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A B S T R A C T

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.

1. Introduction

The chloride-induced corrosion problem is recognised as one of the 
most deleterious factors causing durability degradation of reinforced 
concrete (RC) structures served in marine or offshore regions. The 
concentration gradient of chloride between the seawater and the inter
nal pore solution of concrete will lead to the chloride diffusion in con
crete cover and finally result in the structure damage, e.g., the corrosion 
of embedded rebars, which plays a vital role in the service life prediction 
and durability assessment of concrete structures [1,2]. Besides, due to 
the diurnal temperature differences or seasonal variations and 
dry-wetting cycles, concrete structures are always exposed to chloride 
ingress under varying temperatures and humidities conditions [3,4]. 
Thus, in this condition, the effect of temperature and humidity changes 
on chloride penetration should not be ignored, and the investigation of 

chloride ingress subjected to an unsaturated non-isothermal state is of 
great significance for both structure design and maintenance [5–9].

In the past decades, the ingress process of chloride in concrete 
structures under isothermal and saturated conditions has been widely 
studied both experimentally and numerically [10–14]. However, with 
the temperature and humidity changes, chloride penetration will be 
affected by the moisture and heat transfer and become more complex, 
and has rarely been investigated [15–18]. In the past few years, some 
studies have considered the effect of temperature on the rates of chloride 
and moisture transport during wetting-drying cycles [15,19–22]. How
ever, in their studies, the environmental temperature was kept constant 
for simulations, and the coupling interaction between moisture and heat 
transfer was not considered. In recent years, a series of experimental and 
analytical studies on the interaction between any two of chloride, 
moisture and heat transport have been conducted in Refs. [6,23–26], but 

* Corresponding author at: State Key Laboratory of Ocean Engineering, School of Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai, China.
E-mail address: liuqf@sjtu.edu.cn (Q.-f. Liu). 

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

https://doi.org/10.1016/j.conbuildmat.2024.138380
Received 20 April 2024; Received in revised form 13 September 2024; Accepted 15 September 2024  

Construction and Building Materials 458 (2025) 138380 

Available online 16 December 2024 
0950-0618/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0003-1299-1449
https://orcid.org/0000-0003-1299-1449
https://orcid.org/0000-0002-9315-5209
https://orcid.org/0000-0002-9315-5209
https://orcid.org/0000-0001-5437-4946
https://orcid.org/0000-0001-5437-4946
mailto:liuqf@sjtu.edu.cn
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2024.138380
https://doi.org/10.1016/j.conbuildmat.2024.138380


the coupled chloride-moisture-heat transport was not addressed. Addi
tionally, although it has been widely accepted that the rising tempera
ture can promote both moisture and chloride transport [8,23,27,28], the 
interaction between moisture transport and heat transfer has rarely been 
studied. Unsaturated concrete can be regarded as a composite consisting 
of a solid skeleton and water- and gas-filled pore structures with 
different thermal conductivities [29–31]. Therefore, the moisture 
transport can change the water content and distribution, affecting the 
ions’ transport channels and the concrete’s thermal conductivity. The 
heat transfer, in turn, would influence the moisture transport process. 
Therefore, more research is required to explore coupled moisture and 
heat transfer processes and analyse their coupling effect on chloride 
transport under varying humidity and temperature changes.

It is difficult, if not impossible, to experimentally consider different 
phenomena during coupled chloride-moisture-heat transport in concrete 
structures. Therefore, numerical studies would offer effective tools for 
estimating the effects of various parameters on such complex phenom
ena [23,32–34]. Because chloride ions may adhere to the cement matric 
of the pore structure physically and chemically [35], which decelerates 
the chloride transport, the effect of chloride binding must be considered 
for chloride transport modelling. At present, it has been reported 
experimentally that chloride binding capacity would be altered at 
different temperatures [36,37]. However, how to consider the different 
chloride binding capacities at varied temperatures in chloride transport 
modelling still needs further research. Moreover, realistic engineering 
environments are always diverse, where the temperature, relative hu
midity, and surface chloride concentrations often experience cyclical 
variations [38–41]. Although some existing numerical models were 
developed to analyse the chloride transport process subjected to 
wetting-drying cycles, the temperature variation was always ignored. To 
the best of the author’s knowledge, the numerical study on chloride 
transport in cementitious materials accounting for both cyclically varied 
humidity and temperature boundary conditions is still lacking.

In this study, a numerical model was proposed to investigate chloride 
transport under varying humidity and temperature changes. Transport 
properties of concrete, including chloride diffusion coefficient, moisture 
diffusion coefficient and thermal conductivity, are determined based on 
the heterogeneous characteristics of concrete, which are related to 
changed humidity and temperatures. The intrinsic interaction of mois
ture transport and heat transfer, as well as their individual and coupling 
effects on the chloride ingress, are comprehensively analysed and dis
cussed. The chloride distributions, including free and bound chlorides, 
in cementitious materials under various environmental conditions are 
predicted and validated with experimental data from the literature. In 
addition, the effects of the average value, amplitude value and period 
length of cyclic environmental humidity and temperature changes on 
the chloride transport process in concrete are discussed quantitatively.

2. Model setup

To model the coupled processes of chloride transport, moisture and 
heat transfer, two procedures will be carried out in this section, as shown 
in Fig. 1. Firstly, coupled moisture and heat transfer, as well as their 
interaction relationship, will be analysed in Section 2.1. Then, consid
ering the individual effect of moisture and heat transfer and their 
coupled effect on chloride penetration, the chloride transport process 
under varying humidity and temperature changes will be modelled in 
Section 2.2.

2.1. Coupled moisture and heat transfer

2.1.1. Governing equation
Moisture serves as the transport medium for chloride ions. In un

saturated concrete, moisture transport in both gaseous and liquid water 
states, which are driven by the vapour pressure difference and capillary 
pressure differences, respectively. The moisture flux J is proportional to 
the gradient of pore pressure or pore relative humidity, as: 

J = − (Kl∇Pc + Kv∇Pv) = −

(

Kl
∂Pc

∂h
+ Kv

∂Pv

∂h

)

∇h# (1) 

Where h is the relative humidity, Pc is the capillary pressure of liquid 
water, Pv is the vapor pressure. Parameters Kl and Kv refer to the 
permeability of the liquid and vapour, respectively. Thus, the mass 
balance equation can be derived as follows [15,42,43]: 

∂S
∂t

=
∂h
∂t

∂S
∂h

= − ∇J = ∇

(

Kl
∂Pc

∂h
+ Kv

∂Pv

∂h

)

∇h (2) 

where S is saturation degree. Then, the transport of moisture can be 
described by introducing moisture diffusion coefficient, as [19,44]: 

∂h
∂t

= ∇(Dl + Dv)
∂h
∂S
∇h = ∇Dh∇h (3) 

where Dh, Dl and Dv refer to moisture, liquid phase and vapour phase 
diffusion coefficient, respectively (m2/s). ∂S/∂h is the moisture capacity 
which represents the slope of water sorption isotherms. For the water 
wetting process, a relationship between water saturation (Sw) and 
relative humidity can be written as [45,46]: 

Sw = 1 − exp

⎡

⎢
⎢
⎣

mw/c − 1

1.4ln
(

1
h

)

⎤

⎥
⎥
⎦ (4) 

where mw/c is the water to cement ratio. During the drying process, the 
water isotherm curve is always higher than the corresponding wetting 

Fig. 1 Illustration of individual and coupled transport processes.
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curve because that water can be trapped in larger pores when connected 
to smaller pores [24,47]. Thus, the relationship between water satura
tion (Sd) and relative humidity during the drying process can be 
described as [48]: 

Sd = Sw + Strap = Sw(1 − lnSw) (5) 

Considering the moisture capacities for drying and wetting processes 
are different, the moisture diffusion coefficients should be assigned to 
the drying and wetting processes respectively as follows [15,49]: 

Dh =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

D0
d

⎡

⎢
⎢
⎢
⎣

α +
1 − α

1 +

(
1− h
1− hc

)n1

⎤

⎥
⎥
⎥
⎦

drying

D0
wexp(n2h) wetting

(6) 

where D0
d and D0

w are the moisture diffusion coefficient of concrete at dry 
and saturated state, respectively, α is the ratio of minimum Dh to D0

d , hc is 
the relative humidity when Dh = D0

d/2, n1 and n2 refer to the parameters 
that characterise the spread of drop and rise in moisture diffusion co
efficients. Here, α = 0.025, hc = 0.8, n1 = n2 = 6 are assumed accord
ing to the [49]. Considering moisture and heat transfer are coupled 
together in the present study, Eq. (6) should be modified by taking into 
account the influenced of temperature, as [23,50]: 

Dh =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

D0
d

⎡

⎢
⎢
⎢
⎣

α +
1 − α

1 +

(
1− h
1− hc

)n1

⎤

⎥
⎥
⎥
⎦

exp
[
U
R

(
1

Tref
−

1
T

)]

drying

D0
wexp(n2h)exp

[
U
R

(
1

Tref
−

1
T

)]

wetting

(7) 

where U is the activation energy of the diffusion process (35000 
J • mol), R is the gas constant (8.14 J • mol− 1

• K− 1), T is the tempera
ture (K) and Tref is the reference temperature (296 K).

The governing equation of heat transfer in unsaturated concrete, 
excluding convection phenomena, can be expressed as [51,52]: 

ρc(S)
∂T
∂t

= ∇
λc(S)
Cc(S)

∇T (8) 

where λc and Cc are thermal conductivity (W/m/K) and thermal capacity 
(J/m3/K) of concrete, respectively and Cc equals to the product of spe
cific heat capacity (c, J/kg/K) and density (ρ, kg/m3) of the material. It 
is important to note that the heat released and absorbed during the 
condensation and evaporation of moisture is not considered in the 
present study, as the focus is on the overall moisture diffusion process. 
Considering the effect of moisture transport on heat transfer, unsatu
rated concrete should be regarded as a multi-phase-composite consisting 
of solid, liquid and gaseous phases, which own different thermal con

ductivities, specific capacities and densities [53]. To determine the 
thermal conductivity of unsaturated concrete, an analytical model will 
be introduced next.

2.1.2. Thermal conductivity model of unsaturated concrete
Due to the heterogeneous nature of concrete [54], different compo

nents of concrete correspond to different thermal conductivities [55]. 
Therefore, this section will take several steps to calculate the thermal 
conductivity of unsaturated concrete, as shown in Fig. 2.

Firstly, at step 1, by treating gas phase pores as the dispersed phase, 
the effective thermal conductivity of cement mortar with gas phases can 
be obtained by Maxwell’s model, which is a kind of theoretical model to 
calculate the effective thermal conductivity of two-phase composite, as 
follows [51,56]: 

λec = λcm

2λcm + λgp − 2
(
λcm − λgp

) vgp

vgp + vcm

2λcm + λgp +
(
λcm − λgp

) vgp

vgp + vcm

(9) 

where λec, λcm and λgp are the effective thermal conductivity of cement 
mortar with gas phases, solid phase of cement mortar and gas phase 
pores, respectively. vgp and vcm are volume fraction of gas phase pores 
and solid phase of cement mortar.

Then, at step 2, unsaturated cement mortar can be considered to be a 
two-phase composite, which regards liquid phase pores (dispersed 
phase) are randomly dispersed within cement mortar with gas phase 
pores (continuous phase, which thermal conductivity has been calcu
lated at step 1). Similarly, the effective thermal conductivity of unsat
urated cement mortar can be obtained by Maxwell’s model as [57]: 

λum = λec

2λec + λlp − 2
(
λec − λlp

) vlp

vgp + vcm + vlp

2λec + λlp +
(
λec − λlp

) vlp

vgp + vcm + vlp

(10) 

where λum and λlp are the effective thermal conductivity of unsaturated 
mortar and liquid phase pores, respectively. vlp is the volume fraction of 
liquid phase pores in concrete, vlp = Sϕc; ϕc is the porosity of concrete.

Finally, at step 3, assuming that coarse aggregates (dispersed phase) 
are randomly dispersed in the unsaturated cement mortar (continuous 
phase). The effective thermal conductivity of unsaturated concrete can 
also be calculated still by adopting Maxwell’s model as: 

λuc = λum
2λum + λa − 2(λum − λa)va

2λum + λa + (λum − λa)va
(11) 

where λuc and λlp are the effective thermal conductivity of unsaturated 
concrete and coarse aggregates, respectively. However, the Interfacial 
Transition Zone (ITZ) weakens the bond between aggregate and cement 
paste due to its higher porosity and microcracking tendencies, impacting 
the overall strength and durability of concrete [58,59]. It was also re
ported that interfacial resistance would occur between cement mortar 

Fig. 2 Steps to calculate the thermal conductivity of unsaturated concrete.
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and coarse aggregate, and affect the heat transfer. In this case, the 
effective thermal conductivity of unsaturated concrete should be 
determined considering interfacial resistance by using Hasselman-
Johnson’s model [60]: 

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

2λum + λa(1 + β) + [λum − λa(1 − β) ]va
(12) 

where β is the interfacial thermal resistance coefficient, depending on 
the saturation degree of concrete, as [56]: 

β = 0.6369 • S3 − 1.0338 • S2 + 0.1728 • S + 0.2235 (13) 

In unsaturated concrete, thermal conductivity can also be calculated 
based on the volume proportions of solid, liquid and gas phases, as [50]: 

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

(14) 

where ccm ρcm, clp ρlp, cgp ρgp and ca ρa are the specific heat ca
pacity and density of cement mortar, liquid phases, gaseous phases and 
coarse aggregates, respectively. In the present study, the parameters 
entered to calculate the thermal conductivity of unsaturated concrete 
are listed in Table 1. It is important to note that the heat capacities and 
densities of different phases will also change with temperature. How
ever, given that the change is small, it is ignored in the present thermal 
conductivity model [53]. The validation of the proposed thermal con
ductivity model and the coupled moisture and heat transfer model will 
be carried out in Section 3.1.

2.2. Chloride transport under varying humidity and temperature changes

2.2.1. Governing equation
Chloride transport in concrete can be regarded as coupling servals 

basic transport mechanisms, such as diffusion, migration, adsorption 
and pressure-induced flow [32,61,62]. In unsaturated concrete with no 
applied electric field, chloride transport mainly depends on chloride 
diffusion caused by the ionic concentration gradient and chloride con
vection caused by moisture transport [6,63]. The flux of chloride ions Jcl 
in an unsaturated concrete can be expressed as [64,65]: 

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

where Jdiff and Jconv are the chloride flux related to chloride diffusion 
and chloride convection (mol/m2/s), respectively, Ccl is the total chlo
ride concentration (mol/m3), Dcl(S) is the chloride diffusion coefficient 
(m2/s), which is strongly related to water saturation. In the present 
study, Dcl(S) is assumed as Dc • Sr, in which Dc is the chloride diffusion 
coefficient of saturated concrete and r = 1 is parameter [66,67]. Some 
empirical or theoretical equations have been developed to determine the 
chloride diffusivity of saturated cement paste. This work adopts the 
equation proposed by Zheng and Zhou [68] which is derived based on 
the generalized effective medium theory, as: 

Dcp =
2ϕ2.75

cp D0

ϕ1.75
cp

(
1 − ϕcp

)
+ 14.44

(
1 − ϕcp

)2.75 (16) 

where Dcp is the chloride diffusion coefficient of saturated cement paste, 
D0 represents the chloride diffusion coefficient in pore solution (2.03×

10− 9), ∅cp is the porosity of the cement paste. However, in concrete, the 

presence of aggregates will increase the effective length travel by a flux. 
Therefore, by adopting Cidiac and Shafikhani formulation for tortuosity 
factor (fτ), the chloride diffusion coefficient of concrete should be 
modified as [69]: 

Dc = Dcpfτ = Dcp
3(1 − va)

2

3 − va
(17) 

Moreover, during chloride transport, some ions react with hydration 
products to produce Friedel’s salt, and some are adsorbed on the surface 
of hydrated calcium silicate or closed between the layers of C-S-H, which 
decelerates the chloride transport. Therefore, the effect of chloride 
binding must be considered during the chloride transport modelling [36, 
70]. The relationship between total, bound (Cb) and free (Cf ) chloride 
concentration can be expressed as [34,71,72]: 

Ccl = Cb + SCf (18) 

Appling Eq. (15, 18) into mass conversation equation and consid
ering only free chloride can transport, the governing equation of chlo
ride transport can be written as: 

∂Ccl

∂t
= (

∂Cb

∂Cf
+ S)

∂Cf

∂t
= ∇

(
DcS∇Cf + DhCf∇h

)
(19) 

By defining ∂Cb
∂Cf 

as γ, it yields: 

∂Cf

∂t
= ∇

1
S + γ

(
DcS∇Cf + DhCf∇h

)
(20) 

Under varying humidity and temperature changes, the movement of 
chloride ions and the amount of bound chloride ions can be affected by 
temperature. Therefore, at different temperatures, Eq. (20) should be 
modified by taking into account the influence of temperature as [52,73, 
74]: 

∂Cf

∂t
= ∇

1
S + γ(T)

(
D0SfT(T)∇Cf + DhCf fT(T)∇h

)
(21) 

fT(T) = exp
[
U
R

(
1

Tref
−

1
T

)]

(22) 

The relationship between bound and free chloride concentration at 
changed temperatures is still challenging to determine directly. Thus, 
the present study will propose an empirical binding isotherm by fitting 
experimental data, as illustrated in the next section.

2.2.2. temperature-dependent chloride binding isotherm
For Ordinary Portland Cement (OPC)-based materials, to describe 

the chloride binding capacity, the linear, Langmuir and Freundlich 
binding isotherms are often described as follows [12,75]: 

Table 
1Physical characteristics of solid, liquid and gaseous phases at 293 K [51,53,56].

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

Fig. 3 Measured bound chloride concentration exposed to different 
temperatures.
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Cb = АCf (23) 

Cb =
АCf

1 + BCf
(24) 

Cb = АCB
f (25) 

where A and B are binding parameters.
Here, the measured bound chloride concentration under different 

temperatures and different free chloride concentrations by Dousti and 
Shekarchi [76], and Panesar et al. [37] are collected, as shown in Fig. 3. 
In Dousti and Shekarchi’s work, ASTM Type II OPC was used, with mw/c 
of 0.4. NaCl solution of four initial concentrations, 0.1, 0.5, 1 and 
3 mol/L were tested. In Panesar et al.’s work, Type I OPC with mw/c of 
0.3 was adopted, and NaCl solution of five initial concentrations, 0.1, 
0.5, 0.75, 1, and 3 mol/L were used.

It can be seen from Fig. 3 that the linear binding isotherm was too 
simple to describe the non-linear binding capacity accurately. Therefore, 
Langmuir and Freundlich isotherms are used in this section to fit the 
measured data. Table 2 summarises the fitted binding parameters (A and 
B) at different temperature. It can be seen that Freundlich isotherm 
provides a better fitting accuracy. To obtain a general relationship that 
describes the influence of temperature on chloride binding, the param
eters A and B are considered temperature-dependent and expressed as a 
polynomial function of temperature, as follows: 

A = a1T2
C + b1TC + c1 (26) 

B = a2T2
C + b2TC + c2 (27) 

Fig. 4 shows the parameters A and B against exposure temperature 
for all samples. TC denotes temperature in degree Celsius. The fitted 

equations are also shown in the figures. The fitted results indicate a non- 
linear relationship between temperature and the chloride binding ca
pacity. This may relate to the fact that while increased temperature can 
enhance the chemical binding due to an increased reaction rate, the 
physical binding of chloride will be hindered due to the higher thermal 
vibration of chloride ions [76]. In Section 3.2, the coupled chloride 
transport, moisture, and heat transfer model will be validated by 
comparing it with a series of experimental data, including 
non-isothermal chloride transport, chloride transport subjected to 
drying-wetting cycles and chloride transport under varying humidity 
and temperature changes.

3. Model validation

To validate the proposed model of chloride transport in concrete 
structures under varying humidity and temperature changes, this sec
tion will compare the modelled results with a series of published 
experimental data. Corresponding to the model setup illustrated in 
Section 2, the validation will be done through two sections. Firstly, the 
thermal conductivity model and coupled moisture and heat transfer 
model will be validated in Section 3.1. Then, the modelling of chloride 
transport under different environmental conditions will be validated in 
Section 3.2. Since the lateral surfaces of the specimens in the adopted 
experiments were sealed, the transport processes in concrete can be 
considered one-dimensional and, therefore, will be modelled in one 
dimension in this section. Details of experiments will be illustrated in the 
later sections. The effect of aggregates on chloride transport, moisture 
and heat transfer process are considered through transport parameters. 
Parameters used in the proposed model are concluded in Appendix 
Table A.

3.1. Coupled moisture and heat transfer

3.1.1. Thermal conductivity
To validate the proposed thermal conductivity model, the predicted 

thermal conductivities of OPC-based concrete with different volume 
fractions of aggregates, saturation degrees and mw/c are compared with 
experimentally measured results from Zhang et al.’s work [56]. In the 
experiment, OPC with a density of 3097 kg/m3 was used. Crushed 
limestone and natural river sand were used as coarse and fine aggre
gates, with densities of 2733 kg/m3 and 2639 kg/m3, respectively. 
Thermal conductivities of dry concrete were measured by means of 
guarded hot plate apparatus [77], while thermal conductivities of un
saturated concrete were measured by means of a transient plane source 
[78]. Specimens with different volume fractions of aggregates, satura
tion degree and mw/c were all sized at 250× 250× 50mm. Before 

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

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 [76]
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 [37]
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

Fig. 4 Relationship between temperature and binding parameters (a) A, (b) B.
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measuring thermal conductivity, all specimens were kept in a saturated 
curing room at 20 ± 2℃ and 95 % relative humidity for 28 days. Based 
on the mix proportions, the comparison of modelled and measured re
sults of thermal conductivities is shown in Fig. 5.

The results indicate Maxell’s model would overestimate the thermal 
conductivities of concrete due to the ignorance of interfacial resistance 
between cement mortar and coarse aggregate. On the contrary, the 
predicted thermal conductivities using Hasselman-Johnson’s model in 
the 3rd step of the model can obtain reliable results. Because coarse 
aggregate has a greater conductivity than cement mortar, the thermal 
conductivity of concrete in a dry state will also increase with the 
increasing volume fraction of coarse aggregates, as shown in Fig. 5(a). In 
the same way, due to the thermal conductivity of water being much 
higher than air, the thermal conductivity of concrete increases with the 
increasing saturation degree, as shown in Fig. 5(b). In addition, 
considering that the porosity (air volume) of concrete increases with the 
increasing water to cement ratio, thus concrete in a dry state has a 
decreasing thermal conductivity trend with the increasing water to 
cement ratio, as shown in Fig. 5(c).

3.1.2. Moisture and temperature variation
Experimental work done by Wang and Xi [79] is used in this section 

to validate the coupled moisture and heat transfer in concrete. In their 
experiment, Ordinary type I Portland cement was used. The samples 
were prepared with a water to cement ratio of 0.6 and a gravel to cement 
ratio of 2.9. After demoulding, cylindrical specimens (6 in.× 12inch) 
were cured at 20 ◦C and 100 % relative humidity for 28 days and then 
kept in the ambient environment to reach the initial conditions with 20 
◦C and 50 % relative humidity. In their experiments, the lateral surfaces 
and bottom side were sealed by several layers, including silicone, foam 
isolation and cable ties to avoid exchanges of heat and moisture with the 
environment. Only the top surface was placed in a container filled with 
distilled water and heated by an electric heater. The boundary and 
initial conditions are given in Table 3. The change of temperature and 
relative humidity inside the sample at the position 63.5 mm from the top 
was measured by the inserted sensors.

Fig. 6 compares the modelled and measured variation of relative 
humidity and temperature over time at different conditions. The 
modelled results with and without considering the interaction between 
moisture and heat transfer are also compared. As shown in Fig. 6 (a-1) 
and (a-2), the moisture transport is significantly accelerated by the 
increased environmental temperature, and the influence is obvious at 
the beginning of the transport process. This is related to the rapid 
temperature growth in the first two days, as shown in Fig. 6 (b-1) and (b- 
2). After three days, the temperature change is relatively small, and the 
impact on moisture transport is limited. If the interaction between 
moisture and heat transfer is ignored, which means that thermal con
ductivity remains constant at different saturation degrees and moisture 
diffusion coefficient does not change with temperature, the predicted 
relative humidity and temperature will be underestimated, as shown in 
Fig. 6. This is because that the elevated temperature can promote the 
moisture transport and the increased water saturation will also accel
erate the heat transfer. The predicted results also indicate that consid
ering the interaction relationship for modelling moisture and heat 
transfer processes is important.

3.2. Chloride transport under different environments

3.2.1. Under the non-isothermal condition
The chloride ingress tests done by Samson and Marchand [52] are 

used in this section to validate the modelled chloride transport process 
under non-isothermal conditions. In the experiment, the hydrated 
cement paste was prepared with an ordinary Canadian Type 10 Portland 
cement with water to cement ratio of 0.6. The lateral surface of the 
cylindrical specimens (diameter 10 cm, length 50 mm) was coated with 
silicon gel. The chloride immersion tests were conducted on saturated 
cement paste exposed to 0.5 mol/L NaCl solution. The initial tempera
ture of 50-mm specimens was kept at 23 ℃, and the immersion test 
lasted 100 days at 4, 23 and 38 ℃, respectively. Fig. 7 compares 
modelled and measured chloride concentration distribution at different 
immersion temperatures.

The results show a good correlation between the modelled and 
measured results, and the increased temperature will promote the 
chloride transport process. The predicted chloride distribution by 
keeping the constant temperature of 23 ℃ will overestimate the chloride 
content at 4 ℃ and underestimate the chloride content at 38 ℃, 
demonstrating the importance of considering the effect of temperature 
during chloride transport modelling.

3.2.2. Subjected to drying-wetting cycles
This section will validate the modelling of coupled chloride and 

moisture transport processes while keeping the environmental temper
ature constant. The chloride transport process in cement mortars 
exposed to alternate drying-wetting cycles tested by Iqbal and Ishida 

Fig. 5 Comparison of modelled and measured thermal conductivities of concrete with (a) different volume fractions of aggregates, (b) saturation degree and (c) 
water to cement ratio. Notice: M presents using Maxell’s model in the 3rd step of the model; HJ presents using Hasselman-Johnson’s model.

Table 
3Boundary and initial conditions of different field variables in concrete [79].

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 relative humidity and temperature, respectively.
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[67] is chosen to compare with modelled results. In the experiment, all 
specimens were prepared by OPC with water to cement ratio of 0.5 and 
sand to cement ratio of 2.25. Specimens consist of cylinders 50 mm in 
diameter and 100 mm in height. After curing at 20 ◦C for 28 days, all the 
specimens were sealed with one face exposed. Then, all the specimens 
were placed inside an environment control chamber with 60 % relative 
humidity and 20 ◦C temperature for 30 days before drying-wetting tests. 
As shown in Fig. 8, three wetting-to-drying exposure cycles (W/D) were 
designed weekly to represent the different tidal levels in the marine 
environment.

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

Fig. 6 Comparison of predicted and measured results after exposure to different environmental conditions (a-1) relative humidity variation in condition 1, (a-2) 
relative humidity variation in condition 2; (b-1) temperature variation in condition 1 (b-2) temperature variation in condition 2.

Fig. 7 Comparison of modelled and measured chloride content after 100 days exposure at temperature (a) 4 ℃, (b) 23 ℃ and (c) 38 ℃.

Fig. 8 Weekly exposure cycle for alternate wetting and drying experiment.
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the chloride concentration distribution was determined by the slicing 
method. For the wetting process, Dirichlet boundary conditions with Ccl 
= 6% by mass and h = 100 % are applied to chloride and moisture 
transport modelling, respectively. On the contrary, the Dirichlet 
boundary condition with h 60 % is applied to moisture transport for the 
drying process modelling, while the no-flux boundary condition should 
be used for chloride transport modelling. The comparison of modelled 
and measured chloride distribution is shown in Fig. 9, and good agree
ments between the two sets of data can be found. It is obvious that the 
more the number of W/D cycles, the deeper chlorides can penetrate. Due 
to the cyclic W/D processes, the convection process caused by moisture 
transport will lead to a significant accumulation of chloride content at 
the area close to the exposure surface for a long-term period. The 
chloride distribution profiles obtained by considering combined diffu
sion and convection processes in Fig. 9 are obviously different from 
those shown in Fig. 7, which indicates the importance of considering the 
effect of moisture transport on chloride penetration under varying 
relative humidity changes. It can also be found that the increasing 
wetting time will lead to higher peak values in the chloride contents. 
However, the penetration depth of chloride ions is generally constant 
regardless of different W/D conditions.

3.2.3. Under cyclic humidity and temperature changes
After validating the couple moisture-heat transfer in Section 3.1.2, 

couple heat-chloride transport in Section 3.2.1 and coupled moisture- 
chloride transport in Section 3.2.2, respectively, this section will vali
date the modelling of chloride transport under varying humidity and 
temperature changes. Herein, the experimental work done by Sun et al. 
[80] is used. In their research, concretes were prepared with OPC 42.5, 
water to cement ratio of 0.4, gravel to cement ratio of 3 and sand to 

cement ratio of 1.66. The sizes of concrete specimens were set as 
100mm× 100mm× 100mm. After being demoulded at 24 h, the spec
imens were cured at 20 ◦C and 90 % relative humidity for 27 days. The 
surface of the specimens for the tests was sealed by epoxy except for one 
lateral surface. During wetting, specimens will be immersed in 3.5 % 
NaCl solution 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, and each cycle lasted 3.5 days. 
The whole experiment lasted 140 days.

The comparison of modelled and measured results is shown in 
Fig. 10. To further demonstrate the significant influences of environ
mental variations on chloride penetration, the chloride distributions 
under assumed environmental conditions (as listed in Table 4) are also 
modelled here. It can be seen that the predicted chloride content, 
considering cyclical relative humidity and temperatures (condition 1), 
shows a good agreement with measured results. On the contrary, if 
chloride binding is ignored (condition 2), the chloride content will be 
overestimated. Besides, when ignoring the effect of moisture transport 
on chloride penetration (condition 3), the chloride content will be 
significantly underestimated due to the absence of the convection pro
cess. In addition, when temperature remains constant (condition 4), the 
chloride content will be overestimated in the area near the surface and 
underestimated in the region away from the surface. This is because the 
average temperature 42 ◦C in condition 3 will accelerate the convective 
process in the wetting process. Overall, from Sections 3.1 to 3.2, the 
series of comparisons on modelled and measured results well demon
strates the effectiveness of the proposed method in terms of modelling 
the chloride transport under varying humidity and temperature 
changes.

4. Discussion

Under marine or offshore environments, concrete structures are 
exposed to cyclic wetting-drying cycles due to tidal or water splash, and 
ambient temperature also shows cyclical changes throughout the day or 
over time. Therefore, to better study the cyclic environmental conditions 
on chloride transport, boundary conditions of moisture and heat transfer 

Fig. 9 Comparison of modelled and measured total chloride content during wetting-drying cycles for (a) 1 h wetting, (b) 9 h wetting, (c) 33 h wetting.

Fig. 10 Comparison of modelled and measured total chloride content under 
cyclic humidity and temperature changes.

Table 
4Different environmental conditions used in the model.

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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are assumed as trigonometric function (Eqs. (28, 29)), with average ha 
and Ta, amplitude hm and Tm, as well as period hp and Tp, accordingly. 

hs(t) = ha + hmsin
(

2π
t − hp

/
4

hp

)

(28) 

Ts(t) = Ta + Tmsin
(

2π
t − Tp

/
4

Tp

)

(29) 

As shown in Fig. 11, the initial humidity and temperature are set as 
minimum values. During repeated wetting and drying cycles, the 
boundary concentration of chloride transport would correspondingly 
change. Thus, the boundary period of chloride transport is assumed to 
coincide with the boundary period of moisture transport. During wet
ting, the boundary chloride concentration is set as 1 mol/m3. The water 
to cement ratio and volume fraction of coarse aggregates of concrete are 
set as 0.5 % and 50 %, respectively. In this section, parametric analysis 
will be carried out to study the effect of average value, amplitude value 
and period length of cyclically changed boundary conditions on the 
chloride transport process.

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

Keeping the amplitude value and period length of boundary condi
tions constant, the section compares chloride concentration profiles 
after 200 days of exposure at different average boundary humidity and 
temperature values. The detailed input parameters of hs(t) and Ts(t) are 
listed in Table 5.

Fig. 12 shows the modelled total chloride concentration after 200 
days. It can be found that increased average humidity or temperature 
would lead to higher chloride concentration and peak values. Besides, as 
shown in Fig. 12(a), increased average humidity will not only promote 
the peak values but also the peak location of chloride distribution and 
penetration depths of chloride penetration slightly. This is because the 
higher average environmental humidity gives the concrete a higher 
saturation degree, which can accelerate the moisture and chloride 
transport. On the contrary, as shown in Fig. 12(b), increased average 
temperature mainly affects the peak values of total chloride concen
trations, while the peak locations and penetration depths remain 
generally constant. This also indicates that the chloride penetration 
depth is mainly dominated by moisture transport during the cyclic 
wetting-drying processes.

Fig. 11 Schematic description of the cyclic boundary condition of temperature, relative humidity and chloride concentration.

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

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 Chloride concentration profiles at different average values of (a) hs(t) and (b) Ts(t).

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

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

Similar to Section 4.1, this section remains the average value and 
period length of boundary conditions constant and compares chloride 
concentration profiles after 200 days of exposure at different amplitude 
values of boundary humidity and temperature. The detailed input pa
rameters of hs(t) and Ts(t) are listed in Table 6.

The predicted total chloride concentration profiles are shown in 
Fig. 13. It is apparent from Fig. 13(a) that as the humidity amplitude 
increases, there is a substantial increase in peak values, peak locations 
and the penetration depths of chloride ions. This is because an increase 
in boundary humidity amplitudes over the same period can lead to more 

intense chloride convection processes. This finding also agrees with 
Chen et al.’s experiments [81]. However, as shown in Fig. 13(b), chlo
ride distributions have less variability when the average temperature is 
held constant and the boundary temperature amplitudes gradually in
crease. This is because while an increase in temperature amplitude raises 
the temperature during half of the time and can accelerate the transport 
process, the temperature will also decrease in the other half and hinder 
the transport process. So, the two effects cancel each other, making the 
final concentration distribution less variable.

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

Finally, this section remains the average and amplitude value of 
boundary conditions constant and compares chloride concentration 
profiles under different period lengths of boundary humidity and tem
perature. The detailed input parameters of hs(t) and Ts(t) are listed in 
Table 7.

Fig. 14 shows the modelled total chloride concentration after 200 
days. When the exposure time is the same, a longer period also implies a 
decrease in the number of cycles. So, it can be seen from the figures that 
the increase in period length has less effect on the final chloride distri
bution profiles. Combining Sections 4.1, 4.2 and 4.3, it can be concluded 
that the variation of humidity and temperature average can alter the 
peak values of chloride content but has less effect on the chloride 
penetration depth. However, the humidity amplitude change during 
cyclic wetting-drying processes could significantly affect both the peaks 
and the penetration depths, whereas other factors have less impact on 
the chloride transport process at a constant exposure time.

5. Conclusions

This study proposed a numerical model to investigate the chloride 

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

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

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 Chloride concentration profiles at different period lengths of (a) hs(t) and (b) Ts(t).
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penetration in concrete under varying humidity and temperature 
changes. The interaction between moisture and heat transfer and their 
coupled effect on chloride transport are analysed. The predicted chlo
ride distributions under different environments are compared with 
published experimental data. The following conclusions can be drawn: 

(1) Considering the heterogeneous features of unsaturated concrete, 
the thermal conductivities of concretes with different volume 
fractions of aggregates, saturation degree and mw/c can be pre
dicted through the proposed thermal conductivity model. The 
predicted results show that the thermal conductivity of concrete 
in a dry state will also increase with the increasing volume frac
tion of coarse aggregates and saturation degree. In contrast, it has 
a decreasing trend with the rising water to cement ratio.

(2) For the coupled moisture and heat transfer, the elevated tem
perature can promote moisture transport, and the increased 
water saturation will also accelerate the heat transfer. If the 
interaction between moisture and heat transfer is ignored, the 
predicted relative humidity and temperature will be 
underestimated.

(3) The chloride transport under varying humidity and temperature 
changes depends on the combined chloride diffusion and con
vection processes. The increased temperature will promote the 
chloride transport process. A non-linear relationship exists be
tween temperature and the chloride binding capacity. Due to the 
cyclic W/D processes, the convection process will significantly 
accumulate chloride content near the exposure surface. The 
increasing wetting time will lead to higher peak values in the 
chloride contents. However, the penetration depth of chloride 
ions is generally constant regardless of different W/D conditions.

(4) The proposed model can analyse the effect of average value, 
amplitude value and period length of cyclic environmental 
changes on the chloride transport process by assuming boundary 
conditions of moisture and heat transfer as trigonometric func
tions. The results indicate that variation in humidity and tem
perature 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 peak values and the penetration depths, whereas other 

factors have less impact on the chloride transport process at a 
constant exposure time.

The present study introduces a one-dimensional numerical model for 
chloride penetration in OPC concrete under varying humidity and 
temperature conditions. However, several areas require further inves
tigation. First, the model should be expanded from one-dimensional to 
two-dimensional or even three-dimensional to better represent real- 
world scenarios. Additionally, future work should further incorporate 
the coupling of moisture and heat transfer by considering the heat 
released and absorbed during the condensation and evaporation of 
moisture.
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Appendix

Table A 
Parameters used in the proposed model

Parameters Values or expressions References

Coupled moisture and hear transfer
Dref

d Moisture reference diffusion coefficient during drying process 8.31× 10− 10m2/s [15]

Dref
w Moisture reference diffusion coefficient during wetting process 4.05× 10− 11m2/s [15]

D0
d Moisture diffusion coefficient of concrete at dry state

Dref
d

3(1 − va)
2

3 − va

[69]

D0
w Moisture diffusion coefficient of concrete at saturated state

Dref
w

3(1 − va)
2

3 − va

[69]

hc Relative humidity when Dh = D0
d/2 0.8 [49]

α Ratio of minimum Dh to D0
d 0.025

n1 Regression coefficient 6
n2 Regression coefficient 6
U Activation energy of the diffusion process 35000 J/mol [15]
R Gas constant 8.14 J • mol− 1

• K− 1 [32]
Tref Reference temperature 296 K [82]
ρ Density Table 1 (including gas pores, liquid pores, aggregates and cement mortar) [51,53, 

56]c Specific hear capacity
λ Thermal conductivity

(continued on next page)
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Table A (continued )

Parameters Values or expressions References

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) [34]
ϕcp Porosity of cement paste mw/c − 0.36αHD

mw/c + 0.32
[55]

ϕc Porosity of concrete ϕcp(1 − va) [51]
Chloride transport under varying humidity and temperature changes
D0 Chloride diffusivity in pore solution 2.03× 10− 9 [83]
Dcp Chloride diffusivity of saturated cement paste 2ϕ2.75

cp D0

ϕ1.75
cp

(
1 − ϕcp

)
+ 14.44

(
1 − ϕcp

)2.75

[68]

Dc Chloride diffusivity of saturated concrete considering the presence of aggregates
Dcp

3(1 − va)
2

3 − va

[69]

r Impact index of water saturation 1 [15]
A Chloride binding parameters fitted based on experimental data 0.00002T2

C + 0.0006TC + 0.0775 [37,76]
B 0.0001T2

C − 0.0031TC + 0.3995
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