reference temperature, respectively.  

 

 
4. Numerical simulation 
 

Numerical simulations are performed to study the effect of temperature on transport of chloride 

and others ionic species in saturated concrete and to compare with the available test data. The 

material models discussed in the previous sections are incorporated in the governing equations, 

Eqs. (4), (7) and (8). In the present study, the finite element method is employed for solving partial 

differential equations of ionic transport and the heat conduction in saturated concrete. The 

numerical study was focused on NaCl penetrating into concrete sample from the top surface of a 

concrete slab. The ions in concrete pore solution, Na
+
, K

+
, and OH

-
, are considered in the 

numerical analysis. The material parameters and input data for numerical simulations related to the 

governing equations are shown in Table 2. This information include diffusion coefficients, initial 

concentration at the top surface, and initial concentration in concrete pore solution of each ionic 
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species, water-to-cement ratio, and volume fraction of aggregate. The concentration of alkali ions 

in pore solution, Na
+
 and K

+
, are obtained from the cement manufacturing company which 

provided the chemical composition of cement used in the experimental study. The concentration of 

hydroxyl ion can be calculated by using electro-neutrality condition. The numerical simulations 

were performed under saturated condition. This means that the relative humidity inside and outside 

concrete sample are equal to 100%. As a result, there is no effect from moisture gradient on multi-

ions diffusion in the present study. The units of all ionic concentrations are in mol/l except for the 

total chloride which is in grams of chloride/gram of concrete weight (g/g) as mentioned in 

AASHTO T 259 and AASHTO T 260.  

 

 

Table 2 Material parameters and input data 

 Cl Na K OH 

Diffusion coefficient (m
2
/s) DCl (Eq. 9) 

*
2.7×10

-11
 

*
3.9×10

-11
 

*
5.28×10

-10
 

Initial pore solution concentration 

(mol/l) 
0.0 0.0389 0.0995 0.1384 

Heat capacity 

(J/kg 
o
C) 

§
1,000 

Thermal diffusivity 

(W/m 
o
C) 

§
2 

Chloride binding capacity tf dCdC /  (Eqs. 17 and 29) 

Coupling parameter Di-T  (Eq. 31) 

Water-cement ratio 0.55 

Volume fraction of aggregate 0.65 

Cement type I/II 

* The values are taken from Wang et al. (2005). 

§ The values are taken from Isgor and Razaqpur (2004). 

 

T = 20 °C

1mol/l NaCl

T = 50 °C (Case 1), 35 °C (Case 2), and 

20 °C (Case 3) 

insulated

insulated

insulated

3 cm

5 cm

 
Fig. 1 Geometry and boundary conditions of concrete specimen used for numerical analysis 
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The geometry of concrete sample used in numerical simulation is shown in Fig. 1. It is a 3 cm 

by 5 cm concrete specimen. The concrete sample is exposed to 1 mol/l NaCl solution on the top 

surface. The other boundaries are assumed to be insulated. The moisture condition inside the 

concrete sample is assumed to be fully saturated, 100% RH. The concrete sample is divided into 

400 elements and 451 nodes by using isoparametric elements for the finite element analysis. In 

order to compare with available test data, the numerical simulations were conducted in three 

different cases as shown in Fig. 1. For case 1, 2, and 3, the temperatures on the top surface of 

concrete samples are 50
o
C, 35

o
C, and 20

o
C, respectively. And, the initial temperature inside 

specimens is specified as 20
o
C. This means that there is no temperature gradient for case 3. 

 

 

5. Numerical results and discussion 
 

The concentration profiles of chloride, sodium, potassium, and hydroxyl ions exposed to 1 

mol/l NaCl solution at different initial temperature conditions (T = 50°C, 35°C, and 20°C) are 

shown in Figs. 2, through 13. At T = 50 °C, as shown in Figs. 2 through 5, the concentration of 

chloride is remarkably influenced by temperature, especially at the depth close to the exposed 

surface which can be seen as an instant increase from Fig. 2. After this point, the concentration 

decreases with increasing depth. Fig. 3 shows the concentration profile of sodium which decreases 

when the depth of penetration increases. It is evident from Figs. 2 and 3 that the concentration 

gradients of sodium and chloride share the same trend from the top to bottom surface. This is 

because the initial concentration of these two ions inside the specimen is lower than that at the 

exposed surface. 

For hydroxyl ions, the concentration increases when the depth of penetration increases, as 

shown in Fig. 4, which is due to the fact that the hydroxyl ions have a lower concentration at the 

exposed surface than the deep part of the concrete slab. In fact, there are no hydroxyl ions at the 

top (exposed) surface. The concentration gradient of hydroxyl is in the reverse direction of 

chloride and sodium ions. The distribution profile of potassium starts from zero at the exposed 

surface, similar to hydroxyl ions, and increases until reaching the peak, as shown in Fig. 5, which 

is the point adjacent to the exposed surface and then drops to the initial value of pore solution 

concentration. The main reason for this reversal (increase and then decrease) is due to the electro-

neutrality condition in which the negatively charged ions, Cl
-
 and OH

-
, must be balanced by the 

positively charged ions such as K
+
. 

At T = 35°C the coupled temperature effect has less impact than at T = 50°C because of the 

lower temperature gradient. As noticed from Figs. 6 and 7, there is no instant increase of chloride 

and sodium profiles at the depth close to exposed surface. Thus, at T = 35°C, chloride and sodium 

concentrations decrease monotonically, while Figs 8 and 9 show that hydroxyl and potassium 

concentrations increase with increasing depth from exposed surface. Figs. 10 through 13 illustrate 

the distribution profiles of chloride, sodium, hydroxyl, and potassium ions at T = 20°C. It can be 

seen that the concentration profiles of these four ionic species have the same trends as obtained 

from T = 35°C. The transport mechanisms of the four ions at T = 20°C are mainly due to diffusion 

and migration processes because of no temperature gradient. The relationship between 

concentration and exposure time of these four ionic species can be observed from Figs. 2 

through13 that, at any fixed depth, the concentrations of chloride and sodium ions are higher with 

the longer period of exposure whereas the concentrations of potassium and hydroxyl ions tend to 

decrease with an increase of exposure time. 
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Fig. 2 Chloride concentration profiles at T = 50°C 

 

 
Fig. 3 Sodium concentration profiles at T = 50°C 

 

 
Fig. 4 Hydroxyl concentration profiles at T = 50°C 

 

 
Fig. 5 Potassium concentration profiles at T = 50°C 
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Fig. 6 Chloride concentration profiles at T = 35°C 

 

 
Fig. 7 Sodium concentration profiles at T = 35°C 

 

 
Fig. 8 Hydroxyl concentration profiles at T = 35°C 

 

 
Fig. 9 Potassium concentration profiles at T = 35°C 
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Fig. 10 Chloride concentration profiles at T = 20°C 

 

 
Fig. 11 Sodium concentration profiles at T = 20°C 

 

 
Fig. 12 Hydroxyl concentration profiles at T = 20°C 

 

 
Fig. 13 Potassium concentration profiles at T = 20°C 
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Fig. 14 Chloride concentration profiles exposed to 1 mol/l NaCl solution at 6days 

 

 
Fig. 15 Sodium concentration profiles exposed to 1 mol/l NaCl solution at 6days 

 

 
Fig. 16 Hydroxyl concentration profiles exposed to 1 mol/l NaCl solution at 6days 

 

 

Fig. 17 Potassium concentration profiles exposed to 1 mol/l NaCl solution at 6days 
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Fig. 18 Chloride concentration profiles exposed to 1 mol/l NaCl solution at 12days 

 

 
Fig. 19 Sodium concentration profiles exposed to 1 mol/l NaCl solution at 12days 

 

 
Fig. 20 Hydroxyl concentration profiles exposed to 1 mol/l NaCl solution at 12days 

 

 
Fig. 21 Potassium concentration profiles exposed to 1 mol/l NaCl solution at 12days 
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Fig. 22 Chloride concentration profiles exposed to 1 mol/l NaCl solution at 24days 

 

 
Fig. 23 Sodium concentration profiles exposed to 1 mol/l NaCl solution at 24days 

 

 
Fig. 24 Hydroxyl concentration profiles exposed to 1 mol/l NaCl solution at 24days 

 

 
Fig. 25 Potassium concentration profiles exposed to 1 mol/l NaCl solution at 24days 
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Figs. 14 through 25 show the influence of temperature on ionic diffusion at different times of 

exposure (6, 12, and 24 days of exposure). One can see from these plots that the variations of 

concentration profiles of the four ionic species can be observed with increasing temperature. The 

higher the temperature gradient, the more significant of the coupled temperature effect. At 6, 12,  

and 24 days of exposure, with increasing temperature, the concentration of chloride and sodium 

ions increase, at any fixed depth, which is accelerated by temperature gradient. Moreover, at T = 

50°C, at any times of exposure, chloride and sodium ions are accelerated by higher temperature 

gradient when compared with T = 35°C. Therefore, At T= 50°C, hydroxyl ion diffuses faster to 

satisfy the electro-neutrality condition with positively charged ions, Na
+
 and K

+
. From Figs. 16 

and 24, hydroxyl concentration at T = 50°C is slightly higher than at T = 20°C at the depth close to 

the exposed surface due to the electro-neutrality condition. With increasing depth from this area, 

hydroxyl concentration at T = 20°C is higher than both at T = 50°C and 35°C because the 

diffusion rate of hydroxyl ion is slowed down by temperature gradient. For potassium ions, when 

temperature increases from 20°C to 35°C the concentration at higher temperature is lower than at 

the lower temperature, at any times of exposure. This is mainly due to the heat flux which is in the 

reverse direction of concentration gradient of potassium so that the diffusion rate of potassium is 

actually reduced by the temperature gradient. However, when temperature reaches T = 50°C the 

concentration is higher than at T = 35°C and 20°C. This is because at this temperature range, the 

transport mechanism of potassium is dominated by the electro-neutrality condition. As noticed 

from numerical results, we can conclude that the concentrations of four ionic species are 

significantly influenced by temperature variation. 
 
 
6. Comparison with test data 

 
The results of total chloride concentration (in gram of chloride per gram of concrete) predicted 

by the present model are plotted and compared with the available test data obtained from Isteita 

(2009). The chloride ponding tests were conducted at different initial temperature conditions at the 

exposed (top) surface. The comparisons between numerical and experimental results exposed to 

3% NaCl at T = 50°C for 6 and 12 days of exposure are shown in Figs. 26 and 27, respectively. 

Figs. 28 and 29 present the comparisons at T = 35°C for specimens exposed to 3% NaCl for 6 and  

 
 

 
Fig. 26 The comparison between numerical result and test data at 6 days of specimens exposed to T 

= 50°C 
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Fig. 27 The comparison between numerical result and test data at 12 days of specimens 

exposed to T = 50°C 

 

 
Fig. 28 The comparison between numerical result and test data at 6 days of specimens exposed 

to T = 35°C 

 

 
Fig. 29 The comparison between numerical result and test data at 12 days of specimens 

exposed to T = 35°C 

 
 
12 days of exposure, respectively. It can be seen from Figs 26 through 29, at T = 50°C and T = 35 

°C, that the results obtained from the present model have a good agreement with test data. 

Therefore, the present comprehensive model taking into account the diffusion mechanisms, ionic 
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interaction, and the coupled temperature effect can be used to predict the chloride penetration into 

concrete structures not only in isothermal condition but also in non-isothermal condition. 

 
 
7. Conclusions 
 

1. A mathematical model is developed for predicting the chloride penetration into saturated 
concrete structures under non-isothermal condition. The model takes into account diffusion 
mechanism due to ionic concentration gradient and migration processes due to ionic interaction of 
chloride ions and other chemical species in concrete pore solution (Na

+
, K

+
, and OH

-
) which is 

described by the Nernst-Planck equation.  
2. The heat flow in concrete is considered in this study which is described by Fourier’s heat 

conduction equation. A coupling term obtained from available test data is proposed. Then, the 
ionic flux equations are modified by incorporating explicitly the coupling term for the temperature 
effect. The numerical simulations are performed by assuming a concrete sample exposed to 
chloride solution (NaCl) at different initial temperature conditions. The governing equations are 
solved by using the finite element method. 

3. Material models for the transport parameters are included in the numerical simulation. The 
diffusion coefficients and the chloride binding capacity are obtained from literature, and the 
coupling parameters for the temperature effect are developed based on available test data.       

4. The numerical results show that the coupling term contributes significantly to the diffusion 
mechanism of four ionic species (Cl

-
, Na

+
, K

+
, and OH

-
) by accelerating the penetration rate of 

chloride and sodium concentration. However, potassium and hydroxyl concentration profiles vary 
by the temperature effect and electro-neutrality condition. 

5. The numerical results predicted by the present model are validated with the available test 
data. The comparison shows that the total chloride profiles obtained from the model have a good 
agreement with the test data. 

6. The present comprehensive model can be used to predict the chloride ingress into saturated 
concrete structures under both isothermal and non-isothermal conditions. 
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