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INTRODUCTION 

1.1 Problem statement 

Concrete is one of the oldest building materials in the world [1]. It usually consists of cement, aggregates 

and water. Concrete is characterized with high compressive strength, but rather low tensile strength. This 

disadvantage can be addressed by the addition of steel reinforcement.  
In recent years, there is a clear trend towards design for sufficient durability (service lifetime) of concrete 

structures [2]. This requires the development and subsequent introduction of performance criteria as a 

design tool for practice. Corrosion of steel reinforcement induced by chlorides penetrating from the 

exposed concrete surface is considered as the major threat to the durability of concrete structures. 

Concrete is a durable material, but there are a number of factors which influence concrete durability [3]. 
Chloride ingress into concrete is one of the most commonly found damage mechanisms [4]. When 

chloride reaches the rebars, corrosion can onset and that decreases the service lifetime of the structures. 

The steel reinforcement in concrete is normally well protected against corrosion. This protection is based 

on the alkalinity of the pore water of concrete [5]. The high pH generates a thin protective layer on the 
steel surface. This passivation layer inhibits the corrosion process. This layer can vanish due to the 

chloride. 
Chloride penetrates into concrete with water. That is especially the case when concrete structure comes 

in contact with seawater (Figure 1.1). Because of the presence of chloride in seawater, chloride can 

intrude in concrete and affect the reinforcement [6]. The corrosion of the reinforcements is often detected 

in marine structures, especially in the splash and tidal zones [7-9]. The chloride penetration into marine 
structures begins with the wetting phase, in which the external layer of concrete is saturated with a 

chloride solution by capillary adsorption. In the drying phase, the water evaporates leaving chloride 

behind [10]. During the next wetting phase, the pores are again filled with seawater, which dissolves 

salts already present in the pore. Therefore, the concentration of chloride rises. Once the chloride 
concentration at the level of rebars exceeds the critical value, corrosion of the steel reinforcement will 

occur [11-13]. 

Another example of damage caused by chloride is clearly visible in tunnels and parking garages [14]. 

The corrosion in tunnels and parking garages occurs because, in winter, de-icing salt is used on the roads 

to prevent them from freezing. This de-icing salt dissolves in the water present on the roads. The water 
spray  

 
Figure 1.1: Rebar corrosion in a concrete pile in a marine structure in the splash and tidal zones1. 
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containing chloride is being transported to the bottom of bridge decks, columns of viaducts and tunnel 

walls, and this leads to chloride penetration in those structures, as shown in Figure 1.2. The floor of 

parking garages can also be exposed to chlorides, because of the de-icing salt that is brought in by cars. 
For all these reasons, further research needs to be performed to better understand the individual and 

combined impacts of moisture transport and chloride transport in concrete. 

Research on moisture transport in concrete can be performed by experimental tests [15] or theoretical 

models [16-22]. Experimental tests offer the advantage that the real situation is studied and the full 

complexity of the problem is taken into account. However, they are normally rather expensive and time-
consuming. In addition, there is no or only limited control over the boundary conditions in order to be 

in accordance with practice.  

Also, important parameters cannot be measured easily and accurately. For example, measuring moisture 

profiles in concrete is a difficult task, and can only be accurately conducted using advanced methods 
such as the magnetic resonance imaging (MRI) technique [15]. However, this is an expensive approach 

and can only be used for very small samples. This technique, therefore, cannot explicitly represent the 

moisture transport in large scales as it occurs in practice. Therefore, the need for a simple and 

inexpensive experiment set-up is of great importance [23]. 

Theoretical approaches, on the other hand, are simple and rather fast. In addition, they easily allow 
efficient parametric studies. This approach allows full control over the boundary conditions. However, 

the accuracy and reliability of such as approach are of concern.  

Given the complexity involved in determining the impact of different parameters on moisture transport, 

different coefficients are normally developed and used in theoretical models. The accuracy of these 
models therefore highly depends on the accuracy of these coefficients. Nevertheless, the accuracy of 

these coefficients depends on the availability and accuracy of experimental tests. For example, given the 

complexity involved in measuring sorption isotherm curves for concrete, these curves are normally 

developed based on a limited number of measured points that could not be sufficient to accurately 

describe the correlation between moisture content and relative humidity of the environment. This can, 
therefore, significantly influence the accuracy of moisture transport models [24]. 

 

 
Figure 1.2: Corrosion of steel reinforcement due to de-icing salts in a parking garage2. 
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A detailed review of the literature reveals that several studies have been performed to investigate the 

individual impacts of moisture and chloride transport in concrete. Nevertheless, the interaction between 

the moisture and chloride has not yet been systematically investigated [25].  
While the focus in most of the previous studies has been on moisture and chloride transport either by 

diffusion and capillary suction or convection, the interaction between the three different transport 

mechanisms (i.e., natural diffusion, capillary suction and convection) should be further studied.  

The research gaps can, therefore, be summarized as follows:  

 Lack of detailed research on the performance of different moisture transport models.  
 Lack of simple and cheap experimental set-up for measuring moisture transport in concrete. 

 Lack of high-resolution data for sorption isotherm. 

 Lack of knowledge on the combined impacts of moisture and chloride.  

 Lack of knowledge about the interaction between different transport mechanisms (diffusion, 
capillary suction and convection).   

Based on the above-mentioned research gaps, the main objectives of this thesis are:  
 Compare the performance of different moisture transport models. 

 A detailed description of measuring procedure of moisture transport in concrete.  

 A detailed evaluation of the impact of sorption isotherm on moisture transport in concrete. 

 A detailed evaluation of the combined impacts of moisture and chloride. 

 A detailed evaluation of the interaction between different transport mechanisms (diffusion, 
capillary suction and convection).  

1.2 Thesis outline  

This thesis is based on five journal papers and conference papers:  

 Chapter 2: Taher, A. Cao, X. Pop, I.S. van der Zanden, A.J.J. & Brouwers, H.J.H.  (2013). 

Moisture transport in concrete during wetting/drying cycles. Chemistry and Materials 

Research, 5, 86-90. 

 Chapter 3: van der Zanden, A.J.J. & Taher, A. (2014). A gravitational procedure to measure the 
diffusion coefficient of mater in porous materials: a case study on concrete. Drying 

Technology, 32(6), 708-712. 

 Chapter 4: Taher, A. & Brouwers, H.J.H. (2023). Sorption isotherm measurements for porous 

materials: A new hygroscopic method. Construction and Building Materials, 379, 131166. 
 Chapter 5: van der Zanden, A.J.J. Taher, A. & Arends, T. (2015). Modelling of water and 

chloride transport in concrete during yearly wetting/drying cycles. Construction and Building 

Materials, 81, 120-129.
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 Chapter 6: Taher, A. van der Zanden, A.J.J. & Brouwers, H.J.H. (2013). Chloride transport in 

mortar at low moisture concentration. Chemistry and Materials Research, 5, 53-56. 

 Chapter 7: Taher, A. Hofstede, J.M. van der Zanden, A.J.J. & Brouwers, H.J.H. (2014). The 
influence of air in mortar on the results of the RCM test. Proceedings of the 5th International 

Conference on Non-Traditional Cement and Concrete (NTCC2014), June 16-19 2014, Brno, 

Czech Republic (pp. 245-248) & Taher, A. Qu, Z. & Brouwers, H.J.H. (2017). Influence of air on 

the chloride penetration in concrete. Proceedings of the 9th International Symposium on Cement 

and Concrete (ISCC 2017), November 1-4 2017, Wuhan, China. 

The correlation between the 8 chapters of this thesis is presented in Figure 1.3. In Chapter 2, two methods 
that are used and compared theoretically to describe moisture transport in concrete structures during 

drying/wetting cycles. In addition, an experimental setup is proposed to validate the models. In Chapter 

3, a measuring procedure is proposed to obtain the diffusion coefficient of water in porous materials. In 

this procedure, a centrifuge is used to create a non-homogenous water distribution inside a porous 
material. In addition, an equation is derived with which the concentration gradient of a partially saturated 

sample in a gravity field can be determined. Chapter 4 presents a novel experimental setup to measure 

the sorption isotherm in which more points can be measured with an adjustable measurement resolution. 

Two porous materials are considered: mortar and sand-lime, where the results are compared with the 

results found in the literature. In addition, the effect of chloride on the sorption isotherm is investigated 
and compared with the case without chloride. Chapter 5 presents a model for the transport of chloride in 

concrete that is not saturated with water. The transport of water is described with a diffusion coefficient. 

The transport of chloride includes the transport of chloride dissolved in the pore water moving through 

the concrete and the transport of chloride caused by a gradient in the pore water chloride concentration. 
Two processes are taken into account: (i) chloride convection, and (ii) chloride diffusion (modelled with 

the Fick’s law). The model is applied to concrete with a daily and yearly cycle of drying and wetting. 

Chapter 6 investigates the impact of chloride on moisture transport in concrete for low moisture 

concentration. An experimental setup is developed to measure moisture transport in thin specimens. Two 

materials are considered, mortar and sand-lime, where the measurements are performed for samples with 
and without chloride. Chapter 7 experimentally studies the chloride transport in unsaturated concrete to 

better understand the capillary suction mechanism of the chloride transport in the surface layers of 

unsaturated concrete. The measurements are performed in two stages. The first experiment compares 

two transport mechanisms, i.e. natural diffusion and capillary suction, while the second experiment is 
performed to evaluate forced migration and capillary suction in unsaturated concrete. Chapter 8 gives 

the conclusions of the research.  
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2.1 Introduction 

Durability of concrete is strongly related to the moisture transport. Moisture transport in marine 

environment, where drying and wetting cycles occur, leads chloride to penetrate into reinforced concrete 

structures. When chloride reaches the rebars, corrosion can appear and that decreases the service life 
time of the structures. By describing the moisture transport in such a structure, the service life can be 

determined. Many descriptions of moisture transport in concrete can be found in the literature. For 

example, the authors [1-5] describe moisture transport in concrete structures by using a single diffusion 

coefficient. In [6-8], the same by using two different diffusion coefficients for drying and wetting. The 
purpose of this study is to compare these two methods of describing moisture transport in concrete 

structures during drying/wetting cycles. In addition to the modelling, an experimental set-up is proposed 

to validate the models. 

2.2 Moisture transport in concrete  

The diffusivity equation is a commonly used equation in building physics for both vapour and liquid 

moisture transport. Prior to the availability of numerical simulation, analytical solutions had to be applied 

to determine both heat and mass transfer. Generally, diffusivity approaches are derived from moisture 
profiles of water uptake or drying experiments. Inserting the diffusion equation into the balance equation 

leads to calculating the volumetric water content. In the following subsections, various diffusivity 

approaches are outlined. 

2.2.1 Diffusivity approach according to Häupl  

Häupl and Stopp’s standard diffusivity function [9] provides an analytic solution for the water uptake 

problem (Figure 2.1 a), where the parameter k is a shape factor moving the strong slope of the diffusivity 

function. A second diffusivity approach by Häupl and Fechner [10] introduced a fixed water content as 
an additional parameter at which liquid water transport inside the material begins, this is specified to be 

the sorption moisture content with values of 35% and 80% relative humidity (Figure 2.1 b). The value 

for sorption moisture content is dependent on available material data and has to be adjusted or chosen 

accordingly. The standard diffusivity function is very flexible and can therefore be applied to most 

building materials. However, the practical application of this function is hampered by difficulties in 
parameter identification. In addition, the standard diffusivity function is sensitive to lower moisture 

levels which may result in an overestimation of liquid water transport. This issue may be resolved by 

applying the modified diffusivity function. However, this approach can only be applied for a limited 

selection of materials.  
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Figure 2.1: Water diffusivity in porous materials according to [9, 10]. 

2.2.2 Diffusivity approach according to Pel 

Pel [11] specifies a vapor diffusivity function with several parameters considering an increase due to 

effects of hysteresis and the influence of surface diffusion and liquid water islands on vapor transport. 

Pel defines a moisture diffusivity which accounts for liquid and vapor transport as shown in Figure 2.2, 
where β is the slope of the function. The approach has good flexibility but is hampered by the 

requirement for measurements of moisture profiles or a combination of measured data and numerical 

simulation in order to make appropriate adjustments to the parameters. Pel has provided examples of 

parameter values that can be used for certain materials. Should these examples not be applicable, and 
measured data or numerical simulations are not available, then Pel’s approach cannot be used. 

 

 
Figure 2.2: Moisture diffusivity in porous materials according to Pel [11]. 

2.2.3 Diffusivity approach according to Künzel  

Künzel [12] has modelled heat and moisture transport phase separately, whereby he defined several 
transport coefficients for liquid water and water vapor transport without any elaboration on the practical 

determination of these parameters. Interestingly, whereas Künzel described a moisture content 

dependent vapor diffusion coefficient which is restricted to a certain range of values due to short-cuts at 

capillary water islands, Künzel uses a constant vapor diffusion coefficient which is independent from 

moisture content (Figure 2.3). In essence, Künzel provided a simplified approach to determine the 
material coefficients. In addition, he proposes to consider the impact of the hysteresis and highlights the 

need to define two diffusivity functions. 
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Figure 2.3: Water diffusivity in porous materials according to Künzel [12]. 

2.2.4 Diffusivity approach according to Krus and Holm  

Krus and Holm [13] described experimental methods for determination of material properties. Based on 

the approaches from Künzel (described above) a more flexible diffusivity approach was developed by 
Krus and Holm. They propose the use of two diffusivity functions, one for capillary suction under water 

contact Dcp and one for liquid water transport without water contact Dwc (Figure 2.4).  

 

 
Figure 2.4: Water diffusivity in porous materials according to Krus and Holm [13]. 

2.2.5 Diffusivity approach according to Carmeliet and Janssen  

Two further diffusivity approaches have been described and have been further improved upon by 

Carmeliet and Janssen [14]. The first one is a general exponential function, i.e. simplified diffusivity 

approach, which is comparable to Pel’s approach and accounts for the liquid water diffusivity. This 

function includes only one adjustable parameter, and therefore does not require much input data. The 
second one is a sum of a function in the lower moisture range and an increasing exponential function in 

the higher moisture range as shown in Figure 2.5. This approach has a high flexibility, especially in the 

lower moisture content range; however, there are many parameters that need to be adjusted. A particular 

issue with this approach is that the function is only reliable if its parameters are adjusted correctly based 

on material data, which may not be available.  
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Figure 2.5: Improved moisture diffusivity in porous materials according to Carmeliet and Janssen [14]. 

2.2.6 Summary and Conclusions 

After reviewing the various diffusivity approaches for moisture transport in building materials, it can be 

concluded that each method has its unique strengths and limitations. 

1. Häupl's standard diffusivity function is versatile and applicable to a wide range of materials, but 

its practical application is hindered by difficulties in parameter identification and sensitivity to 
lower moisture levels. The modified version of Häupl's function offers a solution to the 

overestimation of liquid water transport but is limited in its applicability to specific materials. 

2. Pel's vapor diffusivity function offers good flexibility and considers the effects of hysteresis and 

surface diffusion. However, its application is limited by the need for measured moisture profiles 

or a combination of measured data and numerical simulation for parameter adjustments. 
3. Künzel's approach models heat and moisture transport separately, but it lacks elaboration on the 

practical determination of transport coefficients. Künzel's simplification of the vapor diffusion 

coefficient disregards moisture content dependence, potentially limiting its accuracy. 

4. Krus and Holm's diffusivity approach builds upon Künzel's work and offers more flexibility with 
the introduction of two separate diffusivity functions. This method is better suited for experimental 

determination of material properties but might require additional complexity in its application. 

5. Carmeliet and Janssen's diffusivity approaches provide high flexibility, particularly in the lower 

moisture content range. The simplified approach requires minimal input data, while the more 

complex approach needs careful parameter adjustments based on material data that may not always 
be available. 

In conclusion, the selection of a suitable diffusivity approach depends on the specific materials being 

studied, the availability of material data, and the required level of accuracy. Researchers and 

practitioners should carefully consider these factors when choosing an appropriate method for their 

moisture transport analysis in building materials. 

2.3 Mathematical model 

In this study, the moisture transport (one phase flow) in concrete is described based on the Darcy’s law 

and mass balance [15]: 
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� = − 	
� 	�
�� (2.1)

��� (� �) + 
 ⋅ � = 0 (2.2)

where � is the volumetric velocity, 	
  the intrinsic permeability of the concrete, 	� the relative 

permeability (-), � the viscosity, �� the capillary pressure, � is the porosity of the concrete, � the water 

saturation, and � the time. Commonly, 	� and �� are increasing functions of the saturation �, see [15]. 

By substituting Eq. (2.1) into Eq. (2.2),  

��� (��) − 
 ⋅ �	
� 	�
��� = 0 (2.3)

Furthermore, the following is assumed in this study: 

 The sample is homogeneous. 

 One-dimensional transport. 

 There is no flow at the boundaries except one open boundary. 
 The initial saturation is constant. 

 
For the boundary at the right, a periodic repetition of wetting and drying cycles is assumed. In view of 
these assumptions, the lateral flow is 0. This allows reducing the model to one dimension. The sample 
occupies then the interval (0, �). The following conditions are imposed,  � � = 0:   � = �" ,      in (0, �) (2.4)

 � % = 0: 	
� 	� ����% = 0,    � > 0 (2.5)

 � % = �:  � = �'(�),      � > 0 (2.6)

where �" is the initial saturation, �'(�) the saturation at the right boundary. In the context of the one-

dimensional model, Eq. (2.3) becomes  

��� (� �) − ��% �	
� 	� ����% � = 0 (2.7)

To make the equation dimensionless, the following notations are introduced: 

%: = %� ,  �: = �( , ��: = ��)  (2.8)

where L, T, P are characteristic values for the length, time, and capillary pressure. Substituting Eq. (2.8) 

into Eq. (2.7) and setting  

(�* = ��	
 ) (2.9)

then Eq. (2.7) transforms into  
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���� = ��% +,(�) ���%- (2.10)

Here  

,(�) = 	�(�) ⋅ .��(�).�  (2.11)

By using the Kirchhoff transformation 

/(�) = 0 ,(�).�1
2  (2.12)

Eq. (2.10) becomes  ���� = �33/(�) (2.13)

while the initial and boundary conditions are,  

�(%, 0) = �" ,  ���% (0, �) = 0,  �(1, �) = �'(�) (2.14)

where �" is a constant number between 0 (in case of dried concrete) and 1 (in case of water saturated 

concrete). �'(�) is a periodic function, which simulates wetting/drying cycles,  

�'(�) = 5 1 � ∈ (0, (7] + 	 ⋅ (9,0 � ∈ ((7 , (9] + 	 ⋅ (9, (2.15)

where (: is the dimensionless drying time, (7 is the dimensionless wetting time, Tp = Td +Tw, is the 
period of one cycle, and 	 is any natural number. 

2.4 Approaches 

Two modelling approaches for the moisture transport in concrete are compared in this work. The first 

model uses the same diffusion coefficient for both wetting and drying phase. The second model uses 

two diffusion coefficients, one for the drying ,;(�) and one for the wetting ,<(�). In [8], the following 

coefficients are determined experimentally: 

,<(�) = 10;=2 ⋅ >?⋅@ (2.16)

,;(�) = 10;=2 ⋅ A0.025 + 0.9751 + F1 − �0.208H?I (2.17)

which are plotted in Figure 2.6. 
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Figure 2.6: Various diffusion coefficients as a function of saturation. 

2.4.1 Standard model: one diffusion coefficient 

A standard model considers the same diffusion coefficient for both wetting and drying, in view of Eq. 

(2.16) and Eq. (2.17), the following averages are considered: 

,J(�) = ,<(�) + ,;(�)2  (2.18)

,K(�) = L,<(�) ⋅ ,;(�) (2.19)

Here ,J(�) is the arithmetic mean of the diffusion coefficients, ,K(�) the geometric mean of the 

diffusion coefficients, ,<(�) the diffusion coefficient for wetting and ,;(�) the diffusion coefficient 

for drying, see Eqs. (2.16) and (2.17). The coefficients introduced in Eqs. (2.18) and (2.19) are then used 
for the Kirchhoff transformation in Eq. (2.10). For the resulting model, Eq. (2.12), an implicit numerical 

scheme [16] is combined with a linear iterative procedure [17]. 

2.4.2 Hysteretic model  

Here the hysteretic model in [18] is adapted,  ���� = �33�(�) (2.20)

In the above, �(�) has to include the switch between two diffusion coefficients, in this case, �(�) reads  

�(�) = �M(�) + N(�) ⋅ ����(�O�) (2.21)

where �M(�), N(�) and ����(�O�) are defined as  

�M(�) = /<(�) + /;(�)2  (2.22)

N(�) = /<(�) − /;(�)2  (2.23)

and  
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����(�O�) = P 1      �Q   �O� > 0−1    �Q   �O� R 0 (2.24)

/</;(�) are the Kirchhoff transformations for the wetting/drying diffusion coefficients,  

/</;(�) = 0 ,(T)</;.T@
2  (2.25)

When solving the system, ����(�O�) is replaced by the regularization ����U(�O�) (Figure 2.7),  

����U(�O�) = ⎩⎨
⎧��O� + �* − 1  �Q   �O� R ��O��   �Q − � R �O� R ���O� − �* + 1  �Q   �O� > �  (2.26)

where 0 R � RR 1 is the regularization parameter. 
 

 
Figure 2.7: The graphs of (a) ���� and (b) ����U . 

Solving the above equations directly using the finite difference method leads to incorrect results. 

Alternatively, the inverse �U(Y) of the regularized ����U is used as considered in [19],  

�U(Y): =
⎩⎪⎨
⎪⎧ −� + Y + 1�         �Q   Y R −�,          �Y              �Q   Y ∈ [−�, �],� + Y − 1�         �Q   Y > �,  (2.27)

For the time discretization, let \� be the time step, and �] ^ �(_ ⋅ \�), �] ^ �(_ ⋅ \�)  
The implicit discretization’s of Eq. (2.20) and Eq. (2.21) are:  

�]<= − �]\� = �33�]<= 

 �]<= − �]\� = �U ��]<= − �M(�]<=)N(�]) � 

(2.28)

where _ = 0,1, . .. initially, �2 = �". Further, at % = 0, �3�]<= = 0, and at % = �, �]<= =�'((_ + 1)\�). 



 

38  
 

MOISTURE TRANSPORT IN MORTAR AND CONCRETE DURING WETTING/DRYING CYCLES 

 
In 

the equations above, Eq. (2.28) and the left side of Eq. (2.29) are explicit for Um+1. The right side of Eq. 
(2.29) is implicit for Um+1, due to the nonlinear function of Pe(U). Therefore, Pe(U

m+1) is simplified for 
a linear function as investigated in [20] by a Taylor expansion given by  

�M(�]<=) = �M(�]) + �M′ (�]) ⋅ (�]<= − �]) (2.29)

Then the discretized form becomes 

�]<= − �]\� = �33�]<=, �]<= − �]\� = �U ��]<= − �M(�]) − �M′ (�]) ⋅ (�]<= − �])N(�]) � 
(2.30)

For discretizing the spatial derivatives, finite differences on a grid with \% = 1/` (` ∈ ℕ) are used. 

2.5 Numerical results 

The model is implemented in Matlab. Here, only one cycle is computed, which is one day for wetting 
and six days for drying. The initial condition (Ui) in this case is assumed to be 50% saturation. Further, 
the following is used in the numerical scheme: δ = 10-5, and \% = 10;a,  .� = 10;?. 
The comparison between the results of the standard model with one diffusion coefficient and the results 
of the hysteretic model with two diffusion coefficients are shown in Figure 2.8. 

 

 
         Figure 2.8: Comparison of the models. 

The results show that there is a large difference between the three models, especially at the surface layers. 

The hysteretic model shows a higher concentration at the surface than the standard models. The 

experimental work in the next section, gives an explanation about the difference in results between the 
approaches.  

2.6 Experimental work 

Designing an experimental set-up which imitates the numerical work is often very challenging. These 
difficulties lie in the reproducing of the boundary conditions. In addition, measuring the water 

concentration profiles in a sample is also challenging and very costly, being Magnetic Resonance 
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Imaging (MRI) one of the suitable non-destructive methods. Due to these reasons a simple experiment 

set-up is designed to validate the numerical work. Cylindrical mortar samples with a diameter of 10 cm, 

2.5 cm thickness and the properties as shown in Table 2.1 are used in this experiment. The sample is 
saturated using the vacuum method and dried with air for a certain period of time and then wetted again 

by simply placing it in water. During this process the weight of the sample is monitored. Figure 2.9 

shows the results obtained on the mortar sample.        

Table 2.1: Main characteristics of mortar. 

Materials 

Mortar 

Volume [m3] Mass [kg] 

CEM I 42,5N  159.5 502.2 
Sand  568.5 1506.5 
Water  251.1 251.1 

Superplasticizer  0.9 1 
Air 20 - 

w/c 0.5 
Porosity / 28-day 17 % 

Compressive strength / 28-day 56.8 MPa 

Flexural strength / 28-day 8.9 MPa 

                        

 
Figure 2.9: The measured mass of water in a mortar sample in the present study. 

The saturated sample is dried by blowing dry air on the surface for 46 days. This is done to simulate 
drying. The weight of the samples during this period of time decreases by 6 grams. This means that 6 
grams of water is transported out the sample during 46 days. Directly hereafter, the same sample is put 
into water to simulate wetting. The weight of the sample is also measured in this case. To increase the 
weight of the sample by 6 grams, placing the sample for 24 days in water is needed. This suggests that 
the water transport in a mortar sample is different during wetting and drying. From this experiment it 
can be concluded that numerical models with hysteresis are needed for a more accurate description of 
this process.     

2.7 Conclusions 

Two various methods (standard method and hysteretic method) to describe moisture transport in concrete 
during wetting/drying cycles are implemented in Matlab and the results are compared. Diffusion 
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coefficients measured in the literature are used in these models. One cycle of wetting/drying is compared. 
The duration of the wetting phase is one day and drying is six days. From the obtained numerical results, 
it can be concluded, that using the standard model with one diffusion coefficient or using the hysteretic 
model with two diffusion coefficients, can have a large influence on the results. After one cycle, the 
hysteretic model clearly gives a higher amount of moisture content in the structure, as it is shown in 
Figure 2.8. A simplified experiment is performed for validation. From the experimental results it can be 
concluded that models with hysteretic approaches describe the water transport during wetting and drying 
cycles better.        
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diffusion coefficient 
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3.1 Introduction  

Many materials are porous and can absorb water. The presence of water and accompanied deleterious 

substance can lead to the damage of the materials. It is therefore important to understand the processes 

involved in the transport of water in porous materials. Many theoretical models can be found in literature, 
for instance [1]. These processes are studied very often experimentally, because every porous material 

has its own characteristics. The most obvious physical property that can be measured during a process 

is the mass of a sample (see, for example, Legros et al. [2]) where a drying sample loses weight. Another 

valuable experimental technique is nuclear magnetic resonance (NMR), where the mass distribution 

inside a sample can be measured. For instance, Pel et al. [3] measured the water distribution inside a 
fired-clay brick during the drying process. The advantage of this technique is that the water distribution 

can be measured inside a sample as a function of time. Two important disadvantages of this technique 

are that it is expensive and that much knowledge is needed to use it. Other techniques used to obtain 

moisture transport properties are measuring the surface temperature and saturation values using an 
optical metrology (see [4]) or using interior humidity measurements [5]. 

Another technique has been proposed to determine the diffusion coefficient of water in porous materials 
by van der Zanden and Aghaei [6]. In this technique, a sample is dried on one side, while it is hanging 

from two cables, which are each connected to a balance. In this way, more information is obtained from 

the drying experiment compared to the situation where only the total mass is measured with one balance. 

Van der Zanden and de Wit [7] studied the accuracy of this drying procedure when the used balances 
have a given inaccuracy. This technique is similar to the technique proposed by Gaffner [8] who 

measured the mass at one end of a sample, while the other end was resting on a support. He sealed the 

sample on all sides and created a non-equilibrium situation inside the sample by placing two differently 

conditioned sample halves against each other. The main disadvantages of this technique are that both 
sample halves can have different characteristics and that the connection between the sample halves can 

introduce resistance against mass transport. 

The present chapter proposes another measuring procedure to obtain the diffusion coefficient of water 

in porous materials. In the procedure, a centrifuge is used to create a non-homogeneous water 

distribution inside a porous material. The material is then taken out of the centrifuge and the method of 
van der Zanden and Aghaei [6] can then applied to measure how fast the water reaches the equilibrium 

distribution again. 

In the second section, the proposed measuring procedure is described in detail. Next, an equation is 

derived with which the concentration gradient of a partially saturated sample in a gravity field can be 

obtained. How the diffusion coefficient is obtained from the measured masses is not described in the 
present study, but is presented by van der Zanden and de Wit [7]. Finally, the proposed procedure is 

examined theoretically for a sample of concrete. 

3.2 Measurement procedure 

In this paragraph, the method of sample preparation and how the measurements are performed are 

described in detail. 

The first step is the sample preparation. The sample is most often cut from a larger piece of material. For 
the presented procedure, a length of 0.1 m is convenient, and a height and a width of both 0.05 m are 

convenient. Of course, these values are somewhat arbitrary. The measuring procedure assumes that no 
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water can leave or enter the sample during the mass measurements. To ensure this, the sample must be 

sealed completely, except for a small surface area of the sample, which is used to condition the sample 

with some average water content. Thus, after the partial sealing, the sample is conditioned. The first part 

of the conditioning of the sample is adding a known amount of water to the sample. After all, the 

diffusion coefficient depends very often strongly on the water content. Thus, for each meaningful 
measurement of the diffusion coefficient, the water content at which the diffusion coefficient is measured 

must be known. The second part of the conditioning is creating a homogeneous water distribution 

throughout the sample. This takes just time. After this, the remaining open surface area of the sample is 

sealed too. The waiting on a homogeneous water distribution can also be done after the sealing of the 

sample. The result is a sample with some water content, which is sealed on all sides. During the sample 
preparation, the mass is measured after every production step. Thus, the mass of the dry sample, the 

sealing material and the added water are known. 

The second step is that the sample is placed in a centrifuge (Figure 3.1) to create a non-homogeneous 

water distribution inside the sample. The time that it takes to reach this non-homogeneous water 

distribution depends on the diffusion coefficient of water in the sample. 
 

 
Figure 3.1: After the sample preparation, a non-homogeneous water distribution is in the second step created with a 

(forced) gravity field. In the third step, it is measured how the mass distribution in the sample evolves as a function of time. 

The third step is the measurement of the mass on two places of the sample as proposed by van der Zanden 

and Aghaei [6]. Both masses are registered as a function of time. The masses as predicted from Fick's 

second law are fitted with the measured masses. The best fit gives the value of the diffusion coefficient. 
A detailed description of this method was given by Van der Zanden and De Wit [7]. 

It has been shown that the diffusion coefficient is very often a function of the water content for instance, 

for concrete [9], for parboiled rice [10], and for pineapple [11]. The preceding steps give the value of 

the diffusion coefficient only at one water content of the sample. The sample can be used again for 

another water content. In order to do so, the sealing must be removed at a small surface area and a small 
amount of water must be evaporated from the sample or a small amount of water must be added to the 

sample. The sealing must then be repaired, and then the sample is ready for a measurement at another 

water content. It is also possible to use the same sample upside down to investigate possible 

inhomogeneities of the sample. 

The proposed procedure is better than the procedure proposed by van der Zanden and de Wit [7], because 
in their procedure, the measured masses depend on their drying flux and the diffusion coefficient, while 
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in the present procedure there is no drying flux. The reaching of the new equilibrium, the time evolution 

of the measured masses, depends on the diffusion coefficient only. 

3.3 Equilibrium concentration gradient in a gravity field 

When a partially saturated porous sample is placed into a gravity field, the water in the sample will sink 

until equilibrium is reached, where the bottom part has a higher water concentration than the upper part. 

In the present section, a differential equation will be derived, with which the concentration gradient in 

the sample can be obtained. It is based on the fact that, in an equilibrium situation, the gradient in the 

hydrostatic pressure is equal to the gradient in the capillary pressure. 
The radius of pores in a porous material can vary a few orders of magnitude, ranging, for instance, from 

0.01 to 10 μm. For an overview of the pore size distribution of different building materials, and how this 

distribution is measured, see, for instance, the work of Haynes [12]. When such a material is partially 

saturated with water, the water is, due to the capillary forces, in the smallest pores. This has been 
observed experimentally by Engøy et al. [13]. The larger pores are still filled with air. It is assumed here 

that both phases, i.e., the water and the air phase, are both continuous. This means that every geometrical 

point in one phase can be reached from any other point in that same phase through a path that lies also 

completely in that same phase. 

When such a partially saturated sample is placed into a gravity field with acceleration g, the situation of 
Figure 3.2 arises. The water is pulled down by gravity, which results in a higher water concentration at 

position x than at position x+dx. At position x, more pores are filled with water than at position x+dx. 

 

 

Figure 3.2: A partially saturated porous material that is placed into a gravity field has, in an equilibrium situation, more 

pores filled at position x than at position x+dx. 

In the absence of gravity, such a concentration gradient would lead to a pressure gradient in the water 
phase and to water flow through the water filled pores, as is shown by the model of van der Zanden et 

al. [14,15]. In the presence of gravity, however, the difference between the pressure in the water phase 

at x and at x+dx is in equilibrium situation, because of the assumption of continuity in the water phase, 

the hydrostatic pressure difference, and is given by 

�(%) = �(% + .%) + b ⋅ � ⋅ .% (3.1)
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where ρ is the density of water. An example of a cumulative pore size distribution of a fictional material 

is sketched in Figure 3.3. It is measured by forcing mercury under pressure into a sample, as it was 

already done by Ritter and Drake [16] in 1945. From the pressure in the mercury needed to force the 

mercury into the sample, the average pore radius can be obtained using Laplace’s law (Atkins [17]) and 

the volume of mercury in the sample is measured. The result is given as a cumulative volume fraction, 
F. The maximum value of F, Fmax, is the total volume of the pores expressed as the volume fraction of 

the porous sample and is thus the porosity of the concrete. For the sample of Figure 3.2, at position x, 

the volume fraction occupied by water is Fmax - F(x). This means that all the pores with a radius smaller 

than r(x) are filled with water. Likewise for F(x+dx) and r(x+dx). 

 

 
Figure 3.3: A hypothetical pore size distribution. The cumulative volume fraction is given as a function of the pore radius. 

The density of air is much smaller than the density of water. The hydrostatic pressure difference is in the 

air phase much smaller than in the water phase and is thus neglected in the derivation below. The pressure 
in the air phase is set to zero [14]. This is not the real value, but only pressure differences are relevant 

for the present reasoning. Then, with Laplace's law [17], the water pressure can be related to the largest 

filled pore radius as 

�(%) = − 2cY(%) (3.2) 

and 

�(% + .%) = − 2cY(% + .%) (3.3)

where σ is the surface tension of water. Substitution of Eqs (3.2) and (3.3) into Eq. (3.1) gives −2cY(%) = −2cY(% + .%) + b ⋅ � ⋅ .% (3.4)

which can be written as −2cY = −2cY + .Y + b ⋅ � ⋅ .% (3.5)

Eq. (3.5) can be written as 
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−2cY = −2cY d 11 + .YY e + b ⋅ � ⋅ .% (3.6)

which can be approximated as −2cY = −2cY +1 − .YY - + b ⋅ � ⋅ .% (3.7)

which can be simplified to .Y.% = −b ⋅ � ⋅ Y*2c  (3.8) 

For F as a function of x, Eq. (3.8) can be used to obtain .f.% = .f.Y ⋅ .Y.% = .f.Y �−b ⋅ � ⋅ Y*2c � (3.9)

The result of this section, Eq. (3.9), gives the gradient of the cumulative volume fraction F and, because 
the water concentration is given by ρF, essentially also the concentration gradient in a partially saturated 

porous material that is placed into a gravity field. If this gravity field is artificially created with a rotating 

motion, the acceleration g is a function of position x. 

3.4 Theoretical application to a concrete sample 

A hypothetical experiment is considered on a sample with length L, as it is sketched in Figure 3.4. The 

mass is measured on the left side, ML, and on the right side, MR. The (centrifugal) acceleration was 
pointing in the negative x direction, like in Figure 3.2. A water concentration profile is sketched with a 

low concentration at x = L and a high concentration at x = 0. 

An estimation will be given of the mass difference that can be expected when the sample of Figure 3.4 

has been in a gravity field. The sample can be considered to consist of two halves, one on the left side 

and one on the right side. In each halve, there is an average water concentration, which is different for 
both halves. This results in a difference in the masses ML and MR. To obtain this mass difference, Eq. 

(3.9) is used to arrive at the approximation 

\f ≡ fh − fi ≅ �2 ⋅ .f.Y �−b ⋅ � ⋅ Y*2c � (3.10)

from which follows 

\k ≡ kh − ki ≅ �2 ⋅ .f.Y �−b ⋅ � ⋅ Y*2c � ⋅ l2 ⋅ b (3.11)

where V is the volume of the sample. 
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Figure 3.4: In an experiment, the total mass of the sample is divided into two parts, which are measured independently. A 

non-homogeneous water content is shown, and the average water content of the two halves are shown. 

Eq. (3.11) has a very simple form, and it is accurate enough for an estimation of the order of magnitude. 

The correct equations for ML and MR follow from the mechanical no-rotation conditions [6,7]. If the 

mass difference is not large enough, it can be increased by moving the wires closer to each other. In this 

way, the sensitivity of the measuring procedure can be increased. 

This method can now be applied theoretically on a sample of concrete. In Figure 3.5, the pore size 
distribution is given, as the result of a computation, presented by Ye [18]. The pores have a size typically 

in the range 0.2 - 2 μm. Now, an estimation will follow of the mass difference, given by Eq. (3.11), for 

a sample that has a size that is easy to handle in an experiment with a centrifugal velocity that can be 

obtained easily. The diameter of the largest filled pores is set 1 μm. From Figure 3.5 and after a little 

computation, it follows that dF/dr has the value - 105 m-1. A convenient sample size is a length of 0.1 m 
and a width and height of 0.05 m. The density of water is 1000 kgm-3. The surface tension σ of water is 

7310-3 Nm-1. A centrifuge for drying clothes can easily have a rotation velocity of 20 rps, which implies 

an angular velocity, ω, of 120 rad s-1. If the sample is placed 0.25 m from the rotation axis, the 

acceleration, 

� = m* ⋅ .i (3.12) 

with di the distance from the rotation axis, becomes 3.6103 ms-2. Using these values in Eq. (3.11) gives 

a mass difference of 3.110-3 kg. This mass difference can be measured very easily. For dryer samples, 

the mass difference is smaller. For instance, for the same sample, but now with the pores filled unto a 
pore diameter of 0.1 μm, dF/dr has approximately the same value as before, but the ten times smaller 

pore radius leads to a 100 times smaller mass difference. For higher water concentrations, the mass 

difference is larger. 
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Figure 3.5: The pore size distribution as found in the literature [18]. 

3.5 Conclusion  

A procedure to measure the diffusion coefficient of water in porous materials has been presented in this 
chapter. After preparation of the sample, which is the first step, the procedure consists of a second step, 

where a non-equilibrium situation inside a partially saturated porous sample is created using a centrifuge. 

In the third step, the sample is taken out of the centrifuge and how fast the water distribution inside the 

sample reaches its new equilibrium is measured by hanging the sample from two cables, each connected 

to a balance. The comparison with Fick’s second law gives the diffusion coefficient. 
The theoretical application on concrete shows that, for this material, the procedure can be used. In order 

to show the feasibility of the procedure, the pore size distribution must be known. However, to measure 

the diffusion coefficient with the proposed procedure on a material, the pore size distribution does not 

need to be known beforehand. 
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SORPTION ISOTHERM MEASUREMENTS FOR POROUS MATERIALS 

4.1 Introduction  

The concrete durability is largely influenced by the level of corrosion of the steel rebars in the concrete 

structure. Corrosion in concrete structures usually occurs as a result of carbonation and/or chloride 

penetration. Chloride penetration can be very important for structures on coastal areas where chloride 
concentrations in the water and the air can be high. This is also the case for concrete roads and bridges 

when de-icing salt is used to prevent roads from icing. It is, therefore, essential to better understand 

water and chloride transport in concrete structures. Water and chloride transport in concrete is very 

complicated as it depends on several parameters such as the sorption isotherm [1-2], porosity [3], 

permeability, diffusion coefficient of water and chloride [4] etc.    
Sorption isotherm is defined as the relationship between water content and humidity of a material at 

thermodynamic equilibrium. Different approaches have been implemented to investigate the sorption of 

water in different materials. For example, saturated salt solution method [5-10], hygroscopic method 

[11], manometric measuring method [12], nuclear magnetic resonance (NMR) [13-14], etc. The 
advantages and disadvantages of these methods are summarized in Table 4.1.  

Table 4.1: Advantages and disadvantages of different sorption isotherm methods [5-19]. 

Method 
 

Advantages Disadvantages 

Saturated Salt Solution 

 Simple setup and operation 

 Inexpensive equipment 

 Can cover a wide range of relative 
humidity levels 

 Minimizing temperature 
fluctuation  

 Time-consuming 

 Limited range of humidity levels 
achievable 

 Possible salt contamination of 
samples 

 Less accurate than some other 
methods 

Hygroscopic 

 Accurate 

 Can measure dynamic sorption 
behaviour 

 High-resolution data 

 Time-consuming 

 Requires precise control of 
humidity levels 

Manometric 

 High accuracy  Requires specialized equipment 

 Time-consuming 

 Limited pressure range 

 More complex than some other 
methods 

 Limited sample size 

 Suitable for a wide range of 
materials 

 Can measure sorption at very low 
and high humidity levels  

Nuclear Magnetic Resonance 
(NMR) 

 Non-destructive method 

 High resolution and sensitivity 

 Requires advanced and expensive 
equipment 

 Limited to certain types of materials 
and sample sizes 

 Requires specialized expertise 

 More expensive than some other 
methods 

 

The saturated salt solution, hygroscopic and manometric measuring methods are widely used for 
research on sorption isotherm properties of porous materials such as concrete.  

The simplest method is by direct weighing of the sample (saturation salt solution method). A sample of 

known size and mass is kept in an environment of known humidity and weighed times as the humidity 
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is increased. The adsorption and desorption of water by several materials, including concrete, have been 

widely investigated using this technique [5-9]. Although this approach can be easily implemented, errors 

can often occur due to the interruption of the sorption process at each weighing. Several studies have 
been performed to minimize errors associated with the weighing method. For example, Crank and Park 

[18] used a quartz spring method in which the increase of mass of the sample due to the adsorption of 

vapor is obtained from the length of the spring. Other studies proposed to measure the increase in mass 

of the sample using a balance [19].  

The hygroscopic approach is an alternative approach, which is used to measure the sorption isotherm of 
water in very thin layers of paint. In this approach, the sample is initially dried completely and then is 

placed inside a glass jar. The jar has two openings to let the air go through the jar. Water drops are 

injected into the jar to create various relative humidity conditions. The air temperature and relative 

humidity inside the jar are measured when an equilibrium between the environment and the sample is 
achieved. In this case, one point on the sorption isotherm curve is obtained. This procedure can be 

continued until the saturation is almost reached. In this approach, the desorption curve is obtained as 

follows: A saturated sample is placed inside the jar. Air with a relatively low relative humidity is induced 

into the jar with a certain flowrate and time interval duration. The sample will release water due to the 

decrease in relative humidity caused by the dry air. Equilibrium is reached after a while and a point on 
the curve is obtained the same way as described before. 

The manometric technique is a volumetric measurement technique [12], in which two chambers of a 

known volume are used. A valve separates the chambers from each other. The pressure in the chambers 

is measured using a manometer, the temperature can be controlled by any temperature-controlling 
system. At the start of the experiment, the sample is placed in the chamber, while a valve is opened to 

fill the other chamber with air containing vapor to an initial pressure. Then the valve between the 

chambers is opened, allowing the second chamber containing the sample to fill with air containing vapor. 

Any drop in pressure beyond that due to the volume difference between the first chamber and the two 

chambers together is assumed to be the consequence of the sample adsorbing water. The amount of water 
adsorbed by the sample is then obtained using the real gas law. 

Penetration of chloride solution into porous materials is of interest in a wide range of applications. The 

presence of chloride in the pores of a material can change the physical properties of the material [20]. 
This phenomenon can also affect the contact angle and surface tension of the water. Therefore, one can 

expect that the presence of chloride will significantly affect water transport in porous materials such as 
concrete [21, 22]. Since sorption takes place on the surface of the pores, the presence of compounds 

strongly influences the sorption isotherm. 

Rijniers [23] has measured the sorption isotherm of bulk salts, one of which was NaCl. It is found that 

the sodium chloride adsorbs no water vapor up until a high relative humidity (±75%). At this high 

relative humidity, the salt turns into a salt solution and adsorbs a large amount of water vapor. Franzen 
and Mirwald [24] have investigated the effect of chloride on the water uptake in sand-lime samples. 

From humidity sorption experiments, it is concluded that samples treated with different chloride 

mixtures have an extremely increased water uptake. At a relative humidity of about 70%, the samples 

tend to absorb a large amount of water. Koniorczyk and Wojciechowski [25] measured the sorption 
isotherm of cement mortar with different sodium chloride contents and created a model based on neural 

networks. The results showed that the higher the chloride content, the more water is absorbed. It was 

also observed that the presence of chloride can affect the drying time of the material. In this case, the 
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drying time of the material containing chloride, compared with the case with water, was longer. This can 

be explained with the effect of chloride on the hygral state of the material. It should be noted that chloride 

can also change the effective conductivity, but also the thermal capacity of the multiphase domain, which 
influences the energy transport. Additionally, energy is released or consumed during phase change. 

Villani et al. [26] predicted and measured the diffusivity of deionized water and various chloride 

solutions in mortar. It is seen that the diffusivity of a 17% NaCl-solution is larger than the diffusivity of 

deionized water, particularly at high relative humidities. 

In the present study, the hygroscopic method described by Van der Zanden and Goossens [11] is chosen, 
because it allows measuring more points of the sorption isotherm than other techniques. The accuracy 

of the measurements is also adjustable by adding extra water in the experiment. Adjusting the accuracy 

of the results is important for materials with a complicated pore structure such as concrete. Here, the 

sorption isotherm of two porous materials, mortar and sand-lime, are measured and compared with 
literature. The effect of chloride in mortar samples is also studied by comparing the sorption isotherms 

of a sample containing chloride and a sample free of chloride. 

4.2  Materials and sample preparation 

4.2.1 Sample preparation 

In this experiment, two porous materials are studied: (i) cement-based mortar specimens and (ii) sand-

lime specimens. The cement in this study has a chloride content of ≤ 0.1% by the mass of the final 
cement according to EN 197-1 and that is neglected, because of the very small quantity. PVC cylinder 

tubes with a diameter 100 mm are used to cast the mortar. After curing the mortar for 28 days, the 

cylinder samples are cut in pieces with a thickness of 10 mm. The total porosity of the samples is 

measured using the vacuum-saturation technique following the standards NT Build 492 [27] and ASTM 

C1202 [28]. More detailed information about the test procedure is provided in Yu and Brouwers [29]. 
Therefore, only highlights are briefly presented here:   

1. The samples are placed in a desiccator and a pressure of 4 kPa is applied for 3 hours; 

2. The desiccator is filled with water gradually until the sample is completely immersed in water; 

3. The vacuum is maintained for an additional hour;   

4. The samples are left in water for 18 hours;  
5. The mass of the surface dry samples in air is measured; 

6. The mass of the samples in water is measured; 

7. The sample is dried in an oven at 50 °C until a constant mass is reached. The mass of the sample is 

then measured.  
 
The total porosity of the samples is calculated using equation:  

� = _1 − _:_1 − _7 × 100 (4.1) 

where ϕ is the porosity [%], ms is the surface dried mass of water saturated sample in air [g], mw is the 

mass of water-saturated sample in water [g], and md is the mass of oven dried sample [g]. Based on these 

measurements, the mortar and sand lime samples have an average porosity of 17% and 32%, 

respectively, as shown in Figure 4.1.  
 



 

 

                                                                       57 

 

CHAPTER 4

 
Figure 4.1: The measured porosity of (a)  mortar samples, and (b) sand-line samples  

following the standards NT Build 492 (1999) and ASTM C1202 (2005). 

Based on the measured porosity, a salt solution of four liters is prepared by dissolving 237 g sodium 

chloride per liter distilled water, to provide the samples with chloride concentration of 2% upon full 

saturation. For the sand-lime measurements, cylindrical samples were extracted from the sand-lime 

block. In this case, the diameter and the thickness of the samples are 100 mm and 10 mm, respectively. 
Figure 4.2 shows the measured compressive and flexural strength of the mortar sample. The 

specifications of the two porous materials are presented in Table 4.2. 
 

 
Figure 4.2: (a) Compressive strength, and (b) flexural strength of mortar samples. 
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Table 4.2: Main characteristics of mortar and sand-lime. 

Materials 

Mortar 

Sand-lime 
Volume [m3] Mass [kg] 

CEM I 42,5N  159.5 502.2 - 
Sand  568.5 1506.5 - 
Water  251.1 251.1 - 

Superplasticizer  0.9 1 - 
Air 20 - - 

w/c 0.5 - 
Porosity / 28-day 17 % 32 % 

Class - CS12 
Compressive strength / 28-day 56.8 MPa 12 MPa 

Flexural strength / 28-day 8.9 MPa - 

 
After completing the preparation of the salt solution, all the samples are placed in a holder in a desiccator 

(Figure 4.3). The vacuum saturation method is implemented in order to saturate the samples with the 

chloride solution. To do so, the following steps are taken:  

1. A vacuum suction (4 kPa) is applied using a pump for 3 hours for de-airing the samples.  

2. The chloride solution is added in order to have an initial concentration level of chloride in the 
samples.  

3. The vacuum suction is maintained for another hour to ensure that the air void inside the sample is 

entirely saturated with the chloride solution.  

4. Finally, before the chloride concentration profiles are measured, the samples will be maintained in 
the chloride solution at the laboratory conditions for a three- day period.  

Profiles of the chloride concentration are determined by titration to examine the chloride penetration 

into the sample. 

 

 
Figure 4.3: Penetrating chloride into the specimens using vacuum saturation. 

4.2.2 Titration analysis 

In this study, the titration analysis is used to measure the chloride concentration profiles. The titration 

analysis is a commonly used method for chemical analysis [30-33]. 

Potentiometric titration curves are obtained by plotting the potential of the chloride-selective electrode 
E against the volume V of the added titrant. Rapid changes in the potential signal the equivalence point 

of the titration. The maximum change in potential is calculated by finding the maximum slope of this 

graph. This is easily found by plotting the first derivative curve dE/dV against V, the equivalence point 

is the point where dE/dV is zero. The corresponding value for the added titrant is thus obtained, the 
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volume of the analysed solution is known, which is set to 10 mL, and so the concentration of the analyte 

is calculated. With automatic titration, these calculations are done by a computer. 

4.2.3 Chloride concentration profiles 

To obtain chloride concentration profiles, layers of three mortar samples (numbered 1, 2 and 3) are 

ground with Profile Grinder 110 as shown in Figure 4.4. On the outer 2 mm of the sample, layers of 1 

mm are ground, the rest of the sample is ground into layers of 2 mm. The powder is collected in marked 
plastic bags. 

 

 
Figure 4.4: Profile Grinder 110 device. 

Due to the pressure caused by the placeholder on sample 1, the last 2 mm were cracked before grinding. 
Therefore, the last 2 mm is regarded as one layer.  

The powder of the three samples is placed in cups per layer and dried in an oven at 100 °C for 24 hours.  

After the powder is dried for at least 1 day, chemical analysis is performed as follows:  

1. 2 g powder of each layer is weighed and placed in a beaker.  
2. 35 mL of distilled water and 2 mL nitric acid of 1M is added to the beaker.  

3. The content in the beaker is mixed for 1 minute.  

4. The mixture is placed on a hot plate, brought to boiling and cooled afterward.  

5. The content is poured onto filter paper in order to separate solid particles from the mixture. For each 

set of measurements, 100 mL of the filtered mixture is captured, of which 10 mL is used to determine 
the chloride concentration.  

6. The measurement is performed by an automatic titration device, Metrohm MET 702 in which the 

principle of potentiometric precipitation titration is applied (Figure 4.5). This principle determines 

the chloride concentration by potentiometric titration with silver nitrate (titrant) and a silver 
electrode (indicator electrode). 
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Figure 4.5: Metrohm MET 702 automatic titration device. 

For each layer, two sets of measurements are done. The resulting chloride profiles are shown in Table 

4.3 and Figure 4.6, in which the chloride concentration is presented as a function of distance from the 

surface of the samples.  

It should be noted that the sample is not sealed at the top and the bottom surfaces. Therefore, the chloride 
can penetrate through both surfaces easily, while it was more difficult to move to the deeper level of the 
sample. In addition, the samples in the experiments were not completely dried before placing them in 
the sodium chloride solution. Therefore, it is expected that the chloride concentration would be higher 
throughout the samples and less sensitive to the depth of samples if the samples were firstly dried 
completely. 

Table 4.3: The chloride concentration of ground layers from three samples, obtained from two measurements. 

Chloride concentration [%] 
 

Profile [mm] Measurement 1 Measurement 2 Mean concentration 

Sample 1 0-1 1.246 1.241 1.244  
1-2 0.880 0.883 0.882 

 
2-4 0.633 0.625 0.629 

 
4-6 0.479 0.478 0.479 

 
6-8 0.606 0.611 0.609 

 
8-10 0.850 0.859 0.855 

Sample 2 0-1 1.280 1.289 1.285  
1-2 0.942 0.928 0.935 

 
2-4 0.649 0.643 0.646 

 
4-6 0.432 0.427 0.429 

 
6-8 0.527 0.520 0.524 

 
8-9 0.771 0.769 0.770 

 
9-10 0.973 0.975 0.974 

Sample 3 0-1 1.250 1.255 1.253  
1-2 0.897 0.898 0.898 

 
2-4 0.588 0.587 0.588 

 
4-6 0.370 0.369 0.369 

 
6-8 0.412 0.408 0.410 

 
8-9 0.583 0.593 0.588 

 
9-10 0.768 0.771 0.769 

 
10-11 1.077 1.095 1.086 
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Figure 4.6: Measured concentration profiles as a function of depth for mortar samples.  

For all samples, the thickness is 10 mm. 

4.2.4 Chloride concentration profiles in completely dried samples 

An additional experiment is performed, in which three samples are first completely dried using an oven 
at 50º C and relative humidity of 10%.  The same procedure, as described in Section 2.3, is used to 

determine the chloride concentration profiles of the dried samples. From the obtained results in Figure 

4.7 and Table 4.4 it is indeed seen that drying the samples completely before placing in the salt solution 

gives higher values and more uniform chloride concentration profiles within the depth of the samples. 

One can expect to see a symmetric distribution of the concentration in the samples, since the samples 
are assumed to be homogeneous. However, this is not the case, and differences in the chloride 

concentrations are clearly observed (see Figure 4.7). The main reason for these differences is not clear. 

But it could be probably caused in the stage of grinding layers of the samples. The samples are fixed by 

a holder, which disables the sample to move during the grinding process. This fixing causes stress in the 

sample, which causes the formation of cracks when its thickness is small, i.e., in the last layers. Cracking 
of the sample leads to less pulverized layers, with larger particles. Due to this rather coarse powder, the 

chloride bound to the surface of the pores is less dissolved when water and nitric acid are added to the 

powder. This yields an erroneous chloride concentration. It is thus assumed that the chloride 

concentration on the right side of the graph, where the obtained powder was rather coarse, is equal to 
the left side of the sample. 
 

 

Figure 4.7: Experimentally obtained chloride concentration profiles,  

where samples were completely dried before measurement. 
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Table 4.4: The chloride concentration of ground layers, where samples were completely dried before measurement. 

  Chloride concentration [%] 

 Profile [mm] Measurement 1 Measurement 2 Mean concentration 

Sample 1 0-1 1.285 1.277 1.281  
1-2 1.074 1.080 1.077 

 
2-4 1.010 1.004 1.007 

 
4-6 0.940 0.942 0.941 

 
6-8 0.978 0.965 0.972 

 
8-9 1.019 1.013 1.016 

 
9-10 1.074 1.074 1.074 

Sample 2 0-1 1.371 1.372 1.372  
1-2 1.129 1.132 1.131 

 
2-4 0.993 0.979 0.986 

 
4-6 0.876 0.892 0.884 

 
6-8 0.893 0.910 0.902 

 
8-9 0.958 0.959 0.959 

 
9-10 0.936 0.935 0.936 

Sample 3 0-1 1.308 1.307 1.308  
1-2 1.044 1.046 1.045 

 
2-4 0.990 0.995 0.993 

 
4-6 0.944 0.939 0.942 

 
6-8 0.979 0.979 0.979 

 
8-9 0.985 0.982 0.984 

 
9-10 1.080 1.090 1.085 

 

4.2.5 Determining the effectiveness of the vacuum saturation method 

To verify the effectiveness of the vacuum saturation method, three mortar samples are prepared, having 
a thickness of 10, 20 and 40 mm. These samples are dried first using a climate chamber, in which air of 

50 °C and relative humidity of 10% is blown over the samples. The samples are weighed every day until 

a constant mass is reached. The samples are then placed in the glass jar. The same procedure, as described 

in Section 2, is then followed to saturate the samples. Note that in these experiments distilled water is 
used (instead of chloride solution), and the samples are maintained in the water for 24 hours instead of 

3 days. If the method of vacuum saturation would indeed remove all the air out of the samples, the 

specific increment in mass after 24 hours would be the same for each sample, regardless of its thickness. 

The results are shown in Table 4.5. 

It can be seen that the mass increment of the three samples is almost equal, being in the order of 7% of 
its original mass. This result gives rise to the assumption that the vacuum saturation method removes all 

the air out of the samples and saturates the pores with liquid.  
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Table 4.5: The determination of the accuracy of vacuum suction. 

Sample 1  

(10 mm) 

Sample 2   

(20 mm) 

Sample 3 

(40 mm) 

Dry mass [g] 179.68 349.45 691.80 

Mass after desiccation and wetting [g] 192.45 374.00 739.90 

Mass increment [%] 7.11 7.03 6.95 

4.3 Methodology 

The sorption isotherm consists of two curves: (i) one that indicates the history of wetting, i.e. adsorption 

of water and (ii) one that indicates the history of drying, i.e. desorption of water. It should be noted that 

in some cases, depending on the properties of the material such as the porosity and permeability, these 
two curves are not identical. This is especially the case for concrete. 

4.3.1 Adsorption isotherm 

For the adsorption curve, a sample is completely dried in the climate chamber and then is placed in a 

glass jar with two sensors for relative humidity and temperature as shown in Figure 4.8. The glass jar is 

kept inside a room with a temperature-controlled environment. The temperature of the room is about 21 
°C. Each data point is collected when the humidity inside the jar does not change (i.e. equilibrium).  In 

order to prevent leakage in the system, a Teflon ring is used as a closure.   

 

 

 

Figure 4.8: Experiment set-up to measure the sorption isotherm of porous material with a hygroscopic method. 

The sample is placed first in the jar and since the sample still contains a small (unknown) amount of 

water, an initial equilibrium is awaited. This initial equilibrium state is the origin of the sorption curve. 
After the initial equilibrium is reached, a detailed sensitivity analysis is performed to assess the impact 

of the amount of water added to the jar on the accuracy of the experiments. To reach this goal, three 

quantities are tested: (i) 0.1 mL (ii) 0.3 mL and (iii) 0.5 mL of water are added to the jar. For the case 
with 0.1 mL of water, the experiment takes about 4 days to reach an equilibrium. However, this could 

provide detailed information about the adsorption behaviour of material if needed.  Note that larger 

quantities could be used in parts of the curve where detailed information is less significant, while this 

could shorten the experimental duration.  
The combination of using different quantities of water can be used until a final equilibrium is reached. 

Figure 9 shows how relative humidity changes as a function of time. It can be seen that the profile of 

relative humidity can be divided into three phases. The first phase is the increase of the relative humidity 

which is the result of the evaporation of the injected water. In the second phase, the relative humidity 

reduces due to the adsorption of the porous material. The final phase is the equilibrium state between 
the relative humidity inside the jar and the adsorbed water of the sample. 
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Figure 4.9: Characteristic chart of the humidity in the vessel as a function of time. The chart can be divided into three 

phases; the first phase is the increase of the relative humidity which is the result of the evaporation of the injected water. 

The second phase is the decrease of the relative humidity that results from the adsorption of the porous material. The final 

phase is the equilibrium state between the relative humidity inside the vessel and the adsorbed water of the specimen. 

The adsorption isotherm is calculated by measuring the amount of water in the system and in the air. 

The relationship between these two quantities and the amount of water inside the sample is given by:   

_opqrst = _uvups − _pwx (4.2) 

Where mtotal is the amount of water in the system, and mair is the amount of water in the air that is 

measured based on the relative humidity. The amount of water inside the sample, msample, then can be 

obtained using Eq. (4.1).  
By implementing the Antoine equation and the ideal gas law, the concentration of water in the saturated 

air, Csat (kg/m3) can be calculated as follows:  

yopu = kz ⋅ ( ⋅ >F{ ;  | }<~H
 (4.3) 

where M (kg/mol) is the molar mass of water, R (J/(K⋅mol)) the gas constant and T (K) the temperature, 

and A (= 23.19695), B (= 3816.44) and C (= -46.13) are constants  [34-35]. The concentration of water 
inside the jar can be computed based on the measured relative humidity (RH) inside the jar as follows:  

y = z�100 ⋅ yopu (4.4) 

From Eqs. (4.3) and (4.4), the mass of water in the air inside the jar can be obtained using: 

_pwx = y. l (4.5) 

where V is the volume of the jar.  

At a specific relative humidity, the water content (kg/m3) in the sample can be obtained by dividing the 
mass of water in the sample (msample, obtained using Eq. (4.2)) by the volume of the sample. 

 

 

 

 



 

 

                                                                       65 

 

CHAPTER 4

4.3.2 Desorption isotherm 

When the final equilibrium, at a relative humidity of approximately 90%, is reached the determination 

of the desorption isotherm is started. At this stage, the mass of water in the sample, as well as the mass 

of water in the air of the jar, are known. Figure 4.10 shows how relative humidity changes as a function 
of time. This graph can be divided into three phases. In the first phase, the relative humidity decreases, 

which is due to the blowing dry air into the jar. The second phase is the increase of relative humidity 

resulting from the release of water by the sample. The final phase (phase 3) is the equilibrium state 

between the water in the air of the jar and the water in the sample. 

 

 

Figure 4.10: Characteristic chart of the humidity in the vessel as a function of time. This chart can be divided into three 

phases; the first phase is the decrease of relative humidity which results from blowing dry air in the vessel. The second 

phase is the increase of relative humidity resulting from the release of water by the sample. The final phase is the 

equilibrium state between the water in the air of the vessel and the water in the sample. 

The desorption curve can be determined by pumping dry air into the jar for a certain amount of time. If 
the removed amount of water during the drying process is calculated, one point of the desorption curve 

can be determined. By using a mass balance, the mass of water removed from the jar is calculated as  

_v�u = 0 ��(yv�u − yw�).��
2  (4.6) 

where φv is the volumetric flow of the dry air and ε is the elapsed time of blowing air in the jar. In this 

equation, Cout and Cin are water concentration for the air leaving and entering the jar, respectively. By 

combining Eqs. (4.3) and (4.5), mout can be rewritten as follows: 

_v�u = yopu��100 0 (z���O − z�w�).��
2  (4.7) 

where RHout and RHin are the relative humidity of air leaving and entering the jar, respectively. 

Equilibrium is awaited, then the mass of water in the air at equilibrium is calculated with Eqs. (4.3) – 
(4.5). The water content in the sample is calculated from a mass balance between the mass of water in 

the system, and in the air inside the jar. It should be noted at each step, the mass of water in the system 

is obtained by subtracting the total amount of water in the jar (system) at the previous step from mout, 

obtained by Eq. (4.6). 
It is initially assumed that the jar is an ideal mixer, implying that the humidity at the outlet is the same 
as the humidity in the core of the jar. Therefore, the humidity of the leaving air is equal to the measured 
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humidity inside the jar. It is, however, observed that this assumption is associated with errors. This is 

because, given the location of the sensor of relative humidity in the jar, the measured values cannot be 

representative of the relative humidity of air leaving the jar.  This error is eliminated by adding a sensor 
of relative humidity in the tube through which the air leaves the jar. In this case, the relative humidity is 

measured of air leaving the jar (RHout) can be measured more accurately.  

4.4  Results 

Figure 11 shows the obtained sorption isotherm for the mortar sample for both cases: with and without 

chloride. For the case with chloride, the figure shows the adsorption and desorption behaviour of the 

sample. It can be seen that for the entire range of the tested relative humidity, the adsorption of the 

sample containing chloride is larger than the sorption of the sample containing no chloride. This is more 
significant for the higher values of relative humidity. For example, for RH = 20%, the absolute difference 

is about 4 kg/m3, while this difference goes up to 37 kg/m3 for RH = 70%. In addition, a closer look at 

Figure 4.11 reveals that the adsorption curve for the case without chloride is almost linear. On the other 

hand, for the sample containing chloride, a BET-Type-II curve is clearly observed [36-37]. The 

significant increase in the adsorption properties of the case containing chloride is due to the fact that 
some chloride can be bound to the surface of the pore walls. The bounded chloride is then capable of 

absorbing some water. This phenomenon, therefore, can significantly increase the adsorption properties 

of the material.  

Earlier studies have shown that the presence of chloride, but also the pore size distribution can 
significantly influence the sorption isotherm. For example, Villani et al. [26], based on the study by 

Benavente [38-39] Selander [40] and Spragg [41], developed a thermodynamical model, in which an 

equilibrium relative humidity is derived as: 

z�t�(Y) =  7>*����i~� ��1 �
 

(4.6) 

where aw is the water activity [-], σ is the surface tension [N/m], vi
0 is the molar volume of the liquid 

[m3/mol], R is the universal gas constant [N.m/K.mol], T is the temperature [K], r is the pore radius [m] 

and Φ is the contact angle [deg]. According to this model, the presence of chloride can change the 

properties of the material such as the equilibrium relative humidity. This is mainly because the chloride 

content will change the surface tension of the material. It should be noted that although the surface 

tension of a sodium chloride solution is higher than the surface tension of pure water, the water activity 
is lower. For a given pore radius, this will make the equilibrium relative humidity of samples lower than 

that of pure water. In this perspective, if the environmental relative humidity is lower than the 

equilibrium relative humidity, water evaporates. If the environmental relative humidity is higher, 

condensation occurs. Thus, if the equilibrium relative humidity in a pore is lower, condensation occurs 
at lower relative humidity. This can be an explanation for the increased sorption of a sample containing 

sodium chloride.   

It should be noted that the linear behaviour of adsorption isotherm for mortar containing no chloride can 

also be seen in the studies by Tada and Watanabe [42], Daina [43] and Pel [44]. Figure 4.11 also shows 

the desorption behaviour of the mortar sample for the case containing chloride, where the hysteresis 
effect can be clearly observed. 
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Figure 4.11: Comparison of sorption between a mortar sample containing chloride and a sample containing no chloride. 

It is interesting to compare the water absorption measured here with those measured by [44] using NMR. 

Here the mortar samples has a water:cement:sand composition of w:c:s = 0.5:1:3, whereas in [44] the 

composition was w:c:s = 0.5:1:5.6. Thus, means that our sample and that of [44] have a different paste 

and hydrated cement content, which needs to be accounted for.  
The hydrated cement volume fraction, which is the phase that absorbs water, in the cement paste can 

expressed with the Powers and Brownyard model as [45, 46]: 

hp,p =  
�� ����<������� �����<��  (4.9) 

with α as degree of cement hydration, νc/νw and νd/νw the ratios of specific volume of cement and water 
(≈ 0.32) and of totally bound water and free water (≈ 0.81), respectively, and the wd/c the mass of this 
total bound water (chemically and physically bound) per mass of cement (≈ 0.4). The volume of the 
cement paste in the mortar reads: 

p,m =  

����<������<�� < ������ (4.10) 

with νs/νw the ratio of specific volume of sand (mostly quartz) and water (≈ 0.38). The volume fraction 
of hydrated cement in mortar reads: 

hp,m = hp,p p,m =  
�� ����<������� �����<�� < ������  (4.11) 

In [44] and here, the same type of cement was used (OPC, CEM I), so with same νc/νw and wd/c, and if 
we assume a similar degree of hydration, the present results and those of [44] become comparable by 
assessing their denominator of Eq. (4.11) only, being 1.96 and 2.95, respectively. The later value 
expresses that the paste content is lower in the mortar of [44], as more sand was mixed in.   
Figure 4.12 compares the adsorption isotherm of the mortar sample without added chloride as obtained 
in the present study, with those of “Fig. 4.8” in [44], where the values have been multiplied by 2.95/1.96 
= 1.5 to compensate for the lower cement paste content. It can be seen that for all relative humidity 
values, the results of the presented method and [44] are close to each other, though here slightly higher 
adsorption isotherm values are obtained.    
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Figure 4.12: Adsorption isotherm of mortar sample containing no chloride. 

Figure 4.13 shows the adsorption of sand-lime samples for both with and without chloride. The 

properties of the material are presented in Table 4.2. Similar to the mortar sample, for the sand-lime 

samples higher adsorption properties are also obtained for the case containing chloride. However, the 

effect of the presence of chloride is less significant. For example, for RH = 20% and RH = 70%, the 

absolute difference is about 2.1 kg/m3 and 1.8 kg/m3, respectively. In addition, for both cases, the 
adsorption curves are BET Type II.  

The difference in the adsorption properties of sand-lime with and without chloride is in line with the 

results of the previous studies by Rijniers [23] and Franzen and Mirwald [24]. The main reason for such 

differences can be related to the tendency of chloride to adsorb water [9-10]. 

 

  

Figure 4.13: Comparison of sorption between a sand-lime sample containing chloride and a sample containing no chloride. 

Furthermore, Figure 4.13 also shows the desorption curve for sand-lime containing chloride. No 

hysteresis effect can be observed for the sand-lime material.  

The adsorption isotherm of the sand-lime sample with no chloride is also compared with the results 
provided by Pel [44], as shown in Figure 4.14. Similar trends can be seen in the behaviour of the 
adsorption properties as a function of relative humidity. In [44] no specific details on the used sand-lime 

sample could be found, so that there may be a difference in used samples, so the sample used here and 

that in [44]. Obviously, a difference in materials will lead to a different outcome in adsorption properties.  
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Figure 4.14: Adsorption isotherm of sand-lime containing no chloride. 

4.5  Conclusions 

In this study, a hygroscopic technique is introduced to measure the sorption behaviour of porous 

materials.  To the best knowledge of the authors, the accuracy of the hygroscopic technique has not yet 

been investigated for porous materials. Therefore, this study introduces a novel hygroscopic technique 
to measure the sorption behaviour of porous materials. In this technique, the sorption isotherm can be 

obtained by injecting water with a high level of control into a controlled environment where a sample is 

positioned. The amount of water can be added in steps resulting in high-resolution data for the sorption 

properties of the sample. 

The technique is evaluated for two porous materials: Portland cement mortar and sand-lime brick. The 
results are compared with similar measured data published in the literature. Given the fact that the 
presence of chloride can significantly increase the level of complexity of the sorption behaviour of 

porous materials, in this study, the performance of the new technique is also investigated for samples 

containing chloride.  

It is found that the samples containing chloride have higher sorption properties. The significant increase 

is because some chloride can be bounded to the surface of the pore walls. The bounded chloride is then 
capable of absorbing some water. This phenomenon, therefore, can significantly increase the adsorption 

properties of the material. The larger sorption as a consequence of the presence of chloride in the sample 

is also observed in other studies in the literature. 

The results show that the new technique is capable of predicting the sorption properties of porous 
materials with and without chloride. 
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5.1 Introduction 

A large threat for the durability of concrete is the corrosion process of the steel reinforcement. The 

corrosion is initiated by the presence of chloride. Most often, the chloride comes from outside the 

concrete during the lifetime of the structure. An overview of the literature regarding the factors 

influencing the chloride transport in concrete is given by Song et al. [1]. The chloride can also be bound 
to the cement hydration products. A review on this topic is the work of Yuan et al. [2]. 

It has been described by Baessler et al. [3] how the corrosion of the reinforcement can be analysed with 

electrochemical measurements. The corrosion process around the steel in concrete has been studied 

numerically by Kim and Kim [4]. Also, the bond between the reinforcement and the surrounding 

concrete depends on the status of corrosion of the steel, as studied by Fang et al. [5]. The relation between 
the various parameters and the time to corrosion initiation of the reinforcement has been given by Zhang 

and Lounis [6]. How the time to corrosion depends on the surface chloride concentration has been 

examined by Ann et al. [7]. 

The reinforcement of a concrete structure can be protected against corrosion by a high quality covering 

layer of concrete or by the sufficiently deep covering layer. Very often, concrete has small cracks due to 
the production and curing processes or caused by mechanical stress. The chloride penetration in cracked 

concrete and around the cracks in concrete has been measured by Win et al. [8]. The crack width in the 

covering layer of concrete can be used to analyse how much the corrosion of the reinforcement has 

proceeded, as it has been shown by Vidal et al. [9]. The service life of repaired concrete structures under 
chloride environment has been studied by Song et al. [10]. 

An additional factor in the transport of chloride in concrete is the question whether the surface of the 

concrete is exposed to wetting and drying or not. During the wetting process, additional chloride can 

enter the concrete and stays behind when water is evaporating during the drying process. This way, the 

surface chloride concentration can rise to high values. There is not so much research yet on this point. 
Most often, the concentration of chloride in concrete is measured with a destructive technique. However, 

Montemor et al. [11] showed that with Ag/AgCl electrodes the concentration can be measured in situ. 

Pel et al. [12] showed that NaCl concentration profiles in fired-clay brick can be measured with Nuclear 

Magnetic Resonance. Climent et al. [13] presented a method to measure the diffusion coefficient of 
chloride in non-saturated concrete. Also, Azari et al. [14] measured the diffusion coefficient of chloride 

in a wide range of micro silica concrete. Measurements of Hong and Hooton [15] showed that chloride 

not only can enter concrete, but that it can also, to a certain extent, be washed out of the concrete with 

fresh water. It has been shown experimentally by Marsavina et al. [16] and by Djerbi et al. [17] that the 

transport of chloride in concrete is increased by the presence of cracks in the concrete. The coupled 
transport of water and chloride in concrete was measured by Cerny et al. [18]. The influence of 

wetting/drying cycles with water with a chloride concentration on the rebars of concrete was 

characterized by Polder and Peelen [19]. 

Huinink et al. [20] put forward a simple model for ion distribution in drying porous materials which was 
based on convection and diffusion. Oh and Jang [21] gave a model including the binding of chloride to 

the cement hydration products and the water flux in concrete and compared the prediction of this model 

with the chloride concentration profile in concrete structures of ten years old. The transport properties 

of interacting ions in unsaturated cement systems were modelled by Marchand [22]. A model for the 

chloride ion ingress in concrete, including the adsorption of the chloride on the concrete and the 
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desorption from the concrete, as well as the chemical reaction of the chloride with the concrete, was 

given by Shin and Kim [23]. Johannesson [24] made a complex model for describing ion transport in a 

pore solution using the mixture theory, where the transport of moisture is taken into account explicitly 
also. Conciatori et al. [25] also put forward a complex model based on capillary suction and diffusion to 

describe the chloride ingress into concrete. A model for the ingress of chloride in concrete, including 

convection, drying/wetting cycles and carbonation was given by Meijers et al. [26]. The predictions of 

this model were compared with experimental results. Their conclusion was that models which take into 

account explicitly the moisture transport are more accurate than models which use only one diffusion 
coefficient for chloride transport. This conclusion was also the result of the work of Wang et al. [27]. 

The predictions of a model incorporating the fine or coarse network structure of the porous concrete 

were given by O'Neill and Ishida [28] for a cyclic exposure with wetting and drying. The theory and 

experimental results about the chloride transport in concrete under the influence of an external electric 
field was given by Stanish et al. in respectively [29] and [30]. 

The models described in the preceding paragraph are very often so complex that almost always an 

analytical solution is impossible, and that only a numerical solution can be given. Also, the material 

properties, which are used in these models, can be a strong function of other parameters which makes 

an analytical solution impossible. For instance, the diffusion coefficient of water in concrete and the 
diffusion coefficient of chloride in concrete depend strongly on the moisture content. 

The present study puts forward a model for the transport of chloride in concrete that is not saturated with 

water. The transport of water is described with a diffusion coefficient. The transport of chloride includes 

the transport of chloride dissolved in the pore water migrating through the concrete and the transport of 
chloride caused by a gradient in the pore water chloride concentration. The first process of chloride 

convection through the concrete is modelled with keeping in mind that the larger water filled pores 

contribute (relatively) more to the chloride transport than the smaller water filled pores. It is a first simple 

model for a complex process. The second process of chloride diffusion is modelled with Fick’s law, 

which is adapted for the non-ideal situation. 
The model is applied on concrete with a daily and a yearly cycle of wetting and drying. The equations 

are solved numerically using the Crank-Nicolson method. The numerical results are given. A final 

discussion ends the chapter. 

5.2 Water transport 

In a partially saturated porous material, the water flux, nw, is influenced by differences in the water 

concentration, C. In the present work, it is assumed that the water flux is, according to Fick’s first law, 

proportional to the concentration gradient of water 

�7 = −, �y�% (5.1)

where x is the position coordinate and D the diffusion coefficient of water in concrete. It is recognized 

that also a presence of chloride and a gradient in the chloride concentration can influence the water 

transport, but in this study, these influences are ignored, because they are not well known and are 
probably mostly of minor importance. Using a micro mass balance and Eq. (5.1), the result is Fick’s 

second law, which describes the time evolution of a water concentration as 
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�y�� = ��% +, �y�%- (5.2)

where t is time. 

Eq. (5.2) will be applied between x = 0 and x = L, where L is the length of a sample of the studied 

material. The boundary condition at x = 0 is given by  

y = y3�2 (5.3)

where Cx=0 is a prescribed concentration. At x = L, the sample is isolated against water transport, and the 

corresponding boundary condition is �y�%�3�h = 0 (5.4)

At the start of a process, the concentration in the sample is prescribed with 

y = yO�2 (5.5)

where Ct=0 is the begin concentration, a function of x. 

For use in the next section, the volume flux of water, nv,w, is given by 

��,7 = �7b7  (5.6)

where ρw is the density of water. 

5.3 Chloride transport 

In the model, the chloride is dissolved in the water in the pores. This is the only chloride present. It is 

assumed that there is no chloride bound to the surface of the pore walls. The concentration of chloride 

in the pore water is denoted s. This makes that the chloride concentration in the concrete, S, is described 

with 

� = �7� (5.7) 

where φw is the volume fraction water of the concrete. The mass flux of chloride is formed by a 

convective and a dispersive component. The convective component arises when water with dissolved 
chloride is being transported through the concrete. The convective mass flux of chloride is 

�1,����M�O"�M = ��,7� = �7b7
��7 = �7b7

�yb7
= �7 �y (5.8)

The dispersive component of the chloride flux arises due to differences of the chloride concentration in 

the pore water, i.e. in s, and because of differences in the local water velocity in the pores. The total 
chloride flux in concrete is then given by 

�1 = −, �y�% �y − ,1 ���% (5.9)

where Ds is, in the present work, called the dispersion coefficient of chloride in the partially saturated 
concrete, which depends also on the water transport. The equation for the chloride transport is 
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���� = ��% +, �y�% �y + ,1 ���%- (5.10)

which is a differential equation for S coupled to Eq. (5.2) for the water transport. 

The chloride flux at x = L must be zero. The convective chloride flux at x = L is zero, because the water 

flux is zero. Thus, the dispersive chloride flux at x = L must be zero, which leads to the boundary 

condition ���%�3�h = 0 (5.11)

At x = 0, various boundary conditions can be applied for the wetting situation and for the drying situation, 

depending on the physics of the outside environment working on the sample. Water entering the sample 
can take chloride from the outside environment into the sample. Also, water leaving the sample can take 

chloride with it in more or less degrees. In this study, two types of boundary conditions are studied. The 

first one is sweet water transport, where the water entering or leaving the sample contains no chloride. 

In this case, the total chloride flux at x = 0 is zero, i.e. 

−, �y�%�3�2
�y − ,1 ���%�3�2 = 0 (5.12)

This boundary condition holds for both wetting and drying, which is then reflected in the sign of �C/�x. 

For drying, it means that water is, for instance, being evaporated at the surface of the sample and that 
the chloride remains in the sample. Probably, the chloride concentration at the surface will rise in such 

a situation. The second type of boundary condition is salt water transport. If the water added to the 
sample takes with it a chloride concentration soutside, the boundary condition at x = 0 becomes �7b7 ���O1":M = −, �y�%�3�2

�y − ,1 ���%�3�2 (5.13)

The condition for salt water transport leaving the sample is not so straightforward. The condition that 

the water leaving the sample would have a concentration soutside is physically unrealistic. The most 

realistic condition is that the chloride concentration in the water leaving the sample is equal to the 

chloride concentration in the pore water. This leads to the boundary condition �7b7 � = �7b7
��7 = −, �y�%�3�2

�y − ,1 ���%�3�2 (5.14)

which leads, because ρwφw = C to ���%�3�2 = 0 (5.15)

5.4 Physical properties  

5.4.1 Diffusion coefficient 

Differences in the water concentration in concrete lead to differences in the capillary pressure. This 

means that the pressure in the liquid water phase inside the concrete is different and that, as a result of 

these pressure differences, liquid water flows through the pores that are filled with water. There is a 
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large flow through the large water filled pores and a small flow through the small water filled pores. 

This process has been modelled by van der Zanden et al. [31] and van der Zanden [32], with the result 

the diffusion coefficient as a function of the water concentration. For very small water concentrations in 
concrete, the water vapor diffusion through the concrete can also contribute significantly to the water 

transport. The structure of the concrete determines the value of the diffusion coefficient as a function of 

the water concentration. 

However, in the present study, just to be sure about the correctness of the value of the diffusion 

coefficient, the value as it was reported in the literature will be used, as it will be explained in a later 
section. 

5.4.2 Dispersion coefficient 

The dispersion coefficient has its lowest value when there is no water transport through the concrete. In 

this case, there can only be chloride transport caused by the molecular diffusion of chloride in water, 

originating from chloride concentration differences in the water. The chloride flux in the stagnant water, 

ns,w, is, using Eq. (5.7), described with 

�1,7 = − ,]� ���% = − ,]� 1�7
���% + ,]� ��7* ��7�%  (5.16)

where Dm is the molecular diffusion coefficient of chloride in water, and where τ, the tortuosity, has been 

added to incorporate deviations from the ideal situation. With 

�1 = �7�1,7 (5.17)

and neglecting the last term in Eq. (5.16), ns becomes 

�1 = − ,]� ���% (5.18)

Comparison of Eq. (5.18) with Eq. (5.9) shows that the lower limit for the dispersion coefficient is given 

by 

,1 = ,]�  (5.19)

The last term in Eq. (5.16) has been neglected in order to arrive at the neat expression of Eq. (5.19). This 

is only valid when this term is much smaller than the preceding term, i.e. when 

���7�7 � ≪ ���� � (5.20)

The lower limit of the dispersion coefficient is supposed to be relevant only in the case where the chloride 
transport is dominated by molecular diffusion, and the convective term caused by water transport is 

small. This is exactly what inequality (5.20) tales. When the numerical results of the model are available, 
inequality (5.20) can be verified. 

To obtain a value for the dispersion coefficient when the water flux is not zero, a situation is studied 

where �s/�x has a negative value, as it is shown in Figure 5.1.  
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Figure 5.1: The chloride concentration of the pore water as a function of x, where the subscript H indicates a concentration 

in water with a higher velocity and subscript L with lower velocity. 

At position x, there is a value of s and at position x+dx, there is a value of s+ds, where, in this case, ds 

is negative. It is now assumed that the water flows into the positive x-direction. In a partially saturated 
porous material, the velocity of the water is not the same everywhere. The velocity in the larger water 

filled pores is larger than the velocity in the smaller ones. This is the reason, in the case of Figure 5.1, 

why the pores with a high velocity have a higher s, indicated sH, than the s in the pores with a low 

velocity, indicated sL. The larger pores form better channels for water coming from a smaller x value, 

and therefore a larger s value. The exact distribution of the water flow over the different pores is quite 
complex. Here, to arrive at an expression for the dispersion coefficient, the total water filled pore space 

is assumed to consist of two extremes, one half of the water filled pore space is flowing homogeneously 

with velocity vH, and the other half is stagnant. The assumption of the division in half / half is assumed 

in view of the lack of better arguments leading to a different division. This case is illustrated in Figure 

5.2 with a sketch of the division of the total available pore space in air filled pores, pores with 
homogeneously flowing water, and pores with stagnant water.  
 

   

Figure 5.2: The division of the total available pore space in air filled pores, pores with homogeneously flowing water, and 

pores with stagnant water. 

Figure 5.1 now also shows the profile of sH and sL. It can now be assumed and later verified that the value 

of sH-sL is independent of x. s is the average of sH and sL. The chloride is being transported with the water 

in the pores with the moving water in the x-direction, and the pores with the stagnant water are supplied 
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with chloride by a diffusion process caused by the difference between sH and sL. This process causes a 

rise in sH and sL as a function of time. It can be verified later that the rise in time of sH is equal to the rise 

in time of sL. The difference between sH and sL is constant in time. A chloride balance over the water 
filled pore volume per surface unit between x and x+dx gives 

���,3 − ��,3<:3��� 12 �7�� = −����� 12 �7�� = ����� �7�%�� (5.21)

which can be written as ����� = − ����% ��2  (5.22)

Because ����� = ��h�� = ���� (5.23)

Eq. (5.22) leads to ���� = − ���% ��2  (5.24)

Eq. (5.24) seems to be the differential equation for the chloride transport. However, it is only valid in 

the case of Figure 5.1. The general differential equation for the chloride transport is Eq. (5.10). 

The transport of chloride from the high velocity part to the low velocity part is modelled as a diffusion 

flux over a distance r, the largest filled pore radius, with the molecular diffusion coefficient of chloride 
in water, Dm, at a specific exchanging surface area, a. A chloride balance over the low velocity part then 

gives 

(�� − �h) ,]Y  = 12 �7 ��h��  (5.25)

Because s is the average of  sH and sL, with Eq. (5.25) it can be written that 

�� = � + 14  �7 ��h�� Y,]  (5.26)

which, with Eq. (5.24), becomes 

�� = � − 18  �7�� ���% Y,]  (5.27)

which, substituted in the expression for the total chloride flux  

�1 = ���� 12  �7 (5.28)

gives 

�1 = ��� 12 �7 − 116 �7* ��* ���% Y,]  (5.29)

With Eq. (5.7), Eq. (5.29) becomes 



 

                                                                       83 

 

CHAPTER 5

�1 = 12 ��� − 116 �7��* ���% Y,] + 116 ��* ��7�% � Y,]  (5.30)

Because 

�� 12 �7 = ��,7 = − ,b7
�y�%  (5.31)

or 

�� = − 2,y �y�%  (5.32)

Eq. (5.30) can be rewritten as 

�1 = − ,y �y�% � − 14 yb7 +,y �y�%-* ���% Y,] + 14 +,y �y�%-* 1b7
�y�% � Y,]  (5.33)

or as 

�1 = − ,y �y�% � +1 − 14 ,y �y�% 1b7
Y,] - − 14  

yb7 +,y �y�%-* ���% Y,]    (5.34)

It can now be verified that in most cases the second term of the expression between the first pair of 

brackets is much smaller than 1, and can thus be neglected. Comparing Eq. (5.34) with Eq. (5.9) shows 

that the dispersion coefficient is given by 

,1 = 14  
yb7 +,y �y�%-* Y,]  (5.35)

Now, an expression will be derived for the specific exchanging surface, a, between sH and sL. In 1 m³ of 

concrete, the volume with sH is φw/2. These pores have a cross sectional surface area of πr² and a total 
length of (φw/2)/πr². The side surface area of these pores is ((φw/2)/πr²)2πr = φw/r. If it is assumed that 

half of the pore walls is exposed to air and to concrete, and that the other half is available for diffusion 

towards the stagnant water, it follows that 

 = �72Y = y2Yb7 (5.36)

Using Eq. (5.36) in Eq. (5.35) gives 

,1 = ,]� + 12  +,y �y�%-* Y*,] (5.37) 

where the term Dm/τ has been added as the lower limit as derived in Eq. (5.19). 

The parameter r depends also on the water concentration, but cannot be expressed now because the 

relation between r and C depends on the concrete. In a later section, this dependence will be given for 
the studied concrete. 
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5.5 Case study 

5.5.1 Studied concrete 

In order to proceed with the analysis, the diffusion coefficient of water in concrete is needed while the 

pore size distribution of that same concrete is given also. A literature research did not get such a result. 

However, Pel [33] measured the diffusion coefficient of water in a few types of mortar and also measured 

the pore size distribution of these mortars. These results will be used below to obtain an estimation of 

the diffusion coefficient and pore size distribution of a fictitious concrete. 
The studied concrete is formed of 25 volume percent gravel and 75 volume percent mortar as studied by 

Pel [33]. The diffusion coefficient in mortar type MZ from the work of Pel is approximated as a parabola 

for low water concentrations and as a straight line for high water concentrations on a log(D) versus C 

plot. With Eq. (5.28) of the work of Van der Zanden [34] and the assumption that the gravel is 

impermeable to water, it can be calculated that the effective diffusion coefficient of water in the studied 
concrete is 0.89 times the diffusion coefficient of water in the mortar of Pel. This leads to the two 

equations  

         , = 102.22=� ¡=⋅}¢;2.2£a�=¡⋅};�.¡¡=         for 0 kg m;a ª y ª 52.5 kg m;a          , = 100.023895⋅C-8.806                                  for 52.5 kg m;a R C ª 157.5 kg m;a
 

(5.38)

with which the diffusion coefficient of the studied concrete is approximated, which is sketched in Figure 

5.3a. 

In the expression for the dispersion coefficient Ds, a value for r, the largest filled pore radius, is needed. 

From the work of Pel [33], it follows that, for the studied concrete, 

Y = 10;2.2®£2¡⋅};®.2           for 0 kg m;a ª y ª 14.25 kg m;a Y = 10;2.2==®=⋅};®.¡a?       for 14.25 kg m;a R C ª 128.25 kg m;a Y = 10;2.2 �* ⋅}<=.=£®       for 128.25 kg m;a R C ª 157.5 kg m;a
 

(5.39)

These three lines are sketched in Figure 5.3b. 
 

 

Figure 5.3: a) The diffusion coefficient of the studied concrete as a function of the water concentration. b) The water 

concentration as a function of the largest filled pore radius of the studied concrete. 

The tortuosity of the studied concrete is assumed to be 1, in absence of an experimentally obtained value 

of the mortar, and because its absolute value does not have a significant influence on the predictions of 

the model. Concrete samples are studied with a length of 0.1 and 0.2 m. 
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5.5.2 Boundary conditions 

In this study, in order to mimic a wet winter and a dry summer, a repeated cycle of one year is computed 

in which Cx=0 is a sine function with a maximum and a minimum concentration of 150 and 10 kg m-3 

respectively, leading to 

y3�2 = 70 ���(1.9924 × 10;��) + 80 (5.40) 

The initial water concentration is taken as the average concentration, 80 kg m-3 (Figure 5.4). 

 

Figure 5.4: One wetting and drying cycle of one year 

Because it is very likely that a structure wetted by salt water is located in a marine environment, a 

realistic value for the chloride concentration of the entering water is the chloride concentration in 

seawater, which has a typical value of approximately 19 kg m-3. The molecular diffusion coefficient of 

sodium chloride in water has a value of 1.26×10-9 m2 s-1 at 20 °C [35].  
With all the possible boundary conditions for the chloride transport, water in, water out, and initial 

chloride concentration, eight situations can be distinguished as sketched in Figure 5.5. 

 

 

Figure 5.5: Eight situations are distinguished with the boundary conditions of the water moving into the sample sweet or 
salt (sw, sa), the water moving out of the sample sweet or salt, and the initial chloride content of the sample 0 or 1 kg m-3. 

 

For a sweet water environment, Situations 1 and 3 will not be studied, because there is no chloride 

present in these situations. In Situation 2, there is initial chloride in the concrete that is redistributed with 

the water flow, while in situation 4, the chloride is washed out with the water flow. The initial 
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concentration is chosen as 1 kg m-3, because this implies a chloride concentration in the pore water of 

12.5 kg m-3 at the initial water concentration of 80 kg m-3, below the saturation concentration. 

For a salty water environment, the situations with an initial chloride concentration, Situations 6 and 8, 
are not studied, because they are less interesting than the studied Situations 5 and 7. Situation 5 will 

surely lead to an ever increasing chloride concentration in the concrete, because chloride can enter the 

sample with the water, but cannot leave the sample. 

5.6 Numerical solution technique 

The numerical solution for this model is obtained using the Crank-Nicholson method. First, a 

dimensionless length scale is introduced as an equidistant grid with grid points numbered from 0 to N. 

The position x = 0 corresponds to z = 0 and x = L corresponds to z = N: 

T = �̀ % (5.41)

Fick’s second law of diffusion thus becomes 

�*`* �y�� = �,�T �y�T + , �*y�T*  (5.42) 

The Crank-Nicolson method requires that the right hand side of Eq. (5.42) is approximated with half the 

values before a time step, at t, and half the values after the time step, at t + ∆t, as 

�*`* �y�� = 12 �,�T �O
�y�T�O + 12 ,O �*y�T* ¯O + 12 �,�T �O<°O

�y�T�O<°O + 12 ,O<°O �*y�T* ¯O<°O (5.43)

where ∆t is the size of the time step. 

Assuming a parabola through three consecutive grid points, this parabola becomes 

y = +y;=2 − y2 + y=2 - T* + +− y;=2 + y=2 - T + y2 (5.44)

Using this parabola and its first and second derivatives, the expression for the dimensionless Fick’s 

second law becomes upon rearrangement 

y;=,O<°O +− ,;=,O<°O4  − ,2,O<°O + ,=,O<°O4 - + y2,O<°O � 2�*`*\� +  2,2,O<°O�
+ y=,O<°O +,;=,O<°O4  − ,2,O<°O − ,=,O<°O4 - 

= 2�*y2,O`*\� + +− ,;=,O2 + ,=,O2 - +− y;=,O2 + y=,O2 - +  ,2,O�y;=,O − 2 y2,O + y=,O� 

(5.45)

With the boundary conditions expressed as 

y2,O<°O = y3�2, y±;=,O<°O − y±,O<°O = 0 
(5.46)

these expressions are implemented in MATLAB in the matrix form as 
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 (5.47)

For every time step the set of equations is solved using the Gauss elimination to obtain a water 
concentration profile for the sample. 
With the z-coordinate, the differential equation for the chloride transport is written as 

�*`* ���� =  
�,�T �y�T �y + , �*y�T*  

�y + , �y�T  
���T 1y − , �y�T �y* �y�T + �,1�T ���T + ,1 �*��T* (5.48)

Writing this with the Crank-Nicolson method and rearranging the terms to yield a linear relation gives 

�;=,O<°O �14 ,2,O<°O�−y;=,O<°O + y=,O<°O� 1y2,O<°O + 14 �−,1,;=,O<°O + ,1,=,O<°O� − ,1,2,O<°O� 
+�2,O<°O � 2�*`*\� − 14 �−,;=,O<°O + ,=,O<°O��−y;=,O<°O + y=,O<°O� 1y2,O<°O 
−,2,O<°O�y;=,O<°O − 2y2,O<°O + y=,O<°O� 1y2,O<°O + 14 ,2,O<°O�−y;=,O<°O + y=,O<°O�* 1y2,O<°O* + 2,1,2,O<°O� 
+�=,O<°O �− 14 ,2,O<°O�−y;=,O<°O + y=,O<°O� 1y2,O<°O − 14 �−,1,;=,O<°O + ,1,=,O<°O� − ,1,2,O<°O� 
= 2�*�2,O`*\� + 14 �−,;=,O + ,=,O��−y;=,O + y=,O� �2,Oy2,O + ,2,O�y;=,O − 2y2,O + y=,O� �2,Oy2,O 
+ 14 ,2,O�−y;=,O + y=,O��−�;=,O + �=,O� 1y2,O − 14 ,2,O�−y;=,O + y=,O�* �2,Oy2,O* 

   + 14 �−,1,;=,O + ,1,=,O��−�;=,O + �=,O� + ,1,2,O��;=,O − 2�2,O + �=,O� 

(5.49)

Eq. (5.11) is converted into 

�±;=,O<°O − �±,O<°O = 0 (5.50)

The boundary condition for sweet water transport is converted into 

−, �y�T �y − ,1 ���T�²�2 = 0 (5.51)

which is upon rearrangement approximated by 

�2,O<°O(−,2,O<°O�y=,O<°O − y2,O<°O� + ,1,2,O<°Oy2,O<°O) − ,1,2,O<°Oy2,O<°O�=,O<°O = 0 (5.52)

For a chloride flux into the sample, Eq. (5.51). is converted into 
 



 

 

88 

 

MOISTURE AND CHLORIDE TRANSPORT DURING WETTING/DRYING CYCLES 

− ,b7
�y�T ���O1":M = −, �y�T �y − ,1 ���T�²�2 (5.53)

which is approximated and rearranged to yield 

�2,O<°O +³�,´µ¶´�}·,´µ¶´;}�,´µ¶´�}�,´µ¶´ − ,1,2,O<°O- + ,1,2,O<°O�=,O<°O = ³�,´µ¶´1¸¹´���º»� �y=,O<°O − y2,O<°O�  (5.54) 

For a chloride flux out of the sample, Eq. (5.15) results in 

�2,O<°O − �=,O<°O = 0 (5.55)

Just like for the water transport, the equations discussed above are written in matrix form and solved 
using the Gauss elimination method. 

5.7 Results 

Eqs. (5.2) and (5.10) are solved numerically using the Crank-Nicolson method and implemented in 
MATLAB with a mesh of 0.2 mm and a time step of 10000 s. 
Because the water transport is not influenced by the chloride transport in the present model, in this 
section, the results of the water transport will be presented first, because it is identical in all the situations, 
after which the situations where only sweet water can enter the sample, sweet water environment, and 
the situations where only salt water can enter the sample, salt environment, are treated consecutively for 
the chloride transport. 

5.7.1 Water transport 

The water concentration profiles for the first year are shown in Figure 5.6. For a sample length of 0.1 m, 
the water is almost homogeneously distributed throughout the sample. For a sample of 0.2 m, there is a 
nonhomogeneous water distribution over the sample after 9 months. This is caused by the fact that after 
9 months the sample is dry and that the corresponding diffusion coefficient of water in concrete is small, 
and the diffusion of water through the sample is not fast enough to create a homogeneous water 
distribution. For the second and further years, the results are essentially identical to the results of the 
first year, and are not presented here. 

 

Figure 5.6: Water concentration profiles for a sample length of a) 0.1 m and b) 0.2 m. 
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5.7.2 Sweet water environment 

Figure 5.7 shows the chloride concentration profiles for situation 2 of Figure 5.5, (Swin, Swout). Although 
the sample takes up much sweet water from 0 to 3 months, this does not result in a significant chloride 
redistribution in the sample of 0.1 m. The (molecular) diffusion of chloride through the wet concrete is, 
in this case, fast enough to redistribute the chloride to a homogeneous distribution. For the sample of 0.2 
m, there is a small redistribution of chloride through the sample after 3 months. After 6 months, and 
even more after 9 months, the sweet water leaving the sample leaves chloride behind and causes a high 
surface concentration for both sample lengths. Clearly, the (molecular) diffusion of chloride is, in this 
case, not fast enough to create a homogeneous distribution of chloride in the sample. From 9 months till 
12 months, the sample takes up sweet water again, and this is reflected in the profiles which show that 
after 12 months the chloride is a little bit flushed away from the surface deeper into the sample. This 
phenomenon is more clearly visible in the larger sample. For further years, this process repeats itself. 
The water transport causes the chloride profiles to fluctuate in a cyclic way in the sample. The total 
chloride amount in a sample does not change. 

 

 

Figure 5.7: Chloride concentration profiles where sweet water enters and sweet water leaves the sample for a sample length 

of (a) 0.1 m and (b) of 0.2 m. 

 

Chloride concentration profiles for situation 4, (Swin, Saout), are shown in Figure 5.8. From 0 to 3 months, 
only sweet water enters the sample and the result is therefore the same as in Figure 5.6. From 3 months 
to 9 months, salt water leaves the sample, and because the chloride concentration in the pore water, s, is 
approximately constant for a sample of 0.1 m, the decreasing chloride concentration is proportional with 
the decreasing water concentration. For a sample of 0.2 m, s is not constant, because the graph for 3 
months shows no horizontal line, while the water distribution does show a horizontal line. After 12 
months, almost all of the chloride has been washed out of the sample. In a sample of 0.1 m, this process 
is fast and the sample contains only a small amount of chloride after 12 months. In a sample of 0.2 m, 
this process is slower, and the sample still contains a considerable amount of chloride. For further years, 
the chloride concentration decreases further. 
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Figure 5.8: Chloride concentration profiles where sweet water enters and salt water leaves the sample for sample lengths of 

a) 0.1 m and b) 0.2 m. 

5.7.3 Salt water environment 

For situation 5, (Sain, Swout), the chloride profiles in the first year in the sample of 0.l m are shown in 
Figure 5.9 a) and for the second year in Figure 5.9 b). After 3 months, there is still a homogeneous 
chloride distribution. This is caused by the homogeneous water distribution in the sample. After 3 
months, the sample dries without losing chloride. This causes the rise in the surface chloride 
concentration in the profiles of 6 and 9 months. After 9 months, the sample takes in again salt water, 
which results in a higher total amount of chloride after 12 months. This process repeats itself in the 
second year on a higher chloride concentration level. For further years, the total amount of chloride in 
the sample increases further, because the incoming water takes chloride into the sample and the outgoing 
water takes no chloride with it. For the same situation, Figures 5.9c) and 5.9d) show that the differences 
are larger for a sample of 0.2 m. 
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Figure 5.9: Chloride concentration profiles where salt water enters the sample, but only sweet water leaves, for a sample 

length of 0.1 m (top) and 0.2 m (bottom). 

Figure 5.10 shows the chloride profiles for situation 7, (Sain, Saout). For a sample of 0.1 m, the chloride 
concentration varies only slightly throughout the sample. This is caused by the homogeneous water 
distribution throughout the sample and by the fact that the chloride concentration in the pore water is 
approximately constant. The profiles for a sample of 0.2 m show larger differences, especially in the 
first year, because the chloride concentration in the pore water is not a constant yet. For longer times, 18 
months and further, the concentration in the pore water has become constant, equal to soutside, and the 
chloride concentration then depends only on the water concentration in the concrete. 
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Figure 5.10: Chloride concentration profiles where salt water enters and salt water leaves the sample. Upper graphs are for 

a sample length of 0.1 m, the lower graphs are for a sample length of 0.2 m. 

In the figures above, the chloride concentration in the concrete is shown. The chloride concentration in 
the pore water, however, is considerably higher, particularly at a low water concentration. Figure 5.11 
shows the chloride concentration in the pore water in the situation of salt water going into the sample 
and sweet water leaving the sample, for a sample of 0.1 m. At 9 months, the surface chloride 
concentration of the pore water is very high, because the sample is relatively dry and the chloride cannot 
leave the sample and can only diffuse backward into the sample, for which a large gradient in the chloride 
concentration of the pore water is needed. The given value of 350 kg m-3, or even higher values, can lead 
to crystallization of the chloride. The crystallization product will be in such a case a solid near the surface 
of the sample. This is not incorporated in the present model. 
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Figure 5.11: Profiles of the chloride concentration in the pore water,  

where salt water enters and sweet water leaves the sample. 

5.7.4 Remarks 

Eq. (5.10) with its boundary conditions is a linear set of equations for the chloride transport. Thus, 
multiplying the solution of one of the situations presented in the Figures. 5.7 to 5.10 gives also a solution 
of the set of equations. 
Figure 5.6 showed that the water distribution throughout the sample is quite homogeneous compared to 
the distribution of chloride according to most chloride profiles. Thus inequality (5.20) is satisfied in most 
cases. Exceptions seem to be Figures. 5.8a) and 5.10a) and 5.10b). However, because of the 
homogeneous water distribution, the chloride concentration in the pore water is homogeneous and 
therefore the transport of chloride is dominated by the convective chloride flux and the exact value of 
the diffusive flux is not so relevant then. 

5.8 Two water diffusion coefficients approach   

The modelling of moisture and chloride is simulated with another approach. In this case, two boundary 
conditions arise in describing the water transport. The first is a prescribed water content at the exposed 
surface of the sample. In this model, a wetting/drying cycle is considered. Corresponding to a tidal cycle, 
the sample gets wet during one half of the day and dries during the other half. During wetting, i.e. during 
the first half of a cycle, the water saturation at the surface is 1. During drying, the saturation is 0.1. In 
conclusion, the boundary condition for water transport is 

�3�2 = P1       during wetting0.1    during drying  (5.56)

with the saturation 

� = yy1JO (5.57)

where Csat is the saturated water content of the studied concrete. It is assumed that the porosity is not 
dependent on x, therefore Csat is constant. In a later section, the properties of the studied concrete are 
discussed. 
The second boundary condition states that no water transport occurs at the isolated surface of the sample, 
i.e., 
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�y�%�3�h = 0 (5.58)

At the start of the process, the water content in the concrete sample is prescribed. 
It is assumed that two types of chloride are present in the medium: dissolved free chloride in the pore 
solution and chloride bound to the surface of the pore walls. Whereas free chloride is available for 
transport, bound chloride is immobile. Furthermore, equilibrium between free and bound chloride is 
assumed. Also, a linear relation between the free and bound chloride is assumed. This linear relation is 

�' = Â'�Ã (5.59)

where sb is the concentration of bound chloride [kg/m3 concrete], sf the concentration of free chloride 
[kg/m3 pore solution] and Kb an binding constant. The total chloride concentration [kg/m3 concrete] is 
written as 

�O�O = �Ã yb7 + Â'�Ã = �Ã + yb7 + Â'- (5.60)

The chloride mass flux consists of an advective and a diffusive component. The advective component 
arises if the dissolved free chloride is transported through the concrete due to the bulk motion of the 
water. The advective chloride mass flux is 

��,J:�M�O"�M = ��,7�Ã = − ,b7
�y�% �Ã (5.61)

The diffusive component arises due to differences in the chloride concentration of the pore solution. The 
diffusive chloride mass flux in the pore solution is, proportional to the chloride concentration gradient, 
written as 

��,1�Ä�O"�� = −,] ��Ã�%  (5.62)

where Dm is the molecular diffusion coefficient of chloride in water, which has a value of 1.26×10-9 m2/s 
[9]. The diffusive chloride mass flux in the concrete is 

��,:"ÃÃ�1"�M = ��,1�Ä�O"�� yb7 ⋅ � = − ,]� ��Ã�% yb7 (5.63)

where the tortuosity τ has been added to the expression to incorporate deviations from the ideal situation. 
With Eqs. (5.61) and (5.63), the total chloride mass flux in concrete can be written as 

 

�� = − ,b7
�y�% �Ã − ,]� ��Ã�% yb7 (5.64)

With the aid of a micro mass balance and Eq. (5.64), the result is a partial differential equation describing 
the time- evolution of the chloride concentration as 

��� Å�Ã + yb7 + Â'-Æ = ��% � ,b7
�y�% �Ã + ,]� ��Ã�% yb7� (5.65)
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The boundary condition for the surface where the sample is isolated against water transport states that 
the chloride mass flux at x = L is zero. Because the advective chloride flux is zero, the diffusive chloride 
flux must be zero as well. This leads to the boundary condition 

��Ã�% ¯3�h = 0 (5.66)

At the exposed boundary of the sample, salt or fresh water can enter the sample during wetting and salt 
or fresh water can leave the sample during drying. In this study, the situation in which salt water, for 
instance seawater, enters the sample will be considered. When the sample dries, water with a certain 

amount of chloride leaves the sample. 

During wetting, it is assumed that the surface of the concrete sample is in contact with external water 
having a chloride concentration soutside. There are two ways for chloride to enter the sample: by advection 
if external water containing chloride is adsorbed by the sample, and by diffusion, due to a difference in 
the chloride concentration of the external water and the pore solution at the surface. The boundary 
condition at x = 0 is  

��,7Ç3�2���O1":M + ,]����O1":M − �ÃÇ�3�2 = ��|3�2  (5.67) 

which, with Eqs. (5.1) and (5.64), transforms into 

− ,b7
�y�%�3�2 ���O1":M + ,]����O1":M − �Ã� yb7 = − ,b7

�y�%�3�2 �Ã − ,]� ��Ã�% ¯3�2
yb7  (5.68)

The value for soutside is chosen to be the value of the chloride concentration in seawater, which is 
approximately 19 kg/m3 in the North Sea. 
During drying, the chloride concentration of the water leaving the sample equals the chloride 
concentration of the pore solution at the surface, i.e., sf. The boundary condition during drying becomes 

��|3�2 = ��,7Ç3�2�Ã (5.69)

which, with Eqs. (5.1) and (5.64), transforms into 

− ,b7
�y�%�3�2 �Ã − ,]� ��Ã�% ¯3�2

yb7 = − ,b7
�y�%�3�2 �Ã (5.70)

and thus the final form of this boundary condition is 

��Ã�% ¯3�2 = 0 (5.71)

5.8.1 Studied concrete 

In order to simulate the water and chloride transport in concrete, a concrete with known diffusion 
coefficient and chloride binding capacity is needed. Since no such concrete is found in the literature, a 
combination of properties is used. Zibara [10] studied the chloride binding of various kinds of cement 
pastes. Samples were exposed to water with a chloride concentration of 0.5 M, which corresponds well 
to the chloride concentration of the external water used in the present model. The experimental data for 
cement paste were translated to a concrete with an evaporable water content of 8%. It is therefore 
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assumed that the concrete in the present study has a saturated water content θsat of 0.08 m3/m3. The 
binding constant Kb then has a value of 0.19. Li et al. [11] used two experimentally determined diffusion 
coefficients in their model. These diffusion coefficients will be used in the present model. The diffusivity 
during wetting is given by the relation 

,< = 10;=2 ⋅ >?@
 (5.72)

The diffusion coefficient during drying is described with 

,; = 10;=2 ⋅ A0.025 + 0.9751 + F1 − �0.208H?I (5.73)

In absence of a specific value, the tortuosity of the studied concrete is assumed to be 1.0. 

5.8.2 Results of the two diffusion coefficients approach 

The equations in the previous sections are discretized and numerically solved using MATLAB. In the 
computations, a sample length of 0.1 m is considered, with an equidistant grid of 0.5 mm.  
Figure 5.12 shows the water content profiles after 1, 5 and 10 cycles, where the sample was initially 
half-saturated, i.e., the water content at t = 0 was 0.04 m3/m3. Since the diffusivity during drying is much 
smaller than during wetting, the sample drains only a small amount of water during the drying period. It 
is therefore seen that water accumulates rapidly, and after 10 cycles, the sample is almost completely 
saturated in the bulk of the sample. 
 

 

Figure 5.12: Water content profiles after 1, 5 and 10 cycles. 

The free chloride concentration of the pore solution, i.e., cf, after 1, 5 and 10 cycles is illustrated in Figure 
5.13.  The sample initially contained no chloride. It can be seen that the chloride concentration has the 
highest value at the surface of the sample. After 10 cycles, chloride is diffused towards the back of the 
sample. A more constant water content decreases the water transport, and therefore the influence of 
advection on chloride transport. Diffusion then dominates over advection. 
Since the bound chloride concentration is the multiplication of the chloride concentration with the 
constant Kb, the shape of the bound chloride profiles is equal to the shape presented in Figure 5.13, only 
the values are different. Therefore, these graphs will not be illustrated in a Figure. 
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Figure 5.13: Free chloride concentration profiles. 

In Figure 5.14, the profiles of the total chloride concentration in concrete, i.e. Ctot, are shown after 1, 5 
and 10 cycles. These profiles illustrate that the total chloride concentration has the highest value just 
below the surface. Since the water content at the surface is small at the end of a cycle, the amount of free 
chloride per m3 concrete at the surface is small as well. A similar chloride concentration profile for a 
concrete sample subjected to a wetting/drying cycle is found by Polder and Peelen [19]. 
 

 

Figure 5.14: Total chloride concentration profiles. 

5.9 Conclusions and discussion 

A model for the water and chloride transport in concrete is put forward in this study. The water transport 
is modelled with a diffusion coefficient and the chloride transport is modelled as the sum of a convective 
term and a diffusive term. The model is applied in the case of yearly wetting/drying cycles with various 
boundary conditions for the chloride transport. The resulting equations are solved numerically using the 
Crank-Nicolson method and implemented in MATLAB, which results in water and chloride 
concentration profiles. 
The model recognizes that convective chloride transport is formed by water transport through mainly 
the largest water filled pores. The smaller water filled pores contribute relatively less. The division of 
the chloride transport over the pores as a function of the pore radius is a very complex process and has 
been modelled here with a division over two extremes, i.e. the half of the water filled pore volume with 
the largest water filled pores is flowing homogeneously with a constant velocity and the half of the water 
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filled pore volume with the smallest pores is stagnant. These two halves are connected with a diffusion 
process. 
A model is always a simplification of all the physical processes that are operating in a real concrete 
structure. Processes to be incorporated in a possible extension of the present model can be:  

1. Crystallization. In a few situations studied here, the chloride concentration in pore water can 
exceed the solubility so that the chloride comes out of solution and forms solid particles. These 
particles can probably hinder the transport of water and chloride. When there is more water present 
later, the chloride concentration goes down and the solid particles can dissolve again. There is not 
so much research yet on this topic. 

2. The influence of chloride on water transport. Even if there is no crystallization, the presence of 
chloride can influence the water transport. This is probably a thermodynamic property. It is often 
said that salt attracts water. 

3. Adsorption, desorption, reaction, carbonation. In the present model, there is no interaction between 
the chloride and the concrete pore walls. However, it is known that chloride can adsorb to the 
concrete pore surface and can be bound there. Also, desorption has been reported. The 
phenomenon of carbonation plays an important role here. 

4. Heat effects. The application of the model on a situation with a yearly cycle does not need to 
incorporate heat effects, because the differences in the temperature over the structure will be very 
small. In a daily wetting/drying cycle however, the effects due to differences in temperature will 
probably be relatively much more important. In this case, there are larger temperature differences 
in the structure. 

5. Surface boundary conditions. In the present study, the surface boundary conditions were taken as 
extremes, i.e., water takes no chloride with it, or all the chloride. More research is needed on what 
is happening outside the concrete structure regarding the transport of water and chloride there. 
Also, the heat effects play a role here. 

6. Dispersion coefficient. The dispersion coefficient has been modelled with a simple process. In the 
concrete research there is not so much literature on the processes underlying this physical 
phenomenon. However, it would be interesting to see if other fields of science have theories or 
experiments that would shed any light on the process. Maybe theories or experiments of the 
distribution of pollutants in wet soil already give some information. 

7. 2D effects. The present model is one dimensional. Many constructions, however, are built in an 
marine environment. Part of the construction is underneath the water line and part of it is above 
the water line. It is imaginable that water is absorbed by the concrete structure underneath the 
water line, is then transported upwards through the structure, and leaves the structure again above 
the water line. This seems to show the need for a two-dimensional model. (Tidal) waves make 
such a two-dimensional situation even more complex. 

8. In the assumptions on chloride binding, some phenomena are simplified. For instance, a linear 
binding isotherm is assumed. In the literature [14-16], other types of binding isotherms have been 
found that correspond well to experimental data. These other types (Langmuir, Freundlich) are 
considered as a better description of reality by many authors. Furthermore, equilibrium between 
free and bound chloride is assumed. Since the exposure period of chloride in concrete during a 
daily wetting/drying cycle is small due to the motion of chloride, it is expected that the application 
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of a chloride mass transfer rate between free and bound chloride would describe the phenomenon 
of chloride binding more accurately.  
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6.1 Introduction 

Wetting/drying cycles shorten the lifetime of concrete structures [1-7], and it is, therefore, essential to 
understand this process. During these cycles, there is always an interaction between the moisture 
transport and the chloride (Figure 6.1). Many authors [8-14] investigated the durability of marine 
structures by means of chloride penetrating into concrete. All these cases deal with a combined transport 
of moisture and chloride. Nevertheless, the data considering the influence of chloride on moisture 
transport is lacking in the literature.  

 
Figure 6.1: Wetting/drying cycles.  

The purpose of the present study is to investigate the influence of chloride on the moisture transport in 
concrete for low moisture concentrations. To achieve this, an experimental set-up is designed to measure 
the moisture transport in thin specimens. Because concrete contains gravel, the use of concrete as a thin 
specimen is difficult. By using mortar specimens in the experiment, thin specimens are obtained more 
easily and the results will apply also to concrete. The experiment is carried out by comparing the 
moisture transport through mortar specimens with and without chloride. A material with a higher 
porosity, sand-lime, is also examined in this study. Moisture transport in sand-lime is faster, and, 
therefore, reliable results can be obtained faster. 

6.2 Experiment 

An experiment is designed to create a moisture flux through specimens with or without chloride. The 
moisture flux through the specimens is obtained by creating a low and a high relative humidity, as it is 
shown in Figure 6.2. This leads to an upward moisture flux. 

 
Figure 6.2: A moisture flux is created by applying a high relative humidity below the specimen and a low relative humidity 

above the specimen. Specimens containing chloride are compared with specimens without chloride. 
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The desired relative humidity is obtained by using oversaturated salt solutions. By using magnesium 
nitrate, an equilibrium relative humidity of 54% at 20 oC is obtained [15]. By using sodium chloride, an 
equilibrium relative humidity of 75% at 20 oC is obtained [15]. The specimens are cylinders with a 
diameter of 100 mm and thickness of 10 mm. The side of the specimens is sealed to ensure a one 
dimensional flux. As shown in Figure 6.3, the specimens are fixed in a glass container with the 
oversaturated sodium chloride solution. The glass container is placed in a large container with the 
oversaturated magnesium nitrate solution. The attachment of the sample on the glass container is shown 
in detail in Figure 6.4. 

 
Figure 6.3: Schematic view of the experiment. 

 
Figure 6.4: Placing the sample on the glass container. 

Due to the moisture flux, the mass of the assembly (specimen, glass container and oversaturated salt 
solution) decreases during the experiment. The assemblies are weighed at least once a month to 
determine the mass. In the beginning, the mass of the assemblies decreases quickly because of 
evaporation of the water from the saturated specimen. Approximately after 1 d, the specimen is in a 
steady state between its surrounding relative humidity. 

6.3 Specimen preparation 

In this experiment, two porous materials are examined: cement-based mortar specimens and sand-lime 
specimens. The specimens have the same composition and properties as shown in Table 4.2 in Chapter 
4. These specimens are immersed into various chloride solutions to obtain specimens with various 
chloride concentrations. 

Enlarged in Fig. 6.4 
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6.3.1 Mortar preparation 

Mortar is cast in PVC tubes with a diameter of 100 mm. The mortar is cured for 28 days. Specimens of 
10 mm thickness are cut from the mortar cylinder, and provided with a chloride mass percentage 2.0%. 
These chloride concentrations [16], St (kgCl/100 kgsolid or %), are calculated as  

�O = � ⋅ �Ã + �| ⋅ (100 − �) ⋅ b1b]  (6.1)

where � (msolutiona /100 mmortara ) is the porosity, �Ã (kgCl/msolutiona ) the concentration of free chlorides, �| (kgCl/kgsolid) the concentration of bound chlorides, ρs (kgsolid/msolida ) the specific density and ρm 

(kgsolid/mmortara ) the apparent density, where the subscript mortar includes the solid and the pore 
solution.   
It is assumed that sB is a function of sf [5] given by  

�| = Â ⋅ �Ã'
 (6.2)

where K (m3'/kg') is the chloride binding capacity and b (-) the chloride binding intensity parameter.  
Due to the negative effect of calcium chloride solutions, which increases the volumetric shrinkage of 
concrete by 10-50% [17] mainly because of the higher degree of hydration, and changes in hydration 
products [18], sodium chloride solutions are used to provide the specimens with chloride. 
In order to obtain 2.0% chloride content on the mass of mortar specimen, sf is calculated from Eqs. (6.1) 

and (6.2) for K = 0.53×10-3 m3'/kg' [19], b = 0.52 [19], � = 17 msolutiona /100 mmortara , ρs = 2062  kgsolid/msolida  and ρm = 2412 kgsolid/mmortara , so that fs  = 144 kgCl/msolutiona . 

Due to the use of the sodium chloride solution, the values of the concentration of free chlorides sf are 
recalculated. To obtain 2.0% chloride by mass of mortar, sodium chloride solution of 237 kg/m3 is used. 
After penetrating chloride into the mortar by using vacuum saturation, the chloride concentration profiles 
of mortar specimens are measured in five positions in the specimens by Metrohm MET 702 automatic 
titration [20].  
The chloride concentration is calculated as: 

�O = lAgNOÏ ⋅ ÀgNOÏ ⋅ kCl_1 ⋅ 100 (6.3) 

where �O (kgCl/100kgsolid) is the chloride concentration, lÐÑÒÓÏ (mÐÑÒÓÏa ) the volume of the titrated 

silver nitrate solution, Ð̀ÑÒÓÏ (molÐÑÒÓÏ/mÐÑÒÓÏa ) the molarity of silver nitrate solution, kÔÕ 

(kgCl/molCl) the molar mass of chloride and ms (kgovswÖ) the mass of the sample.   
With Eq. (6.3), the chloride concentration is determined as a function of the position for mortar, as it is 
shown in Figure 6.5.  
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Figure 6.5: Chloride concentration profile in mortar. 

The measured chloride profiles are clearly different through the sample. However, the concentration of 
chloride is lower than expected, especially in the middle of the specimen. The high chloride 
concentration profile in the surface layer occurs due to the use of a specimen that was not completely 
dry in the beginning of the experiment (as explained in Chapter 4). However, the drying procedure 
requires much attention because drying causes micro cracks in the specimen, which must be avoided in 
this experiment. Furthermore, the increased porosity at the surface of the specimen, which is generated 
by cutting in layers of 10 mm, could also cause this effect. Another possible reason for the high chloride 
concentration in the surface layer is that part of the free-chloride entering the specimen can be bound in 
the external layers, and, therefore, the chloride concentration in the solution entering the deeper layers 
is automatically decreased.   
Another method for obtaining the needed chloride concentration in the sample is by adding chloride 
directly into the fresh mortar. This is executed by pouring a known amount of CaCl2 into fresh mortar, 
calculating the right dosage of this salt based on the mass of chloride. The hardening in this case is 
accelerated by placing the mortar in oven (40oC and 100% RH) for 10 days.  

Table 6.1: Chloride concentrations. 

Added Measured Measured 

Cl [mass % of mortar] Total Cl [%] Free Cl [%] 
0 0.000 0.000 

0.25 0.295 0.201 
0.5 0.541 0.456 
0.75 0.831 0.773 

1 1.019 0.919 
1.5 1.464 1.341 

 

Hereafter the total chloride concentration is measured by titration (Table 2.1 in Chapter 2). Also, the free 
chloride concentration is measured by adding 2g of dry mortar powder into 35 ml water for 24 h, then 
filtering and titration (Figure 6.6).    
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Figure 6.6: Measured chloride concentration. 

The results show that the added amount of chloride to the fresh mortar is similar to the measured 
concentrations. Therefore, this method can also be used for penetrating chloride into mortar. 
Furthermore, by subtracting the measured total chloride from the free chloride, the bound chloride can 
be calculated. The average bound chloride in this experiment is 0.1% of the mass of mortar.    

6.3.2 Sand-lime preparation 

Cylindrical cores with a diameter of 100 mm are drilled from blocks sand-lime, and specimens of 10 
mm thickness are cut from the cores. The same method is used for penetrating chloride into the sand-
lime specimen. Sand-lime specimens are also exposed to the 2.0% chloride solution concentration, 
which means that the specimens are saturated in the 237 kg/m3 sodium chloride solution. It is expected 
that in these specimens the chloride concentration is higher than in the mortar specimens due to the 
higher porosity (Table 4.2 in Chapter 4). The chloride concentration in the sand-lime specimen is, as a 
function of the position, shown in Figure 6.7.  
The high chloride concentration in the surface layer occurs due to the same reasons as in the mortar 
specimens.  
 

 
Figure 6.7: Chloride concentration in the sand-lime.  

6.4 Results  

The accuracy of the relative humidity created by oversaturated salt solutions, is of major importance 
because of their large influence on the moisture flux. Therefore, the equilibrium relative humidities are 
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measured before starting the experiment. An escort logger EJ-HS-B-8 is used to measure the relative 
humidity in the glass container (Figure 6.8) and the large container.   
 

 
Figure 6.8: Measurement of relative humidity in the glass container. 

The measurement in the glass containers is performed for 3 days and shown in Figure 6.9. The same 
measurements are performed for the large container. The duration in this case is 27 days. Figure 6.10 
indicates these measurements. Furthermore, the influence of opening the door of the large container is 
investigated as well. From these measurements, it can be concluded that the equilibrium state inside the 
container is reached after 2.5 h, as shown in Figure 6.11. 

  

Figure 6.9: Relative humidity and temperature measurements in the glass container. 

 

 
Figure 6.10: Relative humidity and temperature measurements in the large container. 

Escort logger 
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Figure 6.11: Equilibrium relative humidity and constant temperature inside the large container reached after 2.5 h. 

6.4.1 Results of mortar specimens  

The glass containers with specimens are weighed three times in the first month, twice in the second 
month, and once a month after that. Figure 6.12 shows the mass loss (Ml) of the assembly with mortar 
specimens with various chloride concentrations.   
Figure 6.12 also shows that the results of the mortar specimen with and without chloride are substantially 
similar. This indicate that the chloride concentration of 2.0% in the specimen has only a limited influence 
on the moisture transport in mortar.  
 

  

Figure 6.12: Mass loss Ml on mortar disk with various amount of chloride. 

Furthermore, the chloride profiles in the mortar specimens are measured by titration before the start of 
the experiment, as shown in Figure 6.5. The chloride profile for two specimens after a moisture flux of 
10 months through the specimen is also measured, as shown in Figure 6.13. The moisture flux during 
these 10 months is measured by the mass of the assembly. This mass decreases during the experiment. 
The moisture flow, which is the time derivative of the decreased mass, is calculated and is approximately 
0.05 g/d.    
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       Figure 6.13: Chloride concentration profiles before and after the experiment. 

Figure 6.13 shows two interesting behaviours after 10 months. Firstly, it shows that the average chloride 
concentration in the specimen has decreased. Secondly, the chloride concentration at the surface is also 
decreased. It is unclear how the chloride content decreased in the specimen. Due to the uncertainty of 
this result, the chloride concentrations after 10 months are measured with methods other than titration. 
Ion chromatography is one of other techniques that are used to measure the chloride concentrations in 
the specimen. This technique is similar to titration due to the measuring the chloride ions in a liquid. 
With this technique, the first layers from the surface are measured, as it is shown in Figure 6.14. 
 

 
Figure 6.14: Measurement of chloride concentration profiles with titration and Ion chromatography. 

The measurements with both techniques, titration and ion chromatography, are similar. From this result, 
it is clear that the amount of the free chloride in the solution is measured. But to measure the total 
chloride, the bound chloride must also be taken into account. It is assumed in the measurement with 
these two techniques that all the bound chloride is unbound by using nitric acid. To examine this, the 
powders of the ground layers are measured again by XRF. XRF is a technique which can be used to 
determine chloride content. However, a calibration is needed to obtain reliable results. First measurement 
in powder form of the layer close to the surface is carried out to compare the three techniques (Titration, 
Ion chromatography and XRF), as it is shown in Figure 6.15. 
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Figure 6.15: Comparison of different techniques to measure chloride concentration profiles. 

The measurement of chloride concentration in the specimen with XRF shows a higher chloride 
concentration by approximately 30%, but with the same trend as the previous two techniques. The 
accuracy of this technique is however questionable as mentioned earlier. To obtain more reliable results, 
a calibration method is designed. Layer of mortar specimens without chloride is ground with the Profile 
Grinder 110. By adding a known amount of sodium chloride to the powder, the exact amount of chloride 
is then known (Table 6.2). By measuring the chloride concentration of the mixed powder, the calibration 
of XRF can be obtained.  

Table 6.2: Samples with various amount of sodium chloride.   

Sample Cl% 
1 0 
2 0.25 
3 0.5 
4 0.75 
5 1 
6 1.5 
7 2 

 
Figure 6.16 shows the results of the measuring the chloride concentrations in the 7 samples with XRF. 

 

 
Figure 6.16: XRF measurements. 

The calibration is done by fitting the results in one graph as shown in Figure 6.17. With the calibration 
of XRF, there is still a large difference between the chloride concentrations at the start of the experiment 
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and at the end of the experiment. Therefore, another test is devolved to examine the evaporation of 
chloride (Figure 6.18).    
 

 
Figure 6.17: Calibration of XRF. 

 

 
Figure 6.18: Testing evaporation of chloride. 

Sodium chloride solution is prepared and boiled. The created vapor cools down in a condenser. The 
resulting liquid is collected and used for titration to measure the chloride concentration. The obtained 
result gives 0% chloride concentration, which means that chloride does not evaporate.    
More research is needed to explain the decreased chloride concentration. Therefore, a new experiment 
is designed to examine the decrease of the chloride concentration towards the end of the experiment. In 
this experiment, mortar samples with initial chloride are tested in four different exposure conditions 
during 7 months. The applied exposure conditions are: sealed, fresh water, low relative humidity and 
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CO2. The sealed exposure condition is obtained by sealing the mortar sample completely. The fresh 
water exposure condition is obtained by placing the sample in water. The low relative humidity exposure 
condition is obtained by placing the samples in a desiccator and by blowing dry air with a relative 
humidity of 7% and flow rate of 5 l/min through it. The CO2 exposure condition is obtained also by 
placing the samples in a desiccator and by blowing CO2 with flow rate of 0.5 l/min, and by placing a 
small fan in the desiccators to create a stable environment (Figure 6.19).  
  

 

Figure 6.19: Experiment set-up. (a) The sealed mortar samples of the sealed exposure condition. (b) Fresh water exposure 

condition. (c) Low relative humidity exposure condition. (d) CO2 exposure condition. 

The chloride concentrations profiles in the sample that are exposed to various conditions are measured 
by titration and shown in the Figures 6.20, 6.21 and 6.22. 
 



 

                                                                       115 

 

CHAPTER 6

 
Figure 6.20: Chloride concentration profile after 1 month. 

 

 
Figure 6.21: Chloride concentration profile after 3 months. 

 

 

Figure 6.22: Chloride concentration profile after 7 months. 

The new experiment shows no decrease of chloride during the exposure period. The initial chloride 
content is remaining stable. The experiment shows that the chloride is transported towards the surface 
of the sample. The sample stored in water shows a reduction of the initial chloride concentration, but 
that is expected due to the transport of chloride through the pores filled with water out the sample 
(diffusion from high concentration to low concentration regions). The chloride profile in the sealed 
sample is similar to the start sample, which means there was no chloride transport inside the sample 
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during 7 months. In the sample with dry air, the highest chloride concentration at the surface is measured. 
That can be explained by water transport, which moves towards the surface carrying chloride along. The 
same effect can be observed on the sample with CO2. 

6.4.2 Results of sand-lime specimens  

The glass containers with sand-lime specimens are weighed in the same way as mortar specimens. Figure 
6.23 shows the mass loss of three specimens of 0.0% sand-lime and two specimens of 2.0% sand-lime.  
Figure 6.23 indicates that the mass loss of the specimens with 2.0% of chloride is much lower than the 
mass loss of the specimens with 0.0% of chloride. This implies that the moisture flux in the specimens 
with a 2.0% of chloride concentration is much smaller than in the specimens without chloride. 
 

 
Figure 6.23: Mass loss Ml of the assembly with sand-lime specimens. 

To indicate better the difference in flux between specimens with chloride and specimens without 
chloride, the mass flow (Mf) is compared, as is shown in Figure 6.24. Mass flow is the time derivative 
of the average results of mass loss. The mass flow of the specimens with chloride is approximately 0.05 
× 10-3 kg/d. On the other hand, the mass flow of the reference specimens is approximately 0.4 × 10-3 
kg/d. The 237 kg/m3 of the solution sodium chloride, which is applied to the specimens at the start of 
the experiment, decreases the moisture flow by a factor of 75%. The chloride present in the specimens 
moves, because of the moisture transport, to the surface. At the surface of the specimen, the chloride 
becomes crystallized, forming a layer that blocks the pore. This leads to a smaller transport of moisture.  
 

 
Figure 6.24: Mass flow of the assembly with sand-lime specimens. 



 

                                                                       117 

 

CHAPTER 6

The diffusion coefficient of water in sand-lime for samples without chloride is calculated with Fick’s 
first law of diffusion as 

�] = −, ⋅ �Cm�%  (6.4)

where nm is the moisture flux [kg/s·m2], D the diffusion coefficient [m2/s], Cm the moisture concentration 
[kg/m3], and x the position coordinate [m]. Eq. (6.4) is written as, 

�] = −, ⋅ �Cm�z� ⋅ .z�.%  (6.5)

where RH is the relative humidity [%]. 
For the determination of the moisture concentration in the specimens, it is assumed that the relative 
humidity at the surface is equal to the surroundings, which means at the top of the specimen the relative 
humidity is 55% and at the bottom 70%, as it is shown in Figure 6.3. The sorption isotherm of sand-lime 
(Figure 6.25) [21] is used to determine the ∂Cm/∂RH. Because in the experiment a saturated specimen is 
used in the drying phase, the desorption curve is used to calculate ∂Cm/∂RH. 
 

    
Figure 6.25: Sorption isotherm of sand-lime brick [21]. 

Figure 6.25 shows that the slope of the sorption isotherm, ∂Cm/∂RH, for sand-lime bricks is equal to 
0.667 kg/m3. The diffusion coefficient is calculated with Equation 6.5 for the specimen with a thickness 
of 0.01 m, and it is approximately 5.9 × 10-10 m2/s. In the literature [21], a diffusion coefficient of water 
in sand-lime of 7.9 × 10-11 m2/s can be found. 
More results are obtained by comparing 2.0% chloride specimen before and after the experiment. Figure 
6.26 shows the two chloride profiles. The two specimens went through the same procedure of penetrating 
chloride, as explained in the section specimen preparation. The chloride profile of the 2.0% sand-lime 
specimen (after the experiment) is measured after 93 days.   
Figure 6.26 shows that the concentration of chloride inside the specimen is reduced while the 
concentration at the top of the specimen is increased. This indicates that chloride has been transported 
with the moisture to the top of the specimen.     
The chloride profiles before the experiment are measured soon after performing the vacuum saturation. 
However, the experiment is started after reaching the steady-state conditions in the specimen, which 
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could mean that the chloride profiles before the experiment are slightly changed. Furthermore, it is not 
clear whether the chloride profiles have reached a steady state during the experiment. 
 

 

Figure 6.26: Chloride concentrations of sand-lime specimens with the moisture flux to the left. 

6.5 Conclusions 

The presented experiments are performed to investigate the influence of chloride on moisture transport 
in mortar and sand-lime. This is carried out by comparing moisture transport through specimens with 
chloride with specimens without chloride. The results of this study show that chloride, with a 
concentration of 2.0%, has a large influence on moisture transport in sand-lime specimens, but a limited 
influence on the moisture transport in mortar specimens. It appears that the precipitating chloride salt 
blocks the pores in the sand-lime specimens, which leads to a limited transport of moisture. The 
difference in the results between the two materials can be explained by their properties. In mortar, 
chloride can be bound, and the amount of the bound chlorides constitutes about 50% of the total chloride 
amount in the material, as explained in [16]. However, in sand-lime, there is only free chloride (sand-
lime has no binding capacity). This means that the amount of free chloride, which can crystallize in a 
form of salts, in sand-lime is much higher than in mortar. Further research is needed regarding the 
influence of chloride with the total concentration higher than 2.0% on the moisture transport in mortar.   
Furthermore, in this study the specimen is exposed on its both ends to different conditions in order to 
create moisture flux through the specimen. After 10 months, the chloride concentration profiles are 
measured by titration and compared with the chloride concentration profiles from the start of the 
experiment. The results show that the chloride concentration is decreased at the end of the experiment. 
Because of the seemingly disappearance of chloride, the chloride concentrations profiles are measured 
with different techniques. Ion chromatography is used to measure the profiles. The result of this 
technique is similar to the titration technique. In these two techniques, the chloride is measured from 
liquid solution, where it is assumed that all the bound chloride is unbound due to the use of nitric acid. 
To investigate this, XRF technique is used to measure the chloride concentration profile. With this 
technique, chloride concentration can be measured in solid state, which means directly from the ground 
powder. With all the different technique, the disappearance of chloride remains without explanation. 
Therefore, a new experimental set-up is designed to investigate this case. The results of these 
experiments show no disappearing chloride during a moisture flux of 7 months. This is why it can be 
assumed that the results of the first experiment contain an error.       
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7.1 Introduction 

Chloride penetration into concrete can influence the durability of reinforced concrete structures. Many 
experimental techniques have been developed for examining concrete properties in terms of chloride 
transport, such us long-term and short-term methods. From the practical point of view, short-term 
methods are often preferred due to the fact that long-term methods are laborious, time consuming and 
costly. The rapid chloride migration test (RCM-test), developed by Tang [1] and released as a guideline 
NT Build 492 [2], is the most commonly used short-term test. Many authors [3-7] performed the test 
with liquid saturated samples (as prescribed in the guideline [2]), while in practice concrete 
structures/elements are mostly unsaturated. Marine structures in the splash and tidal zones, are typical 
examples of an unsaturated concrete.   
The aim of this study is to experimentally investigate the chloride transport in unsaturated 
mortar/concrete and to emphasize why the capillary suction mechanism of the chloride transport is 
dominating in the surface layers of unsaturated concrete. To achieve this, two experiments are designed 
in this chapter. The first experiment is designed to compare the chloride transport in unsaturated mortar 
via natural diffusion and capillary suction. Three groups with standard mortar samples having various 
air percentage (in order to create capillary suction) are obtained and brought into contact with chloride 
solution to compare the chloride penetration depth and study the influence of capillary suction and 
diffusion on the chloride penetration.   
The second experiment is designed to compare chloride transport in unsaturated mortar via capillary 
suction and forced migration. Also in this part, standard mortar samples with various air percentage are 
obtained and tested with the RCM-test.  
Furthermore, the chloride penetration depth in the samples is measured with colorimetric method. The 
titration method is also used for validating the results and measuring the chloride concentration profiles.  

7.2 Material  

Two batches of mortar samples for two experiments are prepared and tested in this chapter. 

7.2.1 Material batch 1  

This experiment is designed to study the two chloride transport mechanisms (natural diffusion and 
capillary suction). To achieve this, cylindrical mortar samples with a water/cement ratio of 0.5 and 
cement type CEM I 42.5 N are examined in this experiment. The samples are cured in water for 28 days. 
Samples with 30 mm thickness and 100 mm in diameter are cut from the cylindrical samples. The 
samples are provided with various air percentages as shown in Table 7.1. 

Table 7.1: Samples with various air contents. 

Samples Air content Duration of sealing 

1-6  0% 1 week 
7-9 6% 1 week 

10-12 10% 1 week 

 
The flowchart of the experiment is shown in Figure 7.1. 
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Figure 7.1: Flowchart of the experiment. 

The desired air contents in the samples are obtained by first saturating the samples with water, using the 
vacuum saturation method, as described in chapter 2. When the saturation process is completed, the 
samples are dried for a short period of time in a climate chamber with a relative humidity of 10% and 
temperature of 50° C. During the drying process the mass of the samples is monitored closely to obtain 
the correct air content in the sample. 
The air content (Vair) in each sample is calculated by. 

lJ"� = l1J]9ÄM ⋅ )J"� (7.1) 

where V is the volume and Pair is the air content in the sample (%). The volume of the air equals the 
volume of water that leaves the voids of the sample, and is given by 

l7JOM� = k7JOM�b7JOM�  (7.2)

Making the samples 

Drying the samples in the oven with 50℃ and 10% humidity until a 
stable weight 

Drying and the 
saturation of the 

samples 

Cutting the prepared samples into slices with a thickness of 3 cm 

Saturating the samples as the standard required by using the air pump 

Preparation of the 
samples with different 

air contents 

0%: Surface drying with 
paper  

6%: Using the oven for 
around 8 hours 

10%: Using the oven for 
around 24 hours 

Placing the samples 
directly in the NaCl 

solution (237 g/l) 

Placing the samples in 
NaCl solution 

Placing the samples in 
NaCl solution 

Measuring chloride 
penetration with spray 

method 

Measuring the volume of 
the samples 
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where M is the mass and b the density. By measuring the total mass of the sample, the mass of the water 
that left the sample will also be determined and with this the air volume in the samples is computed.  
Figure 7.2 shows the air content developed during drying. For instance, to provide a sample with 10% 
air a drying period of approximately 27 hours (1600 min) is needed. After achieving the desired total air 
contents, the samples are sealed with plastic foil for one week. This is done to obtain an even air 
distribution within the whole sample volume. 
 

 
Figure 7.2: Air content in the mortar samples during drying.  

Hereafter, a sodium chloride solution (237 kg/m3) of four liter is prepared. The samples are placed in the 
solution for a certain period of time, to provide the samples with a concentration of 2% of chloride per 
the mass of the sample, as discussed in Chapter 6. 

7.2.2 Material batch 2 

In this part, six cylindrical mortar samples with a water/cement ratio of 0.5 and cement type CEM I 42.5 
N are prepared. Slices 20 mm thickness and 100 mm in diameter are cut from cylindrical samples. 
Thinner samples are chosen because the penetration of chloride will take place from one side (one 
dimension). The desired air contents in the hardened mortar samples are obtained with the same method 
as explained in Section 7.2.1 (see Table 7.2).  

Table 7.2: Samples with various air contents. 

Sample Air content Duration of sealing 

21 0% 1 week 
22 2% 1 week 
23 4% 1 week 
24 6% 1 week 
25 8% 1 week 
26 10% 1 week 

 
During the drying process, the mass of the samples is also monitored. Figure 7.3 shows the air content 
change over time during drying. 
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Figure 7.3: Drying time of the mortar samples. 

7.3 Methods  

7.3.1 Diffusion experiments   

In this experiment two transport mechanisms of chloride penetration in mortar are investigated, diffusion 
and capillary suction.  
To obtain an indication about the rate of diffusion of chloride in the sample over time, the samples (1-4, 
see Table 7.1) are placed in a sodium chloride solution (237 kg/m3) for various periods of time (3 h, 6 h, 
15 h and 30 h). It is noted that the chloride will penetrate from all the sides. The penetration depth is 
measured with a colorimetric method. The samples are split in half by applying a force. Then, the 
fractured surface is sprayed with a colorimetric indicator for chlorides (0.1 M AgNO3). The colorimetric 
indicator visualizes the chloride penetration and makes it possible to measure the penetration depth. With 
the results of the samples (1-4), an exposure duration can be selected for the remaining samples (5-12, 
see Table 7.1). After the exposure, the penetration depth in the samples (5-12) is measured and the two 
transport mechanisms (diffusion and capillary suction) are compared.  

7.3.2 Migration experiment (RCM-test) 

Another experiment is designed to study migration and capillary suction transport mechanisms of 
chloride in mortar samples. For this purpose, Rapid Chloride Migration test (RCM-test) is used. RCM-
test is a test based on forced ionic migration. This ionic migration is induced by an external electrical 
voltage applied across the mortar/concrete samples. Due to the potential difference between the 
electrodes, chloride ions will migrate from the catholyte solution, through the mortar sample, toward the 
anolyte solution. The set-up of the RCM-test is shown in Figure 7.4. The catholyte solution is 10% NaCl 
by mass in tap water (100 g NaCl per 900 g water) and the anolyte solution is NaOH in distilled water 
(12 g NaOH per 1 liter water). The samples are clamped tightly in non-conductive rubber sleeves and 
then placed on an inclined support. This is done to let the gas bubbles, which will be generated on the 
cathode (below the sample), evacuate freely. The initial voltage of 30 V is applied on the electrodes to 
measure the initial current. Based on the value of the current, the duration of the RCM-test and the value 
of the voltage applied during the test are determined, following the specifications given in the guideline 
NT Build 492 [2]. The current measured in this study resulted in duration of six hours with a voltage of 
10 Volt, taking into account the thickness of the sample. 
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Figure 7.4: RCM test set-up [7]. 

After the RCM-test, the chloride penetration depth in the samples is measured with two different 
techniques: colorimetric method and titration method. The penetration depth with colorimetric method 
is measured on seven evenly spread positions in the sample, as shown Figure 7.5. An average of the 
seven measurements is calculated and assumed to represent the penetration depth for the whole sample. 
This procedure is repeated for all the samples. 
 

 
Figure 7.5: Chloride penetration depth in a split mortar sample. 

An alternative method is used to compare and validate the colorimetric method. Titration is used to 
determine the chloride penetration depth and chloride profiles in the samples.  

7.4 Results and discussion 

7.4.1 Diffusion experiments   

The experiment is started by placing the fully saturated (0% air content) samples 1-4 (see Table 7.1) in 
chloride solution for 3, 6, 15 and 30 hours to examine the diffusion rate over time as shown in Table 7.3.  

 

Table 7.3: Penetration depth. 

Samples 
Exposure duration 

[hour] 
Average penetration depth 

[mm] 

1 3 2.0  
2 6  3.2  
3 15  4.2 
4 30  7.2 

 
Already at an exposure duration of 6 hours, the chloride penetration depth becomes clearly visible by 
using the colorimetric method, as shown in Figure 7.6 (b). Therefore, the exposure duration of 6 hours 
is applied for the remaining samples (5-12), see Figures 7.6 and 7.7.  
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Figure 7.6: Chloride penetration into the samples at various exposure duration. (a) Exposure duration of 3 h and penetration 

of 2 mm. (b) Exposure duration of 6 h and chloride penetration of 3.2 mm. (c) Exposure duration of 15 h and chloride 

penetration of 4.2 mm. (d) Exposure duration of 30 h and chloride penetration of 7.2 mm.  

Subsequently, three samples from each group (0%, 6% and 10% air content, see Table 7.1) are placed 
in a chloride solution for 6 hours. Hereafter, the penetrations are measured with the colorimetric method 
as shown in Figure 7.7.    

 
Figure 7.7: Chloride penetration into samples at various air percentage, exposure duration 6 hours. (a) Saturated sample 

(0% air) and chloride penetration of 3.2 mm. (b) Sample with 6% air and chloride penetration of 3.9 mm. (c) Sample with 
10% air and chloride penetration of 6.5 mm. 

a       b 

c       d 

a      b    c 
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Figure 7.7 shows that an increment in the air content in the samples leads to an increment of the chloride 
penetration depth. Figure 7.8 shows the relation between the air content and the average chloride 
penetration depth into the samples.      
  

                                     
Figure 7.8: Chloride penetration depth by the colorimetric method. 

The results show that the presence of air in the samples leads to a deeper/faster chloride penetration. 
Chloride penetrated into the samples with 0% air purely by diffusion. On the other hand, the influence 
of capillary suction is visible for the sample with 6% air, in which an increase of 22% in the penetration 
depth is observed. At 10% air content in the sample, the chloride penetration depth is double, compared 
to the sample with no air (thus 100% increase).  
 
 

7.4.2 Migration experiment (RCM-test) 

The experiment is started by testing the samples (21-26, see table 7.2) in the RCM-test. Then, the 
chloride penetration depth in the samples is measured by the colorimetric method and the total chloride 
concentration profile is determined using the titration method.  

7.4.2.1 Colorimetric method 

Figure 7.9 shows the chloride penetration depth in the samples with various air contents measured by 
the colorimetric method. The results show that the chloride penetrated approximately 7 to 14 mm into 
the samples and the higher air content leads to deeper penetration of chloride.  
Furthermore, the results shows that the influence of the capillary suction becomes more visible for the 
samples with an air content of 6% air (increase of 14% in the chloride penetration depth). The effect of 
the capillary suction is the highest in the samples with the air content of 10% (increase of 70%). Similar 
results are found in Section 7.4.1.       
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Figure 7.9: Chloride penetration depth by the colorimetric method. 

7.4.2.2 Titration method 

The results of the chloride penetration depth, determined with the titration method on the samples tested 
previously using the colorimetric method are shown in Figure 7.10. The results in this case show a 
chloride penetration of approximately 8.5 to 14.5 mm. Also in this case, higher air content in the sample 
results in deeper penetration of chloride. The effect of capillary suction is also the same as discussed 
previously.  

 

                                              
Figure 7.10: Chloride penetration depth by titration method. 

7.4.2.3 Comparing the colorimetric method and titration method 

The comparison of the colorimetric and titration methods is shown in Figure 7.11. Both methods give 
similar trends. However, the chloride penetration depth measured by titration is approximately 10% 
higher. This is because measuring the chloride penetration depth with the colorimetric method is limited 
to the chloride detection limit of approximately 0.2% of the total chloride concentration in mortar, while 
with the titration chloride concentration below 0.1% can also be detected [7].  
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Figure 7.11: Comparison between colorimetric and titration methods. 

The differences in the results of the colorimetric and the titration method are also reflected in Figure 
7.12, where both methods are compared for each sample with different percentages of air. In Figure 7.12 
it can be seen that with the titration method it is possible to obtain more accurate results than with the 
colorimetric method. 
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Figure 7.12: Chloride concentration profiles in samples with different percentages of air. 

7.5 Conclusions 

In this chapter two experimental studies are executed. In the first experiment, two transport mechanisms 
(diffusion and capillary suction) are compared for the chloride penetration into unsaturated mortar 
samples. This is executed by providing sample with various air contents (0%, 6% and 10%) and exposing 
them to a chloride solution for 6 hours. Chloride penetrated into the samples with 0% purely by diffusion 
as the governing transport mechanism. On the other hand, capillary suction and diffusion are the driving 
transport mechanisms for the samples with 6% and 10%. The results shows that the presence of air in 
the samples leads to deeper chloride penetrations (20% –100%).    
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In the second experiment a study on the RCM-test is executed. In this experiment, capillary suction and 
forced electric migration are compared for the chloride penetration into mortar samples. 
Samples with various air content are tested. The chloride penetration depth in the samples is measured 
with colorimetric and titration methods. The results of both methods show similar results. However, the 
titration method is more accurate, because this technique measures also the chloride concentration below 
0.1%, while the colorimetric method is limited to 0.2% [7]. Moreover, from the results, it can be 
concluded that a higher air content in the samples results in deeper chloride penetrations (14% – 76%). 
This can be explained by the capillary suction. If air is present in mortar/concrete sample, then capillary 
suction is an additional chloride transport mechanism besides the electrical migration.  
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SUMMARY AND CONCLUSIONS 

This thesis aims to experimentally and numerically assess the individual and combined impacts of 
moisture transport and chloride transport in concrete.  
In Chapter 2, two methods are used and compared to describe moisture transport in concrete structures. 
Two methods (standard method and hysteretic method) are implemented to describe moisture transport 
in concrete during wetting/drying cycles. Diffusion coefficients retrieved from the literature are used in 
the models. One cycle of wetting/drying is compared. The duration of the wetting phase is one day and 
drying is six days. The results show that using the standard model with one diffusion coefficient or using 
the hysteretic model with two diffusion coefficients, can have a large influence on the results. After one 
cycle, the hysteretic model gives clearly a higher amount of moisture content in the structure. An 
experimental setup is developed to obtain measured data for validation purposes. From the experimental 
results it can be concluded that models with hysteretic properties give more accurate results compared 
with models with one diffusion coefficient only.     
In Chapter 3, a measuring procedure is proposed to obtain the diffusion coefficient of water in porous 
materials. In this procedure, a centrifuge is used to create a non-homogenous water distribution inside a 
porous material. After preparation of the sample, which is the first step, a non-equilibrium situation 
inside a partially saturated porous sample is created using a centrifuge. Finally the sample is taken out 
of the centrifuge and how fast the water distribution inside the sample reaches its new equilibrium is 
measured by hanging the sample from two cables, each connected to a balance. Fick’s second law is 
used to compute the diffusion coefficient. The proposed measurement procedure can be used to measure 
the diffusion coefficient for any porous materials.  
Chapter 4 presents a new experimental setup to measure sorption isotherm in which more points can be 
measured with an adjustable measurement resolution. Two porous materials are considered: mortar and 
sand-lime, where the results are compared with the results documented in the literature. In addition, the 
effect of chloride on the sorption isotherm is investigated and compared with the case without chloride. 
Samples with chloride present in the pores of the material are prepared with vacuum saturation and a 
sodium chloride solution. A more homogeneously distributed chloride concentration throughout the 
sample is obtained by first drying the sample completely before wetting by a sodium chloride solution. 
More points on the adsorption curve can be obtained by decreasing the amount of added water to the 
system. This would, however, increase the time required to obtain the sorption curve. After addition of 
water, equilibrium is awaited and the water content of the sample is calculated with a mass balance and 
the amount of water in the air of the vessel, which is obtained from the relative humidity. After reaching 
final equilibrium, the desorption of the sample is obtained by blowing dry air through the vessel and 
calculating the water loss. The adsorption isotherm of mortar and sand-lime is measured and compared 
with results found in the literature. There is a slight difference in the results for mortar samples, which 
can be explained by the composition of the used samples. Apart from this, the results show similarities 
in the shape of the curves. The higher sorption of a sample containing sodium chloride is explained with 

the decreased equilibrium relative humidity of a pore containing a sodium chloride solution. In this way, 
water condensation occurs at a lower relative humidity compared to a sample containing pure water.  
Chapter 5 presents a model for the transport of chloride in unsaturated concrete. The transport of water 
is described with a diffusion coefficient. The transport of chloride includes the transport of chloride 
dissolved in the pore water migrating through the concrete and the transport of chloride caused by a 
gradient in the pore water chloride concentration. Two processes are taken into account: (i) chloride 
convection, and (ii) chloride diffusion (modelled with the Fick’s law). The model is applied to concrete 
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with a daily and yearly cycle of drying and wetting. The water transport is modelled with a diffusion 
coefficient and the chloride transport is modelled as the sum of a convective term and a diffusive term. 
The model is applied with various boundary conditions for the chloride transport. The resulting equations 
are solved numerically using the Crank-Nicolson method which results in water and chloride 
concentration profiles. The model recognizes that convective chloride transport is formed by water 
transport through mainly the largest water filled pores. The smaller water filled pores contribute 
relatively less. The division of the chloride transport over the pores as a function of the pore radius is a 
very complex process and has been modelled here with a division over two extremes, i.e. the half of the 
water filled pore volume with the largest water filled pores is flowing homogeneously with a constant 
velocity and the half of the water filled pore volume with the smallest pores is stagnant. These two halves 
are connected with a diffusion process. The results show that the chloride concentration at the surface 
can rise considerably, when water leaves the concrete sample, while chloride stays behind. 
Crystallization and a few other possible model extensions are discussed in this chapter. 
Chapter 6 investigates the impact of chloride on moisture transport in concrete for low moisture 
concentration. An experimental setup is developed to measure moisture transport in thin specimens. Two 
materials are considered, mortar and sand-lime, where the measurements are performed for samples with 
and without chloride. The results show that chloride, with a concentration of 2.0%, has a large influence 
on moisture transport in sand-lime specimens, but its influence on the moisture transport in mortar 
specimens is limited. It appears that the precipitating chloride salt blocks the pores in the sand-lime 
specimens, which leads to a smaller transport of moisture. The difference in the results between the two 
materials can be explained by their properties. In mortar, chloride can be bound, and the amount of the 
bound chlorides constitutes about 50% of the total chloride amount in the material. However, in sand-
lime, there is only free chloride. Thus, the amount of free chloride, which can crystallize in a form of 
salts, in sand-lime is much higher than in mortar.  
Chapter 7 experimentally studies the chloride transport in unsaturated concrete to better understand the 
capillary suction mechanism of the chloride transport in the surface layers. The measurements are 
performed in two stages. The first experiment compares two transport mechanisms, i.e. natural diffusion 
and capillary suction, while the second experiment is performed to evaluate forced migration and 
capillary suction in unsaturated concrete. The results shows that the presence of air in the samples leads 
to deeper chloride penetrations (20% –100%). In the second experiment a study on the RCM-test is 
executed. In this experiment, capillary suction and forced electric migration are compared for the 
chloride penetration into mortar samples. Samples with various air content are tested. The chloride 
penetration depth in the samples is measured with colorimetric and titration methods. The results of both 
methods show similar results. However, the titration method is more accurate, because this technique 
measures also the chloride concentration below 0.1%, while the colorimetric method is limited to 0.2%. 
Moreover, from the results, it can be concluded that a higher air content in the samples results in deeper 
chloride penetrations (14% – 76%). This can be explained by the capillary suction. If air is present in 
mortar/concrete sample, then capillary suction is an additional chloride transport mechanism besides the 
electrical migration. 
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Moisture and chloride transport in porous 
materials   
THEORETICAL AND EXPERIMENTAL STUDIES

Azee Taher

Chloride ingress in concrete may lead to corrosion of steel 
reinforcements and reduced service life. The moisture transport in 
concrete plays a significant role in this process. Therefore, a lack of 
comprehensive understanding of moisture transport and the 
combined impacts of moisture and chloride ingress can lead to 
reduced durability and service life of concrete structures.
The motivation for the presented research is to address the identified 
gaps in knowledge and contribute to developing more effective 
strategies for improving the durability of concrete structures, 
protecting steel reinforcements from corrosion, and ultimately 
extending the service life of these structures. This is achieved by 
comparing different moisture transport models, creating a developing 
experimental procedures for assessing moisture transport, evaluating 
the impact of sorption isotherms, assessing the combined effects of 
moisture and chloride, and examining the interaction between 
transport mechanisms.
This thesis provides fresh insights into the complex processes of 
moisture and chloride transport in concrete and presents several new 
experimental methods and models.

Azee Taher
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