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Abstract – Moisture convection in concrete is an important factor affecting the chloride 

diffusion in concrete. This paper presents a comprehensive study on the transport of moisture, 

carbon dioxide and chloride ions in concrete when subjected to wetting and drying cycles. A 

numerical model considering not only the transport of individual components but also the 

interaction between them is developed. The latter includes the concrete carbonation, chloride 

binding, the effect of concrete carbonation on chloride binding capacity, and the time-varying 

boundary conditions of carbon dioxide and chloride caused due to wetting and/or drying. The 

results obtained from the study demonstrate that when moisture convection and concrete 

carbonation in the convection zone near the exposed surface are involved the chloride indeed 

exhibits an increase in a thin layer next to exposed surface before it decreases with the distance 

as observed in many experiments.   

Keywords – Modelling; chloride; diffusion; carbonation; wetting and drying cycles; 

unsaturated concrete. 

 

1. Introduction 

 

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

concrete structures built in marine environment. To prevent this problem, one has to know how 

chlorides get into concrete from its surrounding environment and how their penetration takes 

place in concrete medium. Numerous experimental studies have been carried out since early 

1980s in order to understand the mechanism of chloride penetration in concrete and the 

influences of concrete mix design parameters and surrounding environment conditions on the 

chloride penetration. The experimental work involves the diffusion tests of chlorides in both 

saturated and unsaturated concretes. The latter involves both the laboratory tests of cement or 

concrete specimens exposed to artificial wetting and drying cycles using sodium chloride 

solution and field tests of directly placing cement or concrete specimens in seawater of tidal 

zones. For saturated concrete, the chloride concentration profiles measured from the tests can 

be generally described by using an error function [1] although the diffusion coefficients 

calculated from the best fits of experimental data may be different at different times [2], 
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indicating that concrete evolution may also have some influence on the penetration of chloride 

ions. For concrete subjected to wetting and drying cycles, however, the measured chloride 

concentration profiles are quite complicated. In some cases, the chloride concentration profile 

was found to exhibit an increase in a thin layer next to exposed surface before it decreases with 

increased distance [3]. So far it is still a paradox about why the maximum chloride concentration 

is located in the inner concrete rather than at the exposed surface when the wetting and drying 

cycles are involved. 

 

Extensive research work has been carried to understand how the moisture transport affects the 

penetration of chloride ions in concrete. For example, Saetta et al. [4] developed a coupled 

numerical analysis model of moisture, heat, and chloride-ion flows through concrete. The 

model was used to examine the chloride diffusion in partially saturated concrete by taking into 

account the variability of ionic diffusion coefficients with concrete mix design parameters. 

Andrade et al. [5] used an analytical model of chloride diffusion to study the relative influence 

of concrete skin thickness on chloride penetration in concrete. Hong and Hooton [6] examined 

the influence of wetting and drying cycles by using sodium chloride solution on chloride ingress 

into concrete. Wang et al. [7] developed a transport model of ionic solution and ionic species in 

an unsaturated concrete by considering not only the transport of ionic species and ionic solution 

but also the electrostatic interaction between different ionic species. Wang et al. [8] reported an 

experimental study on chloride diffusion in concrete subjected to wetting and drying cycles. It 

was found that the highest concentration in the chloride profile was located in inner concrete 

not far away from the concrete surface. Zhang et al. [9] developed a mathematical model of 

chloride transport in concrete under wetting and drying cycles. The model considered the 

hysteresis of moisture evaporation and the accumulation of chlorides at concrete surface. Xu et 

al. [10] experimentally investigated the effect of different wetting and drying cycle conditions 

on the transport of chloride ions in concrete. It was found that the chloride concentration 

increased with increased dry-to-wet ratio; whereas the presence of convection zone under 

wetting and drying cycles was found to be time dependent. Arya et al. [11,12] experimentally 

investigated the factors affecting the surface chloride concentration, chloride binding, and 

chloride diffusion coefficient in concrete with supplemental cementitious materials, subjected 

to wetting and drying cycles. Gang et al. [13] presented a study on the effect of wetting and 

drying cycles on chloride transport in concrete. It was found that chloride transport accelerated 

in surface zone only when the drying time was longer than the wetting time in the cycles. Guan 

et al. [14] developed a prediction model of chloride penetration in concrete subjected to wetting 

and drying cycles, in which the chloride diffusion coefficient used to characterize the effect of 

temperature, age of concrete, humidity and wind speed on the transport of chloride ions in 

concrete was proposed. Lu et al. [15] presented an experimental study on chloride penetration 

in concrete subjected to wetting and drying cycles. They found that the convection zone depth 

varied from 6 mm to 15 mm. Yu et al. [16] proposed a chloride diffusion model coupled with 

environmental factors to describe chloride ingress into concrete. Lu et al. [17] presented an 

experimental investigation on chloride transport in cracked reinforced concrete beams under 

wetting and drying cycle conditions. Gao et al. [18] provided a statistical analysis on the 

convection zone depth, chloride peak value, and chloride diffusion coefficient in concrete 

exposed to marine tidal environment based on their field test data obtained from 270 chloride 
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ingress curves of tested concrete specimens. Zhang et al. [19,20] provided the time dependence 

and similarity analysis for chloride diffusion coefficient and chloride peak value in concrete 

exposed to simulated wetting and drying cycle environment. Petcherdchoo [21] proposed a set 

of new closed-form solutions for a linearly cyclic surface chloride function for predicting the 

transport of chloride ions in unsaturated concrete. Recently, Shen et al. [22] presented a 

numerical study on concrete carbonation and its effect on chloride binding in concrete. The 

work evaluated the chloride binding and subsequent ionic diffusion process in chloride-

contaminated concrete caused by carbonation. Li et al. [23] investigated the combined action 

of carbonation and chloride ingress in concrete under stable moisture state. The chloride profile 

was solved analytically by using a moving boundary condition. Shen et al. [24] presented a 

numerical investigation on the combined action of carbonation and chloride ingress in 

unsaturated concrete and examined the influence of unsaturated environment on the binary 

ingress process of chloride and carbonation. Liang et al. [25] investigated the chloride 

permeability and examined the steel corrosion in concrete with carbonated recycled concrete 

aggregate. More recently, AL-Ameeri et al. [26] experimentally examined the potential impact 

of concrete carbonation on the chloride penetration, and the rate of corrosion in RC structures 

subjected to service-related cracks. Dang et al. [27] examined the effect of chloride ions on the 

durability and mechanical properties of sea-sand concrete containing supplemental 

cementitious materials under accelerated carbonation conditions. The results showed that the 

presence of chloride ions in concrete could generally improve the carbonation resistance of the 

concrete. 

 

In summary, there have been extensive research works published in literature on chloride 

diffusion and concrete carbonation in both saturated and unsaturated concrete under wetting 

and drying cycle conditions. However, most of these works did not consider the interaction 

between chloride diffusion and concrete carbonation, particularly the influence of concrete 

carbonation on the chloride binding capacity of the concrete. Moreover, there is very limited 

work on the development of mathematical models, which are able to describe the phenomenon 

that chloride profile has a thin convection zone near the exposed surface where the chloride 

content increases with the depth, and a diffusion zone inside of the concrete where the chloride 

content decreases with increased depth, as observed in many experimental tests. In this paper a 

mathematical model is developed to describe the coupled transport mechanism of moisture, 

carbon dioxide, and chloride in unsaturated concrete subjected to wetting and drying cycles. 

The model considers not only the transport of individual components, but also the chemical 

reactions between them. The latter includes the moisture convection, concrete carbonation, 

chloride binding, and the effect of concrete carbonation on the binding capacity of chlorides 

and the porosity of concrete. More importantly, the study demonstrates that for unsaturated 

concrete the transport equations for any individual components involved have to be established 

based on an identical framework such as the unit volume of concrete and the corresponding 

boundary conditions also must be established by using the same framework.  

 

2. Transport models of moisture, carbon dioxide and chlorides in unsaturated concrete  

 

Concrete is a porous material. It absorbs and retains moisture because of the capillary action of 



4 
 

pores. When a concrete is subjected to wetting and drying cycles the moisture transport takes 

place in the concrete and the degree of saturation of the pore space of the concrete is dependent 

on its relative humidity and the previous exposure of the concrete to moisture. If the moisture 

content inside a concrete is less than its saturation level, water may be absorbed into the concrete 

by large capillary forces arising from the contact of the very small pores of concrete with the 

liquid phase. The concrete is referred to as a saturated concrete if the pores inside it are entirely 

filled with water. Otherwise, it is called unsaturated concrete if the pores are occupied by water 

and air. Mathematically, the moisture transport in concrete can be described using the following 

moisture diffusion equation [28], 

𝜕𝐶𝜃

𝜕𝑡
= ∇(𝐷𝜃∇𝐶𝜃)         (1) 

where C is the degree of saturation, t is the time, and D is the moisture diffusivity, which can 

be expressed as follows, 

𝐷𝜃 = 𝛼1𝐶𝜃𝑒𝛽1𝐶𝜃          (2) 

where 1 in m2/s and 1 with no unit are the experimentally fitted constants. For given initial 

and boundary conditions of C, Eq.(1) can be solved numerically and thus the degree of 

saturation of the concrete at any time at any place can be determined. 

 

Concrete carbonation may take place when the concrete is subjected to wetting and drying 

cycles, in which carbon dioxide, CO2, from the air outside of the concrete diffuses into concrete 

through gaseous and liquid phases of concrete pores and dissolves into pore solution and then, 

reacts with the dissolved hydration product, Ca(OH)2, to form insoluble calcium carbonate, 

CaCO3 and water [29] because the solubility of calcium carbonate (9.90x10-9) is much lower 

than that of calcium hydroxide (9.95x10-4). The detailed description of the concrete carbonation 

can be found in the work of Bary and Sellier [30]. Note that the gaseous CO2 cannot directly 

react with the hydrates of the cement paste. It must first dissolve in water to form carbonate 

ions and then reacts with Ca ions in the pore solution. Since, in general, the reaction between 

carbonate ions and calcium ions in pore solution is much quicker than the diffusion of the CO2 

in concrete, the reaction can be assumed to take place only at the carbonation front, whereas 

the transport of CO2 can be assumed to take place only in the gaseous phase as CO2 diffusion 

is much quicker in gaseous phase than in liquid phase. The consumption of CO2 in the 

carbonation front can be assumed to be controlled by the availability of Ca(OH)2 or calcium 

ions in the pore solution. Under these assumptions, the chemical reactions involved in the 

concrete carbonation can be simplified as follows, 

𝐶𝑎(𝑂𝐻)2(𝑠 → 𝑎𝑞) + 𝐶𝑂2(𝑔 → 𝑎𝑞) → 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑎𝑞)   (3) 

where the dissolved Ca(OH)2 in pore solution will quickly decompose into calcium ions and 

hydroxide ions. Thus, Eq.(3) can be also expressed as follows, 

𝐶𝑎2+(𝑎𝑞) + 2𝑂𝐻−(𝑎𝑞) + 𝐶𝑂2(𝑎𝑞) → 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑎𝑞)   (4) 

 

The transport of CO2 in concrete gaseous phase can be described by using Fick laws with 

considering the consumption of CO2 at the carbonation front, whereas the transport of calcium 

and hydroxide ions and the liquid water generated during the carbonation process can be 

generally ignored [31,32]. In this case, the mass conservation equation of CO2 considered in 

per-unit volume of concrete can be expressed as follows, 
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𝜕𝐶𝐶𝑂2

𝜕𝑡
= ∇ [𝜀(1 − 𝐶𝜃)𝐷𝐶𝑂2∇ (

𝐶𝐶𝑂2

𝜀(1−𝐶𝜃)
)] − 𝑄𝐶𝑂2     (5) 

where CCO2 is the CO2 content in per-unit volume of concrete,  is the porosity of concrete, 

DCO2 is the diffusion coefficient of CO2 in concrete gaseous phase, and QCO2 is the sink term 

representing the consumption rate of CO2 in concrete during carbonation, which can be 

approximated as follows [33], 

𝜕𝑆𝐶𝑂2

𝜕𝑡
= 𝑄𝐶𝑂2 = 𝑘𝐶𝑂2 (1 −

𝑆𝐶𝑂2

𝑆�̅�𝑂2
) 𝐶𝐶𝑂2      (6) 

where kCO2 is the reaction rate constant, SCO2 is the amount of CO2 consumed during the 

carbonation, and 𝑆�̅�𝑂2 is the maximum amount of CO2 that can be consumed by concrete 

carbonation, which can be expressed as follows [34], 

𝑆�̅�𝑂2 = 0.75 × 𝐶𝑒𝑚 × 𝐶𝑎𝑂 ×
𝑀𝐶𝑂2

𝑀𝐶𝑎𝑂
       (7) 

where Cem in kg/m3 is the cement content, CaO is the amount of calcium oxide per weight of 

cement (for most concrete CaO~0.64), MCO2 (=44 g/mol) and MCaO (=56 g/mol) are the molar 

mass of CO2 and CaO, respectively. The reduction factor of 0.75 used in Eq.(7) means that not 

all Cem or all CaO in concrete could be used to consume CO2 [34]. Note that Eq.(6) holds only 

when 𝑆𝐶𝑂2 ≤ 𝑆�̅�𝑂2; otherwise QCO2=0. Substituting Eq.(6) into (5), it yields, 

𝜕𝐶𝐶𝑂2

𝜕𝑡
= ∇ [𝜀(1 − 𝐶𝜃)𝐷𝐶𝑂2∇ (

𝐶𝐶𝑂2

𝜀(1−𝐶𝜃)
)] − 𝑘𝐶𝑂2 (1 −

𝑆𝐶𝑂2

𝑆�̅�𝑂2
) 𝐶𝐶𝑂2    (8) 

 

For a given concrete Eqs.(6) and (8) can be used to determine the contents of CCO2 and SCO2 if 

the initial and boundary conditions of them are defined. Since the carbonation reaction in the 

present model is assumed to take place only at the carbonation front, the carbonation depth of 

the concrete can be identified directly by the point where CCO2 changes from CCO2 > 0 to CCO2 

= 0. In other words, the carbonated zone and un-carbonated zone can be defined by CCO2 > 0 

and CCO2 = 0, respectively. 

 

When a concrete is exposed to a marine environment, chloride ions will transport into the 

concrete from its surrounding environment. For an unsaturated concrete, the chloride transport 

in concrete is influenced not only by the moisture transport but also by the carbonation reactions 

of concrete. The latter is because the carbonated concrete has less chloride binding capacity. In 

the case where the concrete has already contained both the free and bound chlorides the 

carbonation can release the bound chloride back to free chloride [35]. Fig.1 depicts the 

interaction scheme of chloride and carbon dioxide transport in unsaturated concrete. The mass 

conservation equation of chloride considered in per-unit volume of concrete can be expressed 

as follows [36,37], 

𝜕𝐶𝑇

𝜕𝑡
= −∇(𝜀𝐶𝜃𝐽𝐶𝑙 + 𝐶𝑓𝐷𝜃∇𝐶𝜃)                 (9) 

where CT is the total chloride content in per-unit volume of concrete and JCl is the flux of 

chloride in concrete liquid phase. The total chloride content is the sum of free and bound 

chlorides (see Fig.1), that is, 

𝐶𝑇 = 𝐶𝑓 + 𝑆𝑝 + 𝑆𝑐           (10) 

where Cf is the content of free chloride, Sp and Sc are the contents of physically and chemically 
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bound chlorides, respectively. The flux of free chloride pass through the unit area of liquid in 

concrete liquid phase can be expressed as follows [37,38] 

𝐽𝐶𝑙 = −
𝐷𝐶𝑙𝐶𝑓

𝐶𝑓+𝑆𝑝
∇ (

𝐶𝑓+𝑆𝑝

𝜀𝐶𝜃
)        (11) 

where DCl is the diffusion coefficient of chloride ions in concrete liquid phase. Substituting 

Eqs.(10) and (11) into (9), it yields, 

𝜕𝐶𝑓

𝜕𝑡
+

𝜕𝑆𝑝

𝜕𝑡
+

𝜕𝑆𝑐

𝜕𝑡
= ∇ [𝜀𝐶𝜃𝐷𝐶𝑙 (

𝐶𝑓

𝐶𝑓+𝑆𝑝
) ∇ (

𝐶𝑓+𝑆𝑝

𝜀𝐶𝜃
) − 𝐶𝑓𝐷𝜃∇𝐶𝜃]        (12) 

 

The mass conservation equations of Eqs.(1), (6), (8) and (12) describe the interaction between 

the transports of chlorides and CO2 in unsaturated concrete (see Fig.2) and can be used to 

determine C, CCO2, SCO2, and Cf if the relationship between the free and bound chlorides, that 

is so-called chloride binding isotherm, is known. Extensive research has been carried out to 

identify the mechanism of chloride binding in concrete in last three decades. However, most of 

the work focused on the concrete that is in a saturated state, for example, 

[39,40,41,42,43,44,45]. Mathematically, the bound chlorides can be divided into physically 

bound chloride and chemically bound chloride. The former is stacked on the pore surface but 

still remains its negative charge and thus is similar to the free chloride except for its immovable 

feature. The latter is due to the chemical reaction between chloride ions and C3A in cement to 

form calcium chloroaluminate, which is sometimes referred to as Friedel’s salt [35,42]. The 

chemical binding of chloride ions in concrete is influenced by temperature, pH, moisture 

content and the type of cement [39,40]. Note that the chemically bound chloride can release 

when carbonation takes place because of its weak stability [46]. Thus one can use the following 

first-order reaction equation to calculate the chemically bound chloride, 

𝜕𝑆𝑐

𝜕𝑡
= 𝑘𝐶𝐿 (1 −

𝑆𝑐

𝑆�̅�𝐿
) 𝐶𝑓        (13) 

where kCL is the constant representing the chemical binding rate of chloride and 𝑆�̅�𝐿  is the 

maximum capacity of chemical binding of chlorides in concrete. To reflect the effect of concrete 

carbonation on the chemical binding capacity, the following equation is assumed for calculating 

𝑆�̅�𝑙 ,   

𝑆�̅�𝐿 = 𝛼2𝐶𝑓
𝛽2𝐶𝑓𝑠

1−𝛽2 (1 −
𝛾𝑆𝐶𝑂2

𝑆�̅�𝑂2
)       (14) 

where 2 and 2 are the experimentally determined dimensionless constants, Cfs is the surface 

concentration of free chloride, and  is the constant reflecting the effect of carbonation on the 

capacity of chemical binding of chlorides. The case of =0 implies that the carbonation has no 

effect on chloride binding; whereas =1 means that a fully carbonated concrete has no chemical 

binding ability. The physically bound chloride is assumed to be an exponent function of free 

chloride, described using Freundlich isotherm [40] and given by Eq.(15), 

𝑆𝑝 = 𝛼3𝐶𝑓
𝛽3𝐶𝑓𝑠

1−𝛽3           (15) 

where 3 and 3 are the experimentally determined dimensionless constants. Substituting 

Eqs.(14) and (15) into (12) and (13), it yields, 
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 (1 + 𝛼3𝛽3𝐶𝑓
𝛽3−1

𝐶𝑓𝑠
1−𝛽3)

𝜕𝐶𝑓

𝜕𝑡
= ∇ [

𝜀𝐶𝜃𝐷𝐶𝑙

1+𝛼3𝐶
𝑓
𝛽3−1

𝐶
𝑓𝑠
1−𝛽3

∇ (
𝐶𝑓+𝛼3𝐶𝑓

𝛽3𝐶𝑓𝑠
1−𝛽3

𝜀𝐶𝜃
) −𝐶𝑓𝐷𝜃∇𝐶𝜃] 

                                                                 −𝑘𝐶𝐿 [1 −
𝑆𝑐

𝛼2𝐶
𝑓
𝛽2𝐶

𝑓𝑠
1−𝛽2(1−

𝛾𝑆𝐶𝑂2
�̅�𝐶𝑂2

)
] 𝐶𝑓        (16) 

𝜕𝑆𝑐

𝜕𝑡
= 𝑘𝐶𝐿 [1 −

𝑆𝑐

𝛼2𝐶
𝑓
𝛽2𝐶

𝑓𝑠
1−𝛽2(1−

𝛾𝑆𝐶𝑂2
�̅�𝐶𝑂2

)
] 𝐶𝑓       (17) 

 

For a given concrete Eqs.(16) and (17) can be used to determine the contents of free chloride 

Cf and chemically bound chloride Sc if the initial and boundary conditions of them are defined. 

After the free chloride content is determined, the physically bound chloride can be calculated 

directly by using Eq.(15), and thus corresponding total chloride content can be evaluated. Note 

that the governing equations (6) and (8) for describing the transport of CO2 involve the degree 

of saturation of concrete; whereas the governing equations (16) and (17) for describing the 

transport of chlorides involve not only the degree of saturation of concrete but also the level of 

carbonation, and thus they are all coupled together and need to be solved simultaneously. 

 

3. Solution of coupled transport equations 

 

The above section describes the coupled transport of moisture, carbon dioxide, and chlorides in 

an unsaturated concrete. It can be seen from the mass conservations of moisture, carbon dioxide, 

and chlorides shown by Eqs.(1), (6), (8), (16) and (17) that, the governing equation for the 

moisture, Eq.(1), can be solved independently; while the governing equations for the carbon 

dioxide and chlorides, Eqs.(6), (8), (16) and (17), have to be solved together as they are coupled 

each other. The partial differentiation equations of Eqs.(1), (6), (8), (16) and (17) can be solved 

numerically using an explicit or an implicit time integration scheme [47,48]. By rewriting 

Eqs.(1), (6), (8), (16), and (17) into the form of matrix, it yields, 

[𝐌]{�̇�} = [𝐊]{𝐂} + {𝐐}                   (18) 

where [M] is the “mass”-type matrix, [K] is the “stiffness”-type matrix, {Q} is the column 

vector representing the source term, {C} is the column vector representing the spatial discrete 

unknowns. From a given vector {C}n at the time step n, one can solve Eq.(18) for the unknown 

vector {C}n+1 at the time step n+1 as follows, 

(
1

∆𝑡
[𝐌] − 𝜃[𝐊]) {𝐂}𝑛+1 = (

1

∆𝑡
[𝐌] + (1 − 𝜃)[𝐊]) {𝐂}𝑛 + {𝐐}𝑛 + 𝜃({𝐐}𝑛+1 − {𝐐}𝑛)

                              (19) 

where t is the time increment and  is a constant. The cases of =0 and =1 represent the 

explicit and implicit schemes, respectively. Considering the nature of nonlinearity and the 

involvement of sink terms in the mass conservation equations, the use of the explicit scheme 

would be more effective, provided that the time increment is chosen to be small enough so that 

the obtained solutions have no oscillation. In the numerical examples presented in the next 

section, Eqs.(1), (6), (8), (16) and (17) are all solved using the explicit scheme in which the 
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derivatives are approximately replaced using finite difference formulas. Fig.3 shows the 

flowchart of the numerical simulation employed in the present study. Note that the moisture 

transport generates a convection of chloride ions. Difficulties may arise when numerically 

solving the convection-diffusion equation where the problem is dominated by the convection 

[49]. To overcome this kind of numerical difficulties, one should use small element size or small 

grid or adaptive scheme to achieve stable and convergent solutions [50].  

 

4. Numerical examples 

 

The first numerical example is the simulation of the water absorption of a mortar specimen of 

size 40×40×20 mm, for which the details of experiments was reported in [51]. The specimen is 

assumed to have an initial saturation of C=0.09 and is immersed into a combined NaOH (1.0 

kg/m3) and KOH (4.65 kg/m3) solution from its one side, while all other sides are sealed. Fig.4 

shows the comparison of the predicted saturation profiles and those measured using gamma-

ray attenuation reported in [51]. In the simulation the constants used in Eq.(2) for the moisture 

diffusivity are assumed as 1=1.4x10-9 m2/s and 1=2.25. The boundary conditions employed 

are assumed as C=1 at x=0 and ∂C/∂x=0 at x=20 mm. It is evident from Fig.4 that there is 

very good agreement between the numerically predicted and experimentally obtained profiles. 

Note that the initial concentrations of ionic species in the mortar specimens were not reported 

in the experiment and thus the osmotic effect is not considered in the present simulation. For 

the case of desorption Fig.5 shows the variation of the degree of saturation in the initially 

saturated mortar (C=1) when subjected to a drying process with 10% saturation from its one 

side (C=0.1 at x=0), while all other sides are sealed (∂C/∂x=0 at x=20 mm). It can be seen 

from the figure that, similar to the saturation process shown in Fig.4, the drying process is also 

very quick initially and then become slow when time increases.  

 

The second example is the simulation of the concrete carbonation of a 50 mm long cylindrical 

concrete specimen when subjected to fast carbonation in a carbonation chamber. The specimen 

simulated has a porosity of =0.22 with the degree of saturation C=0.15, and is exposed to 

50% CO2 concentration on its two end sections, while the cylindrical surface is sealed. In the 

simulation the diffusion coefficient of CO2 in the gaseous phase and the reaction rate constant 

are assumed to be DCO2=7.0x10-10 m2/s and kCO2=8.0x10-4 1/s. The maximum amount of CO2 

that can be consumed during the carbonation is assumed to be 10 times of the CO2 concentration 

on the exposed surface. The initial and boundary conditions used in the simulation are assumed 

as CCO2=SCO2=0 at t=0; CCO2=0.5x1.225x0.85 kg/m3, where 0.5 represents 50% CO2 

concentration, 1.225 in kg/m3 is the density of the 50% CO2 gas applied on the exposed surface, 

and 0.85 is the volume fraction of gaseous phase on the exposed surface, and 

SCO2=𝑆�̅�𝑂2=10CCO2 at x=0, and ∂CCO2/∂x=∂SCO2/∂x=0 at x=25 mm, respectively. Fig.6 shows 

the concentration profiles of CO2 at 2, 8 and 20 days, respectively, obtained by solving Eqs.(6) 

and (8) numerically. For the purpose of comparison, the results reported in literature [52] are 

also superimposed in the figure, where the experimental results were obtained by using 

accelerated carbonation tests of concrete [52,53]. It can be seen from the figure that CO2 moves 

quickly in the beginning but decreases with increased time. The concentration profile of CO2 

can be generally characterised by a linear line from the exposed surface followed by a smooth 
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curve near the carbonation front. This is attributed to the fast consumption of CO2 during the 

carbonation. Fig.7 shows the depth-time curves obtained from the present simulation and the 

published experimental results [52,53]. It is evident from the figure that there is a good 

agreement between the simulation and experimental results. Both of them are very close to the 

theoretical curve of the depth to the square root of time.  

 

The third example is the simulation of the salt ponding tests of chloride diffusion in mortars 

mixed with water-to-cement ratio 0.45 (M45) and cement-to-sand ratio 0.453. In the 

experiments the mortar specimens of cylindrical type sealed on the cylindrical surface and one 

of the two end surfaces were immersed into 3.0% NaCl solution (equivalent to 0.52 mole/l 

chloride concentration). The details of the experiments are reported in ref. [54]. Fig.8 shows the 

comparison of the total chloride profiles at three different exposure times obtained from the 

numerical simulations and experimental tests (M45). In the simulation the porosity, density and 

saturation of the mortar are assumed to be =0.18 (for water-to-cement ratio 0.45), m=2162 

kg/m3, and C=1.0, respectively. The initial and boundary conditions for the free chloride and 

chemically bound chloride are assumed as Cf=Sc=0 at t=0; Cf=0.52x35.45x=3.32 kg/m3, where 

0.52 is the mole/l concentration of chlorides applied on the exposed surface and 35.45 is the 

molar mass of chloride, and Sc=0.569xCf=1.89 kg/m3, where 0.569 is the assumed ratio between 

the chemically bound chloride and free chloride at the exposed surface, at x=0 and 

∂Cf/∂x=∂Sc/∂x=0 at x=50 mm, respectively. The chloride diffusion coefficient in the mortar is 

taken as Dcl=3.15x10-11 m2/s. The parameters used for chloride binding are 2=0.087, 2=0, 

=1.0, 3=1.11, 3=1.0 and kcl=2.5x10-6 1/s. It can be seen from the figure that the predicted 

total chlorides are in good agreement with the experimental data for all three times. If a pure 

diffusion model is used, a time-dependent chloride diffusion coefficient has to be used in order 

to fit the experimental data at different exposure times. Fig.9 shows the profiles of the free 

chloride, physically and chemically bound chlorides at the time of 5-month exposure together 

with the experimentally measured total chloride profile. The figure demonstrates that the 

majority of chlorides transported into the mortar were bound to the solid phase of the mortar, 

indicating that the consideration of chloride binding in cementitious materials is extremely 

important. 

 

The fourth example is the simulation of the site tests of mortars mixed with water-to-cement 

ratio 0.4 and cement-to-sand ratio 0.556. In the tests the mortar specimens of cylindrical type 

sealed on the cylindrical surface and one of the two end surfaces were exposed to the tidal zone 

with a daily drying-wetting-drying cycle of approximately 10-4-10 (hours). The details of the 

experiments are reported in ref. [55]. In the present simulation the porosity and density of the 

mortar are assumed to be =0.15 and m=2240 kg/m3 (for water-to-cement ratio 0.4). The CO2 

concentration in the surrounding air is 5%. The chloride concentration in the surrounding 

seawater is 19.4 g/l (equivalent to 0.547 mole/l chloride concentration). The initial conditions 

used are assumed as C=1.0, CCO2=SCO2=0, and Cf=Sc=0. The boundary conditions at the 

exposed surface (x=0) are assumed as follows, 

𝐶𝜃(𝑡, 0) = 0.6117 + 0.4113 ∑
1

𝑘𝜋
[sin

7𝑘𝜋

6
− sin

5𝑘𝜋

6
]4

1 cos
2𝑘𝜋𝑡

24×60×60
   (20) 

𝐶𝐶𝑂2(𝑡, 0) = 0.05 × 1.225𝜀(1 − 𝐶𝜃)  (kg/m3)     (21) 
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𝜕𝑆𝐶𝑂2(𝑡,0)

𝜕𝑥
= 0           (22) 

𝐶𝑓(𝑡, 0) = 1.3 × 19.4𝜀𝐶𝜃   (kg/m3)       (23) 

𝜕𝑆𝑐(𝑡,0)

𝜕𝑥
= 0           (24) 

where Eq.(20) is a period function of time to represent the daily drying-wetting-drying cycle. 

The pre-factor of 1.3 used in Eq.(23) reflects the effect of accumulation of chloride on the 

exposed surface caused by the drying period. Fig.10 graphically shows the variation of C, CCO2 

and Cf on the exposed surface (x=0) with the time. Note that during the drying period the surface 

saturation of the specimens is assumed to remain around 0.5 because of the high humidity in 

the tidal environment. Zero fluxes for C, CCO2, SCO2, Cf and Sc are assumed at the boundary 

(x=50 mm) where the surface is sealed. Other parametric values used in the simulation are: 

1=5.5x10-10 m2/s, 1=2.25, DCO2=3.5x10-10 m2/s, kCO2=8.0x10-4 1/s, 𝑆�̅�𝑂2=5x1.225 kg/m3, 

DCl=7.5x10-12 m2/s, kCl=2.5x10-5 1/s, 2=0.4, 2=0, 3=0.4, 3=1.0, =1.0. It should be stressed 

here that the surface free chloride concentration varies with time during the drying-wetting-

drying cycles as indicated by Eq.(23). This is due to the variation of the surface saturation since 

Cf is defined as the free chloride in per unit of concrete rather than in per unit of pore solution. 

Fig.11 shows the distribution profiles of the saturation, CO2 and chloride contents in the mortar 

specimens after they have had exposure for one, four and eight weeks. It can be seen from 

Fig.11a that, after eight-week exposure the initially saturated specimen becomes stabilised. The 

subsequent wetting will increase its saturation at a certain degree but will return to the stabilised 

state after the specimen is dried again. This is because the drying period is much longer than 

the wetting period. Fig.11b shows that the process of diffusion of CO2 decreases with the 

increase of time. This is due to the consumption of CO2 during the carbonation. Fig.11c shows 

the profiles of total chlorides. It can be seen from the figure that the total chloride exhibits an 

initial increase from the exposed surface followed by a decrease with increased depth. The peak 

point of the profile is a little bit away from the exposed surface and moves inwards slowly with 

increased time. Fig.11d shows the profiles of the sum of the free and physically bound chlorides. 

The difference between Fig.11c and Fig.11d thus reflects the chemically bound chloride. It can 

be observed from Fig.11d that the variation feature of the chloride profiles with the depth is 

similar to that shown in Fig.11c, except that the overall concentrations shown in Fig.11d are 

slightly smaller than those shown in Fig.11c, reflecting the effect of chemically bound chloride. 

The main reason that the highest chloride concentration in the profile does not occur at the 

exposed surface but is inside the outer surface is due to the combined action of moisture 

convection during the wetting-drying-wetting cycles and the release of chemically bound 

chloride in the carbonation zone. It is noticed that the chloride concentration at the peak point 

increases with the time. For example, the total chloride content (wt % of mortar mass) at the 

peak pint shown in Fig.11c is 0.25 at week 1, 0.30 at week 4, and 0.34 at week 8, whereas the 

total chloride content at the exposed surface for a fully saturated state calculated from the 

boundary condition is about 0.304. Similarly, the sum of free and physically bound chlorides 

(wt % of mortar mass) at the peak pint shown in Fig.11d is 0.17 at week 1, 0.22 at week 4, and 

0.28 at week 8, whereas the sum of free and physically chlorides at the exposed surface for a 

fully saturated state calculated from the boundary condition is about 0.237. This reflects the 

importance of considering moisture convection when modelling chloride transport in 
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unsaturated concrete. Comparing the profiles of CO2 shown in Fig.11b and those of chlorides 

shown in Fig.11c or Fig.11d, one can find that the moisture convection speeds up the transport 

of chlorides but slows down the transport of CO2.  

 

To demonstrate the present model, Fig.12 shows the comparison of the chloride profiles 

obtained from the present simulation and those measured in the site tests. In the site tests the 

chlorides were measured using powder samples to determine their water-soluble chloride 

concentration, which represents the sum of free and physically bound chlorides. It is evident 

from Fig.12 that there is a good agreement between the simulations and experiments. The 

marginal difference between them could be due to the random weather conditions in the testing 

site and the difference of sampling times (e.g. samples were taken during the wetting or drying 

period). Note that in the present model the physically bound chloride is assumed to be linearly 

proportional to the free chloride, thus it is not only the total chloride profile but also the free 

chloride profile that has a maximum concentration at the inner concrete rather than at the 

exposed surface.  

 

To explain the importance of considering chemically bound chloride and the effect of concrete 

carbonation on the evolution of chemically bound chloride, Fig.13 shows the comparisons of 

the free and total chloride profiles obtained from the present model and those obtained from the 

traditional transport model in which the chloride binding is taken into account by using a 

Freundlich isotherm, which is similar to a special case of the present model when both kCL and 

Sc are zero. It can be seen from Fig.13a that the free chlorides in the convection zone given by 

the two models are very close. This is because the chemically bound chloride has been released 

in the convection zone and thus there is almost no difference between the two models. However, 

in the inner diffusion zone behind the peak point, the free chloride predicted by the present 

model is lower than that predicted by the traditional transport model. This is mainly due to the 

effect of chemically bound chloride considered in the present model. However, in terms of the 

total chloride shown in Fig.13b, the concentration predicted by the present model is generally 

higher than that predicted by the traditional transport model. Only exception is in the deep inner 

region near the diffusion front where the concentration predicted by the present model is lower. 

The former is due to the contribution of chemically bound chloride involved in the present 

model; whereas the latter is due to the faster diffusion of chloride when the chemical binding 

of chlorides is ignored in the traditional transport model. The results shown in Fig.13 indicate 

that the convection zone near the exposed surface where the chloride concentration increases 

with the depth is mainly due to the surface drying which reduces the free chloride content in 

per unit volume of concrete and causes the convection and diffusion of chlorides in an opposite 

direction, although the release of chemically bound chloride in the convection zone could also 

affect the chloride concentration at the peak point. 

 

5. Conclusions 

 

This paper has presented a coupled transport model of moisture, carbon dioxide and chloride in 

unsaturated concrete exposed to wetting and drying cycles. The model considers not only the 

diffusion and convection of individual components but also the concrete carbonation, chloride 
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binding and the effect of concrete carbonation on chloride binding capacity. The model has been 

applied to simulate the moisture absorption and desorption of concrete, concrete carbonation in 

partially saturated concrete, chloride transport in saturated and unsaturated concretes when 

subjected to wetting and drying cycles. The model has been validated by using published 

experimental data for various different cases. From the results obtained, the following 

conclusions can be drawn. 

 

 The moisture flow generated during wetting and drying cycles has a great impact on the 

transports of carbon dioxide and chloride in concrete. Thus, it is important to know the 

exact time-dependent condition of the moisture on the exposed surface during the period 

of wetting and drying cycles in order to predict the transport behaviour of moisture, 

carbon dioxide and chloride in concrete. 

 The moisture convection during the wetting and drying cycles generally speeds up the 

transport of chloride from exposed surface to inner concrete but slows down the 

transport of carbon dioxide from exposed surface into inner concrete. This explains why 

the carbonation depth is much thinner than the chloride penetration depth.   

 The present model has demonstrated that, under the combined actions of the moisture 

convection due to wetting and drying cycles and the release of chemically bound 

chloride in carbonation zone the maximum concentration not only in total chloride 

profile but also in free chloride profile occurs at the inner concrete instead of at the 

exposed surface as shown in the immersed tests of chloride diffusion. 

 The chloride concentration at the peak point in either the total chloride profile or the 

free chloride profile increases with the increased number of wetting and drying cycles. 

With the increase of time, the peak value could be greater than the surface chloride value 

in a fully saturated state.  

 To be able to consider the release of bound chloride caused by concrete carbonation, it 

appears necessary to split the bound chloride into the physically and chemically bound 

chlorides. Only chemically bound chloride could be released by carbonation. 
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Fig.1 Scheme representing interaction of chloride (Cl) and carbon dioxide  

(CO2) transport in an unsaturated three-phase concrete. 
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Fig.2. Schematic distribution profiles of free, physically and chemically bound chlorides in (a) 

uncarbonated and (b) partially carbonated concrete. 
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Fig.3 Flowchart of numerical simulation of coupled transport of moisture,  

carbon dioxide, and chloride ions in non-saturated concrete. 
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Input initial and boundary conditions 

for C, CCO2, SCO2, Cf, Sc

Input diffusion coefficients for C, CCO2 and Cf, reaction rates for SCO2
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Solve Eqs.(6) and (8) for CCO2 and SCO2 from time ti to ti+1=ti+dt
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Fig.4 Comparison of simulated and measured saturation profiles during  

water absorption of mortar specimens (test data were from [51]). 

 

Fig.5 Saturation profiles during drying process of initially saturated mortar specimens. 
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Fig.6 Concentration distribution profiles of CO2 at different times for concrete exposed to 

50% CO2 in carbonation chamber (results given by dots are taken from ref. [52]).  

 

Fig.7 Comparison of simulated and measured carbonation depths (test data from ref. [52,53]). 
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Fig.8 Comparison of simulated and measured total chlorides at the times of 2-, 3- and 4-

month exposure (test data from ref. [54]). 

 

Fig.9 Comparison of simulated and measured total chlorides at the time of 5-month exposure 

(test data from ref. [54]). 
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Fig.10 Variation of saturation, CO2 and free chloride on exposed surface of tested specimens. 

 

Fig.11 Concentration profiles of saturation, CO2, and chlorides at different exposure times. 
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Fig.12 Comparison of chloride profiles between simulation and test (test data from ref. [55]). 

 

(a) 
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(b) 

Fig.13 Comparison of chloride profiles between present model and physically bound chloride 

model (Sc=0 and kCL=0). (a) Free chlorides and (b) total chlorides. 


