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Abstract: When serving in the marine environment, reinforced concrete structures are prone to be 

attacked by chloride ingress, which generally co-occurs with varying humidity and temperature 

changes. Therefore, considering the interaction between moisture transport and heat transfer, and 

their individual and coupling effects on chloride transport, this paper presents a novel numerical 

modelling framework for chloride penetration in concrete under different environmental 

conditions. In this framework, a novel thermal conductivity model and temperature-depended 

chloride binding isotherms are also developed, considering the heterogeneous characteristics of 

concrete. The proposed model is validated against a series of experimental data. By assuming the 

cyclic humidity and temperature boundary conditions as trigonometric type, this study further 

discusses the effect of average value, amplitude value and period length of cyclic environmental 

changes on the chloride transport in concrete. The results indicate that variation in humidity and 

temperature averages can alter the peak values of chloride content but have less effect on the 

chloride penetration depth. However, the increased humidity amplitude could significantly 

promote both the peaks and the penetration depths due to intensive chloride convection caused by 

moisture transport. This paper is supposed to provide a better understanding of chloride penetration 

in concrete under a realistic engineering environment. 

Keywords: Concrete; Chloride penetration; Wetting-drying; Temperature; Cyclic boundary 

Revised Manuscript with text Unmarked Click here to view linked References

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www2.cloud.editorialmanager.com/conbuildmat/viewRCResults.aspx?pdf=1&docID=160014&rev=3&fileID=3255460&msid=bb5abba8-6ef3-4258-80df-3787b60fd0eb
https://www2.cloud.editorialmanager.com/conbuildmat/viewRCResults.aspx?pdf=1&docID=160014&rev=3&fileID=3255460&msid=bb5abba8-6ef3-4258-80df-3787b60fd0eb


2 

 

1. Introduction 1 

The chloride-induced corrosion problem is recognised as one of the most deleterious factors 2 

causing durability degradation of reinforced concrete (RC) structures served in marine or offshore 3 

regions. The concentration gradient of chloride between the seawater and the internal pore solution 4 

of concrete will lead to the chloride diffusion in concrete cover and finally result in the structure 5 

damage, e.g., the corrosion of embedded rebars, which plays a vital role in the service life 6 

prediction and durability assessment of concrete structures [1, 2]. Besides, due to the diurnal 7 

temperature differences or seasonal variations and dry-wetting cycles, concrete structures are 8 

always exposed to chloride ingress under varying temperatures and humidities conditions [3, 4]. 9 

Thus, in this condition, the effect of temperature and humidity changes on chloride penetration 10 

should not be ignored, and the investigation of chloride ingress subjected to an unsaturated non-11 

isothermal state is of great significance for both structure design and maintenance [5-9]. 12 

In the past decades, the ingress process of chloride in concrete structures under isothermal and 13 

saturated conditions has been widely studied both experimentally and numerically [10-14]. 14 

However, with the temperature and humidity changes, chloride penetration will be affected by the 15 

moisture and heat transfer and become more complex, and has rarely been investigated [15-18]. 16 

In the past few years, some studies have considered the effect of temperature on the rates of 17 

chloride and moisture transport during wetting-drying cycles [15, 19-22]. However, in their 18 

studies, the environmental temperature was kept constant for simulations, and the coupling 19 

interaction between moisture and heat transfer was not considered. In recent years, a series of 20 

experimental and analytical studies on the interaction between any two of chloride, moisture and 21 

heat transport have been conducted in Refs. [6, 23-26], but the coupled chloride-moisture-heat 22 

transport was not addressed. Additionally, although it has been widely accepted that the rising 23 

temperature can promote both moisture and chloride transport [8, 23, 27, 28], the interaction 24 

between moisture transport and heat transfer has rarely been studied. Unsaturated concrete can be 25 

regarded as a composite consisting of a solid skeleton and water- and gas-filled pore structures 26 

with different thermal conductivities [29, 30]. Therefore, the moisture transport can change the 27 

water content and distribution, affecting the ions' transport channels and the concrete's thermal 28 

conductivity. The heat transfer, in turn, would influence the moisture transport process. Therefore, 29 
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more research is required to explore coupled moisture and heat transfer processes and analyse their 30 

coupling effect on chloride transport under varying humidity and temperature changes. 31 

It is difficult, if not impossible, to experimentally consider different phenomena during 32 

coupled chloride-moisture-heat transport in concrete structures. Therefore, numerical studies 33 

would offer effective tools for estimating the effects of various parameters on such complex 34 

phenomena [23, 31-33]. Because chloride ions may adhere to the cement matric of the pore 35 

structure physically and chemically, which decelerates the chloride transport, the effect of chloride 36 

binding must be considered for chloride transport modelling. At present, it has been reported 37 

experimentally that chloride binding capacity would be altered at different temperatures [34, 35]. 38 

However, how to consider the different chloride binding capacities at varied temperatures in 39 

chloride transport modelling still needs further research. Moreover, realistic engineering 40 

environments are always diverse, where the temperature, relative humidity, and surface chloride 41 

concentrations often experience cyclical variations [36-39]. Although some existing numerical 42 

models were developed to analyse the chloride transport process subjected to wetting-drying 43 

cycles, the temperature variation was always ignored. To the best of the author’s knowledge, the 44 

numerical study on chloride transport in cementitious materials accounting for both cyclically 45 

varied humidity and temperature boundary conditions is still lacking.  46 

In this study, a numerical model was proposed to investigate chloride transport under varying 47 

humidity and temperature changes. Transport properties of concrete, including chloride diffusion 48 

coefficient, moisture diffusion coefficient and thermal conductivity, are determined based on the 49 

heterogeneous characteristics of concrete, which are related to changed humidity and 50 

temperatures. The intrinsic interaction of moisture transport and heat transfer, as well as their 51 

individual and coupling effects on the chloride ingress, are comprehensively analysed and 52 

discussed. The chloride distributions, including free and bound chlorides, in cementitious materials 53 

under various environmental conditions are predicted and validated with experimental data from 54 

the literature. In addition, the effects of the average value, amplitude value and period length of 55 

cyclic environmental humidity and temperature changes on the chloride transport process in 56 

concrete are discussed quantitatively. 57 

 58 
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2. Model setup 59 

To model the coupled processes of chloride transport, moisture and heat transfer, two 60 

procedures will be carried out in this section, as shown in Fig. 1. Firstly, coupled moisture and 61 

heat transfer, as well as their interaction relationship, will be analysed in Section 2.1. Then, 62 

considering the individual effect of moisture and heat transfer and their coupled effect on chloride 63 

penetration, the chloride transport process under varying humidity and temperature changes will 64 

be modelled in Section 2.2. 65 

 66 
Fig. 1 Illustration of individual and coupled transport processes. 67 

2.1 Coupled moisture and heat transfer 68 

2.1.1 Governing equation 69 

Moisture serves as the transport medium for chloride ions. In unsaturated concrete, moisture 70 

transport in both gaseous and liquid water states, which are driven by the vapour pressure 71 

difference and capillary pressure differences, respectively. The moisture flux 𝐽 is proportional to 72 

the gradient of pore pressure or pore relative humidity, as: 73 

𝐽 = −(𝐾𝑙∇𝑃𝑐 + 𝐾𝑣∇𝑃𝑣) = − (𝐾𝑙
𝜕𝑃𝑐
𝜕ℎ

+ 𝐾𝑣
𝜕𝑃𝑣
𝜕ℎ
)∇ℎ (1) 74 

Where h is the relative humidity, 𝑃𝑐  is the capillary pressure of liquid water, 𝑃𝑣  is the vapor 75 

pressure. Parameters 𝐾𝑙 and 𝐾𝑣 refer to the permeability of the liquid and vapour, respectively. 76 

Thus, the mass balance equation can be derived as follows [15, 40, 41]: 77 

𝜕𝑆

𝜕𝑡
=
𝜕ℎ

𝜕𝑡

𝜕𝑆

𝜕ℎ
= −∇𝐽 = ∇(𝐾𝑙

𝜕𝑃𝑐
𝜕ℎ

+ 𝐾𝑣
𝜕𝑃𝑣
𝜕ℎ
)∇ℎ (2) 78 

where 𝑆  is saturation degree. Then, the transport of moisture can be described by introducing 79 

moisture diffusion coefficient, as [19, 42]: 80 

𝜕ℎ

𝜕𝑡
= ∇(𝐷𝑙 + 𝐷𝑣)

𝜕ℎ

𝜕𝑆
∇ℎ = ∇𝐷ℎ∇ℎ (3) 81 
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where 𝐷ℎ , 𝐷𝑙  and 𝐷𝑣  refer to moisture, liquid phase and vapour phase diffusion coefficient, 82 

respectively (m2/s). 𝜕𝑆 𝜕ℎ⁄  is the moisture capacity which represents the slope of water sorption 83 

isotherms. For the water wetting process, a relationship between water saturation (𝑆𝑤) and relative 84 

humidity can be written as [43, 44]: 85 

𝑆𝑤 = 1 − exp [
𝑚𝑤 𝑐⁄ − 1

1.4 ln (
1
ℎ
)
] (4) 86 

where 𝑚𝑤 𝑐⁄  is the water to cement ratio. During the drying process, the water isotherm curve is 87 

always higher than the corresponding wetting curve because that water can be trapped in larger 88 

pores when connected to smaller pores [24]. Thus, the relationship between water saturation (𝑆𝑑) 89 

and relative humidity during the drying process can be described as [45]: 90 

𝑆𝑑 = 𝑆𝑤 + 𝑆𝑡𝑟𝑎𝑝 = 𝑆𝑤(1 − ln 𝑆𝑤) (5) 91 

Considering the moisture capacities for drying and wetting processes are different, the moisture 92 

diffusion coefficients should be assigned to the drying and wetting processes respectively as 93 

follows [15, 46]: 94 

𝐷ℎ =

{
 
 

 
 
𝐷𝑑
0 [𝛼 +

1 − 𝛼

1 + (
1 − ℎ
1 − ℎ𝑐

)
𝑛1
] drying

𝐷𝑤
0 exp(𝑛2ℎ) wetting

(6) 95 

where 𝐷𝑑
0  and 𝐷𝑤

0   are the moisture diffusion coefficient of concrete at dry and saturated state, 96 

respectively, 𝛼 is the ratio of minimum 𝐷ℎ to 𝐷𝑑
0, ℎ𝑐 is the relative humidity when 𝐷ℎ = 𝐷𝑑

0 2⁄ , 𝑛1 97 

and 𝑛2 refer to the parameters that characterise the spread of drop and rise in moisture diffusion 98 

coefficients. Here, 𝛼 = 0.025, ℎ𝑐 = 0.8, 𝑛1 = 𝑛2 = 6  are assumed according to the [46]. 99 

Considering moisture and heat transfer are coupled together in the present study, Eq. (6) should 100 

be modified by taking into account the influenced of temperature, as [23, 47]: 101 

𝐷ℎ =

{
  
 

  
 
𝐷𝑑
0 [𝛼 +

1 − 𝛼

1 + (
1 − ℎ
1 − ℎ𝑐

)
𝑛1
] exp [

U

R
(
1

𝑇𝑟𝑒𝑓
−
1

𝑇
)] drying

𝐷𝑤
0 exp(𝑛2ℎ) exp [

U

R
(
1

𝑇𝑟𝑒𝑓
−
1

𝑇
)] wetting

(7) 102 

where U  is the activation energy of the diffusion process (35000 J ∙ mol ), R  is the gas constant 103 

(8.14 J ∙ mol−1 ∙ 𝐾−1), 𝑇 is the temperature (K) and 𝑇𝑟𝑒𝑓 is the reference temperature (296K). 104 
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The governing equation of heat transfer in unsaturated concrete, excluding convection 105 

phenomena, can be expressed as [48, 49]: 106 

𝜌𝑐(𝑆)
𝜕𝑇

𝜕𝑡
= ∇

𝜆𝑐(𝑆)

𝐶𝑐(𝑆)
∇𝑇 (8) 107 

where 𝜆𝑐 and 𝐶𝑐 are thermal conductivity (W/m/K) and thermal capacity (J/m3/K) of concrete, 108 

respectively and 𝐶𝑐  equals to the product of specific heat capacity ( 𝑐, J/kg/K ) and density 109 

(𝜌, kg/m3) of the material. It is important to note that the heat released and absorbed during the 110 

condensation and evaporation of moisture is not considered in the present study, as the focus is on 111 

the overall moisture diffusion process. Considering the effect of moisture transport on heat transfer, 112 

unsaturated concrete should be regarded as a multi-phase-composite consisting of solid, liquid and 113 

gaseous phases, which own different thermal conductivities, specific capacities and densities [50]. 114 

To determine the thermal conductivity of unsaturated concrete, an analytical model will be 115 

introduced next.  116 

2.1.2 Thermal conductivity model of unsaturated concrete 117 

Due to the heterogeneous nature of concrete, different components of concrete correspond to 118 

different thermal conductivities [51]. Therefore, this section will take several steps to calculate the 119 

thermal conductivity of unsaturated concrete, as shown in Fig. 2. 120 

 121 

Fig.2 Steps to calculate the thermal conductivity of unsaturated concrete 122 

Firstly, at step 1, by treating gas phase pores as the dispersed phase, the effective thermal 123 

conductivity of cement mortar with gas phases can be obtained by Maxwell’s model, which is a 124 

kind of theoretical model to calculate the effective thermal conductivity of two-phase composite, 125 

as follows [48, 52]: 126 
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𝜆ec = 𝜆cm

2𝜆cm + 𝜆gp − 2(𝜆cm − 𝜆gp)
𝑣gp

𝑣gp + 𝑣cm

2𝜆cm + 𝜆gp + (𝜆cm − 𝜆gp)
𝑣gp

𝑣gp + 𝑣cm

(9) 127 

where 𝜆ec, 𝜆cm and 𝜆gp are the effective thermal conductivity of cement mortar with gas phases, 128 

solid phase of cement mortar and gas phase pores, respectively. 𝑣gp and 𝑣cm are volume fraction 129 

of gas phase pores and solid phase of cement mortar. 130 

Then, at step 2, unsaturated cement mortar can be considered to be a two-phase composite, 131 

which regards liquid phase pores (dispersed phase) are randomly dispersed within cement mortar 132 

with gas phase pores (continuous phase, which thermal conductivity has been calculated at step 1). 133 

Similarly, the effective thermal conductivity of unsaturated cement mortar can be obtained by 134 

Maxwell’s model as [53]: 135 

𝜆um = 𝜆ec

2𝜆ec + 𝜆lp − 2(𝜆ec − 𝜆lp)
𝑣lp

𝑣gp + 𝑣cm + 𝑣lp

2𝜆ec + 𝜆lp + (𝜆ec − 𝜆lp)
𝑣lp

𝑣gp + 𝑣cm + 𝑣lp

(10) 136 

where 𝜆um and 𝜆lp are the effective thermal conductivity of unsaturated mortar and liquid phase 137 

pores, respectively. 𝑣lp is the volume fraction of liquid phase pores in concrete, 𝑣lp = 𝑆𝜙𝑐; 𝜙𝑐  is 138 

the porosity of concrete.  139 

Finally, at step 3, assuming that coarse aggregates (dispersed phase) are randomly dispersed 140 

in the unsaturated cement mortar (continuous phase). The effective thermal conductivity of 141 

unsaturated concrete can also be calculated still by adopting Maxwell’s model as: 142 

𝜆uc = 𝜆um
2𝜆um + 𝜆a − 2(𝜆um − 𝜆a)𝑣𝑎
2𝜆um + 𝜆a + (𝜆um − 𝜆a)𝑣𝑎

(11) 143 

where 𝜆uc  and 𝜆lp  are the effective thermal conductivity of unsaturated concrete and coarse 144 

aggregates, respectively. However, it was reported that interfacial resistance would occur between 145 

cement mortar and coarse aggregate, and affect the heat transfer. In this case, the effective thermal 146 

conductivity of unsaturated concrete should be determined considering interfacial resistance by 147 

using Hasselman-Johnson’s model [54]: 148 

𝜆uc = 𝜆um
2𝜆um + 𝜆a(1 + 𝛽) − 2[𝜆um − 𝜆a(1 − 𝛽)]𝑣𝑎
2𝜆um + 𝜆a(1 + 𝛽) + [𝜆um − 𝜆a(1 − 𝛽)]𝑣𝑎

(12) 149 

where 𝛽 is the interfacial thermal resistance coefficient, depending on the saturation degree of 150 

concrete, as [52]: 151 
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𝛽 = 0.6369 ∙ 𝑆3 − 1.0338 ∙ 𝑆2 + 0.1728 ∙ 𝑆 + 0.2235 (13) 152 

In unsaturated concrete, thermal conductivity can also be calculated based on the volume 153 

proportions of solid, liquid and gas phases, as [47]: 154 

𝐶𝑐(𝑆) = (1 − ∅c − 𝑣𝑎)𝜌cm𝑐cm + ∅c𝑆𝜌lp𝑐lp + ∅c(1 − 𝑆)𝜌gp𝑐gp + 𝑣𝑎𝜌𝑎𝑐𝑎 (14) 155 

where 𝑐cm 𝜌cm, 𝑐lp 𝜌lp,  𝑐gp 𝜌gp and 𝑐𝑎 𝜌𝑎 are the specific heat capacity and density of cement 156 

mortar, liquid phases, gaseous phases and coarse aggregates, respectively. In the present study, the 157 

parameters entered to calculate the thermal conductivity of unsaturated concrete are listed in Table 158 

1. It is important to note that the heat capacities and densities of different phases will also change 159 

with temperature. However, given that the change is small, it is ignored in the present thermal 160 

conductivity model [50]. The validation of the proposed thermal conductivity model and the 161 

coupled moisture and heat transfer model will be carried out in Section 3.1.  162 

Table 1 Physical characteristics of solid, liquid and gaseous phases at 293K [48, 50, 52]  163 

Component 𝜆 (W/m/K) 𝜌 (kg/m3) 𝑐 (J/kg/K) 

Cement mortar 1.78 2941.4 920 

Gas phase pores 0.0267 1.225 1006.43 

Water phase pores 0.58 998.2 4182 

Coarse aggregates 2.55 2733 820 

2.2 Chloride transport under varying humidity and temperature changes 164 

2.2.1 Governing equation 165 

Chloride transport in concrete can be regarded as coupling servals basic transport mechanisms, 166 

such as diffusion, migration, adsorption and pressure-induced flow [31, 55]. In unsaturated 167 

concrete with no applied electric field, chloride transport mainly depends on chloride diffusion 168 

caused by the ionic concentration gradient and chloride convection caused by moisture transport 169 

[6, 56]. The flux of chloride ions 𝐽𝑐𝑙 in an unsaturated concrete can be expressed as [57, 58]: 170 

𝐽𝑐𝑙 = 𝐽diff + 𝐽conv = −𝐷𝑐𝑙(𝑆)∇𝐶𝑐𝑙 − 𝐷ℎ𝐶𝑐𝑙∇ℎ (15) 171 

where 𝐽diff and 𝐽conv are the chloride flux related to chloride diffusion and chloride convection 172 

(mol/m2/s), respectively, 𝐶𝑐𝑙  is the total chloride concentration (mol/m3), 𝐷𝑐𝑙(𝑆)  is the chloride 173 

diffusion coefficient (m2/s), which is strongly related to water saturation. In the present study, 174 

𝐷𝑐𝑙(𝑆) is assumed as 𝐷c ∙ 𝑆
𝑟, in which 𝐷c is the chloride diffusion coefficient of saturated concrete 175 

and 𝑟 = 1 is parameter [59, 60]. Some empirical or theoretical equations have been developed to 176 
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determine the chloride diffusivity of saturated cement paste. This work adopts the equation 177 

proposed by Zheng and Zhou [61] which is derived based on the generalized effective medium 178 

theory, as: 179 

𝐷cp =
2𝜙cp

2.75𝐷0

𝜙cp
1.75(1 − 𝜙cp) + 14.44(1 − 𝜙cp)

2.75
(16) 180 

where 𝐷cp  is the chloride diffusion coefficient of saturated cement paste, 𝐷0  represents the 181 

chloride diffusion coefficient in pore solution (2.03 × 10−9), ∅cp is the porosity of the cement 182 

paste. However, in concrete, the presence of aggregates will increase the effective length travel by 183 

a flux. Therefore, by adopting Cidiac and Shafikhani formulation for tortuosity factor (𝑓𝜏), the 184 

chloride diffusion coefficient of concrete should be modified as [62]:  185 

𝐷c = 𝐷cp𝑓𝜏 = 𝐷cp
3(1 − 𝑣𝑎)

2

3 − 𝑣𝑎
(17) 186 

Moreover, during chloride transport, some ions react with hydration products to produce 187 

Friedel’s salt, and some are adsorbed on the surface of hydrated calcium silicate or closed between 188 

the layers of C-S-H, which decelerates the chloride transport. Therefore, the effect of chloride 189 

binding must be considered during the chloride transport modelling [34, 63]. The relationship 190 

between total, bound (𝐶𝑏) and free (𝐶𝑓) chloride concentration can be expressed as [33, 64, 65]: 191 

𝐶𝑐𝑙 = 𝐶𝑏 + 𝑆𝐶𝑓 (18) 192 

Appling Eq. (15 , 18 ) into mass conversation equation and considering only free chloride can 193 

transport, the governing equation of chloride transport can be written as: 194 

𝜕𝐶𝑐𝑙
𝜕𝑡

= (
𝜕𝐶𝑏
𝜕𝐶𝑓

+ 𝑆)
𝜕𝐶𝑓

𝜕𝑡
= ∇(𝐷c𝑆∇𝐶𝑓 + 𝐷ℎ𝐶𝑓∇ℎ) (19) 195 

By defining 
𝜕𝐶𝑏

𝜕𝐶𝑓
 as 𝛾, it yields: 196 

𝜕𝐶𝑓

𝜕𝑡
= ∇

1

𝑆 + 𝛾
(𝐷c𝑆∇𝐶𝑓 + 𝐷ℎ𝐶𝑓∇ℎ) (20) 197 

Under varying humidity and temperature changes, the movement of chloride ions and the 198 

amount of bound chloride ions can be affected by temperature. Therefore, at different temperatures, 199 

Eq. (20) should be modified by taking into account the influence of temperature as [49, 66, 67]: 200 

𝜕𝐶𝑓

𝜕𝑡
= ∇

1

𝑆 + 𝛾(𝑇)
(𝐷0𝑆𝑓𝑇(𝑇)∇𝐶𝑓 + 𝐷ℎ𝐶𝑓𝑓𝑇(𝑇)∇ℎ) (21) 201 
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𝑓𝑇(𝑇) = exp [
U

R
(
1

𝑇𝑟𝑒𝑓
−
1

𝑇
)] (22) 202 

The relationship between bound and free chloride concentration at changed temperatures is 203 

still challenging to determine directly. Thus, the present study will propose an empirical binding 204 

isotherm by fitting experimental data, as illustrated in the next section.  205 

2.2.2 temperature-dependent chloride binding isotherm 206 

For Ordinary Portland Cement (OPC)-based materials, to describe the chloride binding 207 

capacity, the linear, Langmuir and Freundlich binding isotherms are often described as follows [12, 208 

68]: 209 

𝐶𝑏 = Α𝐶𝑓 (23) 210 

𝐶𝑏 =
Α𝐶𝑓

1 + 𝐵𝐶𝑓
(24) 211 

𝐶𝑏 = Α𝐶𝑓
𝐵 (25) 212 

where 𝐴 and 𝐵 are binding parameters.  213 

Here, the measured bound chloride concentration under different temperatures and different 214 

free chloride concentrations by Dousti and Shekarchi [69], and Panesar et al. [35] are collected, as 215 

shown in Fig. 3. In Dousti and Shekarchi’s work, ASTM Type II OPC was used, with 𝑚𝑤 𝑐⁄  of 0.4. 216 

NaCl solution of four initial concentrations, 0.1, 0.5, 1 and 3 mol/L were tested. In Panesar et al.’s 217 

work, Type I OPC with 𝑚𝑤 𝑐⁄  of 0.3 was adopted, and NaCl solution of five initial concentrations, 218 

0.1, 0.5, 0.75, 1, and 3 mol/L were used.  219 
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Fig. 3 Measured bound chloride concentration exposed to different temperatures. 221 
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It can be seen from Fig. 3 that the linear binding isotherm was too simple to describe the non-222 

linear binding capacity accurately. Therefore, Langmuir and Freundlich isotherms are used in this 223 

section to fit the measured data. Table 2 summarises the fitted binding parameters (𝐴 and 𝐵) at 224 

different temperature. It can be seen that Freundlich isotherm provides a better fitting accuracy. To 225 

obtain a general relationship that describes the influence of temperature on chloride binding, the 226 

parameters A and B are considered temperature-dependent and expressed as a polynomial function 227 

of temperature, as follows: 228 

𝐴 = 𝑎1𝑇𝐶
2 + 𝑏1𝑇𝐶 + 𝑐1 (26) 229 

𝐵 = 𝑎2𝑇𝐶
2 + 𝑏2𝑇𝐶 + 𝑐2 (27) 230 

Fig. 4 shows the parameters A and B against exposure temperature for all samples. 𝑇𝐶 denotes 231 

temperature in degree Celsius. The fitted equations are also shown in the figures. The fitted results 232 

indicate a non-linear relationship between temperature and the chloride binding capacity. This may 233 

relate to the fact that while increased temperature can enhance the chemical binding due to an 234 

increased reaction rate, the physical binding of chloride will be hindered due to the higher thermal 235 

vibration of chloride ions [69]. In section 3.2, the coupled chloride transport, moisture, and heat 236 

transfer model will be validated by comparing it with a series of experimental data, including non-237 

isothermal chloride transport, chloride transport subjected to drying-wetting cycles and chloride 238 

transport under varying humidity and temperature changes.  239 

Table 2 Fitted binding parameters by using Langmuir and Freundlich isotherms  240 

T 
Langmuir Freundlich 

Ref. 
𝐴(10-1) 𝐵(10-1) 𝑅2 𝐴(10-2) 𝐵(10-1) 𝑅2 

-4 1.54 10.45 0.9820 6.87 4.57 0.9917 

[69] 

3 1.23 9.81 0.9416 6.02 4.62 0.9907 

22 1.53 9.76 0.9694 7.02 4.63 0.9966 

35 1.22 9.84 0.9333 5.68 4.54 0.9969 

50 0.897 6.69 0.9855 4.99 5.39 0.9957 

70 0.522 3.47 0.9985 3.67 6.75 0.9958 

-3 2.05 11.69 0.9639 8.56 4.71 0.9099 

[35] 
5 15.9 200.3 0.9550 7.99 2.14 0.9880 

13 1.44 17.3 0.8810 8.55 2.53 0.9866 

22 3.37 13.9 0.8971 13.1 3.91 0.9897 
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 241 

Fig. 4 Relationship between temperature and binding parameters (a) A, (b) B. 242 

3. Model validation 243 

To validate the proposed model of chloride transport in concrete structures under varying 244 

humidity and temperature changes, this section will compare the modelled results with a series of 245 

published experimental data. Corresponding to the model setup illustrated in section 2, the 246 

validation will be done through two sections. Firstly, the thermal conductivity model and coupled 247 

moisture and heat transfer model will be validated in section 3.1. Then, the modelling of chloride 248 

transport under different environmental conditions will be validated in section 3.2. Since the lateral 249 

surfaces of the specimens in the adopted experiments were sealed, the transport processes in 250 

concrete can be considered one-dimensional and, therefore, will be modelled in one dimension in 251 

this section. Details of experiments will be illustrated in the later sections. The effect of aggregates 252 

on chloride transport, moisture and heat transfer process are considered through transport 253 

parameters. Parameters used in the proposed model are concluded in Appendix Table A. 254 

3.1 Coupled moisture and heat transfer 255 

3.1.1 Thermal conductivity 256 

To validate the proposed thermal conductivity model, the predicted thermal conductivities of 257 

OPC-based concrete with different volume fractions of aggregates, saturation degrees and 𝑚𝑤/𝑐 258 

are compared with experimentally measured results from Zhang et al.’s work [52]. In the 259 

experiment, OPC with a density of 3097 kg/m3 was used. Crushed limestone and natural river sand 260 

were used as coarse and fine aggregates, with densities of 2733 kg/m3 and 2639kg/m3, respectively. 261 

Thermal conductivities of dry concrete were measured by means of guarded hot plate apparatus 262 

[70], while thermal conductivities of unsaturated concrete were measured by means of a transient 263 
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plane source [71]. Specimens with different volume fractions of aggregates, saturation degree and 264 

𝑚𝑤/𝑐  were all sized at 250 × 250 × 50mm . Before measuring thermal conductivity, all 265 

specimens were kept in a saturated curing room at 20 ± 2℃ and 95% relative humidity for 28 days. 266 

Based on the mix proportions, the comparison of modelled and measured results of thermal 267 

conductivities is shown in Fig. 5.   268 
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Fig. 5 Comparison of modelled and measured thermal conductivities of concrete with (a) different 270 

volume fractions of aggregates, (b) saturation degree and (c) water to cement ratio.  271 

Notice: M presents using Maxell’s model in the 3rd step of the model; HJ presents using Hasselman-Johnson’s 272 

model 273 

The results indicate Maxell’s model would overestimate the thermal conductivities of 274 

concrete due to the ignorance of interfacial resistance between cement mortar and coarse aggregate. 275 

On the contrary, the predicted thermal conductivities using Hasselman-Johnson’s model in the 3rd 276 

step of the model can obtain reliable results. Because coarse aggregate has a greater conductivity 277 

than cement mortar, the thermal conductivity of concrete in a dry state will also increase with the 278 

increasing volume fraction of coarse aggregates, as shown in Fig. 5(a). In the same way, due to 279 

the thermal conductivity of water being much higher than air, the thermal conductivity of concrete 280 

increases with the increasing saturation degree, as shown in Fig. 5(b). In addition, considering that 281 

the porosity (air volume) of concrete increases with the increasing water to cement ratio, thus 282 

concrete in a dry state has a decreasing thermal conductivity trend with the increasing water to 283 

cement ratio, as shown in Fig. 5(c). 284 

3.1.2 Moisture and temperature variation 285 

Experimental work done by Wang and Xi [72] is used in this section to validate the coupled 286 

moisture and heat transfer in concrete. In their experiment, Ordinary type I Portland cement was 287 

used. The samples were prepared with a water to cement ratio of 0.6 and a gravel to cement ratio 288 
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of 2.9. After demoulding, cylindrical specimens (6 inch×12inch) were cured at 20 °C and 100% 289 

relative humidity for 28 days and then kept in the ambient environment to reach the initial 290 

conditions with 20 °C and 50% relative humidity. In their experiments, the lateral surfaces and 291 

bottom side were sealed by several layers, including silicone, foam isolation and cable ties to avoid 292 

exchanges of heat and moisture with the environment. Only the top surface was placed in a 293 

container filled with distilled water and heated by an electric heater. The boundary and initial 294 

conditions are given in Table 3. The change of temperature and relative humidity inside the sample 295 

at the position 63.5 mm from the top was measured by the inserted sensors. 296 

Table 3 Boundary and initial conditions of different field variables in concrete [72] 297 

Field variables 
Initial conditions Boundary conditions 

ℎ0 𝑇0(K) ℎs 𝑇s(K) 

Condition 1 50% 293 100% 313 

Condition 2 50% 293 100% 333 

Notice: ℎ0 and 𝑇0 are the initial relative humidity and temperature, respectively. ℎs and 𝑇𝑠 are the boundary 298 

relative humidity and temperature, respectively.  299 

Fig. 6 compares the modelled and measured variation of relative humidity and temperature 300 

over time at different conditions. The modelled results with and without considering the interaction 301 

between moisture and heat transfer are also compared. As shown in Figs. 6 (a-1) and (a-2), the 302 

moisture transport is significantly accelerated by the increased environmental temperature, and the 303 

influence is obvious at the beginning of the transport process. This is related to the rapid 304 

temperature growth in the first two days, as shown in Figs. 6 (b-1) and (b-2). After three days, the 305 

temperature change is relatively small, and the impact on moisture transport is limited. If the 306 

interaction between moisture and heat transfer is ignored, which means that thermal conductivity 307 

remains constant at different saturation degrees and moisture diffusion coefficient does not change 308 

with temperature, the predicted relative humidity and temperature will be underestimated, as 309 

shown in Fig. 6. This is because that the elevated temperature can promote the moisture transport 310 

and the increased water saturation will also accelerate the heat transfer. The predicted results also 311 

indicate that considering the interaction relationship for modelling moisture and heat transfer 312 

processes is important. 313 
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 315 

Fig. 6 Comparison of predicted and measured results after exposure to different environmental conditions 316 

(a-1) relative humidity variation in condition 1, (a-2) relative humidity variation in condition 2; 317 

(b-1) temperature variation in condition 1 (b-2) temperature variation in condition 2. 318 

3.2 Chloride transport under different environments 319 

3.2.1 Under the non-isothermal condition 320 

The chloride ingress tests done by Samson and Marchand [49] are used in this section to 321 

validate the modelled chloride transport process under non-isothermal conditions. In the 322 

experiment, the hydrated cement paste was prepared with an ordinary Canadian Type 10 Portland 323 

cement with water to cement ratio of 0.6. The lateral surface of the cylindrical specimens (diameter 324 

10 cm, length 50 mm) was coated with silicon gel. The chloride immersion tests were conducted 325 

on saturated cement paste exposed to 0.5 mol/L NaCl solution. The initial temperature of 50-mm 326 

specimens was kept at 23 ℃, and the immersion test lasted 100 days at 4, 23 and 38 ℃, respectively. 327 

Fig. 7 compares modelled and measured chloride concentration distribution at different immersion 328 

temperatures. 329 
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 330 

Fig. 7 Comparison of modelled and measured chloride content after 100 days exposure at temperature (a) 331 

4 ℃, (b) 23 ℃ and (c) 38 ℃. 332 

The results show a good correlation between the modelled and measured results, and the 333 

increased temperature will promote the chloride transport process. The predicted chloride 334 

distribution by keeping the constant temperature of 23 ℃ will overestimate the chloride content at 335 

4 ℃ and underestimate the chloride content at 38 ℃, demonstrating the importance of considering 336 

the effect of temperature during chloride transport modelling.  337 

3.2.2 Subjected to drying-wetting cycles 338 

This section will validate the modelling of coupled chloride and moisture transport processes 339 

while keeping the environmental temperature constant. The chloride transport process in cement 340 

mortars exposed to alternate drying-wetting cycles tested by Iqbal and Ishida [60] is chosen to 341 

compare with modelled results. In the experiment, all specimens were prepared by OPC with water 342 

to cement ratio of 0.5 and sand to cement ratio of 2.25. Specimens consist of cylinders 50 mm in 343 

diameter and 100 mm in height. After curing at 20 °C for 28 days, all the specimens were sealed 344 

with one face exposed. Then, all the specimens were placed inside an environment control chamber 345 

with 60 % relative humidity and 20 °C temperature for 30 days before drying-wetting tests. As 346 

shown in Fig. 8, three wetting-to-drying exposure cycles (W/D) were designed weekly to represent 347 

the different tidal levels in the marine environment. 348 

 349 

Fig. 8 Weekly exposure cycle for alternate wetting and drying experiment. 350 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



17 

 

After exposing to 6% NaCl solution by mass for 1, 7 and 12 months, the chloride 351 

concentration distribution was determined by the slicing method. For the wetting process, Dirichlet 352 

boundary conditions with 𝐶𝑐𝑙 = 6% by mass and ℎ = 100 % are applied to chloride and moisture 353 

transport modelling, respectively. On the contrary, the Dirichlet boundary condition with h 60 % 354 

is applied to moisture transport for the drying process modelling, while the no-flux boundary 355 

condition should be used for chloride transport modelling. The comparison of modelled and 356 

measured chloride distribution is shown in Fig. 9, and good agreements between the two sets of 357 

data can be found. It is obvious that the more the number of W/D cycles, the deeper chlorides can 358 

penetrate. Due to the cyclic W/D processes, the convection process caused by moisture transport 359 

will lead to a significant accumulation of chloride content at the area close to the exposure surface 360 

for a long-term period. The chloride distribution profiles obtained by considering combined 361 

diffusion and convection processes in Fig. 9 are obviously different from those shown in Fig. 7, 362 

which indicates the importance of considering the effect of moisture transport on chloride 363 

penetration under varying relative humidity changes. It can also be found that the increasing 364 

wetting time will lead to higher peak values in the chloride contents. However, the penetration 365 

depth of chloride ions is generally constant regardless of different W/D conditions. 366 
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 367 

Fig. 9 Comparison of modelled and measured total chloride content during wetting-drying cycles for  368 

(a) 1 h wetting, (b) 9 h wetting, (c) 33 h wetting 369 

3.2.3 Under cyclic humidity and temperature changes 370 

After validating the couple moisture-heat transfer in section 3.1.2, couple heat-chloride 371 

transport in section 3.2.1 and coupled moisture-chloride transport in section 3.2.2, respectively, 372 

this section will validate the modelling of chloride transport under varying humidity and 373 

temperature changes. Herein, the experimental work done by Sun et al. [73] is used. In their 374 

research, concretes were prepared with OPC 42.5, water to cement ratio of 0.4, gravel to cement 375 
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ratio of 3 and sand to cement ratio of 1.66. The sizes of concrete specimens were set as 100mm ×376 

100mm × 100mm. After being demoulded at 24 h, the specimens were cured at 20 °C and 90 % 377 

relative humidity for 27 days. The surface of the specimens for the tests was sealed by epoxy 378 

except for one lateral surface. During wetting, specimens will be immersed in 3.5% NaCl solution 379 

at 23 °C. Then, the specimens will be dried in an oven at 50 °C. The W/D ratio was set as 1:2.5, 380 

and each cycle lasted 3.5 days. The whole experiment lasted 140 days.  381 

The comparison of modelled and measured results is shown in Fig. 10 . To further 382 

demonstrate the significant influences of environmental variations on chloride penetration, the 383 

chloride distributions under assumed environmental conditions (as listed in Table 4 ) are also 384 

modelled here. It can be seen that the predicted chloride content, considering cyclical relative 385 

humidity and temperatures (condition 1), shows a good agreement with measured results. On the 386 

contrary, if chloride binding is ignored (condition 2), the chloride content will be overestimated. 387 

Besides, when ignoring the effect of moisture transport on chloride penetration (condition 3), the 388 

chloride content will be significantly underestimated due to the absence of the convection process. 389 

In addition, when temperature remains constant (condition 4), the chloride content will be 390 

overestimated in the area near the surface and underestimated in the region away from the surface. 391 

This is because the average temperature 42 °C in condition 3 will accelerate the convective process 392 

in the wetting process. Overall, from sections 3.1 to 3.2, the series of comparisons on modelled 393 

and measured results well demonstrates the effectiveness of the proposed method in terms of 394 

modelling the chloride transport under varying humidity and temperature changes. 395 

 396 

Table 4 Different environmental conditions used in the model 397 

 Environmental conditions 

Condition 1 Relative humidity and temperature change cyclically, with chloride binding 

Condition 2 Relative humidity and temperature change cyclically, without chloride binding 

Condition 3 Relative humidity remains constant at 100%, and temperature changes cyclically 

Condition 4 Relative humidity changes cyclically, temperature remains constant at an average of 42 °C 
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 398 
Fig. 10 Comparison of modelled and measured total chloride content under cyclic humidity and 399 

temperature changes 400 

4. Discussion 401 

Under marine or offshore environments, concrete structures are exposed to cyclic wetting-402 

drying cycles due to tidal or water splash, and ambient temperature also shows cyclical changes 403 

throughout the day or over time. Therefore, to better study the cyclic environmental conditions on 404 

chloride transport, boundary conditions of moisture and heat transfer are assumed as trigonometric 405 

function (Eqs. (28, 29)), with average ℎ𝑎 and 𝑇𝑎, amplitude ℎ𝑚 and 𝑇𝑚, as well as period ℎ𝑝 and 406 

𝑇𝑝, accordingly. 407 

ℎ𝑠(𝑡) = ℎ𝑎 + ℎ𝑚 sin (2𝜋
𝑡 − ℎ𝑝 4⁄

ℎ𝑝
) (28) 408 

𝑇𝑠(𝑡) = 𝑇𝑎 + 𝑇𝑚 sin (2𝜋
𝑡 − 𝑇𝑝 4⁄

𝑇𝑝
) (29) 409 

As shown in Fig. 11, the initial humidity and temperature are set as minimum values. During 410 

repeated wetting and drying cycles, the boundary concentration of chloride transport would 411 

correspondingly change. Thus, the boundary period of chloride transport is assumed to coincide 412 

with the boundary period of moisture transport. During wetting, the boundary chloride 413 

concentration is set as 1 mol/m3. The water to cement ratio and volume fraction of coarse 414 

aggregates of concrete are set as 0.5 and 50%, respectively. In this section, parametric analysis 415 

will be carried out to study the effect of average value, amplitude value and period length of 416 

cyclically changed boundary conditions on the chloride transport process. 417 
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 418 
Fig. 11 Schematic description of the cyclic boundary condition of temperature, relative humidity and 419 

chloride concentration. 420 

4.1 Effect of average value of 𝒉𝒔(𝒕) and 𝑻𝒔(𝒕) on chloride transport 421 

Keeping the amplitude value and period length of boundary conditions constant, the section 422 

compares chloride concentration profiles after 200 days of exposure at different average boundary 423 

humidity and temperature values. The detailed input parameters of ℎ𝑠(𝑡) and 𝑇𝑠(𝑡) are listed in 424 

Table 5.  425 

Table 5 Input parameters of boundary humidity and temperature with changes in average values 426 

Condition ℎ𝑎 ℎ𝑚 ℎ𝑝 𝑇𝑎 𝑇𝑚 𝑇𝑝 Results 

ℎ𝑎 

changes 

50% 

20% 10 (days) 298 K 10 K 10 (days) Fig. 12(a) 
60% 

70% 

80% 

𝑇𝑎 

changes 
60% 40% 10 (days) 

288 K 

10 K 10 (days) Fig. 12(b) 
293 K 

298 K 

303 K 

Fig. 12 shows the modelled total chloride concentration after 200 days. It can be found that 427 

increased average humidity or temperature would lead to higher chloride concentration and peak 428 

values. Besides, as shown in Fig. 12(a), increased average humidity will not only promote the 429 

peak values but also the peak location of chloride distribution and penetration depths of chloride 430 

penetration slightly. This is because the higher average environmental humidity gives the concrete 431 

a higher saturation degree, which can accelerate the moisture and chloride transport. On the 432 

contrary, as shown in Fig. 12(b), increased average temperature mainly affects the peak values of 433 

total chloride concentrations, while the peak locations and penetration depths remain generally 434 
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constant. This also indicates that the chloride penetration depth is mainly dominated by moisture 435 

transport during the cyclic wetting-drying processes. 436 
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Fig. 12 Chloride concentration profiles at different average values of (a) ℎ𝑠(𝑡) and (b) 𝑇𝑠(𝑡) 438 

4.2 Effect of amplitude value of 𝒉𝒔(𝒕) and 𝑻𝒔(𝒕) on chloride transport 439 

Similar to section 4.1, this section remains the average value and period length of boundary 440 

conditions constant and compares chloride concentration profiles after 200 days of exposure at 441 

different amplitude values of boundary humidity and temperature. The detailed input parameters 442 

of ℎ𝑠(𝑡) and 𝑇𝑠(𝑡) are listed in Table 6.  443 

Table 6 Input parameters of boundary humidity and temperature with changed amplitude values 444 

Condition ℎ𝑎 ℎ𝑚 ℎ𝑝 𝑇𝑎 𝑇𝑚 𝑇𝑝 Results 

ℎ𝑚 

changes 
60% 

10% 

10 (days) 298 K 10 K 10 (days) Fig. 13(a) 
20% 

30% 

40% 

𝑇𝑚 

changes 
60% 40% 10 (days) 298 K 

5 K 

10 (days) Fig. 13(b) 
10 K 

15 K 

20 K 

The predicted total chloride concentration profiles are shown in Fig. 13. It is apparent from 445 

Fig. 13(a) that as the humidity amplitude increases, there is a substantial increase in peak values, 446 

peak locations and the penetration depths of chloride ions. This is because an increase in boundary 447 

humidity amplitudes over the same period can lead to more intense chloride convection processes. 448 

This finding also agrees with Chen et al.’s experiments [74]. However, as shown in Fig. 13(b), 449 
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chloride distributions have less variability when the average temperature is held constant and the 450 

boundary temperature amplitudes gradually increase. This is because while an increase in 451 

temperature amplitude raises the temperature during half of the time and can accelerate the 452 

transport process, the temperature will also decrease in the other half and hinder the transport 453 

process. So, the two effects cancel each other, making the final concentration distribution less 454 

variable.  455 
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Fig. 13 Chloride concentration profiles at different amplitude values of (a) ℎ𝑠(𝑡) and (b) 𝑇𝑠(𝑡) 457 

4.3 Effect of period length of 𝒉𝒔(𝒕) and 𝑻𝒔(𝒕) on chloride transport 458 

Finally, this section remains the average and amplitude value of boundary conditions constant 459 

and compares chloride concentration profiles under different period lengths of boundary humidity 460 

and temperature. The detailed input parameters of ℎ𝑠(𝑡) and 𝑇𝑠(𝑡) are listed in Table 7. 461 

Table 7 Input parameters of boundary humidity and temperature with changed amplitude values 462 

Condition ℎ𝑎 ℎ𝑚 ℎ𝑝 𝑇𝑎 𝑇𝑚 𝑇𝑝 Results 

ℎ𝑝 

changes 
60% 20% 

10 (days) 

298 K 10 K 10 (days) Fig. 14(a) 
20 (days) 

30 (days) 

40 (days) 

𝑇𝑝 

changes 
60% 40% 10 (days) 298 K 10 K 

10 (days) 

Fig. 14(b) 
15 (days) 

20 (days) 

25 (days) 

Fig. 14 shows the modelled total chloride concentration after 200 days. When the exposure 463 

time is the same, a longer period also implies a decrease in the number of cycles. So, it can be seen 464 
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from the figures that the increase in period length has less effect on the final chloride distribution 465 

profiles. Combining sections 4.1, 4.2 and 4.3, it can be concluded that the variation of humidity 466 

and temperature average can alter the peak values of chloride content but has less effect on the 467 

chloride penetration depth. However, the humidity amplitude change during cyclic wetting-drying 468 

processes could significantly affect both the peaks and the penetration depths, whereas other 469 

factors have less impact on the chloride transport process at a constant exposure time.  470 
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Fig. 14 Chloride concentration profiles at different period lengths of (a) ℎ𝑠(𝑡) and (b) 𝑇𝑠(𝑡) 472 

5. Conclusions 473 

This study proposed a numerical model to investigate the chloride penetration in concrete 474 

under varying humidity and temperature changes. The interaction between moisture and heat 475 

transfer and their coupled effect on chloride transport are analysed. The predicted chloride 476 

distributions under different environments are compared with published experimental data. The 477 

following conclusions can be drawn: 478 

(1) Considering the heterogeneous features of unsaturated concrete, the thermal conductivities of 479 

concretes with different volume fractions of aggregates, saturation degree and 𝑚𝑤/𝑐 can be 480 

predicted through the proposed thermal conductivity model. The predicted results show that 481 

the thermal conductivity of concrete in a dry state will also increase with the increasing volume 482 

fraction of coarse aggregates and saturation degree. In contrast, it has a decreasing trend with 483 

the rising water to cement ratio. 484 

(2) For the coupled moisture and heat transfer, the elevated temperature can promote moisture 485 

transport, and the increased water saturation will also accelerate the heat transfer. If the 486 
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interaction between moisture and heat transfer is ignored, the predicted relative humidity and 487 

temperature will be underestimated.  488 

(3) The chloride transport under varying humidity and temperature changes depends on the 489 

combined chloride diffusion and convection processes. The increased temperature will 490 

promote the chloride transport process. A non-linear relationship exists between temperature 491 

and the chloride binding capacity. Due to the cyclic W/D processes, the convection process 492 

will significantly accumulate chloride content near the exposure surface. The increasing 493 

wetting time will lead to higher peak values in the chloride contents. However, the penetration 494 

depth of chloride ions is generally constant regardless of different W/D conditions. 495 

(4) The proposed model can analyse the effect of average value, amplitude value and period length 496 

of cyclic environmental changes on the chloride transport process by assuming boundary 497 

conditions of moisture and heat transfer as trigonometric functions. The results indicate that 498 

variation in humidity and temperature averages can alter the peak values of chloride content 499 

but have less effect on the chloride penetration depth. However, the increased humidity 500 

amplitude could significantly promote both the peak values and the penetration depths, 501 

whereas other factors have less impact on the chloride transport process at a constant exposure 502 

time. 503 

The present study introduces a one-dimensional numerical model for chloride penetration in 504 

OPC concrete under varying humidity and temperature conditions. However, several areas require 505 

further investigation. First, the model should be expanded from one-dimensional to two-506 

dimensional or even three-dimensional to better represent real-world scenarios. Additionally, 507 

future work should further incorporate the coupling of moisture and heat transfer by considering 508 

the heat released and absorbed during the condensation and evaporation of moisture. 509 
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Table A Parameters used in the proposed model 516 

Parameters Values or expressions References 

Coupled moisture and hear transfer 

𝐷𝑑
ref 

Moisture reference diffusion coefficient 

during drying process 
8.31 × 10−10m2/s [15] 

𝐷𝑤
ref 

Moisture reference diffusion coefficient 

during wetting process 
4.05 × 10−11m2/s [15] 

𝐷𝑑
0 

Moisture diffusion coefficient of concrete at 

dry state 
𝐷𝑑
ref
3(1 − 𝑣𝑎)

2

3 − 𝑣𝑎
 [62] 

𝐷𝑤
0  

Moisture diffusion coefficient of concrete at 

saturated state 
𝐷𝑤
ref
3(1 − 𝑣𝑎)

2

3 − 𝑣𝑎
 [62] 

ℎ𝑐 Relative humidity when 𝐷ℎ = 𝐷𝑑
0 2⁄  0.8 

[46] 
𝛼 Ratio of minimum 𝐷ℎ to 𝐷𝑑

0  0.025 

𝑛1 Regression coefficient 6 

𝑛2 Regression coefficient 6 

U Activation energy of the diffusion process 35000J/mol [15] 

R Gas constant 8.14 J ∙ mol−1 ∙ 𝐾−1 [31] 

𝑇ref Reference temperature 296K [75] 

𝜌 Density Table 1 (including gas pores, liquid 

pores, aggregates and cement 

mortar) 

[48, 50, 52] 𝑐 Specific hear capacity 

𝜆 Thermal conductivity  

𝑣𝑎 Volume fraction of aggregates Experimental mixtures  

𝑚𝑤/𝑐 Water to cement ratio Experimental mixtures  

𝛼HD Hydration degree of cement paste 1 − exp(−3.15𝑚𝑤/𝑐) [33] 

𝜙cp Porosity of cement paste 
𝑚𝑤/𝑐 − 0.36𝛼HD

𝑚𝑤/𝑐 + 0.32
 [51] 

𝜙c Porosity of concrete 𝜙cp(1 − 𝑣𝑎) [48] 

Chloride transport under varying humidity and temperature changes 

𝐷0 Chloride diffusivity in pore solution 2.03 × 10−9 [76] 

𝐷cp Chloride diffusivity of saturated cement paste 
2𝜙cp

2.75𝐷0

𝜙cp
1.75(1 − 𝜙cp) + 14.44(1 − 𝜙cp)

2.75 [61] 

𝐷c 
Chloride diffusivity of saturated concrete 

considering the presence of aggregates 
𝐷cp

3(1 − 𝑣𝑎)
2

3 − 𝑣𝑎
 [62] 

𝑟 Impact index of water saturation 1 [15] 

𝐴 Chloride binding parameters fitted based on 

experimental data  

0.00002𝑇𝐶
2 + 0.0006𝑇𝐶 + 0.0775 

[35, 69] 
𝐵 0.0001𝑇𝐶

2 − 0.0031𝑇𝐶 + 0.3995 
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