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Abstract
Understanding the transport mechanisms within unsaturated porous media is essential to 
the durability problems associated with cement-based materials. However, the involvement 
of multi-ions electrochemical coupling effect, especially under unsaturated condition 
makes the transport mechanisms even more complex. In this study, the moisture and multi-
ionic transport in unsaturated concrete have been modeled in three-dimensional cases. The 
contribution from both water vapor and liquid has been considered in moisture transport. 
By adopting the constitutive electrochemical law, the electrostatic potential induced by 
inherent charge imbalance was calculated. With parameter calibration, the numerical 
results agreed well with the experimental data, proving the validity of the presented model. 
Results from a parametric analysis showed that neglecting multi-ions coupling effect will 
lead to an underestimated chloride concentration, and saturated degree has an obvious 
impact on the coupling strength among different ions. In addition, the existence of coarse 
aggregates will not only block mass transport but also make the discrepancies between 
two-dimensional model and three-dimensional model results more obvious. Other findings 
which have not been reported in existing studies are also highlighted.
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Article  Highlights

•	 The coupled moisture and multi-ionic transport process has been modeled in three 
dimensions for the first time.

•	 The anomalous moisture transport has been considered by time-dependent water per-
meability.

•	 The higher saturation degree has been found to amplify the multi-ions coupling inten-
sity in porous media.

•	 The model heterogeneity and dimension should be properly considered to obtain more 
accurate numerical result.

Keywords  Porous media · Moisture transport · Chloride transport · Ionic interaction · 
Heterogeneous nature

1  Introduction

Concrete is the most widely used construction material in the world because of its availability 
and good performance (Song et  al. 2008; Bertolini and Redaelli 2009). However, the 
durability deterioration of concrete structures is a very prominent problem (Tang and 
Gulikers 2007; Fu et al. 2016), which is attributed to the penetration of harmful substances 
such as chloride ions due to the porous nature of concrete (Savija et al. 2014; Ukrainczyk 
and Koenders 2014). When concrete is fully saturated, chloride transport is mainly governed 
by diffusion (Tang 2008). However, considering the fact that most of the existing concrete 
structures are rarely saturated (Baroghel-Bouny et  al. 2011; Zhang et  al. 2012), the bulk 
movement of moisture in porous medium will make the ionic transport behavior much 
more complicated compared to the saturated cases (Bao et  al. 2020; Chen and Liu 2021). 
In addition, because of the different diffusivities and charges of each ionic species, a charge 
imbalance inside concrete pore solution can be induced, which will produce an electrostatic 
potential and in turn influence the ionic transport behavior (Johannesson et  al. 2007; 
Elakneswaran et al. 2010). Thus, investigations on the coupled mass transport of moisture 
and multi-ions in unsaturated concrete are of great significance for understanding the 
durability issues of concrete and more accurately predicting their service life (Wang et  al. 
2018; Hou et al. 2019).

When concrete is unsaturated, water tends to intrude into it mainly through capillary 
absorption (Bažant and Najjar 1972). This water intrusion process is very complex since 
the moisture diffusivity is dependent on various influence factors and also the intrinsic 
microstructures of concrete (Hall 1989; Garbalinska et al. 2010; Xiong et al. 2023). Several 
advanced experimental methods were conducted to monitor the moisture transport in 
cementitious materials (Mercado-Mendoza et al. 2013; Zhang et al. 2017), and some other 
studies have also been carried out to determine the moisture diffusivity in different forms 
(Wong et al. 2001; Zhou 2014). Besides, in terms of the influence of moisture transport 
on ionic transport, it can be mainly reflected from two aspects. Firstly, ions dissolved in 
water solution can be transported into concrete because of convection, which is much faster 
than the ionic diffusion in saturated concrete (Zhang et al. 2018). In addition, the moisture 
content and moisture distribution in the pore network can have profound impacts on ionic 
diffusivity (Guimaraes et al. 2011; Tong et al. 2023). Vera et al. (2007) and Climent et al. 
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(2002) proposed test methods to measure chloride diffusivity of unsaturated concrete with 
different controlled water content. Similarly in another test (Nielsen and Geiker 2003), 
chloride diffusivity was measured under relative humidity levels of 65% and 85%. The 
coupled transport of water and chloride in cement mortars was analyzed by Černý et al. 
(2004) with an initial relative humidity of 45%, and ionic binding was taken into account 
in their study. More recently, Homan et al. (2016) developed a new experimental method to 
characterize the moisture-chloride interaction in non-saturated concrete.

The above-mentioned experimental works investigated the ionic transport in unsaturated 
concrete based on different preconditions and thus it is difficult to unify the test results. 
Meanwhile, because of the coupling effect among different influence factors, it is also tricky 
to analyze the individual action of each factor only by means of experiment. Consequently, 
more and more researchers have attempted to adopt numerical modeling techniques to solve 
the moisture and ionic transport. In terms of moisture transport, Caggiano et  al. (2018) 
developed a mesoscale approach to simulate the moisture movement, and the influence of 
microstructure morphology of cementitious material has been considered. Then, Singla et al. 
(2022) investigated the impact of crack on moisture transport by using the lattice model. As 
for the coupled moisture and chloride transport, Meijers et  al. (2005) studied the chloride 
ingress process in concrete under drying-wetting cycles, and the carbonation effects were 
also taken into account. Then, based on the previous diffusion-based models, Oh and Jang 
(2007) proposed an extended prediction model, which considers multiple transport processes 
including diffusion, convection and chloride binding. By applying the multiscale lattice 
Boltzmann-finite element model, Zhang et al. (2014) investigated the effect of water saturation 
degree on ionic diffusivity in unsaturated concrete. Liu et al. (2021) developed a numerical 
model to investigate the effect of water vapor on chloride transport, and it showed that the 
drying-wetting ratio has an obvious influence on the chloride concentration distribution 
pattern. Recently, by considering multiple modal of pore size distributions, Tong et al. (2024a) 
established an improved model for predicting moisture transport features in unsaturated 
cementitious materials.

As mentioned earlier, there are various positively and negatively charged ionic species 
in concrete pore solution, and the electrochemical interaction among different species 
also influences the ionic transport behaviors (Khitab et  al. 2017; Patel et  al. 2021; Liu 
et al. 2023a, b). This action is regarded as the multi-ions coupling effect among different 
ionic species (Yang et al. 2019). At first, researchers tended to characterize the coupling 
action among multiple ions in saturated medium based on the hypothesis of null current 
or electro-neutrality (Li and Page 2000; Frizon et al. 2003). However, it was founded that 
this kind of assumption is not a constitutive law but only a mathematical approximation 
that may cause numerical inaccuracy (Liu et  al. 2012). Most importantly, Johannesson 
et  al. (2010a; b) modified the description of multi-ionic coupling based on the real 
electrochemical interaction among different species and their results were proved to be 
more accurate than those based on the electro-neutrality assumption. Liu et al. (2015; 2018) 
further investigated the multi-ions coupling effect when external electric field existed, 
and results showed that the multi-ions coupling effect has a significant impact on ionic 
migration speed, and the influence also depends on the charge characteristics. In addition 
to the influence of multi-ions coupling, with the rapid development of computational 
modeling techniques and also the deeper understanding on the chloride binding and 
reactive transport mechanisms, much more advanced models have been proposed (Liu 
et al. 2023a, b). Hosokawa et al. (2011) proposed a multi-ions reactive transport model and 
highlighted the importance to include the chemical aspects in a detailed way to model and 
understand the chloride penetration and reaction mechanisms. Apart from the interaction 
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between ionic constituents and complexes solid cement hydrates, the composition of the 
initial and evolving concentrations of the ionic species in the concrete pore solution (such 
as the existence of sulfate ions) will also influence the transport behavior of ionic species 
(Hosokawa et al. 2012; Zhang et al. 2021). More recently, the multi-ions coupling strength 
under combined chloride-sulfate attack in cementitious materials was also investigated, and 
it was reported that the multi-ions coupling has a non-negligible effect on the competitive 
binding mechanism between chloride and sulfate ions (Meng et al. 2024).

So far, the individual effect of water convection and multi-ions coupling on ionic 
transport has been summarized in literature review. The coupled effect of these two 
actions on chloride transport in unsaturated concrete needs to be further studied. 
Samson et al. (2005; 2007) studied the coupled transport of moisture and multi-ions in 
unsaturated porous media by using the homogenization technique, which was proved to 
be a powerful mathematical tool. Based on the mixture theory and single phase system, 
Johannesson et  al. (2003, 2009) implemented an efficient finite element method to 
solve the nonlinear problem of ionic diffusion and moisture movement in a porous 
material. Further, with account to the sorption hysteresis, a model for ionic transport 
coupled to moisture transport was presented by Jensen et  al. (2015) and their study 
showed the sorption hysteresis would influence the ionic concentrations. Recently, Na 
and Xi (2019) applied parallel computing method to obtain a faster convergence as 
compared with other multi-ions transport models in unsaturated conditions. However, 
the moisture was considered as a single phase, and the impact of multi-ions coupling 
effect was also not essentially discussed.

The above literature review indicates that although chloride ingress in unsaturated 
concrete has attracted much attention, relatively a few studies are available regarding 
multi-species ionic transport. Limited researches are available regarding the coupled 
transport of moisture and multi-ions, and most of them treat concrete/cement as 
a one-dimensional homogeneous material. Based on the remarkable progresses 
and solid foundations from previous studies, the present work aims to explore the 
coupled transport of not only moisture and chloride, but also multiple ionic species in 
unsaturated concrete, in which concrete is treated as a heterogeneous material in three 
dimensions. In such a case, the electrostatic potential induced by the charge imbalance 
is carefully studied and the effects of unsaturated conditions on multi-ions coupling 
effect are presented. Some important influencing factors (heterogeneous characteristic, 
initial saturation and ionic interaction, etc.) during the transport process are also 
discussed in details.

2 � Mass Transport in Porous Media

The schematic diagram of the coupled moisture and multi-ionic transport mechanisms 
in concrete is shown in Fig. 1 under multiple scales. Generally, in terms of concrete 
structures serving in coastal areas and exposed in tidal zones, the bulk movement of 
water will aggravate the penetration of harmful substances and provide necessary con-
ditions for the initiation of durability problems such as steel corrosion, which will 
eventually lead to cracking and even spalling of concrete cover  (Cai and Liu 2023). 
Moreover, accompanied with the moisture transport, deleterious ions dissolved in pore 
solution will penetrate into the concrete much more quickly through the convection 
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effect (Xiong et al. 2024). Meanwhile, a charge imbalance can be induced because of 
various diffusivities of different ionic species, which will introduce an electrostatic 
potential inside concrete pore solution, and in turn result in the electromigration phe-
nomenon in ionic transport. Consequently, multiple processes including diffusion, 
convection and migration need to be considered in the multi-ionic transport. Given 
the fact that the entire process occurs under an unsaturated condition, the moisture 
transport model should be firstly established to determine the saturation condition dur-
ing the exposure time. Subsequently, multi-species ionic transport process driven by 
different factors will be formulated, and the influence of moisture transport on ionic 
transport behavior will also be considered.

2.1 � Moisture Transport

As for porous materials such  as concrete, moisture can serve as the transport medium 
of aggressive agents in concrete pore network  (Tong et  al. 2024), and many durability 
problems are associated with moisture transport in porous medium. By assuming that 
the ambient atmospheric pressure is constant, moisture transport in porous materials like 
concrete can be sufficiently characterized thorough the two-phase modeling, that is, liquid 
water transport driven by hydraulic pressure gradient and vapor diffusion driven by the 
vapor content gradient. Therefore, saturation degree, θ, can be expressed based on the mass 
conservation law as

where ρl (kg/m3) represents the liquid water density; φ represents the porosity; Jl (kg/
(m2 s)) and Jg (kg/(m2 s)) represent the liquid water flux and vapor flux, respectively.

(1)
��

�t
= −

1

�l�
∇ ⋅

(

Jl + Jg
)

Fig. 1   Schematic diagram of the mass transport process in porous medium at different scales
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The thermodynamic equilibrium between the liquid water and vapor in pore space 
should also be properly considered. In this study, the equilibrium is related by Kevin’s law 
which can be expressed as

where Pc (Pa) represents the capillary pressure defined as the difference between the gas 
and liquid pressure (i.e., Pc = Pg—Pl), and Pg and Pl represent the gas pressure and liquid 
water pressure, respectively; Pg; R (J/(K·mol)) represents the ideal gas constant; T (K) is 
the absolute temperature which has been taken as the room temperature (293.15 K) in this 
study; Mw (kg/mol) is the molar mass of water; RH represents the relative humidity. For 
cementitious materials, the capillary pressure can be depicted by the water vapor sorption 
isotherm. In this study, the well-known van Genuchten equation (Van Genuchten 1980) has 
been adopted, which can be expressed as

where α and m are fitting parameters which can be quantified by fitting the experimentally 
tested water vapor sorption isotherms (Zhang et al. 2016; Zhang and Angst 2020).

As for liquid water, the modified Darcy’s law can be adopted to depict its transport 
behavior in unsaturated porous materials, which can be expressed as

where μl (Pa  s) represents the dynamic viscosity of liquid water; Pl (Pa) represents the 
liquid pressure; Kl represents the permeability of liquid water, and krl represents the 
relative liquid water permeability. Since it is difficult to directly measure the liquid water 
permeability under different relative humidity, the relative liquid water permeability krl is 
assumed to be as a function of saturation degree. Therefore, an analytical function has been 
proposed based on van Genuchten–Mualem equation in Eq. (3), which has been called as 
the van Genuchten–Mualem (VGM) model (Van Genuchten 1980)

where m is the same fitting parameter as mentioned in Eq. (3); l is the critical tortuosity 
which was commonly adopted as 0.5 for soil. According to the study by Monlouis-Bonnaire 
and Perrin (2004), 5.5 was suggested for cementitious materials, which has also been 
adopted in this study. However, it should be noted that this value would vary for different 
porous materials and even different for cement pastes with different mix proportions, so 
parameter quantification by fitting the experimental measurement is recommended in the 
future studies.

In addition, recent studies have also reported that the water permeability Kl is also time 
dependent, and the water absorption will deviate from the square root of time law in the 
later adsorption stage. Therefore, the time-dependent nature of local water permeability 
was expressed by the exponential relationship firstly proposed by Hall (2019) as

(2)Pc = −
RT�l

Mw

lnRH

(3)Pc = �
(

�−1∕m − 1
)1−m

(4)Jl = −�l
krlKl

�l

∇Pl

(5)krl = �l
[

1 −
(

1 − �1∕m
)m]2

(6)Kl = K1 +
(

K0 − K1

)

exp
[

−
(

tc∕�
)�]
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where it can be seen that the water permeability is expected to decay from the initial value 
of K0 to the ultimate value of K1 during the time period of τ; γ is the exponent; and tc is 
the contact time which can be defined as the difference between the current time and the 
moment when the moisture content at a given space begins to change. It therefore suggests 
that the contact time tc and also the water permeability are related to both time and space 
location.

In terms of the vapor flux, it can be depicted by a diffusion-like equation as

where ρv (kg/m3) represents the vapor density, and Deff
v

 (m2/s) represents the effective 
diffusion coefficient of vapor, which can be determined by various methods. In this study, 
the effective diffusion coefficient of water vapor is characterized as follows according to 
the study by Millington and Quirk (1961)

where σ is a correction factor charactering the blocking effect caused by liquid and solid 
phase intrusion, porous tortuosity during the vapor diffusion process; D0

v
 is the free vapor 

diffusivity in the air which can be taken as 2.45 × 10–5 m2/s under room temperature 
(293.15 K) according to (Li and Li 2013); coefficient n was initially determined as − 7/3 
by Millington and Quirk for soils. However, for cementitious materials whose porosity 
may be smaller than the soils, Thiery et al. (2013) suggested to take n as − 3.74 by fitting 
experimental data tested from cement pastes, and their comparisons also showed that the 
suggested value could lead to a larger resistance to vapor transport compared to soils, 
and the predicted results also agreed well with the actual observations in cementitious 
materials.

2.2 � Multi‑species Ionic Transport

In addition to the moisture transport, the governing equations for multi-ions transport 
process in unsaturated concrete, incorporating diffusion caused by concentration gradient, 
migration caused by multi-ions coupling effect, convection caused by moisture transport, 
and also ionic binding will be elaborated in this section. The mass conservation equation of 
individual ionic species in the concrete pore solution can be written as

where Ci (mol/m3) is the molar concentration of different ionic species in concrete pore 
solution; t (s) is the time; Ji (mol/m2/s) is the ionic flux of the i-th ionic species, and N is 
the total number of the ionic species involved in the concrete pore solution. The ionic flux 
Ji of each ionic species can be expressed as follows:

(7)Jg = −Deff
v
∇�v

(8)D
eff
v

=
(1 − �)�

�
D

0
v

(9)� = [(1 − �)�]n�2

(10)
�Ci

�t
= −∇ ⋅ Ji i = 1, ...,N

(11)
Ji = − Di∇Ci

⏟⏟⏟
Diffusion

−DiCi

(

ziF∕RT
)

∇Φ
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Migration

+ u ⋅ Ci
⏟⏟⏟
Convection
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where the three terms on the right side of Eq. (11) represent diffusion flux, migration flux, 
and convection flux, respectively; Di (m2/s) is the diffusivity of each ionic species which 
can be determined by Eq.  (18) in unsaturated condition; zi is the charge number of each 
ionic species; F (94,680 C/mol) is the Faraday constant; R (8.314 J/mol/K) is the ideal gas 
constant; Φ (V) is the electrostatic potential. In order to determine the ionic convective flux 
due to the transport of bulk liquid water, the liquid water volume flux u (m/s) is introduced 
here, which can be determined through Jl/ρl.

Substituting Eq.  (11) into Eq.  (10), the governing equation for multi-ionic species 
transport characterizing the contribution from diffusion, migration and convection can be 
obtained as

During the ionic transport process, chloride ions can be chemically or physically fixed 
to cementitious materials, and this the so-called chloride binding phenomenon will also 
impact the chloride transport behavior in concrete (Li et al. 2019a, b). When free chloride 
ions penetrate into concrete, some chemically react with the hydration products to form 
Friedel’s salt, and some are physically absorbed on the surface of the solid phase (Tang and 
Nilsson 1993). Therefore, the transport equation of chloride can be rewritten as

where Cb,Cl (mol/m3) and Cf,Cl (mol/m3) are the concentrations of bound chloride and free 
chloride, respectively. The relationship between free and bound chloride ions is known as 
chloride binding isotherm. In this study, the Langmuir binding isotherm has been adopted 
to depict the binding process which is described in Eq. (14).

where a and b are experimentally fitted constants; w is the weight ratio of evaporable water 
to concrete. Then, the chloride binding capacity λ can be used to represent the relations 
between the free and bound chloride concentration as follows.

Therefore, substituting Eq. (15) and Eq. (16) into Eq. (13), the chloride binding isotherm 
can be integrated into transport equation of chloride ions, which can be expressed as

Additionally, the influence of water diffusion on ionic diffusion coefficient in unsaturated 
condition should also be considered. According to the study by Saetta et  al. (1993), the 
relative ionic diffusivities in unsaturated concrete can be expressed as a function of relative 

(12)
�Ci

�t
= ∇ ⋅

[

Di∇Ci + DiCi

(

ziF∕RT
)

∇Φ
]

− ∇ ⋅

(

uCi

)

(13)
�Cf,Cl

�t
+

�Cb,Cl

�t
= ∇ ⋅

[

DCl∇CCl + DClCCl

(

zClF∕RT
)

∇Φ
]

− ∇ ⋅

(

uCCl

)

(14)Cb,Cl =
aCf,Cl

w
(

1 + bCf,Cl

)

(15)
�Cb,Cl

�t
=

�Cb,Cl

�Cf,Cl

⋅

�Cf,Cl

�t
=� ⋅

�Cf,Cl

�t

(16)� =
a

w
(

1 + bCf,Cl

)2

(17)(1 + �)
�Cf,Cl

�t
= ∇ ⋅

[

DCl∇CCl + DClCCl

(

zClF∕RT
)

∇Φ
]

− ∇ ⋅

(

uCCl

)
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humidity in a S-shaped curve, which has been shown in Fig. 2 and can be consequently 
formulated as

where Di,sat represents the ionic diffusion coefficients in saturated concrete, RHc represents 
relative humidity threshold suggesting that Di is to half of its value at the fully saturated 
condition, and it was suggested to be taken as 0.75 by Saetta et al. (1993).

It should be noted here that, because of different diffusivities of various ionic species, 
the resulted concentration difference among the positive and negative charged ions will 
cause a charge imbalance ( 

∑N

i=1
ziCi , where i represents the label of ionic species) inside 

the concrete pore solution. The presence of the charge imbalance will further generate 
an electrostatic potential (Φ), which could affect the transport behavior of all the species 
of ions (Liu et al. 2012). This phenomenon is so called as the multi-ions coupling effect. 
Based on the electrochemical constitutive law, the electrostatic potential distribution 
caused by charge imbalance can be depicted by the Poisson equation as

where ε0 (8.854 × 10–12  C/V/m) is the vacuum permittivity; εr (78.3) is the relative 
permittivity of water at the temperature of 293.15 K; N is the total number of ionic species 
in concrete pore solution. In this study, a total of four ionic species have been considered 
(N = 4), so the ionic species labeled from 1 to 4 represent the sodium, potassium, chloride 
and hydroxyl ions, respectively.

(18)Di = Di,sat∕

[

1 +

(

1 − RH

1 − RHc

)4
]

(19)ΔΦ = −
F

�0�r

N
∑

i=1

ziCi

Fig. 2   Normalized diffusion 
coefficient as a function of rela-
tive humidity
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3 � Model Establishment

In this study, a three-dimensional model with the consideration of coarse aggregates 
instrument has been built, where coarse aggregates were randomly generated and packed 
in the matrix through an algorithm developed by the MATLAB platform. It should be 
noted that the size distribution of coarse aggregates was determined according to the 
Fuller grading curve, and the volume fraction of coarse aggregates can also get adjusted 
according to different concrete mix proportions. Here, a three-dimensional model sized 
40 mm × 40 mm × 80 mm has been established, which is identical to the size of the pris-
matic specimens in the third-party experiment used for parameter calibration and model 
validation in Sect.  4. In terms of the geometric information of coarse aggregates, as an 
illustrative example, the maximum and minimum particle sizes have been set as 10 mm 
and 4 mm, respectively, and the volume fraction of coarse aggregates was set as 40%, as 
displayed in Fig. 3a. Besides, although coarse aggregates are irregular in real cases, they 
were represented as ideal spheres to reduce the mesh complexity and save computational 
cost in the presented numerical model.

After establishing the geometry part, a mesh sensitivity analysis has been conducted 
to determine the required element meshing size with a stable numerical solution. By 
continuously reducing mesh size until there is no obvious differences in the numerical 
results, a maximum element size of 1.5 mm has been determined, and the finite element 
meshing scheme is displayed in Fig.  3b. It should be noted that because of the low 
permeability of coarse aggregate, it has been treated as impermeable for both moisture and 
ions and was consequently not meshed in this study.

4 � Parameters Calibration and Model Validation

The transport properties of concrete are dependent on various influence factors, so it is nec-
essary to identify parameter values from experimental data to ensure the input parameters 
falling in a reasonable range. In this section, the key parameters related to the moisture and 
ionic transport will firstly be calibrated against the experimental results reported by Zhao 

Fig. 3   Schematic diagram of (a) the geometrical representation in both 3D and 2D views and (b) finite ele-
ment meshing scheme
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et al. (2020). Then by keeping all calibrated parameters unchanged, the numerical results 
will then be compared with the experimental data obtained from the same experiment pro-
gram which have not been used in the calibration stage to further testify the validity of the 
presented model. Part of the experimental procedure conducted by Zhao et al. is displayed 
by Fig.  4. Generally, two groups of prism specimens in fully saturated state were dried 
with only one surface exposed, where one group was dried for 7 days and the other for 
56 days, respectively. Then, all specimens were immersed in 3.5% sodium chloride solu-
tion for 28 days to measure the water absorption capacity by weight difference method, and 
the free chloride content in concrete at the 7th day was also measured by grinding powder 
from the specimens. In addition, the sorption experiment was also conducted by Zhao et al. 
to determine the adsorption and desorption isotherms. It should be noted that coating sur-
faces would increase the air pressure in pores and block the mass transport. However, in 
the experiment by Zhao et al., the specimen was in a saturated state before pre-dried treat-
ment. Therefore, air phases can only exist in the surface region, so the blocking effect may 
not be a dominant factor in the mass transport process.

In this study, the experiment data from group with 7-day drying were used for parameter 
calibration, and the experimental results from the group with 56-day drying stage were 
used for the model validation by keeping all previously calibrated parameters unchanged. 
Meanwhile, the boundary and initial conditions of ionic concentrations and saturation 
degree are set as identical to the experiment. It should be noted that the initial condition 
(i.e., water content profile) for the wetting period immersed in sodium chloride solution 
was calculated by modeling the previous drying process. In other words, the calculated 
water content profile from the drying process was used as the initial condition for the 
subsequent modeling of wetting. In addition, as for modeling of drying process, since Zhao 
et al. (2020) did not provide experimental data of the water content profiles after the pre-
drying period, so only the results in wetting process were used for parameter calibration 
and model validation. However, the unknown water content profile after drying made the 
direct parameter calibration impossible. Therefore, the trial and error process was adopted 
to quantify the water permeability. In details, an approximate value for water permeability 
was preliminarily adopted in modeling the drying process, and the water content profiles 
were used as the initial condition of the subsequent wetting process. Then, the permeability 
was calibrated and adjusted according to the experimentally tested water adsorption results. 
Subsequently, the calibrated value was adopted to recalculate the entire drying and wetting 
process, and the calculated water adsorption content was compared with the experimental 
measurements. If the results do not match the experimental results well, this process will 
be continued until the relative error is acceptable.

Fig. 4   Part of the experimental procedure conducted by Zhao et al. (2020)
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Firstly, according to the isothermal sorption experiment conducted in literature (Zhao, 
et  al. 2020), the saturation degree was calculated by the mass difference during drying 
and wetting process, and the relative humidity was obtained by a humidity sensor. Subse-
quently, the sorption isotherms can be fitted according to the van Genuchten equation (i.e., 
Eq. (3)), as shown in Fig. 5. It can be observed that for both adsorption and desorption pro-
cesses, the van Genuchten equation is capable of accurately fitting the sorption isotherms, 
and the fitting parameters α and m have been quantified as α = 1.026 × 107 Pa, m = 0.444 for 
adsorption, and α = 2.099 × 107 Pa, m = 0.340 for desorption, respectively.

As for the moisture transport, the liquid water permeability in concrete should be cali-
brated against the experimental results. According to the capillary imbibition test results 
measured by Zhao et  al. (2020) (i.e., the amount of water adsorption versus imbibition 
time), the parameter used to depict the decayed water permeability in Eq. (6) can be quan-
tified as: K0 = 21.4 × 10–21  m2, K1 = 0.21 × 10–21 m2, γ = 0.8, and τ = 3600  s, as shown in 
Fig. 6a. The calibration process adopted the trial and error procedure to reduce the differ-
ences between numerical results and experimental measurements, where various sets of 
parameters have been tested and the group with optimal numerical results were selected. 

Fig. 5   Sorption isotherms fitted 
through experimental data from 
Zhao et al. (2020)

Fig. 6   Parameter calibration against experiment results from Zhao et al.: (a) the amount of adsorbed water 
and (b) free chloride content
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By taking into the time dependence nature of water permeability, it can be seen that the 
imbibed water content showed an obvious deviation from the square root of time law.

Besides, in terms of the chloride diffusion coefficients, according to the experimentally 
tested free chloride concentrations by drilling powders from the specific depths of the 
specimens, the chloride diffusion coefficient in saturated condition has been calibrated 
as DCl,sat = 8.52 × 10–12  m2/s following a trial and error process, as illustrated in Fig.  6b. 
Although the calibrated diffusion coefficient was in the general range of values, relative 
errors still existed between the numerical result and experiment measurements of the free 
chloride concentrations. The differences may be introduced by the test error from the 
experiment, and the chloride binding process was not explicitly expressed in the numerical 
model, which can also cause chloride concentration differences in the penetration depth 
from 4 to 8 mm. However, considering the fact that no bound chloride concentrations have 
been provided in the aforementioned experimental study, it is difficult to quantify the exact 
value of chloride binding parameters. Based on the classic chloride binding experiment by 
Tang et al. (1993), where the binding capacity of OPC mortars with a water-to-cement ratio 
of 0.4 were tested (identical to the experiment used for calibration), the fitting parameters 
for Langmuir isotherms are adapted as a = 0.417 and b = 0.077. Note that the precise values 
for chloride binding parameters are still required to further improve the model accuracy.

As for the diffusion coefficient of other ionic species such as sodium and potassium 
ions, considering the difficulties of directly measuring their diffusion coefficients, their 
values can be determined based on the normalized value between calibrated chloride 
diffusion coefficient and its diffusion coefficient in water solution. However, it should 
be noted that the exact values of diffusion coefficients would vary between different 
cementitious materials systems, and normalizing from the values in bulk water was 
a bit rough method to generally satisfy the need of calculating the charge imbalance, 
and more sophisticated methods should be employed in the future study. Besides, the 
ionic diffusion coefficient in unsaturated condition can be subsequently determined by 
Eq. (18) depending on the relative humidity. For now, parameters adopted in the numer-
ical model have been determined, and their values are listed in Table 1. The correspond-
ing data sources have also been provided in Table 1. However, it should be noted that 
although the parameters listed in Table 1 are calibrated, directly selected or normalized 
from different data sources, which may limit the model applicability, the materials form 

Table 1   Quantified parameters in the present numerical model

Parameters Symbols Values Data sources

Permeability K0 21.4 × 10–21 m2 (Zhao et al. 2020)
Permeability K1 0.12 × 10–21 m2 (Zhao et al. 2020)
Exponent γ 0.8 (Zhao et al. 2020)
Decay time τ 3600 s (Zhao et al. 2020)
Diffusivity of vapor in air Dv

0 2.45 × 10–5 m2/s (Li and Li 2013)
Adsorption isotherm fitting parameters α and m 1.026 × 107 Pa, 0.444 (Zhao et al. 2020)
Desorption isotherm fitting parameters α and m 2.099 × 107 Pa, 0.340 (Zhao et al. 2020)
Chloride diffusion coefficient DCl,sat 8.52 × 10–12 m2/s (Zhao et al. 2020)
Sodium diffusion coefficient DNa,sat 5.59 × 10–12 m2/s Normalized
Potassium diffusion coefficient DK,sat 8.21 × 10–12 m2/s Normalized
Hydroxyl diffusion coefficient DOH,sat 2.20 × 10–11 m2/s Normalized
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the mentioned data sources are all ordinary Portland cement concrete. However, it is 
still recommended to use the experimentally measured parameters or calculations from 
more sophisticated methods when applying this model in another situation.

Without changing the above calibrated parameters, the specimen group with 56-day 
drying have been modeled and the numerical results were then compared to the experi-
mental measurements. The numerical and experimental results on the amount of water 
adsorption and chloride concentration are compared in Fig. 7a, b, respectively. It can be 
observed that the amount of adsorbed water possesses an almost linear relationship with 
the square root of exposure time, and this phenomenon can also get well reflected by the 
numerical modeling results. As for the chloride concentration distribution after 56-day 
exposure to the 3.5% sodium chloride solution, it can be found that the chloride concen-
tration gradually reduces along the penetration depth, and the numerical results coincide 
well with the experimental data, which can also testify the validity of the model from 
the perspective of ionic transport.

5 � Results and Discussion

In order to better understand the potential influence factors of the coupled moisture 
and multi-ionic transport in unsaturated concrete, a detailed parametric analysis will be 
conducted in this section. In this section, the model geometry information was identical to 
that mentioned in Sect. 3. The model has been set as only the bottom surface exposed to 
the 3.5% sodium chloride solution (approximately 590 mol/m3 in molar concentration), and 

Fig. 7   Results comparison between numerical model and experimental measurement on (a) water adsorp-
tion and (b) free chloride content

Table 2   Initial and boundary 
concentrations of ionic species in 
the model

Ionic species Initial concentration 
(mol/m3)

Boundary 
concentration 
(mol/m3)

Cl− 0 590
Na+ 285 590
OH− 385 0
K+ 100 0
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the initial ionic concentrations in concrete pore solution are listed in Table 2. The initial 
saturation degree was firstly set as 50% unless otherwise mentioned in the parametric 
analysis. After an overview of the general results of moisture and multi-ionic transport, the 
multi-ions coupling effect, especially under the unsaturated condition, will be compared 
to the electro-neutrality assumption, and the influence of electrostatic potential induced 
by charge imbalance on multi-ionic transport behaviors is analyzed. Then, the influence 
of initial saturation degree on moisture transport and ionic concentration will also be 
discussed. In addition, the effect of concrete heterogeneity and modeling dimensions on the 
prediction results have also been studied.

5.1 � Overview

The distributions of saturation degree at various exposure time are shown in Fig. 8. It can 
be seen from the figure that although the wetting front moves deeper in concrete and the 
inner capillary pores tend to get saturated with time, adsorption rate gradually reduces 
because of the decayed water permeability. After 10 days, the wetting front has reached 

Fig. 8   Distribution of moisture saturation at different exposure time

Fig. 9   Chloride concentration distributions (a) from 20 to 80 days before concrete saturated and (b) from 
80 to 160 days after concrete saturated
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25 mm. It can be noticed that the moisture transport rate gradually reduces as the wetting 
front moves deeper into the concrete, and the wetting front can maximumly reach 50 mm 
after 180-day exposure. In addition, it can be also found that because of the intrusion of 
coarse aggregates, the distribution of saturation degree is not uniform inside the concrete, 
which is mainly caused by the blocking effect of coarse aggregates on mass transport.

The free chloride concentration profiles after 10-day exposure (i.e., during the rapid 
moisture adsorption period) and that from 50 to 180 days have been displayed in Fig. 9a, 
b, respectively. It can be found that the chloride concentration distributions are influ-
enced by the moisture adsorption rate and also the water permeability. As illustrated 
in Fig.  9a, the sharp penetration front can be noticed after 10-day exposure when the 
capillary imbibition is still significant as shown in Fig.  8. This is because during the 
transport process of moisture, free chloride ions dissolved in water will also enter the 
concrete. Because the moisture transport is much faster than the chloride ion diffusion, 
the chloride transport is mainly dominated by the convection before saturation. On the 
contrary, when the water permeability has decayed to a lower value, that is from 50 days 
in this study, the chloride transport process is dominated by diffusion, as illustrated in 
Fig. 9b. In addition to the gradually flattened concentration gradient, it can be  found 
that the chloride concentration in the area with penetration depth smaller than 15 mm is 
even decreasing with time. This is because the concentration gradient in the area with 
concrete cover thickness less than 10 mm was smaller than that between 15 and 30 mm. 

Fig. 10   Ionic concentration distributions of (a) hydroxyl ions, (b) potassium ions and (c) sodium ions
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With the extension of exposure, chloride ions supplied from the concrete area within 
10  mm are less than those diffused inward. As a result, the chloride ion concentra-
tion between 40 and 60 mm is reducing with time, and the chloride ions concentration 
deeper than 60 mm is increasing, which makes the concentration front more flatten.

The concentration distributions of other ionic species including hydroxyl ions, 
sodium ions and potassium ions have been shown in Fig. 10. It can be seen, similarly to 
the chloride, the transport behaviors of these ionic species are also firstly controlled by 
convection at the initial stage, and then by diffusion with the gradually decayed water 
permeability. In addition, the sharp concentration gradient formed at the convection 
controlled stage also gradually becomes flattened during the diffusion controlled stage, 
which is  similar to that observed from the chloride concentration profiles.

5.2 � Effect of Electrostatic Potential Caused by Multi‑ions Coupling

Because of the different diffusivities and carried charges of different ionic species, a 
charge imbalance will be caused in concrete pore solution during the ionic transport 
process, and an electrostatic potential inside the concrete will be consequently introduced 
to further influence the ionic transport behavior, which has been called as the multi-ions 
coupling effect. In order to characterize the electrical coupling among different species, 
the presented work adopts the Poisson equation, as given by Eq.  (19), to determine the 
evolvement of electrostatic potential during the ionic transport in unsaturated condition.

The evolution of electrostatic potential at the different exposure time is shown in Fig. 11. 
Even though no external voltage or current is applied, the maximum electrostatic potential 
approximates 25 mV. Meanwhile, it can be found from the figure that the distribution of 
electrostatic potential is space- and time dependent due to the variation of ionic concentra-
tion and charge imbalance inside concrete pore network. However, with the increase of 
exposure time, the amplitude of electrostatic potential gradually decreases, which agrees 
well with the phenomenon observed by Johannesson et al. (2009). This can be explained 
by the fact that as time goes by, the ionic species in concrete tends to be in an equilibrium 
state, and the charge imbalance introduced by external ionic penetration would gradually 

Fig. 11   Electrostatic potential distribution at different exposure time
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become less significant, which has led to the reduced electrostatic potential. In addition, it 
can also be found that the position of the maximum electrostatic potential often appears in 
a deeper position with the extension of exposure time. This is because the severest charge 
imbalance takes place where the ionic transport wavefront has reached. As a result, the 
more obvious electrostatic potential tends to appear at the penetration front.

In addition, Samson and Marchand (2007)  developed a multi-species transport 
model in unsaturated concrete with the consideration of chemical equilibriums, and the 
calculation of the model was based on the operator splitting approach. Although the 
moisture transport was not modeled in this reactive transport model, their results still 
highlighted that implementation of the chemical equilibriums in the transport modeling 
can successfully reproduce the chemical effect of the precipitation and dissolution, and the 
influence of electrochemical coupling can also result in a more accurate prediction against 
the experimental data. Subsequently, Glasser et  al. (2008) developed a comprehensive 
numerical model which includes the transport of ions, moisture and gas, and they 
reported that the moisture content in concrete has a significant influence on chloride 
transport behavior, which is consistent with the results from this study. Besides, due to 
the advantages of taking moisture into account, the numerical model developed by Glasser 
et  al. was capable of simulating various durability degradation processes such as steel 
corrosion and carbonation which have a closer relationship with moisture content.

In order to further illustrate the influence of electrostatic potential on ionic transport 
behavior, the chloride concentrations calculated with and without the consideration of 
multi-ions coupling effect have been compared in Fig. 12. It can be observed that because 
of the positive electrostatic potential introduced by the multi-ions coupling effect, the 
penetration of chloride ions as anions can be accelerated, which will eventually lead to a 
higher chloride content when the multi-ions coupling effect has been considered. However, 
for electro-neutrality assumption, since there is no contribution from the ionic migration, 
the chloride content is lower than that calculated by taking multi-ions coupling effect into 

Fig. 12   Comparisons of chloride ion concentrations calculated by considering multi-ions coupling effect 
and electro-neutrality assumption



A Numerical Study of Moisture and Ionic Transport in Unsaturated…

1 3

account, which suggests that the electro-neutrality assumption will underestimate the chlo-
ride concentration. In addition, it can also be noticed from the figure that the influence of 
multi-ions coupling effect is much more obvious at the depth lower than the penetration 
front. This is attributed to the fact that the charge imbalance is most serious at the penetra-
tion front where the induced electrostatic potential is larger as shown in Fig. 11. Therefore, 
with the increase in exposure time and gradual moving inward of the chloride penetration 
front, the concentration difference at the position where the penetration front has passed is 
more significant.

Although the contribution of multi-ions coupling effect was not obvious enough before 
40-day exposure, a significant difference in chloride concentration can be noticed from the 
100-th day, as can be observed from Fig. 12d–f. Besides, Figure 13 displays the averaged 
free chloride concentration calculated by models with and without considering the multi-
ions coupling effect. It is shown that after 180-day exposure, the averaged chloride con-
centration can be underestimated by 1.2 times lower when adopting the electric neutrality 

Fig. 13   Averaged chloride 
concentration after 180 days with 
and without the consideration of 
multi-ions coupling effect

Fig. 14   The distribution of (a) saturation degree after 20 days and (b) chloride concentration after 180 days 
with various initial moisture content
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assumption in unsaturated concrete. It therefore again highlights the importance of consid-
ering multi-ions coupling effect in predicting the chloride penetration.

5.3 � Effect of Initial Saturation

Figure 14 illustrates the influence of initial saturation degree on the distribution of moisture 
content after and chloride concentration after 180-day exposure, respectively, where the 
initial saturation degree has been set as 0.3, 0.5, 0.7 and 0.9. It can be seen from Fig. 14a 
that lower initial saturation degree leads to a larger capillary adsorption rate. As for the 
chloride concentration, it can be can found from Fig. 14b that the smaller initial saturation 
degree will enlarge the effect of convection, which eventually leads to a higher chloride 
concentration in concrete pore solution. This indicates that compared to the fully saturated 
concrete, partially saturated concrete is more vulnerable to chloride attack due to the con-
vection effect. In addition, the initial saturation degree also influences the chloride concen-
tration distribution pattern. For concrete with lower initial saturation degree, the transport 
is mainly convection controlled where a sharp penetration front can be found. However, for 
concrete with larger saturation degree such as 90%, the chloride concentration distribution 
profile is a gentle curve and no sharp penetration front is observed.

In addition to the moisture and ionic transport, the effect of initial saturation on elec-
trostatic potential evolvement is shown in Fig. 15. It can be observed from the figure that 
lower initial saturation degree will lead to a smaller electrostatic potential, and the electro-
static potential of concrete with 30% initial saturation is lower than that of concrete with 
90% initial saturation. This phenomenon can be mainly explained from the following two 
aspects. On the one hand, lower initial moisture content will enlarge the convection effect, 
which will facilitate the ionic transport in concrete pore network. Because the charge 
imbalance will gradually reduce with the continuous ionic transport, the charge imbal-
ance caused by external ionic penetration will turn back to the balance state much more 
quickly with the increased ionic transport speed. On the other hand, with a larger initial 
saturation, ionic species are provided with more space in the pore solution to interact with 
other species leading to a more significant charge imbalance, which would also enlarge 

Fig. 15   The influence of initial 
saturation on electrostatic poten-
tial distribution after 180-day 
exposure
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the electrostatic potential. Therefore, the charge imbalance is less obvious for less satu-
rated concrete, and the electrostatic potential caused by the charge imbalance is also less 
significant.

Fig. 16   Four models with different dimensions and heterogeneities

Fig. 17   The influence of concrete heterogeneity on moisture and chloride content for both 2D and 3D cases
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5.4 � Effect of Heterogeneous Nature

In order to further illustrate the impact of concrete heterogeneous nature on mass transport, 
the influence of coarse aggregates existence will be discussed. In this section, a total of 
four models with have been built including 3D homogeneous model, 3D heterogeneous 
model, 2D homogenous model and 2D heterogeneous model, as shown in Fig. 16. It should 
be noted that the geometry of 2D heterogeneous model is selected from the longitudinal 
section of 3D heterogeneous one, and only the bottom surface (or side in two-dimensional 
cases) has been set as exposed to the external solution.

The saturation degree and chloride concentration calculated by homogenous and het-
erogeneous models in both two-dimensional and three-dimensional cases are compared 
in Fig.  17. It can be found that although more obvious for two-dimensional cases, both 
the saturation degree and chloride concentration calculated by heterogeneous models are 
smaller than the homogeneous models. This is mainly because the heterogeneity caused by 
coarse aggregates instrument will introduce a blocking effect on mass transport. In other 
words, because of the low permeability of aggregates, ions and moisture can hardly trans-
port through aggregates but can only move around them, as shown by the steam line in 
Fig. 18, which extends the mass transport path and leads to a reduced moisture and ionic 
transport rate.

5.5 � Effect of Modeling Dimensions

It should be noted that most of the existing models focusing on the coupled ionic and mois-
ture transport were built in one-dimension or two-dimension, which leads certain differ-
ences with the mass transport in real cases. Therefore, it is necessary to investigate the 
influence of modeling dimensions on the results of mass transport. As shown in Fig. 19, 
the saturation degree and chloride concentration distribution calculated by three-dimen-
sional model and two-dimensional model have been compared. It can be found that for 
heterogeneous models which have taken the influence of coarse aggregates into account, 
both the saturation degree and chloride concentration calculated by 2D model were smaller 
than in 3D case. The maximum difference can reach 1.40 and 3.52 times for saturation 

Fig. 18   The stream lines of 
chloride ions for the (a) heteroge-
neous case and (b) homogeneous 
case
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degree and chloride concentration, respectively. This can be explained by the fact that the 
mass flux on the third direction cannot get well reflected in two-dimensional plane mod-
els. However, as for three-dimensional models, the mass flux around coarse aggregates can 

Fig. 19   The influence of modeling dimensions on moisture and chloride content for both heterogeneous and 
homogeneous cases

Fig. 20   Schematic diagram of 
the mass flux pattern in 3D and 
2D cases
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also contribute to the moisture and chloride transport, which can to some extent contribute 
to the mass transport in porous media, as illustrated in Fig. 20. In addition, it can also be 
observed from Fig. 19b, d that when building model with the homogeneous assumption, 
the modeling dimension has little impact on the calculation results. This is because without 
the intrusion of coarse aggregates, the stream line of mass flux will follow almost straight 
lines in both 3D, 2D and even 1D cases, so the impact modeling dimension is negligible.

5.6 � Current Limitations and Future Prospects

In this study, influence factors such as multi-ions coupling effect, initial saturate degree 
and modeling dimensions and heterogeneity have been discussed, but limitations still exist 
in the presented numerical model and future work could address the following aspects for 
further improvement.

•	 For porous material such as concrete exposed to saline environment, the dissolution 
of ionic species in pore solution will alter water activity and impact the chemical 
equilibrium relationships. Therefore, the influence of chemical speciation should be 
considered to more accurately depict the interactions among water transport, multi-
ionic transport and chemical reactions.

•	 The chloride binding phenomenon was considered by Langmuir binding isotherm in 
this study. However, more accurate and comprehensive characterization of chloride 
binding can be modeled by taking chemical equilibriums into account. Other chemical 
reactions between ionic species and hydrated cement system can also the included to 
more realistically reflect the reactive transport behaviors.

•	 The transport properties in microscale and the influence of pore structure evolvement 
can be considered to more comprehensively reveal the transport behavior in unsaturated 
concrete. Therefore, the existence of interfacial transitional zone and the anomalous 
transport phenomenon induced by different transport properties between large and 
small pores need to be essentially studied in the future studies.

•	 As for the input transport parameters, the presented model determined them by 
calibration or selecting from previous studies. However, since the transport properties 
may vary with different mixture proportions, and rough estimation of the transport 
property parameters would make the numerical results less quantitatively valuable, 
more accurate determination procedure such as experimental measurement and fitting 
with more sufficient data should be considered.

6 � Conclusions

This work established a numerical model to investigate the moisture and multi-species ionic 
transport in unsaturated concrete. The moisture transport in concrete has been considered 
as two phases including both water vapor and liquid, and the anomalous moisture transport 
phenomenon has also been explicitly considered to better mimic the water transport in 
cementitious materials. The electrostatic potential induced by charge imbalance in concrete 
pore solution was solved by the Poisson equation to better understand the impact of 
multi-ions coupling effect on ionic transport especially under unsaturated condition. Key 
parameters adopted in the presented model has been calibrated, and the numerical results 
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have also been compared to experimental data to validate the presented numerical model. 
Then a parametric analysis has been conducted to investigate potential influence factors 
on the moisture and multi-ionic transport in unsaturated concrete. The major conclusions 
drawn from the study can be summarized as follows.

•	 The influence of water imbibition on the distribution pattern and magnitude of 
electrostatic potential is firstly investigated. For a single wetting process, although the 
magnitude of electrostatic potential at the same depth reduces, the distribution pattern 
is found to be not only related to ionic penetration but also to the water imbibition 
front, which is distinctively different to that observed in saturated transport condition.

•	 The positive electrostatic potential will still facilitate the penetration process of anions 
such as chloride. After 180-day exposure, the averaged chloride concentration can be 
underestimated by 1.2 times lower when adopting the electric neutrality assumption in 
unsaturated concrete.

•	 The initial saturation degree has an impact on both ionic transport and multi-ionic 
coupling intensity. In addition to improving the convection intensity under low saturate 
degree, higher initial saturation degree can also amplify the electrostatic coupling effect 
and level the amplitude up to 50 mV with a 90% initial saturation degree.

•	 The influence of modeling dimension and the model heterogeneity should be considered 
simultaneously. When considering the heterogeneity nature of concrete under two 
dimensions, the model cannot reflect the heterogeneity and mass flow in the third 
direction, which can result in 1.40 and 3.52 times lower prediction values for moisture 
and chloride content, respectively.
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