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Abstract: The transport of chloride ions in concrete structures is not only due to diffusion but also to the 

advective effects of water movements and capillarity, mostly present with wet-dry cycles. These last two 

phenomena are currently very poorly modelled. A new system based on optical fibres was previously 

developed to measure the free chloride concentration in the pore solution without damaging the material. 

This work aims at developing a numerical model simulating the reactive transport of chloride ions by 

capillarity in a cementitious material, which considers the diffusion of chloride ions and water transport by 

capillarity, as well as the chloride adsorption by the material with chemical interaction. It led to the analysis 

of the main phenomena occurring during a capillarity test. In a larger perspective, this study improves the 

current understanding of the durability of concrete structures exposed to severe environmental conditions. 
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1 INTRODUCTION 

In western world countries, many existing reinforced concrete structures are deteriorating as they are 

approaching the end of their expected lifespan. The corrosion of steel rebars is the main cause of damage 

and early failure in reinforced concrete structures [1,2]. The source of chlorides ions comes from de-icing 

salts or seawater in littoral zones. The high costs involved in structures maintenance justifies new methods 
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to predict the degradation and bring about preventive repairs [3]. Surprisingly, some of these structures 

have been damaged only a few years after having being repaired [4]. 

It exists several methods for corrosion detection and for chloride detection in reinforced concrete [5,6], 

which can be categorized as destructive and non-destructive methods. The most destructive method 

commonly used is the ASTM C1524-02a standard: core drills are extracted from the structure to obtain the 

chloride penetration depth. The chloride concentration profiles are then obtained following the ASTM 

C1152/C-1152M and C1218/C-1218M methods. This procedure has the disadvantage of providing 

inaccurate results as an extremely low amount of chloride content is extracted. It also only provides 

information on chloride concentration and not on corrosion. Besides, non-destructive methods can provide 

a quantitative indication of the corrosion propagation [7], but they do not provide a precise indication on the 

chloride content in the concrete. Other non-destructive methods, such as ASTM C876, can determine the 

corrosion initiation but their results interpretation suffers from electromagnetic interferences and each test 

is rather time-consuming (e.g. weeks) [8]. 

Lately, a non-destructive method applicable in-situ was developed to monitor weak free-chloride 

concentrations moving through the concrete porosity [9,10]. Over the past ten years, Optical Fibres (OF) 

have been mainly used for structural health monitoring to measure deformations, vibrations, and strains 

[11–13]. Those sensors are also employed in fields such as environment, space, automobile, medicine or 

biochemistry [14] to detect, in-situ, chemicals in a reversible and non-invasive manner [15]. This technology 

has been recently adapted for monitoring invasive and harmful chemicals in concrete structures for 

corrosion monitoring [16]. Such new sensors provide an accurate knowledge of chloride concentration at 

the steel rebar level allowing new opportunities for comparisons with model predictions. Moreover, optical 

fibres have long lifespans, good mechanical and chemical resistance in concrete, no temperature effects, 

resilience to electromagnetic influences and high data transfer capacities. 

Chloride OF sensors were embedded within the cementitious matrix at 20 mm from the surface and used 

in the laboratory with a capillarity test in order to observe the free chloride content evolution in the pore 

solution at a given penetration depth (20 mm) [16,17]. The OF sensors overcame the difficulty encountered 



 

   

 

in measuring the capillary suction with the actual experimental methods previously described because they 

only provided the chloride concentration according to the penetration depth at a given time after grinding 

the sample. Then, to obtain the evolution of the chloride profile over time with those methods, it is necessary 

to carry out several capillary tests under the same experimental conditions but of different duration. 

The measurements of the capillarity test were subsequently simulated by the software TransChlor [18], 

which considers the coupling between temperature, carbonation, water transport, ionic diffusion transport 

[19] and chloride adsorption with interaction isotherms [20]. Its database was created from data available 

in literature and additional tests carried out on similar material [19]. However, the simulation did not fit the 

measurements with accuracy in the early days and did not allow the analysis of the influence of each 

phenomenon (geometrical effects, chemical reactions, etc.) in order to better understand the physics 

behind. 

The presented results first clearly identified the significant role of the chemical interactions which have not 

been yet considered by the previous numerical models, in the very specific case of a capillarity test. Then, 

a new numerical model on the geochemical software PhreeqC was developed step-by-step to consider the 

advection/dispersion transport of water, the chloride diffusion, the chemical reactions (and particularly the 

chloride adsorption by the cement matrix) and the effects of the capillary pressure (Figure 1). The reliable 

interpretation of the phenomena in the capillarity test permitted the prediction of the future behaviour of the 

chloride transport after the end of the test. 



 

   

 

 

Figure 1. Summary of the modelling strategy to simulate the capillarity test in PhreeqC. The steps are in 

the black boxes and the references used or the simulations done on other models are in the white boxes.  

2 EXPERIMENTAL METHODS AND NUMERICAL MODELS 

2.1 Material and characterization 

Mix. Cement type CEM I 42.5 (W/C = 0.52) was used with a cement content 𝜏𝐶𝑖𝑚𝑒𝑛𝑡= 375 kg/m³. The 

maximum diameter of the aggregate was 16 mm. The aggregate content and the density of hardened 

concrete value were 1813 kg/m³ and 2384 kg/m³ respectively. The curing was carried out in a controlled 

room at 23°C (or 73.4°F) with a relative humidity of 100% for 7 days. The class of concrete mixed is C40/50 

according to the European code designation [21]. The effective chloride diffusion (DCl) for this kind of 

material was previously measured at 5.73x10-12 m²/s by D. Conciatori et al. [17].  

Water absorption tests were carried out by D. Conciatori [22] on 5 cylindric samples of 50 mm of diameter 

and 30 mm of length. The test procedure was based on the standard DIN 52617. The samples were dried 

for 164 days at 23°C and 60% RH to reduce the sample saturation to 75 %. The relative humidity was 

controlled by a solution with 6.16 mol/l NaCl. The bottom faces of the samples were then exposed to water 



 

   

 

for the water absorption test. The evolution of the water content was then observed during the absorption 

by mass measurements.  

In this paper, two numerical models on PhreeqC were created to calibrate the water movement parameters:  

• a simple advection model considering a water flux moving in the sample; 

• an advection-dispersion model considering further the microstructure geometry. 

The evolution of the percentage of water in the porosity was computed from the geometrical characteristics 

(dimensions and water porosity ∅= 12.99% [17]) of the material (Figure 2). The advection transport model 

was fitted on PhreeqC with a constant water velocity vH2O= 1.43 mm/h determined by the slope of the curve 

at the first stage of the absorption test. The numerical model is used to determine an initial water content 

at 75% (the sample was dried at 75% RH). However, a simple advective model did not generate an accurate 

reproduction of the evolution of the water in the porosity during the second stage of the transient state (after 

10 hours). Indeed, the experimental curve showed a smooth increase of water due to the tortuosity of the 

pore network. The complexity of the microstructure was then represented by a dispersion parameter αL= 

5 mm in the simulations with the Advection-Dispersion model. 

    

Figure 2 - Evolution of the total water content (%) in the pores network during the water absorption test 

OF Chloride sensor [23]. The sensor design consists of an optical send (light source blue LED) - receive 

(spectrometer) module [24] which is connected to the sensor (OPTODE) by optical fibre (Figure 3a) [25,26]. 

Under the action of the light signal emitted by the source, the transducer emits a fluorescence signal [27,28]. 

This fluorescence signal is conveyed to the spectrometer by an offset fibre. The light signal is further 



 

   

 

converted into an electric signal and analysed by digital electronic processing. The miniaturization of the 

OPTODE elements allows minimally invasive and in-situ implantation into the thickness of cover concrete. 

The use of optical fibres permits separation of sensors and spectrometer.  

 

Figure 3. (a) OPTODE instrumental setup and (b) Calibration of the OPTODE sensor [16] 

The detection of anionic species, such as chloride ions, requires an indirect method based on fluorescence 

quenching (reducing in quantum yield) of a reagent caused by its reaction with the analyte [29]. There are 

many fluorescent molecules (fluorophores) with different excitation and emission wavelengths which can 

detect the presence of analytes [30]. After preliminary testing and a careful review of environmental and 

biological studies [31–33], Lucigenin was found to be the best indicator dye [34]. Due to its Sol-gel 

transparency, mechanical stability, chemical inertia, and flexible configuration. Moreover, the immobilization 

of the dye by encapsulation is simple and general enough to prevent the leaching of the indicator [35].  

The free chloride concentration in the concrete pore solution [𝐶𝑙𝑊
− ] depends on the fluorescence intensity 

measured with (𝐼) and without (𝐼0) chloride ions according to the Stern-Volmer’s equation [1]: 

  [𝐶𝑙𝑊
− ] = 2.2306 (

𝐼0

𝐼
− 1). (1) 

The calibration curve (Figure 3b) of the Stern-Volmer’s equation [1] was carried out against 250 

measurements [16]. The 𝐼0 𝐼⁄  linearity was verified from 30 mol/m³ (0.1%) to 350 mol/m³ (1.2%) within the 

calibration range. 



 

   

 

2.2 Capillarity test with the chloride sensor 

The capillarity test was carried out on a concrete cube of 150x150x150 mm (3.38 10-3 m³) by Laferriere et 

al. [16]. The chloride sensor was placed at a depth of 20 mm from the bottom surface during the mix (Figure 

4a). The sample was then dried at 25°C and 33% RH for 31 days before the test to ensure a saturation of 

the sample at around 75 % (as for the water absorption test). Afterwards, the lower face of the sample was 

immersed in a solution of 500 mmol/l NaCl (Figure 4a). In order to induce one-dimensional transport, the 

four sides of the sample were resin-coated, and the upper face remained in contact with the ambient air. 

During the test, the temperature and the relative humidity of the climatic chamber were maintained constant 

at 20°C (68°F) and 80% respectively. The fluorescence intensity measurements were taken every 15 

minutes.  

After approximately 7 hours, the saline solution reached the OPTODE which started measuring a chloride 

concentration (Figure 4b). The cure period, which lasted over 31 days in very low moisture conditions, 

caused an initial rapid absorption when the cube face was exposed to the saline solution at the beginning 

of the test. The saline solution was hence transported very quickly into the concrete pores.  

The maximum concentration was up to 0.65 % cement weight (350 mmol/l) of free chloride ions after 32 

hours, then slightly decreased to a value near 0.45 % cement weight (250 mmol/l) before slightly increasing 

again. The chloride concentrations measured were hence within the limit of the calibration range in between 

30 and 350 mol/m³ confirming the reliability of the results (Figure 4b). Considering the sample volume, the 

chloride quantity measured in the pore solution can be expressed in percentage of cement weight (gCl-

/100gCement), its porosity ∅ and its cement content 𝜏𝐶𝑖𝑚𝑒𝑛𝑡 (kgCement/m³Concrete). The maximal quantity of free 

chloride ions in the pore solution is constrained by the porosity ∅ of the material and can not exceed 

 [𝐶𝑙𝑊
− ]𝑀𝑎𝑥= 0.63 % of cement weight since the chloride concentration upstream was 𝐶0= 513 mol/m³: 

  [𝐶𝑙𝑊
− ]𝑀𝑎𝑥 = ∅

𝐶0. 𝑀𝐶𝑙

𝜏𝐶𝑖𝑚𝑒𝑛𝑡

. (2) 



 

   

 

𝑀𝐶𝑙 is the molar mass of chloride ions (g/mol). This threshold value was reached during the early days. As 

the temperature and the moisture parameters did not vary during the experiment and the external salt 

concentration was fixed, the free chloride concentration should stabilize to 0.63% of cement weight at the 

steady state. However, the concentration decreased after this peak until around 0.45% of cement weight 

at 7 days. Then, a slow increase of the chloride curve seems to highlight the balancing of the chloride 

concentrations in upstream and in the pore solution. The concentration of 0.63% of cement weight should 

then be reached after long time of capillarity tests. 

  

Figure 4. (a) Capillarity test diagram and (b) Free chloride concentration evolution at 20 mm depth 

2.3 PhreeqC model 

PhreeqC is a freeware developed in C/C++ by Parkhurst and Appelo and well validated in several industrial 

and academic applications [36,37]. This software allows simulating classical 1D macroscopic transport 

equations coupled with reactive processes (e.g. [38]) thanks to a chemical database. PhreeqC is also 

endorsed with a chemical reaction module to simulate the dissolution and precipitation of material solid 

phase, the oxidation-reduction reactions at the electrodes and the balance between an aqueous phase and 

the surrounding atmosphere (pure phases, solid solutions, exchange surfaces…). However, various 

simplifying hypothesis are assumed, such as: (i) the numerical simulation must be based on a large number 

of experimental test results; (ii) a complete and reliable thermodynamic database (description of ionic 

species, solid phase…) is necessary for realistic simulations; (iii) and the numerical model is solved using 

an explicit finite element scheme, which is faster than an implicit one but can be unstable with initial 

conditions not physically compatible or too large space step (respect Von Neumann criterion [39]). 



 

   

 

In this study, we consider that ionic transport takes place in 1D direction under isothermal conditions 

(T= 20°C at laboratory conditions); the thickness of the sample was sufficiently large to be considered as 

homogenous. The mass conservation for a chemical species that is transported yields the well-established 

advection-reaction-dispersion (ARD) equation: 

 
𝜕𝐶

𝜕𝑡
= −vH2O

𝜕𝐶

𝜕𝑥
+ (𝐷𝐶𝑙 + αLvH2O)

𝜕𝐶2

𝜕2𝑥
−

𝜕Q

𝜕𝑡
. (3) 

where 𝐶 is the chloride concentration in water, Q the chloride concentration in the solid phase, 𝐷𝐶𝑙 its 

effective diffusion coefficient and αL the dispersivity (m). The term vH2O
𝜕𝐶

𝜕𝑥
 represent the advective 

transport, (𝐷𝐶𝑙 + αLvH2O)
𝜕𝐶2

𝜕2𝑥
 the dispersive transport and 

𝜕Q

𝜕𝑡
 the chemical reaction with chloride and the 

solid phase of the material. The water velocity vH2O is assumed to be constant by PhreeqC for a given time 

step. The chloride concentration in the solid phase Q [40] is defined by the concentration of an ionic species 

bound to the surface of the material 𝑐𝑠,𝐶𝑙 (mol/kg), the density of the free area 𝜌𝑏 (kg/L) and the accessible 

porosity ∅𝐶𝑙: 

 𝑄 =
𝑐𝑠,𝐶𝑙  𝜌𝑏

∅𝐶𝑙

. (4) 

In the numerical model, the concentration C(𝑡 + Δ𝑡) of a species 𝑖 at the time step (𝑡 + Δ𝑡) depend on 𝐶(𝑡) 

as required by an explicit time scheme. The reactive term 
𝜕Q

𝜕𝑡
 is computed by a decoupled PhreeqC chemical 

reaction module for more efficiency [41]. Chemical reactions with kinetics are solved with the Range-Kutta 

method [42] and the chemical reaction time step is automatically subdivided. The iterative Newton-Raphson 

method [43] is used to find an optimal chemical state (or by an optimization method if chemical reactions 

are not linearly independent). 



 

   

 

3 PRELIMINARY NUMERICAL SIMULATIONS 

3.1 Limitation with the TransChlor model 

TransChlor is a 1D model intended for saturated and unsaturated concrete. It considers the transport of 

both water and chloride ions [17–19,22,44]. The water transport is determined by temperature according to 

the W/C ratio, the relative humidity and depends on the time of contact between concrete and liquid water 

[45]. The capillarity effect decreases as a function of time representing the saturation of the material and 

calibrated with experimental tests on similar materials [46]. The chloride transport includes the effects of 

their ionic diffusion in water and the water advection [47]. The delay of the chloride front compared to the 

waterfront during the advection movement is modelled by a delay coefficient [46]. The chloride adsorption 

by the cement phases is considered by using the Freundlich isotherm [48].  

The comparison of the measured chloride numerical evolution at a depth of 20 mm with the TransChlor 

model predictions is shown in Figure 5. The chloride sensor measurements and the model predictions 

converge at 8 days. However, during the early period of the test, the two curves representing the free 

chloride content started at different times: the free chloride ingress measured appears earlier at 20 cm. The 

reasons of this initial discrepancy can have various causes: the delay coefficient included in the TransChlor 

model (𝑅𝐶𝑙= 0.7) is not known for this specific type of material but for standard material. One may wonder 

if the capillarity suction equation [5] is well adapted for this kind of material and test: the water-time 

exposition 𝑡𝑐  could be underestimated. Additionally, it could also come from the difference in the compaction 

of the sample: parameters used in TransChlor predictions are obtained from a standard concrete vibrated 

using a needle, whereas the cube sample compaction was carried out by vibration of the formwork in order 

to minimize the risks of breaking the sensor. After 8 days, the measures seem to slightly increase again 

maybe due to the limit of adsorption capacity of the material contrary to the TransChlor simulation. As the 

quantity adsorbed in the model is unlimited, the numerical curve stabilized at around 0.45 %. 



 

   

 

    

Figure 5. TransChlor simulation of the evolution of free chloride concentration and total chloride 

concentration at 20mm depth 

It can be observed that the measured kinetics of the chloride penetration front at the early test was faster 

than in the model. In other terms, the concrete cube permeability seems to be higher than envisaged by 

the model. This measured front was also characterized by a more important peak of the concentration in 

the pore solution corresponding to 0.63 % of cement weight, the threshold chloride concentration in the 

pore solution (in view of the material porosity). The most likely hypothesis to explain the difference observed 

between the two free chloride curves could be the effects of chemical interactions between the chloride 

ions and the sample solid phase. Indeed, chloride adsorption by the cement matrix could occur after some 

delay whereas the numerical model considered them from the beginning. TransChlor modelled the chloride 

interaction with Freundlich isotherms: the total chloride content simulated in the sample with TransChlor is 

presented (dash line in Figure 5). This curve does not exceed the maximum total chloride content [𝐶𝑙𝑇𝑜𝑡
− ]𝑀𝑎𝑥 

in the concrete sample, which can be estimated to 1.22 % of the cement weight, based on a formula (5) 

from Vincler et al. [49]: 

 [𝐶𝑙𝑇𝑜𝑡
− ]𝑀𝑎𝑥 = 𝑉𝑤/𝑐

𝐶0𝑀𝐶𝑙

𝜏𝐶𝑖𝑚𝑒𝑛𝑡

. (5) 

𝑉𝑤/𝑐 = 𝜏𝐶𝑖𝑚𝑒𝑛𝑡 ∗ 𝑊/𝐶 (mWater
3 /mConcrete

3 ) represents the volume of water used to cast one cubic meter of 

concrete. It also appears that the simulated total chloride peaks correspond to the measured free chloride 

one demonstrating that some effects prevent reactions in the first days. 



 

   

 

3.2 Advection-Dispersion model on PhreeqC 

A simple Advection-Dispersion model was first developed using the water absorption test data (see 2.1): 

the water velocity is vH2O= 1.43 mm/h and the dispersion parameter is αL= 5 mm. The model considered a 

solution in the upstream of 513 mol/m³ NaCl at 20°C. The upstream boundary was assumed to be constant 

during the whole test. The concrete sample of 150 mm in length was discretized in 15 cells of 10 mm. Each 

cell contained an initial water volume corresponding to a sample saturation of 75%. The downstream border 

is a closed condition. Figure 6a presents the simulation of the free chloride concentration evolution at 

20 mm depth, equivalent to the total chloride concentration as no chemical reaction was considered. 

 

 

 

(a) (b) 
Figure 6 - Advection-Dispersion simulation of (a) the evolution of free chloride concentration and (b) the 

evolution of the water content in the porosity (%) according to the penetration depth 

The Advection-Dispersion model appropriately simulates the kinetics of the capillarity test at an early age: 

the parameter defining the water transport, previously obtained in a similar sample appears to fit well. The 

softening of the curve at 1 day comes from the dispersion that represents the complexity of the pore 

microstructure. However, the simulation of the steady state is not correct because as the upstream chloride 

concentration was constant at 513 mol/m³ (corresponding to 0.63 % cement weight in the pore solution), 

the concentration was also equal at steady state. As for the measured chloride, the free chloride 

concentration after 1.5 days decreased to 0.5 % of the cement weight (Figure 6a), thus demonstrating the 

adsorption of the chloride. A more complex model considering the chemical interaction is then needed. 



 

   

 

By simulating the water ingress through the pore network, the complete saturation of the sample porosity 

can be predicted at about 6 days (Figure 6b). At this moment, only ionic diffusion governed the chloride 

transport. As a first order approximation, the advection-dispersion transport was stopped when the cell was 

completely filled (at 6 days) and replaced by a diffusion transport. This ensures the mass conservation in 

the sample and it will be essential when chemical reactions will be considered in a more complex model.  

3.3 Advection-Dispersion-Reaction model on PhreeqC 

As the experimental tests were done in previous studies, there is no concrete samples left to analyze its 

chemical composition. That’s why, the GEMS software [50] with the Nagra-PSI thermodynamic database 

[51] was used to simulate the composition of the cement phase for the sample in this work 

(150x150x150 mm) considering a total hydration (Table 1). The simulation was based on the composition 

of the main clinker phases of the cement CEM I 42.5 given in [52]. The pH of the pore solution was estimated 

by GEMS to be 13.52 based on the content of K2O and Na2O in the sample. Monocarbonate is the main 

phase in the interaction of the chloride ions with the cement matrix. 

Table 1. Composition of the hydrated cement part of the sample given by GEMS simulation 

Main cement phases GEMS quantity (g/100gcement) 

C-S-H 56.04 

Portlandite 35.06 

Calcite 3.73 

Ettringite 16.92 

Monocarbonate 3.96 

OH-Hydrotalcite 5.13 

For the Advection-Dispersion-Reaction (ADR) model in PhreeqC, the chemical reactions were 

phenomenologically considered using the cement database ‘Andra Thermochimie’ [53,54] while taking into 

account the quantity of CSH, Portlandite, Calcite, Ettringite and Monocarbonate in the sample. Friedel salts 



 

   

 

can be created by a solid solution mechanism (but they are not initially present) [55]. The Monocarbonate 

evolution in the model was also governed by the solid solution mechanism [56]. The addition of chemical 

reactions with chloride ions in the numerical model has created a delay that can be observed on the 

simulated free chloride curve (continuous line in Figure 7). At steady state, the simulated curve mimics the 

advection-dispersion curve and reaches the maximal value in the pore solution (0.63 % cement weight). 

   

Figure 7 - PhreeqC simulation (ADR) of the evolution of free chloride concentration and total chloride 

concentration at 20mm depth 

The total chloride evolution at 20 mm has also been simulated with the Advection-Dispersion-Reaction 

model (dashed curve in Figure 7). The maximum total chloride value in the concrete sample (1.22 % of the 

cement weight) is not exceeded. Contrary to what was expected, it was the simulated total chloride curve 

that fitted the early state of the free chloride measures. This observation clearly highlights that there is no 

chloride adsorption in the experiments during the first hours. The chemical reaction kinetic seems to be 

reduced (or even stopped). The chloride adsorption starts only after 1 days of test, which correspond to the 

separation of the simulated total chloride and the measured free chloride curves. This delay also coincides 

with the saturation time of the first 20 mm of the sample. After that, the region surrounding the chloride 

sensor was totally saturated by water (Figure 6b). An explanation of the reason why chemical reactions 

seem to be neglected in the first hours could then be the presence of a pressure in the sample due to 

capillarity effects [57]. 



 

   

 

4 RESULTS AND DISCUSSIONS 

The chloride ingress in the capillarity test was previously modelled by an Advection-Dispersion-Reaction 

(ADR) transport model on PhreeqC. The analysis of these preliminary numerical simulations does not 

reproduce accurately the evolution of the chloride concentration in the pore solution as chemical reactions 

in the experiments seem to be delayed during the saturation period of the sample. This phenomenon could 

be explained as an effect of the capillary pressure which block the chemical reaction during the first hours 

(with the advective-dispersive transport). A complete numerical model for the capillarity test needs to 

consider the capillary pressure during the sample saturation by water. 

First, simulations were carried out considering directly a pressure in the pore solution of the PhreeqC model 

(with the ‘-pressure’ routine). However, it did not yield successful results or any perceptible impact on the 

chemical reactions mainly because of the rapid and linear evolution of the pressure which does not 

correspond to the smooth evolution of water in the porosity (dash line in Figure 8a). As a simplified 

approach, an alternative solution was therefore proposed to disrupt the temperature variable in the PhreeqC 

model. Indeed, the capillary pressure 𝑃𝐶𝑎𝑝 can be linked to a ‘capillary temperature’ 𝑇𝐶𝑎𝑝 with the perfect 

gas law at the test conditions (𝑇0= 20°C, 𝑃0= 1 atm) in the unsaturated pore network of the material:  

 𝑃𝐶𝑎𝑝 =
𝑅𝜌𝐴𝑖𝑟

𝑀𝐴𝑖𝑟

𝑇𝐶𝑎𝑝 . (6) 

𝜌𝐴𝑖𝑟= 1.204 kg/m³ represents the air density (Dry air, 𝑃0= 1 atm, 𝑇0= 20°C) and the air molar mass is 

considered 𝑀𝐴𝑖𝑟= 28.96 g/mol. Originally, the heat transport equation for a chemical substance is: 

 RT

𝜕𝑇

𝜕𝑡
= −vH2O

𝜕𝑇

𝜕𝑡
+ (κ + 𝛽LvH2O)

𝜕2𝑇

𝜕𝑥2
 (7) 

with the temperature retardation factor RT depending on the density ρ and the specific heat 𝑘 [37]:  

 RT = 1 +
(1 − ∅)

∅

ρ𝑠𝑘𝑠

ρw𝑘𝑤

 (8) 



 

   

 

The thermal dispersivity 𝛽L and the hydrodynamic dispersivity αL are assumed to be equal [58] whereas 

the thermal diffusion coefficient κ is ten times larger than 𝐷. As the temperature test was constantly at 

𝑇0= 20°C, the heat transport equation (10)-(11) can be used to describe the ‘capillary temperature’ 𝑇𝐶𝑎𝑝 

evolution:  

 R𝑇

𝜕𝑇𝐶𝑎𝑝

𝜕𝑡
= −vH2O

𝜕𝑇𝐶𝑎𝑝

𝜕𝑡
+ (κ𝑇 + 𝛼LvH2O)

𝜕2𝑇𝐶𝑎𝑝

𝜕𝑥2
. (9) 

𝛼L is the dispersivity coefficient (same as previously stated in the transport equation). The two following 

parameters were fitted to respect the curves: the retardation factor RT= 3 and the thermal diffusion same 

as the ionic diffusion (κT= 1.10-12). As the temperature in the upstream was constant during all the test, we 

created a temperature gradient between the sample and the upstream solution simulating the depression. 

The chloride curve was fitted with an evolution of the capillary pressure 𝑃𝐶𝑎𝑝 varying from 1.6 atm to 1 atm 

(atmospheric pressure) in the sample (Figure 8a). Then, the initial capillary pressure 𝑃𝐶𝑎𝑝 in the sample was 

estimated to twice the atmospheric pressure. The pressure stabilized at 1 atm after 7 days because the 

diffusion transport replaced the advection-dispersion transport as the sample was totally saturated by water.  

PhreeqC simulated the evolution of the different phases in the cement matrix at 20 mm (Figure 8). The pH 

of the pore solution increased until 13.4 equilibrating the hydroxide concentration with the different phases 

such as Na2O and K2O. In Figure 8b, the simulation of the content evolution of the Portlandite, Calcite and 

C-S-H can be observed. When the capillary pressure decreases in the sample, the Portlandite and Calcite 

precipitated to equilibrate the concentration of calcium and aluminum in the pore solution. In Figure 8c, the 

content evolution of Ettringite, Monocarbonate and Friedel salts were simulated. As Monocarbonate are 

very sensitive to the pressure in the water, their content increased in the first days with the decrease of the 

capillary pressure. The precipitation of Ettringite equilibrated the sulphate concentration in the pore solution. 

When the capillary pressure decreased below 1.15 atm, chloride ions formed Friedel salts. The portlandite 

precipitated at the same time to release Calcium for Friedel salts formation. Lastly, a very slight evolution 

of C-S-H was simulated (around 2.10-5 mol). PhreeqC equilibrated its content with Calcium at the beginning 

of the test then it decreased with the Friedel salts formation. The chloride physical binding by C-S-H has 



 

   

 

not been considered as it is negligible in a healthy material (C/S rate is larger) [59]. On the 5th day of the 

test, chemical reactions became negligible as the diffusion transport replaced the advection-dispersion. 

The water suction hence seems to accelerate the dissolution of cement phases and the decalcification of 

the cement matrix in the first days of the test due to the ingress of the NaCl solution at pH 7 [60,61]. 

The free and total chloride contents simulated at 20 mm are given in Figure 8d. The chloride ions were not 

bound by the cement matrix in the first hours: free and total chloride contents are similar. Whereas when 

the capillary pressure decreased, the adsorption of chloride increased: the total chloride content increased, 

and the free chloride decreased. When the diffusion process replaced the advection-dispersion, the total 

curve stabilized at around 1.2 % of cement weight that is near the maximal value reachable (at 1.22 %). 

The value of 1.2 % cement weight will be reached at around 120 days according to the PhreeqC prediction. 

Those predictions also allow to estimate that, during the diffusion transport, the free chloride concentration 

in the sample will increase again and reach the maximal value of 0.62 % cement weight after 450 years of 

capillarity test whereas the first prediction with TransChlor estimated the free chloride constantly at 0.45 %. 

  

(a) Evolution of the capillary pressure in the porosity at 20 mm with the PhreeqC’s routine ‘pressure’ 

and with the temperature law used later in this paper 



 

   

 

    

(b) Evolution of Portlandite, Calcite and C3AH6 contents at 20 mm  

 

(c) Evolution of C-S-H, Ettringite, Monocarbonate and Friedel salts contents at 20 mm 

    

(d) Evolution of the free and total chloride at 20 mm 

Figure 8. PhreeqC simulation with Advection-Dispersion model considering the capillary pressure effect 

Finally, all those analyses with the PhreeqC simulations allow to better understand the processes involved 

during the capillary test. A satisfactory prediction of the chloride evolution measured by the OF sensor was 

achieved assuming the following hypothesis (Figure 9):  



 

   

 

(i) 0-24 hours: A simple Advection-Dispersion transport (calibrated with the water velocity 

𝑣𝐻2𝑂 and the microstructure geometry 𝛼𝐿) allowed the water to saturate the pore 

microstructure;  

(ii) 1-7 days: The capillary pressure decreased enough to enable chemical reactions: mainly 

the AFm dissolution to create Friedel salts with chloride ions; 

(iii) 7-20 days: As water has just saturated the material porosity, the diffusion transport 

replaced the Advection-Dispersion. The free and total chloride will respectively reach 

1.02 % and 0.62 % of cement weight after 120 days and 450 days. 

  

Figure 9. Explanation of the different processes involved during the capillarity tests according to the 

PhreeqC simulations. 

5 CONCLUSIONS  

A new chloride sensor with optical fiber technology was previously developed to measure the evolution of 

the chloride concentration in the pore solution in a cementitious material. Such sensor is a promising non-

destructive remote monitoring tool for the health and the maintenance of concrete structures. The ingress 

of free chloride in the pore solution of a concrete sample during capillarity tests was simulated using the 

prediction model TransChlor. Although it seemed to give a good approximation of the chloride transport 



 

   

 

through the material, some differences between the simulation and the measurements during the first few 

hours made it difficult to explain all the processes involved.  

The original contribution of this work is twofold:  

(i) To apply a latest developed OF sensor to finely measure the chloride concentration 

evolution in time during a capillary absorption test of a dried concrete sample in contact 

with salt-rich water; 

(ii) To apply a step-by-step model to understand the main phenomena occurring during a 

capillary transport of chloride ions through a partially saturated concrete. 

The capillarity test measurement data have then been broken down in order to identify all the different steps 

and expose the influence of the capillary pressure. First, the water saturated the pore microstructure by an 

advection-dispersion mechanism and the capillary pressure made chemical reactions negligible. Then, 

chloride ions were adsorbed by the cement matrix as the capillary pressure decreased. At last, the water 

ended up saturating the material porosity then a diffusion transport replaced the advection-dispersion. 

Some further predictions estimate that the free chloride content in the pore solution will increase and reach 

the maximal value (0.62 % of cement weight) after 60 days of test. Those predictions were only possible 

through a complete understanding of the chloride transport mechanisms in structures submitted to the 

capillary suction. 

The combination of the remote monitoring sensor with the numerical prediction model could improve the 

prediction of the structural behaviour without having to carry out destructive testing.  
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