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Chapter 1  
  

General introduction 

 

 

1.1 Research background 

 

Concrete is the most widely used material in the construction field. Long-term performance of 

concrete has to be guaranteed for concrete structures to reach the designed service life. 

However, the initial scatter in the quality of concrete is commonly seen in practice, possibly 

resulting from improper design, poor construction practices and improper curing. Areas of 

concrete with poor quality may become a path for aggressive substances to penetrate into the 

concrete, like CO2 and chloride ions, resulting in premature deterioration of the concrete 

and/or corrosion of the reinforcing steel. Repair is a measure to bring the deteriorated concrete 

structure back to the desired performance. For concrete structures with slightly unsatisfactory 

surface areas (e.g. voids and pits, or tiny cracks), from either aesthetic or durability point of 

view, an ideal solution would be applying a cementitious coating. Cementitious coatings act 

as a physical barrier and can be used to protect the concrete structures against the attack of 

detrimental substances [1, 2]. The thickness of the coating is often no more than several 

millimeters. Materials thicker than 10 mm can be classified as repair. A concrete substrate and 

a coating system are schematically shown in Fig. 1.1. In this thesis, a coating system refers to 

a system that consists of a coating and a concrete substrate. 

 

 

Fig. 1.1 Schematic illustration of a concrete substrate and a coating system. 

Substrate Coating 
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In order to investigate the performance of concrete repairs, a European project 

“ConRepNet” has been carried out from 2002 to 2006. It is reported that only 45% of 

concrete repairs can survive for 10 years after application, and about 10% can survive for 25 

years [3]. An analysis of specific repair failures reveals that a minimum set of measures or 

requirements are needed for ensuring a proper structural repair, such as [4]:  

1. Removal of deteriorated concrete layer, 

2. Replacement of corroded reinforcement or incorporation of new reinforcement, 

3. Matching the physical and chemical properties of repair material to the concrete substrate. 

 

A cementitious coating can be applied directly on concrete substrates without removing the 

surface layer of the substrate and without replacing the corroded reinforcement. The 

requirement “matching the physical and chemical properties of repair to the concrete substrate” 

is dominant. Differential drying shrinkage is one of the major causes of failure of the coating. 

The drying shrinkage of the coating and the substrate is determined by the moisture gradient 

and the mechanical properties (e.g. elastic modulus).  

Generally, transport and mechanical properties of the concrete substrate are constant in 

time because the substrate usually has reached a mature state already. However, for a coating 

applied on the substrate, uncertainties in performance of the coating may arise due to its 

interaction with the substrate and the environment. Moisture transport in young cementitious 

coatings may take place simultaneously with hydration of the coatings. The ongoing hydration 

goes along with the evolution of transport and mechanical properties of the coating material 

over time. Premature failure of a coating may happen if the drying shrinkage-induced stress 

exceeds the tensile strength of the coating. As a result, the effectiveness of the coating to 

improve the performance of concrete structures will be reduced. For a good performance of 

the coating system, a proper mix design of the coating material, as well as appropriate 

construction practices, i.e. applying a proper curing regime, are needed.  

To provide guidance for the design of the coating material and the construction practice, 

knowledge on moisture transport in hydrating coating systems is needed. Moisture transport 

in cementitious materials is determined by their microstructure and moisture content. As the 

cementitious material hydrates, both the microstructure and the water content change with 

time. A clear understanding of coupled moisture transport and hydration processes is 

necessary for further study on the evolution of mechanical properties and the probability of 

drying shrinkage-induced cracking of a hydrating coating material. Based on an improved 

understanding of moisture transport in hydrating coating systems, suggestions for the mix 

design of the coating material and execution procedures can be proposed for achieving a good 

performance of the coating system. 

Long-term performance of coated concrete structures has to be studied for evaluating the 

effectiveness of the coating. For reinforced concrete structures, the ingress of chemical 

substances (e.g. Cl
-
 and SO4

2-
) is critical. Chloride diffusion and chloride binding are two 

important processes during chloride transport process. As hydration of the coating material 
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proceeds, the chloride diffusivity and the chloride-binding capacity change accordingly. Few 

numerical studies are known to simulate chloride transport in overlay systems [5-7]. However, 

the chloride diffusivity and the chloride-binding capacity are usually not related to the 

hydration process of the overlay material in these simulations. For a proper service life 

assessment, the chloride ingress and the chloride binding in hydrating cementitious coating 

systems have to be known in detail. Fig. 1.2 schematically shows the profiles of free chloride 

in the uncoated and the coated substrates. The profile of free chloride in the concrete substrate 

is shown with the solid black curve. After application of the coating, redistribution of chloride 

ions takes place immediately in the coating system, resulting in the profile of free chloride as 

shown with the dashed red curve.  

 

 
 

Fig. 1.2 Schematic chloride profiles in a coating system. Solid black line is chloride profile in an old 

concrete substrate. The red dashed line shows the chloride profile after redistribution of chloride in the 

coating system. 

 

1.2 Aim, objectives and scope of this study 

 

The aim of this research is to investigate the performance of a protective cementitious coating 

system (system = substrate + coating). Moisture transport in cementitious coating systems 

(hydrating coating material and mature substrate) will be studied taking into account the 

hydration process of the coating material. Chloride transport in cementitious coating systems 

(hydrating coating material and hydrating substrate) will be studied taking into account the 

hydration process of the coating material and the substrate. The objectives of this research are 

listed as follows, and the scope is specified accordingly: 
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­ To study the mechanisms of coupled hydration and moisture transport processes in 

cementitious coating systems, and to evaluate the influencing parameters (e.g. coating 

thickness, curing regime, type of the substrate and initial water content of the substrate) on 

the moisture profiles in the coating systems. Based on the simulated moisture profiles in 

the coating systems and the degree of hydration of the coating material, the probability of 

drying shrinkage-induced cracking of the coating will be evaluated. Recommendations will 

be proposed for the design and the application of the coating material. The coating material 

in this research is limited to cement paste. 

­ To investigate long-term performance of the coating systems. Chloride ingress into 

uncoated/coated concrete structures is simulated. Based on the simulated chloride profile, 

the time needed for free chloride to reach a critical concentration at the reinforcing steel of 

concrete structures is determined. This time, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, also corresponds to the initiation of 

reinforcement corrosion in concrete structures. The effectiveness of the coatings was 

indicated by 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 . When simulating chloride ingress, the coating systems are 

considered saturated. Parameter studies are conducted with respect to the composition (e.g. 

water-to-cement ratio) of the coating, the thickness of the coating, early or late application 

of the coating, time of failure of the coating and the presence of surface cracks in the 

substrate.  

 

 

1.3 Research strategy of this study 

 

In order to reach the objectives, the following strategy will be followed: 

Moisture transport in the coating systems with various coating materials will be simulated. 

In the simulation transport of liquid water and transport of water vapour are considered, 

respectively. Hydration of the coating material is also taken into account, which consumes a 

certain amount of water during moisture transport. The rate of hydration of the coating 

material with arbitrary moisture contents is needed in the simulation and will be determined 

with a numerical hydration model. The transport properties (e.g. intrinsic permeability) of the 

coating material change with the hydration process and will be described as a function of the 

degree of hydration.  

Chloride ingress into uncoated/coated concrete structures is studied by simulation. 

Coatings are applied on young/old concrete substrates. The young substrates are 7 days old, 

while the old substrates have been exposed to chloride environment for a certain period of 

time (i.e. 5 or 10 years). Hydration of the coating material and the young substrate are taken 

into account. The chloride diffusivity of the coating and the substrate is determined as 

function of their microstructures, while the chloride binding capacity is determined by the 

amounts of hydration products in the coating and the substrate.  
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1.4 Outline of this research 

 

This thesis includes 7 chapters. The flow chart is shown in Fig. 1.3. 

In chapter 2 a literature survey is given regarding moisture transport in hydrating 

cementitious materials, and chloride-based service life assessment of concrete structures.  

In chapter 3 a Moisture-Hydration model is proposed that takes into account liquid water 

transport, water vapour transport and hydration of the coating material. To run this model, the 

rate of hydration of the coating material with arbitrary water contents will be determined. 

Besides, time-dependent transport properties (i.e. intrinsic permeability and moisture 

diffusivity) of cementitious materials need to be characterized. 

In chapter 4 the rate of hydration of the coating material (e.g. a cement paste) with 

arbitrary water contents is determined using the HYMOSTRUC3D model [8-10]. 

Time-dependent transport properties (i.e. intrinsic permeability and moisture diffusivity) of 

the coating material are quantified and described as a function of the degree of hydration.  

In chapter 5 moisture transport in hydrating cementitious coating systems is simulated 

with the model proposed in chapter 3. Several parameters are considered, including coating 

thickness, curing regime and initial water content of the substrate. The simulated moisture 

profile and degree of hydration of the coating are presented and discussed. The preliminary 

study on the probability of drying shrinkage-induced cracking of the coating is conducted. 

Based on the simulation results, the influencing factors are discussed. Some suggestions (e.g. 

a proper curing regime) are made for a better performance of the coating system. 

In chapter 6 chloride transport in hydrating cementitious coating systems is simulated. 

Several parameters are considered in the simulation, i.e. the composition (e.g. 

water-to-cement ratio) of the coating material, the thickness of the coating, early or late 

application of the coating, time of failure of the coating and the presence of cracks in the 

substrate. With the simulated free chloride profile, the time needed for the free chloride to 

reach a critical concentration (assumed to be 0.2 mol/L) at the reinforcing steel of concrete 

structures is determined. This time, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 , also corresponds to the initiation of 

reinforcement corrosion in concrete structures. The effectiveness of the coatings is indicated by 

the extended time for initiation of reinforcement corrosion in the concrete structures.  

In chapter 7 conclusions are drawn and prospects are described. Some remarks on future 

research are presented for a proper application of a cementitious coating.  
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Fig. 1.3 Outline of this thesis. 
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Chapter 2  
 

General literature review 

 

 

2.1 Introduction 

  

Concrete is the most commonly used material in the construction industry. It has a good 

behavior under compressive loads, but it is weak in tension. To carry tensile loads, steel 

reinforcement is widely used. First application dates back to the time when reinforced 

concrete was used for a rowboat by Joseph Louis Lambot on the occasion of the Paris 

Exposition in 1854 [11]. With the development of concrete science, more and more attention 

has been given to the durability of concrete structures [12, 13]. Amongst the durability related 

issues, chloride-induced corrosion of reinforced concrete is one of the major forms of 

deterioration. Corrosion of the reinforcement may weaken the bond between reinforcement 

and concrete, and further deteriorate the whole concrete structure by reducing the cross 

section of the reinforcement. Concrete, as a porous material, cannot completely avoid the 

ingress of potentially harmful agents into the material. It is only a matter of time for such 

harmful chemicals to penetrate. Furthermore, micro-cracks and micro-pores will appear either 

due to improper mix design or poor workmanship. Concrete structures with such defects are 

even more likely to suffer from deterioration. The protection of steel reinforcement by the 

concrete cover is highly dependent on the cover thickness and the properties of the concrete. 

Besides the concrete cover, an additional thin coating could be applied to act as an extra 

“barrier” and cut off the transportation path of external chemicals into concrete [14]. 

A number of cement-based and polymer-based coatings have been proposed to enhance the 

performance of concrete structures [3, 15-17]. Among all types of coatings, cement-based 

coatings are in some cases preferable for concrete substrates due to their good compatibility 

with the substrate and color similarity. However, some other problems arise, especially for 

coatings with a thickness of no more than several millimeters. For instance, the hydration 

process of the coating material may be affected by the water absorption by the substrate and 

water evaporation. Such moisture loss can cause differential volume changes and may result in 

cracking and de-bonding of the coating [18]. The presence of cracks may have a major impact 

on the durability of the whole system by facilitating ingress of chemicals and promoting 

corrosion. In turn, corrosion causes enlargement of cracks and aggravate the deterioration. 

When the coating material is reinforced by polymer fibers, micro-cracking of the coating 

material may take place under tension. These cracks can be beneficial to the performance of the 

coating system, because they can accommodate the differential volume change of coating and 

substrate and reduce the risk of de-bonding from two ends of the coating (Fig. 2.1) [19]. 
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Moreover, further hydration of cement in the coating material will promote intrinsic self-healing 

of the cracks and increase the effectiveness of the coating material [20]. 

 

 

Fig. 2.1 Cracking and interface delamination of an overlay system due to differential shrinkage [19]. 

 

In this chapter a literature survey is presented regarding the surface protection of concrete 

structures and the failure modes of the overlay materials. As stated above, moisture loss from 

the coating material is a great concern with regard to the hydration of the coating and the 

drying shrinkage-induced cracking of the coating. The effectiveness of the coating to extend 

the service life of concrete structures is another and main issue to be studied in this thesis. 

Moisture transport and chloride transport in overlay systems are reviewed, respectively. 

 

 

2.2 Surface protections for concrete structures 

 

Several protective measures have been adopted to improve the performance of concrete 

structures including: use of protective concrete surface coatings, pretreatment of the steel 

reinforcement and incorporation of corrosion inhibitors. In this thesis, concrete surface 

protections are concerned. Different surface treatments have been applied on concrete 

structures to extend the service life (Table 2.1). These treatments are used for both new 

concrete and for existing structures.  

 

Table 2.1 Surface treatments of concrete structures (EN 1504-2 [21]). 

 Definition Description 

Hydrophobic 

impregnation 

A treatment of concrete to 

create a water-repellent surface. 

The pores and capillaries are internally coated, but 

they are not filled. 

Impregnation 

A treatment of concrete to 

reduce the surface porosity and 

to strengthen the surface. 

The pores and capillaries are partially or totally 

filled. 

Coating 

A treatment to produce a 

continuous protective layer on 

the surface of concrete. 

The thickness is typically of 0.1-5.0 mm. Particular 

applications may require a thickness greater than 5 

mm. Coating materials may be organic polymers, 

organic polymers with cement as a filler or hydraulic 

cement modified with polymer dispersion. 

Concrete substrate 

Overlay material 

Surface cracks Interface 

delamination 
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2.2.1 Impregnations into the surface layer of concrete  

 

Concrete is a hydrophilic material, with a wide range of pore sizes from nanometers to 

microns. Aggressive ions (e.g. 𝐶𝑙− ) are considered detrimental to reinforced concrete 

structures. Water absorption by partially saturated concrete promotes chloride ingress [22]. It 

is, therefore, preferable to make the concrete surface hydrophobic, or densify the exposed 

surface, in order to reduce water adsorption and ensure its durability [23]. For this, an 

emulsion enriched with a hydrophobic agent (e.g. polymethyl-hydrogen siloxane oil) can be 

applied on the surface of concrete to make it water-repellent [24]. Besides, a concrete 

densifier (e.g. colloidal silica) can be applied to a concrete surface in order to fill pores and 

increase the surface density, which can reduce the permeability of concrete to liquids [25]. 

Impregnations are suitable for concrete structures where the concrete surface will not be 

damaged by abrasion or by the formation of cracks, etc. 

 

2.2.2 Coatings for concrete structures 

 

Surface coatings for concrete structures are classified into two groups, i.e. polymer coatings 

and cement-based coatings. 

 

2.2.2.1 Polymer coating 

There are several types of polymer-based coatings widely used for the protection of concrete 

structures, such as epoxy resin, polyurethane resin, acrylic resin, and silane/siloxane [26]. 

These types of polymer coatings differ in terms of price, performance and method of 

application [27]. Among the existing polymer coatings, acrylic resins and epoxy resins are the 

most used ones [28].  

Adhesion between the polymer coating and the substrate plays an important role in the 

performance of the polymer coating-substrate system. The adhesion is determined by the 

properties of both the coating and the concrete substrate. A dry concrete substrate at the time 

of application is considered preferable for the adhesion [29]. However, a good adhesion is not 

always beneficial for the performance of coating systems. According to Seneviratne et al. [30], 

a modest adhesion is beneficial to prevent the coating system from de-bonding. Already a 

modest adhesion can tolerate de-bonding stresses associated with movements in the concrete.  

 

2.2.2.2 Cement-based coating 

Cement-based coatings have been used as they are considered safe from the viewpoint of 

preserving the alkaline nature of the concrete pore solution [2]. They are also used because of 

their similar appearance and color of the concrete substrates. Cement-based coatings are 

usually modified with polymers, in order to obtain a proper adhesion and crack-bridging 

ability [2]. Twofold effects of the polymers can be ascribed to the protection of coatings, 

namely reducing coating porosity and increasing surface hydrophobicity [16]. Besides 

http://en.wikipedia.org/wiki/Concrete
http://en.wikipedia.org/wiki/Surface
http://en.wikipedia.org/wiki/Density
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polymer, other supplementary materials can be incorporated into the cement-based coatings, 

such as fibers, for a better crack-bridging capacity [31], and rice husk ash for a higher bond 

strength due to the chemical reaction between the rice husk ash and calcium hydroxide in the 

cement matrix [32]. Extensive tests have proven the effectiveness of cement-based coating to 

protect the underlying concrete substrates against chemical attack [1, 33].  

 

2.2.2.3 Comparison of various coatings 

Polymer-based and cement-based coatings have a different hardening process. Polymer as a 

binder determines the performance of polymer-based coatings. Due to a fast polymerization 

process, less time is needed for hardening. This is one of the biggest advantages compared to 

cement-based repairs/coatings [34]. Comparisons between polymer coatings and 

cement-based coatings are reported in the literature [15, 27, 35]. Polymer coatings (e.g. 

acrylic and polyurethane coatings) have a lower diffusion coefficient than cementitious 

coatings. The polymer coatings are reported to have a higher resistance against chemical 

attack [15, 27]. However, the effectiveness of polymer coatings doesn’t necessarily have to be 

higher, because the thickness of polymer coatings is usually much smaller than that of 

cement-based coatings (e.g. hundreds of microns versus several millimeters) [35].  

Table 2.2 shows the properties of cement-based and polymer-based coatings, where 

cement-based coatings refer to both pure cementitious coatings and cement-based 

polymer-modified coatings. 

 

Table 2.2 Properties of cement-based coatings and polymer-based coatings, with advantages 

marked by “+” and disadvantages marked by “−”. 

 Cement-based coating 
(1) Polymer-based coating 

Setting (required time, temperature) − + 

Influence of moisture in substrate 
(2)

 + − 

Thermal deformation + − 

Shrinkage − + 

Tensile, adhesive, sheer bond strength − + 

Crack bridging − + 

Permeability/Chemical resistance − + 

Maximum service temperature + − 

Aging (Ozone/ultra violet light, etc.) + − 

Cost + − 

(1) Pure cementitious coating or polymer-modified coating. 

(2) A high moisture content in the substrate gives chance to osmotic blistering of the coating [36]. 
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2.2.3 Selection of coatings 

 

A proper selection of adequate coatings depends on many factors. Factors to be considered in 

coating selection are summarized in Table 2.3. For each specific case, several different 

properties of the coating are required. However, it is believed that in any given structure these 

requirements may not be met by one single material [37]. Selection of a coating material, 

therefore, becomes more difficult. 

 

Table 2.3 Factors to be considered in coating selection ([38, 39]). 

Type and condition of 
concrete substrate 

Nature of concrete protection 
needed 

Coating 

New/old concrete  
Rough/smooth 
Contamination 
Water saturation 

Abrasion 
Chemical attack 
Alkali-aggregate reaction 
Freezing and thawing  
Salt scaling 
Water absorption 

Adhesion strength 
Crack bridging 
Chemical/water resistance 
Abrasion resistance 
Color retention 
UV resistance 
Aesthetic appearance 

   

Exposure environment Application of coating Overall cost 

Atmospheric, buried or 
marine 

Application method 
Ease of overcoating 
Curing regime 

Material cost 
Labor cost 
Maintenance cost 

 

For good performance of a coating system, “compatibility” between coating material and 

substrate is crucial. According to Emmons and Vaysburd [40], the general definition of 

compatibility in concrete repair systems is defined as “the balance of physical, chemical, and 

electrochemical properties and deformations between the repair and the existing substrate 

that ensures that the composite repair system withstands all stresses induced by all loads, 

chemical and electrochemical effects and deterioration over a designed period of time” [41]. 

Obviously, compatibility between repair and substrate is a basic requirement, and it should be 

recognized during the design of concrete repairs [19, 42, 43]. It is emphasized that 

compatibility between the repair material and the substrate is a “global” issue and related to 

many factors (Fig. 2.2). Compatibility in several aspects (chemical, electrochemical, 

permeability and dimensional) is essential for achieving a durable concrete repair. Detailed 

discussion on compatibility issues can be found in [44, 45]. Among these compatibilities, the 

dimensional compatibility is believed to be one of the most vexatious problems of concrete 

repairs [45]. To obtain a proper dimensional compatibility, “an ideal overlay material would 

be volumetrically stable, i.e. it would undergo neither shrinkage nor expansion once installed 

and would display similar modulus of elasticity and thermal expansion characteristics to the 

substrate concrete. Unfortunately, despite the best efforts of product formulators such 

products do not appear to exist” [45].  
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Fig. 2.2 Factors affecting durability of concrete repairs ([46]). 

 

 

2.2.4 Failure of coating systems 

 

The causes of failure of polymer-based coatings and cement-based coatings are different. The 

polymer coatings usually fail due to cracking and/or debonding, caused by mechanical 

stresses, chemical attack, weathering stress and osmotic blistering [47]. The causes of 

cement-based coating failure and the failure modes can be referred to the report from a 

European project “ConRepNet” (Table 2.4). Continued corrosion of the reinforcement in the 

substrate and cracking of the repair material are two main modes of the repair failure. Note 

that coatings are preventive measures for concrete structures, while repairs are measures for 

damaged concrete structures, e.g. cracking and spalling of concrete due to corrosion. 

 

Table 2.4 Causes and modes of repair failure [48]. 

Causes of 

repair failure 

Wrong diagnosis of the cause of initial damage/deterioration of the structure 16% 

Inappropriate design of intervention works 38% 

Inappropriate specification or choice of the materials used 15% 

Poor workmanship 19% 

Other factors 12% 

Modes of 

repair failure 

Continued corrosion 37% 

Cracking 36% 

Debonding 6% 

Alkali-aggregate reaction 4% 

Other modes 17% 

Durability of concrete repair 

Production of 
compatible materials 

Selection of 
compatible materials 

Dimensional 
compatibility 

Geometry 
of sections 

Modulus of 
elastisity 

Creep 
Thermal 

expansion 
Drying 

shrinkage 

Permeability 
compatibility 

Electrochemical 
compatibility 

Chemical 
compatibility 
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2.3 An important concern - moisture transport in cementitious coating systems 

 

Cementitious coating material, characterized by a small thickness (no more than 10 mm), is 

very susceptible to water loss. The water loss will cause a poor dimensional compatibility 

between the coating and the substrate, which impairs the effectiveness of the coating [49]. The 

dimensional incompatibility of the coating material caused by the water loss involves the 

following stages: 

 

1. The coating material loses its water in the hardening phase due to water absorption by 

substrate and water evaporation to the environment.  

2. The water loss of the coating material affects the hydration process and results in a 

moisture gradient in the coating system.  

3. The moisture gradient in the coating system causes differential shrinkage of the coating 

and the substrate, and induces cracking and/or debonding of the coating material.  

 

The cracking of the coating material poses negative effects on the performance of the 

coating system by allowing for rapid ingress of ions (e.g. chlorides, oxygen, alkali and 

sulphate) [19]. To study the probability of drying shrinkage-induced cracking of the coating, a 

clear understanding of moisture transport in the coating system is necessary.  

The moisture content in the coating material changes due to the moisture exchange 

between the coating and the substrate, between the coating and the environment, and/or the 

water consumption by hydration. Fig. 2.3 schematically shows the water loss of the coating 

due to water evaporation to the environment and water absorption by the substrate. Two 

experimental techniques are commonly used to trace the moisture transport in cementitious 

overlay systems, viz. nuclear magnetic resonance (NMR) [50-52] and X-ray computed 

tomography (CT scan) [53, 54]. Brocken et al. [50] investigated moisture transport in a 

two-layer system (fresh mortar applied on bricks) by using NMR techniques. They found that 

the water extraction process was slowed down only if the bricks were almost fully saturated. 

Faure et al. [51] and Kazemi-Kamyab et al. [52] recorded the magnetic resonance imaging 

profiles of a hydrating overlay system. It was found that water in the fresh material was first 

absorbed by the substrate, and transferred back to the fresh material after setting [52]. Bentz et 

al. [53] applied CT scan technique to trace moisture transport in two fresh cement pastes with 

different w/c ratios. Water was found to move from the less dense to the more dense paste. 

Lukovic et al. [54] studied moisture transport in a repair system. It was found that water loss 

from the repair material to the substrate reduced the effective w/c ratio and resulted in a lower 

degree of hydration of the repair material at 3 days compared to a repair material (no substrate 

is used) cured under sealed condition.  
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Fig. 2.3 Schematic illustration of moisture transport in a coating system. Basically, moisture transport 

takes place in 4 forms: 1. water evaporation to the environment, 2. water uptake from the environment, 

3. absorption by the substrate, and 4. water uptake from the substrate. This figure shows the water loss 

of the coating due to water evaporation to the environment and water absorption by the substrate. 

 

Both the overlay material and the substrate play an important role in moisture transport in 

the overlay system. Pre-wetting of the concrete substrate is commonly used in practice. 

However, biased views about the effectiveness of pre-wetting are found in literature. For 

instance, Júlio [55] found that 24-hour pre-wetting of substrate was not important to bond 

strength. However, a lower bond strength was found between the saturated concrete substrate 

(water saturation = 99%) and the cementitious repair, compared to a dry substrate (water 

saturation = 14.4%). This phenomenon was attributed to a wall effect at the interface, where 

the local w/c ratio was higher than that in the bulk repair material [18]. The higher local w/c 

ratio at the interface will create a porous interface with low bond strength, causing a “sliding 

layer” for the repair material. The porous interface has a negative effect on volume stability of 

the overlay system, in the sense that delamination of the overlay material will be promoted 

when differential shrinkage takes place in the overlay system [56]. However, according to 

Courard [57], a higher water absorption by the concrete substrate will allow for a better 

development of mechanical and chemical bond between the overlay material and the substrate, 

because of a large interaction area. Lukovic et al. [54] found that a large amount of air voids 

was introduced into the repair-substrate interface when a dry substrate was used. The air voids 

at the interface may reduce the adhesion at the interface. More specifically, water saturation 

levels from 50% to 90% were found to be beneficial to promote the adhesion between 

cementitious repair and concrete substrate [58]. Usually, problems of adhesion occur when the 

surface is too dry [45]. Regarding the pretreatment of concrete substrate, it is recommended 

that the substrate is neither completely dry nor completely wet. 
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2.3.1 Simulation of moisture transport in cement-based materials 

 

2.3.1.1 Moisture transport in hardened cement-based materials 

Numerical simulations of moisture transport in cement-based materials help to figure out the 

most influencing factors. Moisture transport in hardened cement-based materials has been 

simulated decades ago [59-62]. The moisture diffusivity can be expressed as a function of 

relative humidity [63-70], water content [50, 71] or water saturation level of the material [60]. 

When simulating moisture transport in a material, relative humidity is preferably used as a 

variable, because the relative humidity is easy to be determined by experiments for verifying 

the simulation results.  

 

2.3.1.2 Moisture transport in hydrating cement-based materials 

Simulation of moisture transport in hydrating cement-based materials can also be found [61, 

65, 67, 68]. To account for the effect of hydration on the moisture transport process, various 

methods have been adopted. For instance, Kim et al. [65] assumed that the variation of 

relative humidity due to self-desiccation in drying specimens was the same as that in sealed 

specimens. The drop of relative humidity as a function of time due to hydration under sealed 

curing condition was obtained from experiments and directly incorporated in the equations to 

account for the hydration of materials. Bakhshi et al. [61] assumed the amount of water 

consumption by hydration to be proportional to the amount of free water left in the material. 

Others [67, 72, 73] described the drop of relative humidity due to hydration as a function of 

the degree of hydration. Besides, water consumed by hydration of materials subjected to 

drying has also been analyzed with numerical cement hydration models, e.g. HYMOSTRUC 

model [74] and CEMHYD3D [75]. In general, a clear correlation between moisture 

diffusivity and degree of hydration (DOH) is still lacking, which is needed for a proper 

simulation of moisture transport in a hydrating cement-based material. 

 

2.3.1.3 Boundary condition 

The boundary condition at the exposed surface is another important issue in the simulation of 

moisture transport in porous materials. An additional boundary layer with a thickness of about 

1 mm was added on the surface of concrete for simulating moisture transport. The interface 

between the additional boundary layer and the environment was considered perfectly 

transmitting (Fig. 2.4a) [61, 76]. More realistically, convective boundary conditions are 

commonly specified, by introducing a convection coefficient 𝑓  [65, 69, 77]. With the 

convection coefficient, moisture flux (described in relative humidity) across the exposed 

surface is determined (Fig. 2.4b). The convection coefficient 𝑓 depends mainly on the 

ambient temperature, the wind speed and the surface texture of the materials. Akita et al. [78] 

and Wong et al. [77] reported that the convection coefficient changes with the w/c ratio of 

cementitious materials. For a hydrating cementitious material, determination of the 

convection coefficient is challenging because the microstructure changes continuously. 
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(a) (b) 

 

Fig. 2.4 Boundary condition on exposed surface. 

(a) Additional layer of concrete is added to original concrete. The new surface of this layer is 

considered perfectly transmitting. Therefore, the relative humidity at the drying surface (𝑅𝐻𝑠) 

equals the ambient relative humidity (𝑅𝐻𝑎𝑚) [76].  

(b) Convective boundary condition is considered. D(RH) is the moisture diffusivity, and f is the 

convection coefficient [65, 69]. 

 

 

2.3.2 Simulation of moisture transport in cementitious overlay systems 

 

Efforts have been made to simulate moisture transport in cementitious overlay systems. 

Brocken et al. [50] simulated water extraction from fresh mortar by bricks by assuming a 

constant diffusivity of the mortar. A uniform moisture distribution was found in the mortar, 

while the moisture distribution in the bricks showed a significant gradient. This was because 

the bricks had lower moisture diffusivity compared to fresh mortars. In their work, only 

mortars in fresh state were studied. The effect of hydration of mortars was not considered. 

Åhs [79] calculated the ultimate relative humidity in sealed screed-concrete overlays, without 

considering time-dependent parameters (e.g. moisture diffusivity and rate of hydration). 

Lukovic et al. [70] simulated moisture transport in a cementitious repair system to evaluate 

the risk of drying shrinkage-induced damage. Time-dependent moisture profiles in the repair 

system were presented. The work was limited to a hardened cementitious repair. Martinola et 

al. [80, 81] took into consideration endogenous drying due to hydration, and simulated 

moisture transport in a repair system. However, detailed description of moisture diffusivity 

and rate of hydration were not mentioned. 
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2.4 Long-term performance of cementitious coating system - chloride ingress 

 

2.4.1 General introduction of chloride transport in concrete structures 

 

Long-term performance of coating systems (e.g. resistance to ingress of chlorides and CO2) 

affects the service life [48, 82]. In concrete structures, reinforcement is commonly used to 

take up tensile forces. Generally, reinforcement is passivated due to high alkalinity in concrete. 

However, depassivation of the reinforcement (or initiation of reinforcement corrosion) takes 

place when the chloride content reaches a critical value or when the alkalinity decreases. 

Three stages of corrosion-induced damage in reinforced concrete structures can be 

distinguished: 1. the cracking stage (due to tensile loads, or restrained shrinkage (if any)); 2. 

the initiation of reinforcement corrosion stage; 3. the propagation stage. With time, each stage 

develops into higher levels of damage [83]. An early intervention is considered beneficial to 

increase the service life of concrete structures [84].  

The initiation of reinforcement corrosion depends on several factors, such as concrete mix 

proportions, temperature, relative humidity, steel surface conditions and exposure 

environments [85]. The critical chloride content has been identified to be one of the most 

decisive parameters for predicting the service life of concrete structures [86]. The critical 

chloride content is commonly expressed as total chloride content relative to the weight of the 

cement [87], as the free Cl
-
 concentration [88] or as the molar ratio of Cl

-
/OH

-
 [89]. It is 

believed that only the free chloride in the pore solution is responsible for initiation of the 

reinforcement corrosion process [90]. The published critical free Cl
-
 concentration (laboratory 

conditions) has a wide range from 0.045 to 3.22 mol/L of pore solution [91].  

 

2.4.2 Simulation of chloride transport in concrete structures 

 

To simulate chloride ingress in concrete structures, a simple error function solution is widely 

used, with a time-dependent diffusivity [92]. However, there are some limitations to apply this 

solution [93], e.g. the material should be homogeneous and the chloride binding isotherm is 

linear. However, the coating material and the substrate are usually two distinct materials, and 

the chloride binding isotherms are not necessarily linear. Beside the error function solution, 

Fick’s 2
nd

 law of diffusion with a sink term is used to obtain the free chloride profile in 

concrete structures, taking into account the chloride diffusion process and the chloride binding 

process [93-95].  

 

2.4.3 Simulation of chloride transport in coating systems 

 

Numerical studies of chloride transport in coating systems are scarce. Zhang et al. [7] 

calculated chloride profiles in surface coated concretes, where a constant diffusivity of each 

material was specified. No binding of chlorides was considered. Song et al. [5] simulated 
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chloride penetration into repaired concrete. Chloride binding behavior was also not 

considered in their simulation. Time until initiation of reinforcement corrosion in repaired 

concrete structures was predicted. They found that the extended service life depended on a 

number of factors, such as the quality of the repair materials, the concrete cover thickness and 

the age of concrete for repair. 

In fact, chloride binding takes place during chloride transport in cementitious materials. 

For a hydrating cementitious material, both the chloride diffusivity and the chloride binding 

isotherms change over time. The chloride diffusivity can be related to the pore structure of the 

material [96], and the chloride binding capacity to the amount of hydrates in cementitious 

materials (e.g. calcium silicate hydrate (C-S-H) and monosulphate hydrate) [97, 98]. It is 

believed that the chloride binding by monosulfate hydrate is attributed to the formation of 

Friedel’s salt, while the chloride-binding isotherm of C-S-H follows a Langmuir-type 

adsorption curve [97, 98]. 

According to Perez et al. [99], chloride binding behavior has a substantial influence on the 

chloride transport in cementitious materials. Therefore, chloride binding should be taken into 

consideration for a proper simulation of chloride transport in a cementitious coating system. 

 

 

2.5 Problem definition 

 

2.5.1 Moisture transport in cementitious coating systems and parameter study 

 

To achieve a good performance of the coating system, the coating material should undergo a 

proper hydration process. As stated in section 2.3, water loss of the coating material may 

affect the hydration process and result in shrinkage-induced cracking of the coating or 

debonding between the coating and the substrate. To investigate the influence of water loss on 

the hydration process of the coating material, study of moisture transport in hydrating coating 

systems is needed.  

Several factors play a role in the hydration process of the coating material and the moisture 

transport process in the coating system. The factors include the curing conditions (e.g. moist 

curing, sealed curing or exposed to drying condition), the type of substrate and the initial 

water content of the substrate.  

With the simulated degree of hydration of the coating material, the mechanical properties 

(e.g. elastic modulus and tensile strength) can be determined. Preliminary study of 

shrinkage-induced cracking of the coating material will be performed. 
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2.5.2 Chloride transport in cementitious coating systems and service life assessment 

 

Long-term performance of coating systems will be studied, in order to assess the service life 

of coated concrete structures and to evaluate the effectiveness of a coating. Numerical 

simulations of chloride ingress in the coating systems will be conducted taking into account 

the diffusion process and the chloride binding process. Parameter studies of several factors 

will be carried out, viz. the water-to-cement ratio and the thickness of the coating material, 

early or late application of the coating material, early failure of the coating material and the 

presence of surface cracks in the substrates. With the parameter study, the most influencing 

factors that determine the effectiveness of the coating material will be figured out. 

Suggestions regarding selection of cementitious coatings will be given for a proper protection 

of reinforced concrete structures. 

 

 

2.6 Conclusions 

 

This chapter provided a brief literature survey regarding the performance of various coatings, 

criteria for coating selection, causes and modes of coating failure. Problems of cementitious 

coating systems are defined. Some conclusions can be drawn: 

 

 In practice, various coatings systems are currently used, including polymer-based coating 

systems and cement-based ones. The performance of these systems differs a lot. When 

selecting cementitious coatings, a large number of factors need to be considered. However, 

for any given concrete structure, these requirements cannot be fully met by one single 

coating material. 

 The causes and modes of failure in cementitious coatings are reviewed. Failure of coating 

systems can be caused by wrong diagnosis of the cause of initial damage of the substrate, or 

improper specification/application of overlay materials. Failure modes of repairs include 

continuous corrosion of reinforcement in the substrate, cracking and debonding of coatings, etc. 

 Water loss of the coating material may affect the hydration process and cause 

shrinkage-induced cracking in the coating material. Parameter studies of the influencing 

factors of moisture transport should be performed to give guidance to the design and the 

application of the coating materials. 

 Chloride ingress in cementitious materials is critical for the service life. A numerical study 

of chloride transport in the coating systems will be conducted considering coupling the 

chloride diffusion process and the chloride binding process. Suggestions regarding the 

coating material will be made for a proper protection of the reinforced concrete structures. 
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Chapter 3  
 

Mechanisms of moisture transport in hydrating cementitious 

coating systems 

 

 

3.1 Introduction 

 

As stated in section 2.3, moisture transport in cementitious coating systems may affect the 

hydration process of the coating material. The moisture loss and the disturbed hydration 

process of the coating material will lead to impaired performance of the coating system, e.g. 

drying shrinkage-induced cracking of the coating material. Efforts have been made to 

simulate moisture transport in hydrating cementitious materials [61, 65, 67, 68]. However, the 

coupling of moisture transport and hydration processes is often not adequate. Moreover, mass 

conservation of water in the coating-substrate interface has to be ensured but is often 

overlooked [100]. In this chapter the mechanisms of moisture transport in hydrating 

cementitious coating systems are studied. Based on the mechanisms, a “Moisture-Hydration 

model” is proposed. Fig. 3.1 shows the position of chapter 3 in the structure of the study of 

moisture transport in hydrating cementitious coating systems. 

 

 

Fig. 3.1 Structure of the study of moisture transport in hydrating cementitious coating systems. 
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3.2 Mechanisms of moisture transport in cementitious materials 

 

3.2.1 Moisture transport in saturated cementitious material 

 

In saturated cementitious materials, the water flow is driven by a pressure gradient and can be 

described by Darcy’s law: 

 

𝑞 =
𝐾

𝜇
∙
𝜕𝑝

𝜕𝑥
 (3.1) 

 

Where 𝑞 is the flux [𝑚/𝑠], 𝐾 is the intrinsic permeability of the porous material [m
2
], μ is 

the viscosity of fluid [𝑃𝑎 ∙ 𝑠], and ∂p/ ∂x is the pressure gradient vector [𝑃𝑎/𝑚].  

 

3.2.2 Moisture transport in partially saturated cementitious material 

 

3.2.2.1 Dominant mechanisms of moisture transport in partially saturated cementitious 

material 

In case of moisture transport in hydrating cementitious coating systems (Fig. 3.2), Eq. (3.1) is not 

applicable, because the coating and the substrate are usually unsaturated. After application of the 

coating, the water content in the coating material may change due to the following factors: 

a) Moisture exchange between the coating and the substrate 

b) Moisture exchange between the coating and the environment 

c) Water consumption by the hydration process of the coating 

 

Fig. 3.2 Schematic illustration of factors affecting moisture transport in a hydrating cementitious 

coating system. 

 

Investigation of the above-mentioned factors requires understanding of the following 

mechanisms: 

1) Moisture transport in cementitious materials (i.e. the coating and the substrate). 

2) Moisture transport across the coating-substrate interface and the coating-environment interface. 

3) Hydration process of the coating with arbitrary water contents. 
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In this section, moisture transport in cementitious materials is studied. Moisture transport 

across the coating-substrate interface and the coating-environment interface, and the effect of 

hydration of the coating on moisture transport will be studied in section 3.3.  

There are two different forms of moisture in porous materials, namely liquid water and 

water vapour. The movement of liquid water is driven by the gradient of capillary pressure, 

while the movement of water vapour by the gradient of vapour pressure. The dominant 

mechanism of moisture transport in porous material depends on pore sizes [101] (see Fig. 3.3). 

For micro pores, i.e. pores with diameter 𝑑 < 0.1 𝜇𝑚, capillary condensation/evaporation 

will take place at varying relative humidity (RH). For capillary pores, i.e. 0.1 𝜇𝑚 < 𝑑 <

1000 𝜇𝑚, capillarity is predominant. For macro pores, i.e. 𝑑 > 1000 𝜇𝑚, fluid flow governs 

the moisture transport. However, it has to be pointed that, besides the main mechanisms 

shown in Fig. 3.3, other mechanisms may also apply, depending on the situations. For 

instance, in addition to capillarity, fluid flow can also happen in capillary pores when external 

pressure is applied on the material (e.g. water permeability tests on cementitious materials).  

 

 

Fig. 3.3 Moisture transport mechanisms and the definition of pore size classes (after Klopfer [101]). 

 

In cementitious materials, pores are usually classified into capillary pores (pore size larger 

than 10 nm) and gel pores (smaller than 10 nm) [102]. This classification is also adopted in 

this study. Since the pores in cementitious materials are usually smaller than 1 mm, 

movements of liquid water and water vapour can be described by 3 main mechanisms [103]: 

 

1) Capillary action 

Movement of liquid water is considered as a capillary action. At the gas/liquid/solid interface 

in a porous material, a concave meniscus occurs because water molecules are more strongly 

attracted to the pore wall than to each other. A meniscus with a smaller radius indicates a 

higher capillary pressure. The driving force of liquid water movement is the internal capillary 

pressure gradient. 
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2) Vapour diffusion 

Movement of water vapour is driven by the vapour pressure difference in local pores. Vapour 

pressure is defined as a pressure exerted by a vapour in thermodynamic equilibrium with its 

condensed phases (solid or liquid) at a given temperature in a closed system. The movement 

of water vapour is a diffusion process, which takes place from areas of a high vapour pressure 

to other areas with a lower vapour pressure. In the pores, Knudsen diffusion occurs when the 

pore size is comparable to or smaller than the mean free path of the water molecule. Water 

molecules frequently collide with the pore wall, and the collision provides the main diffusion 

resistance. Knudsen diffusion in pores with a regular shape (e.g. straight cylindrical pores) is 

well formulated [104]. However, it becomes more complicated for a cementitious material 

because of its complex pore structure. In practice, molecule diffusion and Knudsen diffusion 

are usually considered as one process, and can be calculated from experimental results [105] 

or predicted by numerical models [106].  

 

3) Surface diffusion 

Besides the movements of liquid water and water vapour, a surface diffusion of absorbed 

water has been postulated. The surface diffusion is schematically illustrated in Fig. 3.5a. It is 

believed that the surface diffusion is significant only when the humidity in the pores of 

concrete is very low [107]. 

 

According to Xi et al. [107], moisture transport in cementitious materials often includes 

contributions from multiple mechanisms; accurate prediction of the total moisture diffusivity 

is, therefore, difficult. In order to clearly demonstrate the moisture transport in cementitious 

materials, moisture transport is categorized into two cases. In one case, moisture transport 

takes place in the pores with a continuous liquid water phase. Another case deals with 

moisture transport in the pores with a discontinuous liquid water.  

 

3.2.2.2 Moisture transport in pores with a continuous liquid water phase 

In Fig. 3.4a two pores are presented, namely pore A and pore B. Note that, in reality the pores 

in cementitious materials are not discrete objects, because at the nanoscale the pore structure 

is perpetually continuous [108, 109]. In pore B water forms a meniscus with a smaller radius 

than pore A (𝑅2 < 𝑅1), corresponding to a higher capillary potential and a lower vapour 

pressure. Thus, the movement of liquid water is driven from pore A towards pore B, resulting 

in a new meniscus for both pores with a radius of 𝑅. The equilibrated moisture distribution is 

shown in Fig. 3.4b. Simultaneously, a new vapour pressure forms in the pores, either due to 

condensation in pore B or evaporation in Pore A. Besides the changes in liquid and vapour 

phases, the thickness of the absorbed layer on the pore walls also changes due to a varying 

vapour pressure, resulting in a thinner layer in pore A, and a thicker layer in pore B. 
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(a)           (b)  

 

Fig. 3.4 Moisture transport in a capillary pore with a continuous liquid water phase. 

(a) Water distribution in a capillary pore (non-steady state), liquid water moves from left to right.  

(b) Equilibrated water distribution in a capillary pore. 

 

 

3.2.2.3 Moisture transport in pores with a discontinuous liquid water phase 

When the liquid phase is discontinuous, water vapour diffusion dominates the moisture 

transport process. In Fig. 3.5a, Pore B has a lower vapour pressure than pore A. Accordingly, 

water in pore B forms a meniscus with a smaller radius than pore A (𝑅2 < 𝑅1). Therefore 

moisture transports by vapour diffusion from pore A towards pore B. Consequently, 

evaporation of water take places in the pore A, and condensation takes place in Pore B. 

Besides, surface diffusion of absorbed water tends to happen from the region with thicker 

water layers to the region with thinner ones. Fig. 3.5b shows the equilibrated moisture state in 

the pores. The vapour diffusion leads to menisci with a new radius (𝑅) in both pores. The pore 

system has a new capillary potential as well as a new vapour pressure. 

 

 

(a)           (b)  

 

Fig. 3.5 Moisture transport in a capillary pore with a discontinuous liquid water phase. 

(a) Water distribution in a capillary pore (non-steady state), water vapour diffuses from left to right. 

(b) Equilibrated water distribution in a capillary pore. 
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3.2.3 Equation describing moisture transport in partially saturated cementitious 

materials 

 

The moisture transport process in cementitious materials is usually described with nonlinear 

diffusion equations. Relative humidity as a variable is preferably used to simulate moisture 

transport in porous material, since its value can be measured in experiments by embedding 

relative humidity probes in the material. The moisture transport process in cementitious 

materials can be described by [63]: 

 

𝜕𝜃

𝜕𝑅𝐻
∙
𝜕𝑅𝐻

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝑅𝐻 ∙ 𝑔𝑟𝑎𝑑 𝑅𝐻) (3.2) 

 

where 𝑅𝐻 is the relative humidity, 𝜕𝜃/𝜕𝑅𝐻 the moisture capacity and 𝐷𝑅𝐻 the effective 

diffusivity. 

In Eq. (3.2), the moisture capacity 𝜕𝜃/𝜕𝑅𝐻 can be obtained from the adsorption isotherm 

of cementitious materials. Determination of adsorption isotherms is presented in [63]. Based 

on the BET (Brunauer–Emmett–Teller) model [110], a formula has been established to 

determine the moisture capacity of cementitious materials. In the formula, several parameters 

are considered, including the type of cement, w/c ratio, temperature and curing time. There 

are some limitations of this formula. For instance, when the 𝑤/𝑐 is lower than 0.3, or the 

curing time is shorter than 5 days, the value of moisture capacity is considered constant. 

However, the moisture capacity of early-age cementitious materials changes with ongoing 

hydration, because the microstructure varies a lot due to hydration. 

Also Xi et al. [107] proposed an empirical formula to determine the effective diffusivity 

𝐷𝑅𝐻. In their formula the 𝐷𝑅𝐻 is a function of the relative humidity, in combination with three 

empirical coefficients. These three coefficients were calibrated based on test data, and found 

to be only dependent on the w/c ratio. In fact, the effective diffusivity 𝐷𝑅𝐻 should also depend 

on hydration, because hydration changes the microstructure of a cementitious material and 

further affects its transport properties (e.g. effective diffusivity). However, the dependence of 

𝐷𝑅𝐻 on hydration was not considered in their work. Therefore, practical calculations on 

moisture transport in cementitious materials based on the proposed parameters remain 

difficult. 

Besides Eq. (3.2), also other equations have been used to simulate moisture transport in 

cementitious materials. Those equations are introduced in appendix A. A case study of 

moisture transport in cementitious material is conducted in appendix A to show the validity of 

those equations.  
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3.3 Moisture-Hydration model for simulating moisture transport in hydrating 

coating systems 

 

3.3.1 Factors considered for simulating moisture transport in hydrating coating 

systems 

 

To simulate moisture transport in a hydrating coating system, a model (Moisture-Hydration 

model) will be proposed. At early ages, the rate of hydration of the coating strongly depends 

on the water content. For a proper simulation, the hydration process of the coating material 

should be coupled with the moisture transport process. Since the mass of water is the physical 

quantity that needs to be conserved during the moisture transport process, the water saturation 

level, instead of the relative humidity, will be introduced as a dependent variable in the 

simulation of moisture transport. By using water saturation level as a dependent variable, 

water loss due to hydration can be explicitly considered in moisture transport process through 

a hydrating coating system. 

When developing the Moisture-Hydration model for a hydrating coating system, the 

following aspects will be considered: 

 

1) Water transport process (in liquid form) in the coating system. Water consumed by 

hydration process of the coating will be considered.  

 

2) Water saturation level dependency of the hydration process. The rate of hydration will be 

determined for a coating that has a certain degree of hydration and a certain water 

saturation level. 

 

3) Vapour diffusion process in the coating system.  

 

4) Water - vapour transition in cementitious materials. The phase transition is essential for 

correlating the water transfer and vapour diffusion processes.   

 

5) Moisture transport (i.e. water transfer and vapour diffusion) across the coating-substrate 

interface.  

 

6) Water evaporation from the surface of the coating material. The varying microstructure of a 

hydrating coating material complicates the water evaporation process. Detailed description 

will be given of the interaction between the coating and the ambient air.  
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3.3.2 Liquid water transport in a hydrating cementitious material 

 

Unsaturated water flow in porous materials is often described by Richards equation [111].  

 

𝜕𝜃

𝜕𝑡
= 𝑑𝑖𝑣(𝑘 ∙ 𝑔𝑟𝑎𝑑 𝑝(𝜃)) (3.3) 

 

where 𝑘 is the water permeability of the porous material, and 𝑝(𝜃) is the capillary pressure. 

The Richards equation (Eq. (3.3)) is also widely used for simulating moisture transport in 

cementitious materials. Since liquid water flow in cementitious materials is dominated by 

capillary pressure, the effect of gravity is mostly neglected [112]. It is believed that for 

engineering problems the Richards equation provides a satisfactory description of unsaturated 

flow [113]. 

The volumetric water content 𝜃 can be substituted by the water saturation level 𝑠. By 

introducing the relative permeability 𝑘(𝑠) of the material [114], Eq. (3.3) becomes 

 

𝜕(𝜙 ∙ 𝑠)

𝜕𝑡
= 𝑑𝑖𝑣 (

−𝐾

𝜇
∙ 𝑘(𝑠) ∙ 𝑔𝑟𝑎𝑑 𝑝(𝑠)) (3.4) 

 

where 𝜙 is the porosity of porous material, 𝐾 is the intrinsic permeability of the porous 

material, 𝑘(𝑠) is relative water permeability of porous material with a water saturation level 

𝑠 and 𝜇 is the dynamic viscosity of water. 

Water transfer in a hydrating cementitious material is different from that in a porous 

material with a stable microstructure. In the hydrating cementitious material both the 

microstructure and the water content change with ongoing hydration, which causes different 

capillary pressure and moisture gradients in the material. When simulating moisture transport 

in a cementitious material, the water loss due to hydration is usually linked to the relative 

humidity [65, 67, 68, 72, 74, 81]. In this study, to account for the hydration of the coating, a 

sink term “𝑊ℎ𝑦𝑑” will be introduced in Eq. (3.4). Determination of 𝑊ℎ𝑦𝑑 will be given in 

section 3.3.3. Water transfer through a hydrating cementitious material can be described by: 

 

𝜕(∅ ∙ 𝑠)

𝜕𝑡
= 𝑑𝑖𝑣 (

−𝑘

𝜇
∙ 𝑘(𝑠) ∙ 𝑔𝑟𝑎𝑑 𝑝(𝑠)) − 𝑊ℎ𝑦𝑑 (3.5) 

 

Applying the product rule to the left term of Eq. (3.5), it gives: 

 

𝜕(∅ ∙ 𝑠)

𝜕𝑡
=

∅ ∙ 𝜕𝑠

𝜕𝑡
+

𝑠 ∙ 𝜕∅

𝜕𝑡
 (3.6) 
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Eq. (3.5) gets a new form: 

 

∅ ∙ 𝜕𝑠

𝜕𝑡
 = 𝑑𝑖𝑣 (

−𝐾

𝜇
∙ 𝑘(𝑠) ∙ 𝑔𝑟𝑎𝑑 𝑝(𝑠)) − 𝑊ℎ𝑦𝑑 −

𝑠 ∙ 𝜕∅

𝜕𝑡
 (3.7) 

 

By applying the chain rule, it follows: 

 

𝑔𝑟𝑎𝑑𝑝(𝑠) =
𝑑𝑝(𝑠)

𝑑𝑠
∙ 𝑔𝑟𝑎𝑑 𝑠 (3.8) 

 

Substituting Eq. (3.8) into Eq. (3.7) gives: 

 

∅ ∙ 𝜕𝑠

𝜕𝑡
= 𝑑𝑖𝑣 (

−𝐾

𝜇
∙ 𝑘(𝑠) ∙

𝑑𝑝(𝑠)

𝑑𝑠
∙ 𝑔𝑟𝑎𝑑 𝑠) − 𝑊ℎ𝑦𝑑 −

𝑠 ∙ 𝜕∅

𝜕𝑡
 (3.9) 

 

The quantities preceding the gradient within the parenthesis can be lumped together to 

form a single diffusion coefficient (i.e. liquid water diffusivity): 

 

𝐷𝑙(𝑠) =
−𝐾

𝜇
∙  𝑘(𝑠) ∙

𝑑𝑝(𝑠)

𝑑𝑠
 (3.10) 

 

Considering the transformation of water from liquid phase to vapour phase, 𝑊𝑙→𝑣, for a 

one-dimensional case, Eq. (3.9) reads: 

 

𝜙 ∙ 𝜕𝑠

𝜕𝑡
=

𝜕

𝜕𝑥
∙ 𝐷𝑙(𝑠) ∙

𝜕𝑠

𝜕𝑥
− 𝑊ℎ𝑦𝑑 −

𝑠 ∙ 𝜕𝜙

𝜕𝑡
 − 𝑊𝑙→𝑣 (3.11) 

 

In this study, Eq. (3.11) is used to describe the movement of liquid water in the materials 

under isothermal conditions. The term 𝐷𝑙(𝑠)  can be regarded as moisture diffusivity. 

However, it should be emphasized that the movement of liquid water is driven by capillary 

pressure. It is not, per se, a diffusive phenomenon.  

Solving Eq. (3.11) requires determination of several parameters, viz. intrinsic permeability 

𝐾, relative permeability 𝑘(𝑠), capillary pressure 𝑝(𝑠), water loss due to hydration 𝑊ℎ𝑦𝑑 and 

total porosity 𝜙. All these parameters are time-dependent; they change with the varying 

microstructure and the remaining water content left after hydration and moisture transport. 

To determine the relative permeability 𝑘(𝑠) and the capillary pressure 𝑝(𝑠), vapour 

desorption-adsorption isotherms (also known as moisture isotherms) of the materials should 

be described first. The moisture isotherms show the relationship between the equilibrium 

water content of the material with the RH at a constant temperature [115]. In a porous 

material, the RH can be related to the curvature of the smallest water-filled pores by the 
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Kelvin equation. From the curvature, the capillary pressure 𝑝(𝑠) can be calculated based on 

Young-Laplace equation. The Kelvin equation and the Young-Laplace equation will be 

presented in section 3.3.5.  

The dependency of 𝑘(𝑠) and 𝑝(𝑠) on the water saturation level is described by the Van 

Genuchten (VG) model [116].  

𝑝(𝑠) = 𝑎 ∙ (𝑠−
1
𝑚 − 1)(1−𝑚) (3.12) 

 

𝑘(𝑠) = 𝑠0.5 ∙ (1 − (1 − 𝑠1/𝑚)𝑚)2 (3.13) 

 

where 𝑎 and 𝑚 are two fitting parameters, depending on the microstructure of the material. 

Quantification of these parameters will be carried out in chapter 4 (section 4.6.4).  

By substituting Eq. (3.12) into Eq. (3.10), the moisture diffusivity 𝐷𝑙(𝑠) can be written as: 

 

𝐷𝑙(𝑠) =
−𝐾

𝜇
∙
𝑎 ∙ (𝑚 − 1)

𝑚
∙ (1 − (1 − 𝑠1/𝑚)𝑚)2 ∙ (𝑠−

1
𝑚 − 1)(−𝑚) ∙ 𝑠(−

1
𝑚

−0.5)
 (3.14) 

 

According to Eq. (3.11), the liquid water flux 𝐽𝑠 through a material is proportional to its 

moisture gradient: 

 

𝐽𝑠 = −𝐷𝑙(𝑠) ∙ 𝑔𝑟𝑎𝑑 𝑠 (3.15) 

 

Eq. (3.15) will be used in section 3.3.6 to calculate the liquid water flux through the 

interface between the coating and the substrate. 

 

3.3.3 Water consumed by hydration of cementitious materials with arbitrary water 

content 

 

The term 𝑊ℎ𝑦𝑑 in Eq. (3.11) refers to the water consumption by hydration and has to be 

formulated for simulating moisture transport in hydrating coating systems. At complete 

hydration, 1 𝑔 of cement chemically binds approximately 0.23 𝑔 of water [117]. 𝑊ℎ𝑦𝑑 can 

be determined according to Eq. (3.16) and Eq. (3.17). 

 

𝑊ℎ𝑦𝑑  =
0.23 ∙ 𝑚𝑐𝑒𝑚 ∙ 𝛼̇

𝜌𝑤
 (3.16) 

𝛼̇  =
𝑑𝛼

𝑑𝑡
 

(3.17) 

 

where 𝛼 is the degree of hydration, 𝛼̇ is the rate of hydration, 𝑚𝑐𝑒𝑚 is the mass of cement 

in a unit volume of cement paste and 𝜌𝑤 is the density of liquid water. 
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For a cement paste with a particular DOH, the rate of hydration 𝛼̇ depends on, among 

other things, the water content that is available for hydration, i.e. the capillary water. The 

distribution of water in a cement paste is schematically shown in Fig. 3.6. Fig. 3.6a presents a 

water-saturated microstructure. During drying, water in capillary pores is gradually lost, while 

the remaining water can still be used for further hydration (Fig. 3.6b). After capillary water is 

used up, either due to drying or continuing hydration, gel pores start to lose water due to 

continuous drying, while the hydration has almost ceased (Fig. 3.6c). 

In the Moisture-Hydration model, the water saturation level 𝑠 in the total pore space of 

the materials is used. According to Van Breugel [8], the capillary water content is one of the 

main factors affecting the rate of hydration 𝛼̇ . To describe the water saturation level 

dependence of the rate of hydration 𝛼̇, water saturation level in capillary pores 𝑠𝑐𝑎𝑝 is 

defined: 

 

𝑠𝑐𝑎𝑝 =
𝜙 ∙ 𝑠 − 𝜙𝑔𝑒𝑙

𝜙𝑐𝑎𝑝
 (3.18) 

 

where 𝜙 is the total porosity, 𝜙𝑔𝑒𝑙 is the gel porosity and 𝜙𝑐𝑎𝑝 is the capillary porosity. 

Fig. 3.7 schematically illustrates the volume changes of water, unhydrated cement, hydration 

products and pores in a hydrating cement paste. Explanation of water saturation level in 

capillary pores 𝑠𝑐𝑎𝑝 is presented in Fig. 3.8. 

Given the water saturation level in capillary pores 𝑠𝑐𝑎𝑝, the rate of hydration 𝛼̇ of a 

cementitious material can be determined by using a modified HYMOSTRUC3D model. The 

HYMOSTRUC3D is a model for simulating hydration, morphology and structure of 

cement-based materials [8-10]. Detailed information will be given in chapter 4. 

 

 

 

         (a)                           (b)                             (c) 

 

Fig. 3.6 Water distribution in a drying cement paste. (a) 2D schematic microstructure of a 

water-saturated cement paste (b) drying takes place in capillary pores, remaining water are available 

for both hydration and drying (c) drying takes place in gel pores (RH ≤ 80%), remaining water is 

only available for drying, no hydration is considered. 

  

  C-S-H gel Water  Unhydrated cement Air  
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Fig. 3.7 Schematic illustration of the volume changes of water, unhydrated cement, hydration products 

and pores in a hydrating cement paste under sealed condition. 𝛼 is the degree of hydration and 𝑣 is 

the volume. 

 
Fig. 3.8 Schematic illustration of the water-filled capillary porosity in cement paste. 

 

 

3.3.4 Water vapour diffusion in the pore system of cementitious materials 

 

3.3.4.1 Vapour diffusion in a “clear” fluid 

According to Ho et al. [118], the flux of water vapour in gas phase can be described as: 

 

𝐹𝑣 = −𝜌𝑔 ∙ 𝐷𝑣−𝑔 ∙ 𝑔𝑟𝑎𝑑 𝜔𝑣 (3.19) 

 

where 𝜌𝑔 is the density of the gas, 𝐷𝑣−𝑔 (m
2
/s) is the diffusion coefficient of water vapour 

in the gas, and 𝜔𝑣 is the mass fraction of water vapour in the gas.  

To transform the mass fraction of water vapour in the gas 𝜔𝑣 into the mass of water 

vapour in a unit volume of gas, the term 𝑤𝑣 [kg/m3] is introduced, with the form of 

𝑤𝑣 = 𝜌𝑔 ∙ 𝜔𝑣. Eq. (3.19) is rewritten as: 

 

𝐹𝑣 = −𝐷𝑣−𝑔 ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣 (3.20) 

Unhydrated cement 

Hydration products 

Water-filled capillary pores 

Air 𝜙𝑐𝑎𝑝 

𝜙𝑔𝑒𝑙 
𝜙 

𝛼 0 

v 

Water-filled porosity 𝜙 ∙ 𝑠 

Total porosity 𝜙 

Water-filled capillary pores 

𝜙 ∙ 𝑠 − 𝜙𝑔𝑒𝑙 

       𝜙𝑐𝑎𝑝            𝜙𝑔𝑒𝑙 

Empty capillary pores 
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In this study the gas pressure in the pore structure is assumed to be equal to the 

atmospheric pressure [114]. The convection of air in the pore system of the material is 

neglected. The mass flux of water vapour through a porous material, 𝐽𝑣, can be described as: 

 

𝐽𝑣 = 𝜙𝑔 ∙ 𝑣𝑣 = −𝐹(𝑠) ∙ 𝐷𝑣−𝑔 ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣 (3.21) 

 

where 𝜙𝑔 is the volume fraction of gas-filled pores, calculated from the porosity 𝜙 and the 

water saturation level 𝑠 with 𝜙𝑔 = 𝜙 ∙ (1 − 𝑠). 𝑣𝑣 is the velocity of water vapour, 𝐹(𝑠) is 

a resistance factor, which depends on the pore structure and water saturation level.  

According to Millington et al. [119], the resistance factor 𝐹(𝑠) accounts for the tortuosity 

of the water-filled pore space and is described with an empirical equation: 

 

𝐹(𝑠) = 𝜙4/3 ∙ (1 − 𝑠)10/3 (3.22) 

 

3.3.4.2 Vapour diffusion in porous material 

For the vapour diffusion through a porous material it holds [118]: 

 

𝜕(𝜙𝑔 ∙ 𝑤𝑣)

𝜕𝑡
= 𝑑𝑖𝑣(𝐹(𝑠) ∙ 𝐷𝑣−𝑔 ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣) (3.23) 

 

After rearrangement, Eq. (3.23) becomes: 

 

𝜙𝑔 ∙ 𝜕𝑤𝑣

𝜕𝑡
= 𝑑𝑖𝑣(𝐹(𝑠) ∙ 𝐷𝑣−𝑔 ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣) −

𝑤𝑣 ∙ 𝜕𝜙𝑔

𝜕𝑡
 (3.24) 

A single term describing the vapour diffusivity 𝐷𝑣(𝑠) is defined as:  

 

𝐷𝑣(𝑠)  = 𝐹(𝑠) ∙ 𝐷𝑣−𝑔 = 𝜙4/3 ∙ (1 − 𝑠)10/3 ∙ 𝐷𝑣−𝑔   (3.25) 

 

When the liquid-vapour phase transition of water, 𝑊𝑙→𝑣, is considered, Eq. (3.24) becomes 

(see also Eq. (3.11)): 

 

𝜙𝑔 ∙ 𝜕𝑤𝑣

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝑣(𝑠) ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣) −

𝑤𝑣 ∙ 𝜕𝜙𝑔

𝜕𝑡
+ 𝑊𝑙→𝑣 (3.26) 

 

The vapour flux of a material 𝐽𝑣 in Eq. (3.21) is rewritten: 

 

𝐽𝑣 = −𝐷𝑣(𝑠) ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣 (3.27) 

 

Eq. (3.27) will be used in section 3.3.6 to calculate the vapour flux through the interface 

between the coating and the substrate. 
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3.3.5 Liquid water - vapour phase transition 

 

During moisture transport in a cementitious material, transfer of liquid water can be 

calculated with Eq. (3.9), and transfer of water vapour can be calculated with Eq. (3.23). The 

liquid water transport and the vapour diffusion will result in different values of RH in the pore 

space. However, these two processes are not independent. Phase transition between liquid 

water and water vapour always takes place in the moisture transport process. In the pore space 

(e.g. Fig. 3.5a), when the relative humidity/vapour pressure drops due to vapour diffusion, 

evaporation of the liquid water will occur simultaneously in order to maintain the 

liquid-vapour (isothermal) equilibrium [60]. In cementitious materials, phase transition is 

assumed to be very fast in the pores, because the pore sizes are mostly below several microns. 

It is believed that liquid water and water vapour in a small portion of pore space are always in 

a state of equilibrium [120].  

The absolute humidity (𝐴𝐻𝑣) in the pore space is defined as the mass of water vapour 𝑤𝑣 

present in a unit volume of air 𝑣𝑎: 

 

𝐴𝐻𝑣 = 𝑤𝑣/𝑣𝑎 (3.28) 

 

For a pore space saturated with water vapour the absolute humidity is: 

 

𝐴𝐻𝑠𝑎𝑡 = 𝑤𝑠𝑎𝑡/𝑣𝑎 (3.29) 

 

where 𝑤𝑠𝑎𝑡  is the mass of saturated water vapour in a unit volume of air (e.g. about 

0.0179 kg/m3 
at 20 °C and 1 atm). 

The relative humidity (RH) is calculated with Eq. (3.30): 

 

𝑅𝐻 =
𝐴𝐻𝑣

𝐴𝐻𝑠𝑎𝑡
= 

𝑤𝑣

𝑤𝑠𝑎𝑡
 (3.30) 

 

The relative humidity (RH) can also be defined as the ratio of the vapour pressure 𝑝v to 

the saturated vapour pressure 𝑝𝑠𝑎𝑡: 

 

𝑅𝐻 = 𝑝𝑣/𝑝𝑠𝑎𝑡 (3.31) 

 



Mechanisms of moisture transport in hydrating cementitious coating systems 35 

The vapour pressure on a curved liquid-vapour interface or meniscus is described with the 

Kelvin equation: 

 

𝑙𝑛
𝑝𝑣   

𝑝𝑠𝑎𝑡
=

2 ∙ 𝛾 ∙ 𝑉𝑚
𝑟 ∙ 𝑅 ∙ 𝑇

=
2 ∙ 𝛾 ∙ 𝑘′ ∙ 𝑉𝑚

𝑅 ∙ 𝑇
 (3.32) 

 

where 𝛾 is the surface tension of water, 𝑉𝑚 is the molar volume of water, 𝑟 is the radius of 

the capillary pore, 𝑘′ is the mean curvature of the vapour-liquid interface, 𝑅 is the universal 

gas constant, and 𝑇 [K] is the temperature. 

Combining Eq. (3.31) and Eq. (3.32) yields the relation between the relative humidity and 

the pore size of a material (Fig. 3.9), with 𝛾 = −0.0728  [N/m], 𝑉𝑚 = 1.8 × 10−5 [m
3
/mol], 

𝑅 = 8.314 [J∙mol
-1∙K-1

] and 𝑇 = 293  [K]. 

 

 

 
 

Fig. 3.9 Correlation between relative humidity and pore size of the largest water-filled pore in the 

material, according to Kelvin equation (Eq. (3.32)) (atmospheric pressure, 𝑇 = 293 𝐾).  

 

Due to the surface tension of water, there is a pressure differential ∆P across the interface 

between water and gas. The pressure differential ∆𝑃 is known as a capillary pressure 𝑝 and 

is related to the shape of the surface (curvature 𝑘′) by the Young-Laplace equation: 

 

𝑝 = ∆𝑃 = 2 ∙ 𝛾 ∙ 𝑘′
 (3.33) 

 

In porous material, the capillary pressure 𝑝(𝑠) is a function of water saturation level 𝑠. 

Combining Eq. (3.32) and Eq. (3.33), the relative humidity can be calculated: 

 

𝑅𝐻 = exp (
𝑉𝑚
𝑅𝑇

∙ 𝑝(𝑠)) (3.34) 
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During a non-steady moisture transport process, the amounts of liquid and vapour phases 

change over time. The calculated water saturation level 𝑠  after liquid water transport 

corresponds to the 𝑅𝐻 (see Eq. (3.34)). The calculated vapour content 𝑤𝑣  after water 

vapour diffusion corresponds to another 𝑅𝐻 (see Eq. (3.30)). However, the values of the RH 

calculated by Eq. (3.34) and Eq. (3.30) can be different, which means that the liquid water and 

water vapour in the pore space are not in phase equilibrium. In this sense, phase transition 

(evaporation or condensation of water) will take place between liquid and vapour phases. In 

the simulation of moisture transport, phase equilibrium is re-established in each time step 

(detailed description of the implementation of the Moisture-Hydration model is given in 

section 3.3.8). 

Due to evaporation or condensation of water in the pores, the water saturation level 

changes from 𝑠 to 𝑠 + ∆𝑠, with change of the mass of water of ∆𝑠 ∙ 𝜙 ∙ 𝜌𝑤. In the meantime, 

vapour content in the gas changes from 𝑤𝑣 to 𝑤𝑣 + ∆𝑤𝑣, the change of the mass of water is 

∆𝑤𝑣 ∙ 𝜙 ∙ (1 − 𝑠). The amount of water in the evaporation process or condensation process 

should be conserved. Thus, it follows: 

 

∆𝑠 ∙ 𝜙 ∙ 𝜌𝑤 = −∆𝑤𝑣 ∙ 𝜙 ∙ (1 − 𝑠) (3.35) 

 

Moreover, after phase transition the relative humidity calculated by Eq. (3.34) and Eq. 

(3.30) should be equal. The relation holds: 

 

exp(
𝑉𝑚
𝑅𝑇

∙ 𝑝(𝑠 + ∆𝑠)) =
𝑤𝑣 + ∆𝑤𝑣

𝑤𝑠𝑎𝑡
 (3.36) 

 

By solving the equations (i.e. Eq. (3.35) and Eq. (3.36)), the changes of the water 

saturation level ∆𝑠 in the material and the vapour content ∆𝑤𝑣 in the gas can be determined. 

Therefore, the locally equilibrated water saturation level (𝑠𝑒 = 𝑠 + ∆𝑠) and vapour content in 

the gas (𝑤𝑣𝑒 = 𝑤𝑣 + ∆𝑤𝑣) at time 𝑡 + ∆𝑡 can be calculated. 

 

3.3.6 Water transfer/vapour diffusion across the coating-substrate interface 

 

During moisture transport in a coating system, mass conservation of moisture at the interface 

between coating and substrate should be dealt with carefully [100, 121]. Usually, the 

microstructure of the coating material is different from that of the substrate. At the same 

relative humidity, the coating and the substrate have different water saturation levels. In 

theory, the relative humidity on both sides of the interface is continuous (Fig. 3.10a), while 

the water saturation level in the coating and the substrate at the interface are different (Fig. 

3.10b). Therefore, attention has to be paid to mass conservation of moisture when computing 

moisture flux through the boundary.  
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        (a) Vapour diffusion         (b) Liquid water transfer 

 

Fig. 3.10 Schematic illustration of moisture distribution in a coating system. This figure is typical for a 

coating with a pore structure coarser than the substrate. 𝑤𝑣 is water content in the gas, and 𝑠 is water 

saturation level in the coating or the substrate. The red lines show the initial moisture profiles in the 

coating system. The nodes are numbered incrementally from 0 to n. 𝑐0 and 𝑠0 represent the 

interface nodes of the coating and the substrate, respectively.  

 

c0 and s0 in Fig. 3.10b represent the interface nodes of the coating and the substrate, 

respectively. During the moisture transport, two conditions are considered for simulating moisture 

transport across the interface. The first condition is that the capillary pressure 𝑝(𝑠) at the interface 

nodes of the coating and the substrate (i.e. 𝑐0 and 𝑠0) should have the same value (Eq. (3.37)): 

 

𝑝(𝑠𝑐0) = 𝑝(𝑠𝑠0) (3.37) 

 

The second condition is that the incoming moisture flux towards one material should be 

equal to the outgoing flux from the other material. The flux of liquid water at the interface 

follows Eq. (3.38): 

 

𝐽𝑠(𝑠𝑐0) = 𝐽𝑠(𝑠𝑠0) (3.38) 

 

Similarly, the criterion to conserve the vapour phase at the interface (Fig. 3.10a) is 

described by Eq. (3.39): 

 

𝐽𝑣(𝑤𝑣𝑐0
) = 𝐽𝑣(𝑤𝑣𝑆0

) (3.39) 
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3.3.7 Water evaporation from the surface of a coating system 

 

Water evaporation is a process by which water is transferred from liquid to gas. A higher 

temperature or a lower atmospheric pressure will lead to a faster rate of evaporation. It is well 

know that evaporation is an endothermic process, in which heat is absorbed. In this study, 

isothermal condition is considered. In air, the driving force of moisture transport is a vapour 

pressure gradient. In the cement paste, moisture transport is driven both by a gradient of 

capillary pressure and by a vapour pressure gradient.  

When dealing with evaporation, relative humidity is preferably used as a dependent 

variable, regarding its convenience in verification from experiments. Convective boundary 

condition is often applied: 

 

𝐷(𝑅𝐻) ∙ 𝑔𝑟𝑎𝑑 𝑅𝐻 = 𝑓 ∙ (𝑅𝐻𝑎𝑚 − 𝑅𝐻𝑠) (3.40) 

 

where 𝑅𝐻 is the relative humidity in the material, 𝑅𝐻𝑎𝑚 is the relative humidity in ambient 

air, 𝑅𝐻𝑠 is the relative humidity at the drying surface, 𝑓 is the surface factor or convection 

coefficient. 

Akita et al. [78] proposed a relation between the convection coefficient 𝑓 and the w/c 

ratio of cementitious materials based on experimental results. A similar finding is also 

reported by Wong et al. [77]: the surface factor increases with increasing w/c for cementitious 

materials. It means that the convection coefficient is dependent on the pore structure of the 

material. In the case of a hydrating cementitious material, the microstructure changes with 

hydration, especially during the early ages. Consequently, a significant change of the value of 

the surface factor will be expected over time. However, to our best knowledge, there is no 

specific formula describing the surface factor for a hydrating cementitious material. 

Therefore, a theoretical moisture flux through material surface is simulated in this study. It 

allows for conserving the mass of water through the exposed surface of the material. Detailed 

description of moisture transport between porous media and the environment is given in Fig. 

3.11. To account for different curing regimes, boundary condition is applied above the 

exposed surface. 
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Fig. 3.11 Schematic illustration of moisture at the interface between the ambient air and the porous 

material. The dimension of the porous material is 100  100 μm
2
. The top surface of the material is 

exposed to the ambient air. Other surfaces are sealed. 

 

Under an isothermal condition, water evaporation from the surface of a material is only 

driven by the gradient of vapour content 𝑤𝑣 at the liquid water surface. According to Fick’s 

first law, the moisture flux in the gas 𝐽𝑎 [kg m
−2

 s
−1

] is given by: 

 

𝐽𝑎 = − 𝐷𝑣−𝑔 ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣 (3.41) 

 

From Eq. (3.30), the vapour content in the gas 𝑤𝑣 [kg/m
3
] can be calculated by: 

 

𝑤𝑣 = 𝑅𝐻 ∙ 𝑤𝑠𝑎𝑡 (3.42) 

 

The diffusion coefficient of the water vapour in air,  𝐷𝑣−𝑔, can be taken as 2.42 × 10−5 

m
2
/s at 20 °𝐶 and 1 𝑎𝑡𝑚, according to Bolz and Tuve [122]. When water evaporation takes 

place at the surface of the coating, 𝐽𝑠 (Eq. (3.15)) or 𝐽𝑎 (Eq. (3.41)) can describe the moisture 

flux at the interface between the coating and the atmosphere. At the interface, it holds: 

 

𝜌𝑤 ∙ 𝐷𝑙(𝑠𝑐𝑛) ∙ 𝑔𝑟𝑎𝑑 𝑠 = 𝐷𝑣−𝑔 ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣 (3.43) 

 

where 𝑠𝑐𝑛 is the water saturation level at exposed surface of the coating. 

Eq. (3.43) governs the evaporation process. Therefore, the boundary condition with respect 

to drying is formulated. Calibration and validation of the boundary condition are given in 

appendix B. 

By assembling all the equations described in section 3.3, a Moisture-Hydration model for 

simulating moisture transport in a hydrating cementitious coating system is completed. 
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3.3.8 Flow chart of the Moisture-Hydration model  

 

When simulating moisture transport in a coating system, the hydration process of the substrate 

is supposed to have ceased. Therefore, only the hydration process of the coating material is 

considered. The substrate may have different water saturation levels. The Moisture-Hydration 

model is implemented with Matlab. A flowchart of the simulation of moisture transport in 

hydrating cementitious coating systems is given in Fig. 3.12.  

Initially, the coating has a DOH of 0% and a water saturation level of 98% (with 2% air 

void by volume). Based on DOH and the water saturation level, the porosity, the intrinsic 

permeability and the moisture isotherm can be determined. The substrate consists of an old 

substrate, so no further hydration is considered. With a boundary condition (e.g. exposed 

condition with RH = 50%), the Moisture-Hydration model can be run. In the step-wise 

calculation procedure, two processes take place in the coating material, namely the moisture 

transport and the hydration of the coating. These two processes result in a new DOH of the 

coating material and a new water saturation level in the coating material. In the substrate, the 

DOH is constant; only a new water saturation level profile is established. The microstructure 

of the coating changes with the progress of the hydration process. With the new DOH and 

water saturation level, the porosity, the rate of hydration, the intrinsic permeability and the 

moisture isotherm of the coating material can be determined. The simulation continues with 

the subsequent time step. The coating systems are discretized with a mesh size of 0.002 m. 

For a stable calculation, the time interval should be sufficiently small. Note that the optimal 

time interval for the calculation depends on the moisture diffusivity of the coating and the 

substrate. However, the moisture diffusivity of the coating changes with the progress of 

hydration process. To ensure a stable calculation, the time interval for the calculation is 

chosen to be 0.05 second until the target time is reached (e.g. 14 days), based on von 

Neumann stability analysis. In other words, the solutions presented in this study are 

independent of mesh and time discretization. The outputs of this simulation are the DOH and 

porosity of the coating, and the water saturation profile in the coating system (i.e. coating and 

substrate).  

To implement this model, a couple of parameters (e.g. the porosity and the rate of 

hydration) and properties (i.e. the intrinsic permeability and the moisture isotherm) of the 

coating material should be quantified first. Detailed description of the quantification will be 

presented in chapter 4.  
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Fig. 3.12 Flowchart for the simulation of moisture transport in a hydrating cementitious coating 

system. t and T are the time after application of the coating and the target time, respectively. 
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3.4 Summary 

 

Moisture transport is a process that influences the hydration process of cementitious materials. 

It plays an important role in the development of the properties (mechanical/durability). The 

moisture transport in cementititous materials has been comprehensively studied. However, 

attention on a hydrating overlay system is still insufficient. This Chapter investigated the 

mechanisms of moisture transport in a hydrating cementitious coating system. A 

“Moisture-Hydration model” is proposed for simulating moisture transport in the coating 

system. It can be summarized as: 

 

 Mechanisms were studied regarding the moisture transport in a hydrating cementitious 

coating system. Proper governing equations were essential to describe moisture transport 

process through a cementitious material, in the sense of conserving the mass of water. 

 Water loss due to hydration was explicitly considered in the Moisture-Hydration model. 

This consideration enables an appropriate coupling of hydration and moisture transport 

processes of a hydrating cementitious material. 

 Moisture flux through the interface between the coating and the substrate was carefully 

dealt with. Besides, water evaporation at the exposed surface of the material was also 

studied in detail. It gives a clear description of the boundary condition for a coating 

system cured under a particular relative humidity.  

 To run the Moisture-Hydration model proposed in this chapter, some parameters and 

properties of the materials should be quantified, including the rate of hydration, the 

porosity, the intrinsic permeability and the moisture isotherm of the materials (i.e. coating 

and substrate). Detailed description of the quantification will be presented in chapter 4. 

 

 



 

Chapter 4  
 

Quantification of transport properties and parameters for 

simulation of moisture transport 

 

 

4.1 Introduction 

 

In chapter 3, the mechanisms of moisture transport in hydrating cementitious coating 

systems have been studied. Based on the mechanisms, a Moisture-Hydration model was 

proposed. In a coating system, the old substrate has a fixed microstructure and constant 

transport properties, while transport properties of the coating material may change due to 

ongoing hydration. To run the model, the transport properties of the coating material and 

parameters for calculating water consumption by hydration of the coating material need to be 

quantified. The quantification of the transport properties of the coating and the parameters for 

calculating water consumption by hydration of the coating is the subject of this chapter. Fig. 

4.1 shows the position of chapter 4 in the structure of the study of moisture transport in 

hydrating cementitious coating systems. 

 

 

Fig. 4.1 Structure of the study of moisture transport in hydrating cementitious coating systems. 
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Fig. 4.2 Schematic illustration of factors affecting moisture transport in a hydrating cementitious 

coating system. Note that 𝑐0 and 𝑠0 represent the interface nodes of the coating and the substrate, 

respectively. 𝑐𝑛 represents the node of the coating at coating-environment interface. 

 

Fig. 4.2 schematically illustrates the factors affecting moisture transport in hydrating 

cementitious coating systems, including liquid water transport, water vapour transport, 

hydration process of the coating and evaporation process (also see section 3.3). The equations 

describing each process are listed below. 

 

(1) Liquid water transport: 

Liquid water transport process in the coating is described by Eq. (4.1), taking into account the 

hydration of the coating and liquid-vapour phase transition: 

 

𝜙 ∙ 𝜕𝑠

𝜕𝑡
=

𝜕

𝜕𝑥
∙ 𝐷𝑙(𝑠) ∙

𝜕𝑠

𝜕𝑥
− 𝑊ℎ𝑦𝑑 −

𝑠 ∙ 𝜕𝜙

𝜕𝑡
 − 𝑊𝑙→𝑣 (4.1) 

 

where 𝜙 is the total porosity, 𝑡 is time, 𝑠 is the water saturation level, 𝐷𝑙(𝑠) is the liquid 

water diffusivity, 𝑊ℎ𝑦𝑑 is a sink term and refers to the water consumption by hydration, 

𝑊𝑙→𝑣 accounts for liquid-vapour phase transition. 

 

(2) Vapour diffusion: 

Vapour diffusion process in the coating is described by Eq. (4.2), taking into account the 

liquid-vapour phase transition: 

 

𝜙𝑔 ∙ 𝜕𝑤𝑣

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝑣(𝑠) ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣) −

𝑤𝑣 ∙ 𝜕𝜙𝑔

𝜕𝑡
+ 𝑊𝑙→𝑣 (4.2) 

 

where 𝜙𝑔 is the volume fraction of gas-filled pores, with 𝜙𝑔 = 𝜙 ∙ (1 − 𝑠). 𝑤𝑣 is water 

content in the gas 𝐷𝑣(𝑠) is the vapour diffusivity. 
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(3) Sink term accounting for hydration: 

Sink term, e.g. 𝑊ℎ𝑦𝑑 in Eq. (4.1), accounting for hydration of the coating, is described by 

Eq. (4.3). The sink term is a function of the rate of hydration of the coating. 

 

𝑊ℎ𝑦𝑑  =
0.23 ∙ 𝑚𝑐𝑒𝑚 ∙ 𝛼̇

𝜌𝑤
, 𝛼̇  =

𝑑𝛼

𝑑𝑡
 (4.3) 

 

where 𝑚𝑐𝑒𝑚 is the mass of cement in a unit volume of cement paste, 𝜌𝑤 is the density of 

liquid water,  𝛼̇ is the rate of hydration and 𝛼 is the degree of hydration. 

 

(4) Moisture transport across coating-substrate interface: 

Three conditions have to be fulfilled for simulating moisture transport across 

coating-substrate interface. The first one is that the capillary pressure at the interface nodes of 

the coating and the substrate should be equal: 

 

𝑝(𝑠𝑠0) = 𝑝(𝑠𝑐0) (4.4) 

 

The second one is that the incoming flux and outgoing flux of liquid water through the 

coating-substrate interface should be equal: 

 

𝐷𝑙(𝑠𝑠0) ∙ 𝑔𝑟𝑎𝑑 𝑠 = 𝐷𝑙(𝑠𝑐0) ∙ 𝑔𝑟𝑎𝑑 𝑠 (4.5) 

 

The third one is that the incoming flux and outgoing flux of water vapour through the 

coating-substrate interface should be equal: 

 

𝐷𝑣(𝑠𝑠0) ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣 = 𝐷𝑣(𝑠𝑐0) ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣 (4.6) 

 

(5) Water evaporation: 

To simulate the water evaporation process, the incoming flux and outgoing flux of moisture 

through the coating-environment interface should be equal: 

 

𝜌𝑤 ∙ 𝐷𝑙(𝑠𝑐𝑛) ∙ 𝑔𝑟𝑎𝑑 𝑠 = 𝐷𝑣−𝑔 ∙ 𝑔𝑟𝑎𝑑 𝑤𝑣 (4.7) 
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Fig. 4.3 Transport properties and parameters used for simulating moisture transport in hydrating 

cenmentitious coating systems. 

 

 

Table 4.1 Dependency of different parameters of a coating material.  

 Degree of hydration 𝛼 Water saturation level 𝑠 

Intrinsic permeability 𝐾  √ − 

Parameters ( 𝑎 and 𝑚) in the Van Genuchten 

model 
*
 

√ − 

Rate of hydration 𝛼̇ √ √ 

Porosity (𝜙𝑐𝑎𝑝, 𝜙𝑔𝑒𝑙 and 𝜙) √ − 
*
 Fitting parameters (𝑎 and 𝑚) in the Van Genuchten model (Eq. (3.12) and Eq. (3.13)) are obtained 

from the moisture isotherm of the materials. 

Transport properties of cementitious materials and parameters used in Moisture-Hydration model 

𝐷𝑙(𝑠) =
−𝐾

𝜇
∙  𝑘(𝑠) ∙

𝑑𝑝(𝑠)

𝑑𝑠
 

Liquid water diffusivity 

Eq. (3.10) 

𝐷𝑣(𝑠)  = 𝐹(𝑠) ∙ 𝐷𝑣−𝑔 

Water vapor diffusivity 

Eq. (3.16) 

𝑊ℎ𝑦𝑑  =
0.23 ∙ 𝑚𝑐𝑒𝑚 ∙ 𝛼̇

𝜌𝑤
 

Term accounting for hydration 

Eq. (3.18) 

𝐹(𝑠) = 𝜙4/3 ∙ (1 − 𝑠)10/3 

Diffusion coefficient of 

water vapour in gas: 𝐷𝑣−𝑔 

 

Resistance factor:  

𝑘(𝑠) = 𝑠0.5 ∙ (1 − (1 − 𝑠1/𝑚)𝑚)2 

𝑝(𝑠) = 𝑎 ∙ (𝑠−
1
𝑚 − 1)(1−𝑚) 

Intrinsic permeability: 𝐾 

 

Van Genuchten model 

Relative permeability: 

Capillary pressure:  
𝑠𝑐𝑎𝑝 =

𝜙 ∙ 𝑠 − 𝜙𝑔𝑒𝑙

𝜙𝑐𝑎𝑝
 

Rate of hydration: 𝛼̇(𝛼, 𝑠𝑐𝑎𝑝), 

a function of 𝛼 and 𝑠𝑐𝑎𝑝 . 

 

Water saturation level in 

capillary pores:  

Transport properties and parameters to be quantified: 

Section 4.2 Intrinsic permeability: 𝐾 

Section 4.3 Parameter in Van Genuchten model: 𝑎 and 𝑚 

Section 4.4 Rate of hydration: 𝛼̇(𝛼, 𝑠𝑐𝑎𝑝) 

Section 4.5 Porosity: capillary porosity 𝜙𝑐𝑎𝑝, gel porosity 𝜙𝑔𝑒𝑙  and total 

porosity 𝜙 
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Fig. 4.3 shows formulas for the transport properties and parameters of the coating material 

for running the Moisture-hydration model. The transport properties of the coating material 

include the liquid water diffusivity and the water vapour diffusivity. The term accounting for 

water consumption by hydration of the coating material is described as a function of rate of 

hydration. Detailed description is given as below: 

 

1) Liquid water diffusivity of a partially saturated material 𝐷𝑙(𝑠) 

The liquid water diffusivity of a partially saturated material, 𝐷𝑙(𝑠), is expressed as a 

function of the intrinsic permeability 𝐾, the relative humidity 𝑘(𝑠) and the capillary 

pressure 𝑝(𝑠). The relative humidity 𝑘(𝑠) and the capillary pressure 𝑝(𝑠) are calculated 

according to the Van Genuchten model [116]. There are two fitting parameters, 𝑎 and 𝑚, 

in the Van Genuchten model, which depend on the microstructure of the material and can 

be obtained by curve fitting (i.e. water saturation level-capillary pressure curve). 

 

2) Water vapour diffusivity of a partially saturated material 𝐷𝑣(𝑠) 

The water vapour diffusivity of a partially saturated material, 𝐷𝑣(𝑠), is expressed as a 

function of the diffusion coefficient of water vapour in gas 𝐷𝑣−𝑔 and the resistance factor 

𝐹(𝑠) of material. The diffusion coefficient of water vapour in gas 𝐷𝑣−𝑔 is independent on 

porous material. The resistance factor 𝐹(𝑠) is calculated from the total porosity 𝜙 of the 

material (see Fig. 4.3). 

 

3) Water consumption by hydration of the material 𝑊ℎ𝑦𝑑 

The term accounting for water consumption by hydration of the material, 𝑊ℎ𝑦𝑑 , is 

calculated from the rate of hydration 𝛼̇ (see Fig. 4.3). The rate of hydration 𝛼̇ is a 

function of the degree of hydration 𝛼 and the water saturation level in capillary pores 

𝑠𝑐𝑎𝑝 . 𝑠𝑐𝑎𝑝  is calculated from the water saturation level 𝑠, the total porosity ϕ, the 

capillary porosity 𝜙𝑐𝑎𝑝 and the gel porosity 𝜙𝑔𝑒𝑙. 

 

The parameters included in the Moisture-Hydration model are highlighted in Fig. 4.3 and 

listed in Table 4.1. Methodologies used for determining each parameter is given in following 

sections. In each section, example calculation of the parameter of a hydrating cement paste 

(w/c = 0.3) is presented. This cement paste will be applied as coating on concrete substrate. 

Moisture transport in the coating system will be simulated in chapter 5. 
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4.2 Intrinsic permeability 𝐊(𝜶) [m
2
] 

 

4.2.1 Outline of the quantification of intrinsic permeability of hydrating cementitious 

materials 

 

In order to simulate the moisture transport in hydrating coating systems, the intrinsic 

permeability of a hydrating coating material (from casting to hardening) should be determined 

and described as a function of the degree of hydration. 

Permeability of hardened cement pastes has comprehensively been studied experimentally 

[123-125]. Note that most experimental work focuses on relatively mature cementitious 

materials (i.e. cement pastes with at least 1 day curing [125]), because the permeability of 

cementitious materials at very early ages is hard to measure due to the fast hydration process. 

Simulation of 3D fluid flow in digital microstructures of cement pastes allows the 

computation of certain inherent characteristics (i.e. intrinsic permeability 𝐾), and thus, may 

overcome the difficulty in laboratory measurements. Lattice Boltzmann method is a class of 

computational fluid dynamics methods for the computational modeling of fluid flow problems, 

originating from the lattice gas automata method [126, 127]. The Lattice Boltzmann method 

(LBM) has been used for simulating water flow through digital microstructures of cement 

pastes [128, 129]. The digital microstructures are usually obtained by using imaging 

techniques (e.g. X ray computed tomography [130]), or numerical cement hydration models 

(i.e. HYMOSTRUC3D [8], CEMHYD3D [131] or μic [132]).  

 

The intrinsic permeability of hydrating cement pastes is determined by using the following 

methods: 

 At early ages of the cement paste (α ≤ 15%), water flow through the cement paste can be 

simulated using LBM. Then the intrinsic permeability is calculated according to Darcy’s 

law. In LBM simulation, the input microstructure of early-age cement paste is generated by 

HYMOSTRUC3D. 

 At late ages of the cement paste (𝛼 ≥  50%), the intrinsic permeability of the cement paste 

is determined by empirical equations which relate the permeability to the age of cement 

pastes [124]. The degree of hydration of the cement pastes is calculated from the age using 

HYMOSTRUC3D. The intrinsic permeability of the cement paste is plotted against the 

degree of hydration. 

 When 15 % < α <  50%, the intrinsic permeability of the cement paste is determined by 

spline interpolation. 

 

Fig. 4.4 shows a schematic illustration of the relation between the intrinsic permeability 

and the degree of hydration of a cement paste.  
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Fig. 4.4 Schematic illustration of the relationship between intrinsic permeability and degree of 

hydration of a cement paste (w/c = 0.3). The intrinsic permeability of the cement paste is determined 

by LBM simulation when 𝛼 ≤ 15%, and by empirical relation when 𝛼 ≥ 50%. For 15% < 𝛼 < 50%, 

the intrinsic permeability of cement paste is obtained by interpolation. 

 

 

4.2.2 Method to determine intrinsic permeability of cementitious materials at early 

ages - Lattice Boltzmann Method 

 

The LBM simulation of water flow is straightforward, because the simulation is directly 

performed on the digital microstructure. Detailed description of the Lattice Boltzmann 

method is given in appendix C. Fig. 4.5 shows a schematic illustration of water flow through 

a porous medium (a body-centered cubic structure).  

 

 

Fig. 4.5 Schematic illustration of water flow in a porous material under hydraulic pressure. 

 

Input microstructure 

In general, two possibilities are available to obtain 3D digital microstructure of cement paste, 

i.e. by reconstruction from CT scans, or from numerical hydration models. In this study, the 

microstructures are generated by HYMOSTRUC3D (However, due to assumption in the 
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numerical simulation, gel pores from calcium silicate hydrate (C-S-H) are not involved). 

In HYMOSTRUC3D, initially, spherical cement particles are assumed and distributed in a 

cube (100 ×  100 ×  100 𝜇𝑚3). Under the assumption of spherical growth, formation of the 

virtual microstructure of a hydrating cement paste can be simulated. The vector-based 

microstructure consists of unhydrated cement, hydration products and pores. For the LBM 

simulation of water flow, the vector-based microstructure is digitized to a voxel based one 

with a digital resolution of 0.5 𝜇𝑚/𝑣𝑜𝑥𝑒𝑙 . LBM simulation of water flow through an 

example cement paste is given in section 4.2.4. 

 

4.2.3 Method to determine intrinsic permeability of cementitious materials at later 

ages 

 

Fig. 4.6 illustrates the relative changes in permeability due to hydration of the materials with 

respect to the 28-day permeability value [124]. The specimens were cured under saturated 

conditions. A ratio is defined to describe the relative changes in permeability of specimens at 

different curing ages [124]:  

 

𝑘𝑟 = 𝑙𝑛
𝑘𝑡

𝑘28
 (4.8) 

 

For a cementitious material, the water permeability at a particular curing age 𝑡 (in days), 

𝑘𝑡, can be calculated according to Eq. (4.8), given a value of water permeability 𝑘28.  

In the Moisture-Hydration model, the permeability should be expressed with respect to the 

DOH 𝛼. HYMOSTRUC3D model is used to relate the curing time in Fig. 4.6 to the DOH 𝛼. 

For an Ordinary Portland cement paste with a w/c of 0.3, Fig. 4.6 covers the range of 

permeability when 50% ≤ 𝛼 ≤ 70%. 

 

Fig. 4.6 Relative changes in permeability (𝑘𝑟 = 𝑙𝑛(𝑘𝑡/𝑘28)) due to hydration, compiled from the data 

in [124]. hcp represents cement paste. The specimens are cured under saturated condition. 𝑘28 can 

be determined by permeability measurements. 
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4.2.4 Example calculation of intrinsic permeability of a hydrating cement paste 

 

Intrinsic permeability of an example cement paste (w/ = 0.3) are calculated using above 

methods. Portland cement CEM I 42.5N is used. The cement has a continuous particle size 

distribution ranging from 1 to 50 𝜇𝑚. There are 4 major phases in Portland cement, namely 

𝐶3𝑆, 𝐶2𝑆, 𝐶3𝐴 and 𝐶4𝐴𝐹. In addition, gypsum (𝐶𝑆̅𝐻2) is added as an inhibitor to prevent 

flash setting. The mineral composition of the cement used in the example cement paste is 

listed in Table 4.2, which is derived from [8]. 

 

Table 4.2 Mineral composition of Portland cement ([8]) 

Cement composition C3S C2S C3A C4AF Gypsum 

Percentage 53.5% 21% 7.5% 10.7% 6.5% 

 

4.2.4.1 Example calculation of intrinsic permeability of a cement paste at early ages 

The initial state of the fresh cement paste (𝛼 = 0%) is shown in Fig. 4.7a. Fig. 4.7b 

illustrates the streamline of water flow in the fresh cement paste. Besides, microstructures 

corresponding to subsequent DOHs (𝛼 = 15%, 𝛼 = 30%, 𝛼 = 45% and 𝛼 = 60%) are 

used as inputs for the simulation of the water flow through the paste. The intrinsic 

permeability determined by LBM simulation is plotted against capillary porosity of the paste 

in Fig. 4.8. The capillary porosity is calculated from the degree of hydration with Eq. (4.19). 

For comparison, a series of LBM simulation results from Zalzale [133] are also presented in 

the figure. In their work, microstructures of cement pastes were generated by μic model. 

 

                   

(a) Initial state of a fresh cement paste     (b) Streamline of water flow though the cement paste 

 

Fig. 4.7. Streamline of water flow in the microstructure of a fresh cement paste (w/c = 0.3), the 

microstructure is generated by HYMOSTRUC3D.  

 

Solids 

Pores 
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Fig. 4.8. Intrinsic permeability versus capillary porosity. Red triangles represent the results in this 

study. The microstructures of a cement paste (w/c = 0.3) were generated by HYMOSTRUC3D. 

Results represented by dots were derived from Zalzale [133], based on virtual cement pastes generated 

by μic model (w/c = 0.3, 0.4, 0.5, 0.6 and 0.7, digital resolution = 1 𝜇𝑚/𝑣𝑜𝑥𝑒𝑙).  

 

From Fig. 4.8, it can be seen that the relation between the intrinsic permeability 𝐾 and the 

degree of hydration 𝛼 obtained in this study is very close to the one obtained by Zalzale 

[133]. Moreover, the intrinsic permeability (𝐾 = 7.2 × 10−14 𝑚2) of the fresh cement paste 

(w/c = 0.3) in this study is close to the experimental result reported by Picandet et al. [134] 

(𝐾 = 2.9 × 10−14 m
2 

for a fresh cement paste (w/c = 0.3) made of CEM 32.5R). 

As the hydration proceeds, capillary porosity decreases and the pore structure is refined. 

With respect to hardened cement pastes, reported values of intrinsic permeability vary over 

several orders of magnitude (typically from 10
−17

 to 10
−22

 m
2
) [135-137]. Note that the 

intrinsic permeability depends on the composition of cement pastes and curing regimes. 

According to Powers et al. [138], the capillary pores in cement pastes got depercolated when 

the capillary porosity was lower than about 20%. It means the intrinsic permeability of the 

cement paste will drastically decrease. However, in the LBM simulation of water flow, when 

the capillary porosity reaches a low value (e.g. 𝜙𝑐𝑎𝑝 = 17%, the corresponding degree of 

hydration 𝛼 = 60%), the calculated intrinsic permeability still keeps at a high value at the 

order of magnitude 10
-15

 m
2
. One critical reason can be that the capillary pore structure of 

virtual cement pastes lacks complexity and fineness compared to the real samples [133]. In 

this study, values of the intrinsic permeability determined by LBM simulation are adopted 

only when the degree of hydration 𝛼 ≤ 15%. 

 

4.2.4.2 Example calculation of intrinsic permeability of a cement paste at later ages 

For cement pastes at later ages (𝛼 ≥ 50%.), the water permeability is calculated according 

to Eq. (4.8). In this equation, the 28-day permeability value of the cement paste with w/c = 0.3 

is taken as 𝑘28 = 1 × 10−13 m/s [139].  
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In the Moisture-Hydration model, the intrinsic permeability 𝐾 is considered, instead of 

water permeability 𝑘𝑤. Therefore, a conversion coefficient is introduced with a form of 

𝑘𝑐 = 𝜌𝑤𝑔/𝜇, where 𝜌𝑤 is the water density, 𝑔 is the acceleration of gravity, and 𝜇 is the 

dynamic viscosity of water. At 20 °C, the conversion coefficient equals to 9.76 × 106 

m
-1

s
-1

. Then the intrinsic permeability is calculated by 𝐾 = 𝑘𝑤/𝑘𝑐. 

The intrinsic permeability of the cement paste (w/c = 0.3) is depicted in Fig. 4.9. In this 

figure, the permeability of early-age cement paste (𝛼 ≤ 15%) is determined by LBM 

simulation of water flow through the paste, while the permeability of hardened cement paste 

(𝛼 ≥ 50%) is calculated according to the empirical relation (i.e. Eq. (4.8) that relates the 

permeability to the 28-day permeability value). A continuous curve describing the evolution 

of intrinsic permeability as function of the degree of hydration is obtained by spline 

interpolation. This curve is used in the Moisture-Hydration model to describe the 𝛼 

dependency of the intrinsic permeability of a coating. 

 

 

Fig. 4.9 Intrinsic permeability of a cement paste (w/c = 0.3). The calculated intrinsic permeability is 

obtained by LBM simulation when 𝛼 ≤ 15%, and by using empirical model when 𝛼 ≥ 50%. The 

intrinsic permeability is obtained by spline curve fitting when 15% < 𝛼 < 50%. 

 

4.3 Moisture isotherm (for determining parameters in the Van Genuchten model) 

 

4.3.1 Outline of the quantification of moisture isotherm of hydrating cementitious 

materials 

 

For the simulation of moisture transport in hydrating coating systems, the parameters (i.e. a 

and m) in the Van Genuchten model have to be determined and described as a function of the 

degree of hydration. These parameters (i.e. a and m) are obtained from the moisture isotherm 

of the materials. The moisture isotherm describes the relationship between water content and 

equilibrium relative humidity of a material at a constant temperature. The moisture isotherms 

can be classified into two series, namely water vapour desorption and water vapour adsorption 
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isotherms. Moisture diffusion in the material is a very slow process, because cementitious 

materials have very complex pore structures with the pore size ranging from nanometers to 

micrometers. Hence, the determination of the moisture isotherm is usually time-consuming 

[140]. It means that, once there is a moisture gradient, it will take a long time to reach 

equilibrium.  

Adsorption isotherms of hardened cement pastes (curing age ≥ 7 days) are available in 

literature [115, 141, 142]. Xi et al. [63] proposed an empirical model to predict the adsorption 

isotherms of hardened cementitious materials. In their model, the age of the materials is more 

than 5 days. Detailed description of the model will be given in section 4.3.3.  

The determination of moisture isotherm becomes difficult for early-age cement pastes, 

because the microstructures of the cement pastes change with ongoing hydration. A long 

duration of a test will vitiate the moisture isotherms. Alternatively, numerical models have 

been proposed to determine moisture isotherms of cementitious materials. Ranaivomanana et 

al. [106] determined moisture isotherms of cement-based materials by using a pore network 

model. Based on the Lattice Boltzmann method, Zalzale et al. [133] used a multi-phase 

algorithm to simulate moisture isotherms of virtual cement pastes generated by a numerical 

cement hydration model (μic). Prodanović et al. [143] applied a Level Set method to 

determine capillary pressure-water saturation curves of a porous material. From the curves, 

the moisture isotherm can be deduced. In terms of computational efficiency, the Level Set 

method is faster than two-phase LBM methods [144]. The Level Set method is based on the 

assumption of quasi-static displacement of the water-air interface at a constant capillary 

pressure and surface tension. The propagation of water-air interface is tracked by solving the 

level set function. The volume fraction of each phase (i.e. water or air) in a porous material 

can, therefore, be determined. Moreover, capillary pressure can be correlated to a relative 

humidity according to Eq. (3.34). 

 

 

Fig. 4.10 Schematic illustration of the relationship between water saturation level and capillary 

pressure in a cement paste. This curve can be obtained either from Level Set simulations (𝛼 ≤ 15%) 

or experiments (𝛼 ≥ 52%). 
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In this chapter, the moisture isotherm of hydrating cement pastes is determined by using 

thefollowing methods: 

 At early ages of the cement paste (𝛼 ≤ 15%), the displacement of water by air is simulated 

using a Level Set method [143]. In the simulation, the input microstructures of early-age 

cement pastes are generated by HYMOSTRUC3D. The capillary pressure - water 

saturation curves of a cement paste are determined, and the moisture isotherms are 

deduced.  

 At late ages of the cement paste (α ≥  52%), the moisture isotherm of the cement paste is 

determined by the model proposed by Xi et al. [63].  

 The Van Genuchten (VG) parameters “a” and “m” for a cement paste are obtained by curve 

fitting. The VG parameters (a and m) of a cement paste are plotted against the degree of 

hydration α. For a cement paste with w/c = 0.3, when 15 % < α <  52%, the VG 

parameters (a and m) of a cement paste is determined by spline interpolation. 

 

4.3.2 Method to determine moisture isotherms of cementitious materials at early ages 

- Level Set Method 

 

A partially saturated cement paste is a three-phase material consisting of liquid water, gas and 

solid. The water-air interface forms a meniscus (refer to Fig. 4.17). Capillary pressure 

represents the pressure difference between water and air (the water-air interface is shown in 

red), described by Young-Laplace equation (Eq. (3.33)). A Level Set method is applied for 

determining moisture isotherms of cement pastes generated by HYMOSTRUC3D. Fig. 4.11 

shows a schematic illustration of water-air phase displacement in a body-centered cubic 

structure. 

        

Fig. 4.11 Displacement of water by air in a porous material. The porous material is initially water 

saturated. Air intrudes from one surface of the material.  
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Assume an interface that moves at speed 𝐹0, and let this moving surface of interest be 

embedded as the zero level set of function ∅(𝑥 , 𝑡) at all times 𝑡. The function takes the 

form: 

 

∅(𝑥 (𝑡), 𝑡) = 0 (4.9) 

 

In order to track the motion of a particle 𝑥 (𝑡) on the interface, the differentiation of Eq. 

(4.9) with respect to time leads to: 

 

∅𝑡 + ∇∅(𝑥 (𝑡), 𝑡) ∙ 𝑥 ′(𝑡) = 0 (4.10) 

 

Let 𝑛⃑ = 𝛻∅/|𝛻∅| be the outward normal of the interface, then 𝑥 ′(𝑡) = 𝐹0𝑛⃑ . This yields 

the governing PDE: 

 

∅𝑡 + 𝐹0 ∙ |∇∅| = 0, given ∅(𝑥 , 𝑡 = 0). (4.11) 

 

Eq. (4.11) is solved using LSMPQS programme [143]. The volume of water/gas is 

recorded with a prescribed mean curvature. Based on the mean curvature, the capillary 

pressure can be calculated according to Young-Laplace equation (Eq. (3.33)). 

 

4.3.3 Method to determine moisture isotherm of cementitious materials at later ages 

 

Based on the best known isotherm model (Brunauer-Emmett-Teller (BET) model [110]), Xi et 

al. [63] developed a mathematical model to predict adsorption isotherms of hardened 

cementitious materials. The adsorption of water in cementitious materials is affected by many 

parameters, such as type of cement, the water-to-cement ratio 𝑤/𝑐, temperature 𝑇 and 

curing time 𝑡. The amount of adsorbed water 𝑊 (kg in unit volume of the material) can be 

calculated according to: 

𝑊 =
𝑉𝑚

′ ∙ 𝐶 ∙ 𝑘′′
∙ 𝑅𝐻

(1 − 𝑘′′
∙ 𝑅𝐻) ∙ [1 + (𝐶 − 1) ∙ 𝑘′′

∙ 𝑅𝐻]
 (4.12) 

 

where 𝑅𝐻 is the relative humidity, and 𝑉𝑚
′, 𝐶 and 𝑘′′ stand for: 

 

𝐶 = 𝑒𝑥𝑝 (
855

𝑇
) , 𝑘′′  =

(1 −
1

𝑛′
) ∙ 𝐶 − 1

𝐶 − 1
 

(4.13) 

 

𝑉𝑚
′ = (0.068 −

0.22

𝑡
) ∙ (0.85 + −0.45 ∙

𝑤

𝑐
) ∙ 𝑉𝑐𝑡 (4.14) 
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𝑛′ = (2.5 −
15

𝑡
) ∙ (0.33 + 2.2 ∙

𝑤

𝑐
) ∙ 𝑁𝑐𝑡 

(4.15) 

 

The value of 𝑉𝑐𝑡 and 𝑁𝑐𝑡 depends on the type of cement. For ordinary Portland cement, 

𝑉𝑐𝑡 and 𝑁𝑐𝑡 are taken as 0.9 and 1.1, respectively 

With the determined parameters (Eq. (4.13) - Eq. (4.15)), the adsorption isotherm of a 

hardened cement paste can be determined according to Eq. (4.12). Note that this formula deals 

with cement pastes (0.3 < 𝑤/𝑐 < 0.7) after the age of 5 days. To link the adsorption isotherm 

to the degree of hydration, the curing time is correlated to the degree of hydration by using 

HYMOSTRUC3D model. The relative humidity is converted to capillary pressure according 

to Eq. (3.34).  

 

4.3.4 Example calculation of moisture isotherm of a hydrating cement paste 

 

The moisture isotherms of a hydrating cement paste (w/c = 0.3) are determined using above 

methods. The mineral composition of the cement used was previously listed in Table 4.2.  

 

4.3.4.1 Example calculation of moisture isotherm of a cement paste at early ages 

The initial state of a saturated cement paste was previously shown in Fig. 4.7a. An illustration 

of air intrusion into the materials is given in Fig. 4.12. In the desorption process, air (in red) is 

intruded from left surface of the paste. Fig. 4.12a and Fig. 4.12b show the air-water-solid 

interface in the microstructure, corresponding to different capillary pressures. It can be seen 

that at a higher capillary pressure more volume of air is intruded into the microstructure.  

 

        

              (a) 𝑝𝑐 = 5.7 × 104 𝑃𝑎             (b) 𝑝𝑐 = 1.0 × 105 𝑃𝑎 

 

Fig. 4.12. Air-water-solid interface during the desorption of an initial saturated fresh cement paste (w/c 

=0.3, degree of hydration 𝛼 = 0%). The air intrudes from the left surface of the microstructure. The 

solid phase is not illustrated in this figure, but it can be referred to Fig. 4.7a. 

 

Air 
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Two curves showing the relation between capillary pressure and water saturation level are 

plotted in Fig. 4.13, for a fresh cement paste (DOH = 0%) and a young cement paste (DOH = 

15%). Note that in this figure the water saturation is the total water saturation 𝑠, instead of the 

capillary water saturation 𝑠𝑐𝑎𝑝. In the moisture isotherm, the total amount of water is considered. 

Therefore, the total water saturation 𝑠 is calculated taking into account gel porosity 𝜙𝑔𝑒𝑙. It can 

be seen from the figure that both curves show a very small gradient of capillary pressure when the 

capillary water saturation ranges from 10% to 90%. Most water in the paste will be lost when the 

capillary pressure reaches 1 MPa (corresponding relative humidity is 99.89% according to Eq. 

(3.34)). In contrast, a hardened cement paste (e.g. w/c = 0.34, after 1-year sealed curing) is almost 

water saturated at this relative humidity [60]. This can be explained by a refined pore structure 

due to hydration. Water in capillary pores will be gradually lost when the relative humidity drops 

from 100% to 85%, followed by the water loss in gel pores [145, 146]. 

In Fig. 4.13, the fitted curves by the Van Genuchten model (Eq. (3.12)) are also depicted. 

Fitting parameters are used in the Moisture-Hydration model and will be explained in the 

following part. In theory, desorption or adsorption isotherms should be used for drying or wetting 

processes, respectively. However, it is believed that the exact values of the adsorption and 

desorption curves are not as important as the shapes of the curves if one-way drying (no wet-dry 

cycle) or one-way wetting is concerned. Comparison of experimental results shows that 

adsorption and desorption curves appear to have the same shape [107]. In this study, a 

combination of adsorption (Level Set simulation) and desorption isotherms (empirical 

model-Eq. (4.12)) are used.  

 

 
Fig. 4.13 Relationship between water saturation level and capillary pressure in a cement paste 

(w/c = 0.3). Results (dots) are determined by Level Set simulation of water desorption. Fitted curve by 

the Van Genuchten model is according to Eq. (3.12). 

 

4.3.4.2 Example calculation of moisture isotherm of a cement paste at later ages 

For hardened cement pastes (age ≥ 5 days, degree of hydration ≥ 52%, saturated curing 

condition), adsorption isotherm is calculated using empirical model (see Eq. (4.12)). Fig. 4.14 

1,E+04

1,E+05

1,E+06

0% 20% 40% 60% 80% 100%

C
ap

il
la

ry
 p

re
ss

u
re

 [
P

a]
 

Water saturation level 

α = 0% - Level Set simulation 

α = 0% - Fitted by VG model 

α = 15% - Level Set simulation 

α = 15% - Fitted by VG model 

R2 = 0.96 

Fig. 4.12a 

Fig. 4.12b R
2

 = 0.94 



Quantification of transport properties and parameters for simulation of moisture transport 59 

shows the relationship between water saturation and capillary pressure for a cement paste with 

degree of hydration of 55%. The curve fitted by the Van Genuchten model is also presented. It 

shows that the Van Genuchten model (Eq. (3.12)) has a good fit to the calculated results. 

The Van Genuchten (VG) parameters “𝑎” and “𝑚” for a cement paste (w/c = 0.3) are 

depicted in Fig. 4.15. These two curves describe the 𝛼 dependency of VG parameters (a and m) 

of a coating, and will be used for the implementation of Moisture-Hydration model in chapter 5. 

 

 

 

Fig. 4.14 Relationship between water saturation and capillary pressure in a cement paste (w/c = 0.3, 

after 7-day saturated curing). Results (dotted) are determined by an empirical model for water 

adsorption isotherm (Eq. (4.12)). Fitted curve by VG model is according to Eq. (3.12). 

 

 

 

Fig. 4.15 Evolution of Van Genuchten parameters of a cement paste (w/c = 0.3). The Van Genucthen 

parameters, a and m, are determined from the capillary pressure - water saturation level curves. The 

capillary pressure - water saturation level curves are determined by by Level Set simulation when 

𝛼 ≤ 15%, and by using empirical model when 𝛼 ≥ 52%. The Van Genucthen parameters, a and m, 

are determined by spline curve fitting when 15% < 𝛼 < 52%. 
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4.4 Rate of hydration 𝛂̇(𝜶, 𝒔𝒄𝒂𝒑) 

The rate of hydration (ROH) of a cementitious material is a very important parameter in the 

simulation of moisture transport, because it determines the amount of water that is consumed 

by hydration. However, it is not always easy to determine the ROH experimentally. 

Alternatively, the hydration process influenced by the water content can be calculated using 

numerical models, e.g. HYMOSTRUC3D [8, 9] or CEMHYD 3D [75]. In these models, the 

effect of changes in the state of water in the microstructure is explicitly considered so that 

hydration of cementitious materials can be simulated with arbitrary water contents.  

 

4.4.1 Method to determine rate of hydration 𝛂̇(𝜶, 𝒔𝒄𝒂𝒑) 

In this chapter, the rate of hydration 𝛼̇ of a cementitious coating material, containing an 

arbitrary water content, will be studied by using a modified version of HYMOSTRUC3D. 

This model enables the prediction of hydration curves as a function of the particle size 

distribution and chemical composition of the cement, the water/cement ratio (w/c) and the 

actual reaction temperature. A schematic illustration of the basic principles of 

HYMOSTRUC3D is presented in Fig. 4.16. The original HYMOSTRUC3D simulates the 

hydration process of cement pastes under a sealed condition. In the hydration process, the rate 

of penetration of the reaction front at depth x in an individual cement particle at time 𝑡𝑗 is 

given by [8]: 

∆𝛿𝑖𝑛,𝑥,𝑗+1

∆𝑡𝑗+1
= 𝑘0(. ) ∙ 𝛺1(. ) ∙ 𝛺2(. ) ∙ 𝛺3(. ) ∙ 𝐹1(. ) [𝐹2(. ) ∙ (

𝛿𝑡𝑟(. )

𝛿𝑥,𝑗
)

𝛽1

]

𝜆

 (4.16) 

 

where ∆𝛿𝑖𝑛,𝑥,𝑗+1 is the increase of the penetration depth in time step ∆𝑡𝑗+1, 𝑘0 is the basic 

rate factor of the boundary reaction. 𝛿𝑡𝑟 is the transition thickness [𝜇𝑚], being the thickness 

of the product layer 𝛿𝑥,𝑗 at time 𝑡 at which the reaction of the particle in view of changes 

from the phase boundary reaction into a diffusion controlled reaction. The parameters 𝛺𝑖 

describe the various effects of water on the cement hydration mechanisms and the parameters 

𝐹1 and 𝐹2 take into account the influence of temperature on the hydration process. 𝜆 is the 

factor depending on rate controlling mechanism. 
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Fig. 4.16 Basic principles of HYMOSTRUC3D and formation of hydration products (by van Breugel [8]). 

 

In HYMOSTRUC3D model, only capillary water is considered freely available for cement 

hydration. During the hydration process, the capillary water is gradually consumed. It is 

believed that an adsorbed water layer of some thickness will remain at the capillary pore wall 

(Fig. 4.17). This layer is assumed to be less easy to mobilize for further hydration. In the 

model, pore wall area 𝐴𝑤𝑎𝑡(𝛼) that is in contact with free water is introduced to address the 

influence of water on the rate of hydration of cement paste. This effect is quantified with a 

reduction factor 𝛺2(𝛼): 

 

𝛺2(𝛼) =
𝐴𝑤𝑎𝑡(𝛼)

𝐴𝑝𝑜𝑟(𝛼)
 (4.17) 

 

where 𝐴𝑤𝑎𝑡(𝛼) is the surface area of water-filled capillary pores at DOH 𝛼, and A𝑝𝑜𝑟(𝛼) 

is the total surface area of all capillary pores (for details, see [8]).  

 

 

Fig. 4.17 Schematic illustration of water in a capillary pore of a cement paste. 
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Besides the surface area of water-filled capillary pores, the amount of residual water in 

capillary pores is also significant to cement hydration. It is relevant for the amount of 

dissolved 𝐶𝑎2+, which is important for the reaction. To account for the amount of the 

capillary water, a reduction factor 𝛺3(𝛼) was defined as [8]: 

 

𝛺3(𝛼) =
𝜔 − 0.4 ∙ 𝛼

𝜔
 (4.18) 

 

where 𝜔 is the w/c ratio. 

For determining 𝛺3(𝛼) in this study, a schematic cement paste is depicted in Fig. 4.18. 

Fig. 4.18a shows the initial state of a cement paste, where only cement and water are present. 

As the hydration proceeds, hydration products form in the matrix, while the large capillary 

pores are gradually emptied (Fig. 4.18b). In Eq. (4.18), the term (𝜔 − 0.4 ∙ 𝛼) refers to the 

volume of water remaining in the capillary pores (Fig. 4.18c). 

 

      

                (a) Initial state     (b) Hydrated cement paste 

 

Fig. 4.18 Schematic illustration of the composition of a cement paste. 

 

The modified version of the HYMOSTRUC3D model aims to deal with cement hydration 

under arbitrary degree of water saturation in capillary pores 𝑠𝑐𝑎𝑝 (see Eq. (3.18)). In the 

modified model, the water saturation level in capillary pores ranges from 0 to 100%. 

Accordingly, the values of 𝛺2(𝛼, 𝑠𝑐𝑎𝑝) and 𝛺3(𝛼, 𝑠𝑐𝑎𝑝) are changed.  

With the specified degree of water saturation in capillary pores 𝑠𝑐𝑎𝑝, the rate of hydration 

𝛼̇ of a cement paste with arbitrary water content can be calculated with Eq. (4.16), provided 

that the values of 𝛺2(𝛼, 𝑠𝑐𝑎𝑝) and 𝛺3(𝛼, 𝑠𝑐𝑎𝑝) are adjusted for the prevailing value of 𝑠𝑐𝑎𝑝. 

The hydration process of a non-sealed cement paste will be simulated and discussed in 

section 4.4.2. 
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4.4.2 Example calculation of rate of hydration 𝛂̇(𝜶, 𝒔𝒄𝒂𝒑) of a cement paste 

In this chapter, the HYMOSTRUC3D model was modified for calculating the rate of 

hydration 𝛼̇ of a cement paste (w/c = 0.3) that has arbitrary water content. To demonstrate 

the performance of the modified HYMOSTRC 3D, cement hydration process either under a 

sealed curing condition or under a saturated curing condition is simulated. The curing 

temperature is 20 °C. The simulation results are plotted in Fig. 4.19, and compared with 

experimental results from [147], a good agreement can be found from the figure. Note that, in 

[147] a ASTM type I Portland cement was used, with a similar mineral composition to the 

cement used in this study (see Table 4.2.). 

The purpose of the extended HYMOSTRUC3D is to give the rate of hydration for cement 

pastes at arbitrary DOH with various capillary water contents, since the rate of hydration (Eq. 

(3.17)) is an important parameter in the Moisture-Hydration model. In cementitious materials, 

the capillary water contents are the result of hydration, external drying or external water 

supply (moist curing). As presented above, by specifying various capillary water saturations 

𝑠𝑐𝑎𝑝, the rate of hydration 𝛼̇ is calculated. Fig. 4.20 shows the 𝛼 and 𝑠𝑐𝑎𝑝 dependency of 

𝛼̇. It can be seen from the figure that, for a cement paste with a particular degree of hydration 

𝛼, the rate of hydration 𝛼̇ increases with the capillary water saturation 𝑠𝑐𝑎𝑝. As can be 

expected, with a particular capillary water saturation 𝑠𝑐𝑎𝑝, the cement paste has a higher rate 

of hydration 𝛼̇ when the degree of hydration 𝛼 is lower. To facilitate the implementation of 

Moisture-Hydration model, a lookup table is created. From the lookup table, the rate of 

hydration 𝛼̇ can be determined for a given degree of hydration 𝛼 and a given capillary 

water saturation 𝑠𝑐𝑎𝑝.  

 

 

Fig. 4.19 DOH of cement pastes (w/c = 0.3). Hydration takes place under a sealed or a saturated 

condition. Experimental data were derived from [147]. 
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Fig. 4.20 Influence of water saturation level in capillary pores on the rate of hydration 𝛼̇ of the 

cement particles in a cement paste with w/c = 0.3. 

 

4.5 Capillary porosity 𝝓𝒄𝒂𝒑, gel porosity 𝝓𝒈𝒆𝒍 and total porosity 𝝓 

 

In cement pastes, capillary pores are the residual unfilled space between cement particles. Gel 

porosity, as a first approximation, is entirely contained within C-S-H [148]. As mentioned in 

section 3.3.3, the capillary porosity and the gel porosity of the coating have to be determined 

for the calculation of the rate of hydration of the coating with arbitrary water content. The 

capillary porosity 𝜙𝑐𝑎𝑝, the gel porosity 𝜙𝑔𝑒𝑙 and the total porosity 𝜙 will be calculated based 

on the composition and the degree of hydration 𝛼 of the cement paste (i.e. coating material).  

 

4.5.1 Method to determine capillary porosity 𝝓𝒄𝒂𝒑 

Fresh cement paste consists of cement particles and water filled pores. During hydration, 

water is gradually consumed by the reaction of cement with water and transferred into 

hydration products. The volume of initially water filled pores becomes smaller due to the 

formation of hydration products. The capillary porosity 𝜙𝑐𝑎𝑝 of a cement paste can be 

calculated with [8]: 

 

𝜙𝑐𝑎𝑝 =
𝜌𝑐𝑒𝑚

𝜌𝑤 + 𝜌𝑐𝑒𝑚 ∙
𝑤
𝑐

∙ (
𝑤

𝑐
− 0.3375 ∙ 𝛼) (4.19) 

 

where 𝜌𝑐𝑒𝑚 and 𝜌𝑤 are the densities of cement particles and water, 𝑤/𝑐 is water/cement 

(w/c) ratio and 𝛼 is the degree of hydration (DOH).  
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4.5.2 Method to determine gel porosity 𝝓𝒈𝒆𝒍 

The finest pores, ranging from approximately 10 nm to 0.5nm, are called gel pores, which are 

pores of the C-S-H gels. When calculating the gel porosity, different structures of C-S-H (i.e. 

low density (LD) C-S-H and high density (HD) C-S-H) are considered according to the model 

proposed by Jennings et al. [145].  

In cement pastes, C-S-H gel is the main hydration product of 𝐶3𝑆 and 𝐶2𝑆. The amounts 

of LD and HD C-S-H gel change with the hydration. The following reactions hold [149]: 

 

2𝐶3𝑆 + 10.6𝐻 → 𝐶3.4𝑆2𝐻8 + 2.6𝐶𝐻  (4.20) 

 

2𝐶2𝑆 + 8.6𝐻 → 𝐶3.4𝑆2𝐻8 + 0.6𝐻  (4.21) 

 

In order to determine the amount of C-S-H, the hydration of individual clinker component 

needs to be calculated. During hydration, the reaction of four major clinkers develops 

differently. A parameter 𝑘𝑖 is introduced to describe the relation between the degree of 

hydration 𝛼𝑖 of clinker 𝑖 and the total degree of hydration 𝛼: 

𝑘𝑖 =
𝛼𝑖

𝛼
=

𝛼𝑖

∑ 𝛼𝑖
4
𝑖=1

 (4.22) 

 

The degree of hydration 𝛼𝑖 of clinker 𝑖 can be approximated by [150]:  

 

𝛼𝑖 = 1 − 𝑒−(𝑘2∙(𝑡−𝑘3)
𝑘1) (4.23) 

 

where 𝑘1, 𝑘2 and 𝑘3 are empirical constants given in Table 4.3, 𝑡 is the time (in days).  

Note that Eq. (4.23) is only used to determine the parameter 𝑘𝑖 in Eq. (4.22), and not for 

determining the exact value of 𝛼𝑖. In practice, the hydration of the clinker depends on water 

content in cement paste, which will be considered in the Moisture-Hydration model. From the 

total degree of hydration 𝛼 of cement, the degree of hydration 𝛼𝑖  of clinker 𝑖 can be 

determined: 

 

𝛼𝑖 = 𝑘𝑖 ∙ 𝛼 (4.24) 

 

Then the amount of C-S-H gel can be calculated with Eq. (4.20) and Eq. (4.21). Parameters 

needed for the calculation are listed Table 4.4, including parameters of Alite, Belite and 

C-S-H.  
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Table 4.3 Values of constants in Eq. (4.23) for the hydration of individual clincker in cement pastes [150]. 

 k1 k2 k3 

Alite (C3S
1
) 0.25 0.70 0.90 

Belite (C2S) 0.46 0.12 0 

Aluminate (C3A) 0.28 0.77 0.90 

Ferrite(C4AF) 0.26 0.55 0.90 

Note that the constants in Table 4.3 have been determined empirically for a specific Portland cement 

with a mineral composition C3S : C2S : C3A : C4AF = 60% : 15% : 8% : 10%. The constants will be 

used as an approximation for ordinary Portland cement used in this thesis. 

 

 

Table 4.4 Parameters for determining the mass of C-S-H gel in a cement paste [149]. 

 Nominal formula Molecular weight (kg/mol) Density (kg/m
3
) Porosity 

LD C-S-H, dry C3.4S2H3 0.365 1440 (ρLD) 49% (ϕLD) 

HD C-S-H, dry C3.4S2H3 0.365 1750 (ρHD) 38% (ϕHD) 

Alite C3S 0.228 − − 

Belite C2S 0.172 − − 

Water H 0.018 − − 

 

According to Tennis et al. [151], 𝑀𝑟 is defined as the ratio of the mass of LD C-S-H (𝑀𝐿𝐷) 

to the total mass of C-S-H (𝑀𝐶𝑆𝐻), which can be obtained by using multiple linear regression: 

 

𝑀𝑟 = 3.017 ∙
𝑤

𝑐
∙ 𝛼 − 1.347 ∙ 𝛼 + 0.538 (4.25) 

The mass of LD C-S-H (𝑀𝐿𝐷) and the mass of HD C-S-H (𝑀𝐻𝐷) in a unit volume of 

cement paste can be calculated: 

 

𝑀𝐿𝐷 = 𝑀𝐶𝑆𝐻 ∙ 𝑀𝑟, 𝑀𝐻𝐷 = 𝑀𝐶𝑆𝐻 − 𝑀𝐿𝐷 (4.26) 

 

Gel pores exist in both LD C-S-H and HD C-S-H. Gel porosity 𝜙𝑔𝑒𝑙 can be calculated as: 

 

𝜙𝑔𝑒𝑙 =
𝑀𝐿𝐷

𝜌𝐿𝐷
∙ 𝜙𝐿𝐷 +

𝑀𝐻𝐷

𝜌𝐻𝐷
∙ 𝜙𝐻𝐷 (4.27) 

 

The total porosity of cement paste reads:  

 

𝜙 = 𝜙𝑐𝑎𝑝 + 𝜙𝑔𝑒𝑙 (4.28) 

                                                 
1
 Cement chemists’ notation is used throughout this study; C = CaO; S = SiO2; A = Al2O3; F = Fe2O3; 𝑆̅= SO3; 

H = H2O. Thus, C3S = 3CaO∙SiO2. 
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4.5.3 Example calculation of capillary porosity ϕcap, gel porosity ϕgel and total porosity 

ϕ of a hydrating cement paste 

 

Porosities of an example cement paste (w/c = 0.3) are calculated using above methods. The 

mineral composition of the cement used was previously listed in Table 4.2. In Fig. 4.21, the 

evolution of porosities of the example cement paste is plotted against the degree of hydration 𝛼. 

As the hydration of the cement paste proceeds, the gel porosity 𝜙𝑔𝑒𝑙 increases with the degree 

of hydration 𝛼, while the capillary porosity 𝜙𝑐𝑎𝑝 decrease drastically with the increase of 𝛼. 

As a result, total porosity 𝜙 decreases with the increase of the degree of hydration 𝛼. All 

porosities (i.e. 𝜙, 𝜙𝑔𝑒𝑙 and 𝜙𝑐𝑎𝑝) together with the water saturation 𝑠 in Eq. (3.18) will 

determine how much water is available for further hydration and for moisture transport. 

 

 

Fig. 4.21 Evolution of capillary, gel and total porosity of a cement paste (w/c = 0.3). 

 

 

4.6 Summary 

 

For simulating moisture transport in a hydrating cementitious coating system, transport 

properties of the coating and sink term accounting for hydration of the coating need to be 

known. This chapter quantified the parameters needed for determining the transport properties 

and the sink term for the coating. The parameters include intrinsic permeability, Van 

Genuchten parameters (obtained from the moisture isotherm), porosity and rate of hydration.  

 

 The intrinsic permeability of early-age cement pastes is determined by simulating the water 

flow through the pastes. The simulation is conducted using a Lattice Boltzmann Method 

(LBM). For hardened cement pastes, the intrinsic permeability is determined according to 

an empirical equation. The empirical equation relates the permeability of cement pastes to 

the 28-day permeability value. The permeability is described as a function of the degree of 

hydration of the pastes. 
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 The desorption isotherms of early-age cement pastes are determined using a Level Set 

Method. For hardened cement pastes, an empirical model is used to determine the 

adsorption isotherms. Based on the moisture isotherms, two parameters (𝑎 and 𝑚) in the 

Van Genuchten model are determined and described as a function of the degree of 

hydration of the pastes.  

 The rate of hydration of cement pastes with various water contents is studied, by 

modifying the numerical cement hydration model HYMOSTRUC3D.  

 The porosities (capillary porosity, gel porosity and total porosity) of cement pastes are 

parameterized with respect to the w/c ratio and the degree of hydration.  

 

Example calculations of above parameters of a hydrating cement paste (w/c = 0.3) are 

presented. This cement paste will be used as a coating material and applied on concrete 

substrates. Simulation of moisture transport in the coating systems will be presented in 

chapter 5. 



 

Chapter 5  

Simulation of moisture transport 

in hydrating cementitious coating systems and 

evaluation of drying shrinkage-induced cracking of coatings 

 

 

5.1 Introduction 

 

When a cementitious coating is applied on a concrete substrate, moist curing is normally 

required for a certain period of time to ensure a proper hydration of the coating material. 

Moist curing is also beneficial to prevent plastic shrinkage-induced cracking at early ages due 

to rapid water loss from the material [102]. After a period of moist curing the coating system 

can become subjected to drying. Moisture starts to evaporate from the coating to the 

environment. Meanwhile, moisture exchange takes place between the coating and the 

substrate. Consequently, differential drying shrinkage of the coating and the substrate 

develops over time, which increases the probability of cracking and/or debonding of the 

coating material [70].  

 

 

Fig. 5.1 Structure of the study of moisture transport in hydrating cementitious coating systems. 
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In this chapter moisture transport in hydrating coating systems is simulated with the 

Moisture-Hydration model discussed in chapter 3 (Fig. 5.1). The Moisture-Hydration model is 

implemented in Matlab, and the results of simulation are mesh and time discretization 

independent. One-dimensional (1D) simulation of moisture transport in the coating system is 

considered. The top surface of the coating system is subjected to various curing conditions, 

while the bottom surface of the substrate is always sealed (Fig. 5.2). The moisture profiles in 

the coating systems and the degree of hydration of the coating material are determined. The 

influence of several parameters on the moisture transport is evaluated, viz., the coating 

thickness, the duration of different curing conditions, the initial water content of the substrate 

and the type of substrate (i.e. ordinary concrete or high performance concrete). Based on the 

evaluation of the influencing parameters (e.g., various curing regimes), measures are 

recommended to ensure a proper hydration of the coating material.  

From the simulated degree of hydration (DOH), the mechanical properties (e.g. elastic 

modulus and tensile strength) are determined. The drying shrinkage-induced stress is 

calculated based on the moisture content in the coating material. Then the probability of 

drying shrinkage-induced cracking of the coating is evaluated.  

 

 

Fig. 5.2 A typical scenario of moisture transport in a coating system.  

 

 

5.2 Moisture change and hydration of a reference cement paste (sealed curing) 

 

Before simulating the moisture transport and its interaction with the hydration process in the 

coating materials, the hydration process of a reference coating material (i.e. cement paste) is 

simulated by using HYMOSTRUC3D. The simulated evolution of the DOH and the changes 

of the water content of the reference cement paste in case of standard sealed curing will be 

compared with those of the coatings applied on the substrates. 

 

5.2.1 Materials of the reference cement paste 

 

The reference cement paste is made of Portland cement CEM I 42.5N and has a w/c of 0.3. 

The mineral composition of the cement was previously given in Table 4.2. Sealed curing 

condition (20 °C) is considered. 
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5.2.2 Moisture content and degree of hydration of the reference cement paste 

 

The evolution of the DOH and the total porosity of the reference cement paste are presented 

in Fig. 5.3a and Fig. 5.3b, respectively. The hydration process takes place mainly within 14 

days. At 28 days the cement paste has a DOH of 60%, and a total porosity of 31% (Eq. (4.28)). 

Fig. 5.3c shows the water content in the reference cement paste. The mixing water of the 

cement paste is 0.467 g/cm
3
. After casting, the water in the cement paste is gradually 

consumed by hydration. At 28 days, the water content decreases to 0.256 g/cm
3
.  

The water is assumed to be uniformly distributed in the reference cement paste. The water 

saturation level 𝑠 in the cement paste is calculated from the water content and the total porosity 𝜙: 

 

𝑠 = 𝜃/(𝜌𝑤 ∙ 𝜙) (5.1) 

 

Fig. 5.3d presents the evolution of the water saturation level in the reference cement paste. 

At 28 days the water saturation level is still above 80%. The results presented in Fig. 5.3 are 

used as a reference for those of the coating materials presented in the following section (5.5). 

 

                 (a) Degree of hydration           (b) Total porosity (𝜙 = 𝜙𝑐𝑎𝑝 + 𝜙𝑔𝑒𝑙) 

 

 

            (c) Water content (including gel water)       (d) Water saturation level 

 

Fig. 5.3 Evolution of calculated degree of hydration, porosity, water saturation level and water content 

of a reference cement paste (w/c = 0.3, Portland cement CEM I 42.5N is used). The reference cement 

paste is cured under sealed curing condition (20 °C).  
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5.3 Materials of coating systems for the simulation of moisture transport 

 

5.3.1 Coating-mixture composition 

 

The coatings are made of Portland cement CEM I 42.5N and have a w/c of 0.3. The mineral 

composition of the cement was previously given in Table 4.2.  

 

5.3.2 Substrate 

 

Two types of concrete substrates are used, i.e. ordinary concrete (OC) and high performance 

concrete (HPC). The substrates are characterized by their porosity and permeability. The 

characteristics of the substrates (1 year-old) are taken arbitrarily from Baroghel-Bouny 

et al. [60] and listed in Table 5.1. Further hydration of concrete substrate after application of 

the coating is neglected. The thickness of the substrates is 50 mm. Note that, in practice the 

thickness of concrete elements will be larger than 50 mm. This thickness is chosen for a fast 

numerical computation and is considered large enough for the parameter study of moisture 

transport in the coating system. 

 

Table 5.1 Water-to-cement ratios and properties of the concrete substrates [60]. 

 OC (Ordinary concrete) HPC (High performance concrete) 

Water/cement (by mass) 0.48 0.26 

Total porosity 12.2% 8.2% 

Intrinsic permeability [m
2
/s] 3 × 10−21 5 × 10−22 

 

5.4 Exposure scenarios of the coating systems and parameters to be evaluated 

 

After the coating has been applied on the substrate, moisture exchange takes place between 

the coating and the substrate, and/or between the coating and the environment. The water loss 

to the substrate and/or to the environment will affect the hydration process of the coating 

material. Consequently, the properties of the coating material will change. Moisture transport 

in different coating systems (Table 5.2) is simulated for different coating thicknesses, duration 

of the moist curing, type and initial water content of the substrate. The values of each 

parameter is given below: 

a) Coating thickness: 6, 10 and 20 mm. 

b) Duration of the various curing conditions applied on top surface of the coating (Fig. 5.4): 

 1, 3 and 7 days moist curing (Moist1d, Moist3d and Moist7d) 

 1, 3 and 7 days sealed curing (Sealed1d, Sealed3d and Sealed7d) 

 wet-dry cycles (WetDry)  

c) Initial water content of the substrate OC: standard (s = 50%) and saturated (s = 100%) 

d) Type of the substrate (Table 5.1): substrate OC (s = 50%) and substrate HPC (s = 77%) 
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Fig. 5.4 Illustration of different curing regimes (T = 20 °C). The coating is applied on the substrate at 

𝑡 = 0. In the 1D simulation, the top surface of the coating system is subjected to various curing 

regimes, while the bottom surface of the substrate is always sealed (Fig. 5.2). One wet-dry cycle 

consists of 3 days moist curing and 3 days curing at 50% RH. 

 

 

Table 5.2 Description of the reference cement paste and the coating-substrate systems. 

 
Coating 

thickness 

Substrate and its initial 

water saturation level 
Curing regime (𝑇 = 20℃) 

Reference cement paste   Sealed condition 

C06-OC(s=50%)-Moist1d 6 mm OC, s = 50%*
 1 d moist + 13 d 50% RH

 

C20-OC(s=50%)-Moist1d 20 mm OC, s = 50% 1 d moist + 13 d 50% RH
 

C10-OC(s=50%)-Moist1d 10 mm OC, s = 50% 1 d moist + 13 d 50% RH
 

C10-OC(s=100%)-Moist1d 10 mm OC, s = 100% 1 d moist + 13 d 50% RH
 

C10-HPC(s=77%)-Moist1d 10 mm HPC, s = 77%*
 1 d moist + 13 d 50% RH

 

C10-OC(s=50%)-Moist3d 10 mm OC, s = 50% 3 d moist + 11 d 50% RH
 

C10-OC(s=100%)-Moist3d 10 mm OC, s = 100% 3 d moist + 11 d 50% RH
 

C10-HPC(s=77%)-Moist3d 10 mm HPC, s = 77% 3 d moist + 11 d 50% RH
 

C10-OC(s=50%)-Moist7d 10 mm OC, s = 50% 7 d moist + 7 d 50% RH
 

C10-OC(s=100%)-Moist7d 10 mm OC, s = 100% 7 d moist + 7 d 50% RH
 

C10-HPC(s=77%)-Moist7d 10 mm HPC, s = 77% 7 d moist + 7 d 50% RH
 

C10-OC(s=50%)-Sealed1d 10 mm OC, s = 50% 1 d sealed +13 d 50% RH
 

C10-HPC(s=77%)-Sealed1d 10 mm HPC, s = 77% 1 d sealed +13 d 50% RH
 

C10-OC(s=50%)-Sealed3d 10 mm OC, s = 50% 3 d sealed +11 d 50% RH
 

C10-HPC(s=77%)-Sealed3d 10 mm HPC, s = 77% 3 d sealed +11 d 50% RH
 

C10-OC(s=50%)-Sealed7d 10 mm OC, s = 50% 7 d sealed +7 d 50% RH
 

C10-HPC(s=77%)-Sealed7d 10 mm HPC, s = 77% 7 d sealed +7 d 50% RH 

C10-OC(s=50%)-WetDry 10 mm OC, s = 50% 2 wet-dry cycles (see Fig. 5.4) 

* The internal relative humidity of substrate OC and substrate HPC is 75%. 

3 days 3 days 3 days 3 days 

11 days 3 days 

 
13 days 1 day 

Moist/Sealed curing RH = 50% 

𝑡 0 

7 days 7 days 

Moist1d/Sealed1d 

Moist3d/Sealed3d 

Moist7d/Sealed7d 

WetDry 
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5.5 Simulation results and discussion 

 

In this section moisture transport in hydrating coating systems (Table 5.2) is simulated. The 

simulated moisture profiles in the coating systems and the evolution of the DOH of the 

coatings are presented and discussed. The simulated water content (in g per cm
3
 of the coating) 

and degree of hydration of the coating materials are compared to those of the reference 

cement paste (w/c = 0.3, cured under sealed condition) presented in section 5.2.  

 

5.5.1 Effect of coating thickness (6, 10 and 20 mm) on moisture transport in the 

coating system and on the hydration of the coatings 

 

5.5.1.1 Moisture profile in the coating system with a 10 mm-thick coating 

Fig. 5.5 presents the moisture profiles in the coating system with a 10 mm-thick coating. After 

application of the coating, the substrate immediately starts absorbing water from the coating. 

During 1 day moist curing, the coating still remains saturated with water. After 1 day, the 

coating is exposed to a RH of 50%. The water saturation level in the coating decreases 

drastically, due to the continuing water absorption by the substrate and the water evaporation 

to the environment. Meanwhile, hydration of the coating consumes some amount of water. An 

almost uniform moisture distribution is observed over the thickness of the coating. This 

phenomenon can be explained by the fact that the moisture moves rapidly in a young coating 

material with a highly connected pore system. Similar results regarding the uniform moisture 

distribution in young cement-based materials subjected to drying have been reported by Selih 

et al. [152] and Bentz et al. [75].  

 
(a) 3D plot                                  (b) 2D plot 

 

Fig. 5.5 Calculated moisture profiles in the coating system C10-OC(s=50%)-Moist1d (Table 5.2). A 10 

mm-thick coating (w/c = 0.3) is applied on substrate OC. One day moist curing is applied, followed by 

exposure to 50% RH until 14 days. 
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After 3 days, the water saturation level in the 10 mm-thick coating has dropped below 60% 

(Fig. 5.5b), which is lower than that in the reference cement paste (> 80%, see Fig. 5.3d). 

Distinct difference in water saturation level can be clearly seen from the coating-substrate 

interface (Fig. 5.5b). The water saturation level of the substrate at the interface remains higher 

than 70% at 14 days. At 14 days the water saturation level in the coating reached a value as 

low as 5%. It can be explained by the difference in the microstructures of the coating and the 

substrate. Distinct moisture contents of overlay material and substrate at the interface have 

also been reported by Brocken et al. [50] and Qiu et al. [153].The decrease of the water 

saturation level in the coating will affect the hydration process of the coating, which will be 

discussed below. 

 

5.5.1.2 Evolution of water content and degree of hydration of the coatings with 

different thicknesses (6, 10 and 20 mm) 

Fig. 5.6a presents the evolution of the water content 𝜃 in coatings with different thicknesses 

(i.e. 6, 10 and 20 mm). After 1 day moist curing, the water content 𝜃 in the thicker coating 

(e.g. 20 mm) is higher than that in thinner coatings (6 or 10 mm).  

Average values of DOH of the coatings at discretized nodes are calculated. The evolution 

of the DOH of the coatings is depicted in Fig. 5.6b. There is no difference of the DOH 

between the coatings during 1 day moist curing. After the coatings are exposed to a RH of 

50%, the DOH curves of the coatings start to diverge. An earlier cease of hydration is seen for 

a thinner coating (i.e. 6 mm-thick coating).  

By comparing the DOH of the coatings with that of the reference cement paste, the 

combined effect of the water evaporation and the water absorption by the substrates on the 

hydration of coatings is evaluated. The hydration process of the coatings has almost ceased 

after 4 days due to drying, while the sealed cured reference coating material continues to 

hydrate. Fig. 5.7 shows the DOH of the coatings with different thicknesses at 14 days. The 

coating with a larger thickness has a higher DOH at 14 days. As expected, the coating 

thickness has a noticeable influence on the hydration process of a coating. A thinner coating is 

more susceptible to lose its water when it is applied on the absorptive substrate and exposed 

to a dry environment (e.g., RH = 50%). The greater water loss results in a lower DOH and 

will result in a higher permeability of the coating materials. 



Chapter 5 76 

      

 

 

       (a) Water content                          (b) Degree of hydration 

 

Fig. 5.6 Calculated water content and calculated average degree of hydration of the coatings (w/c = 

0.3) with different thicknesses (6, 10 and 20 mm). The coatings are applied on substrate OC (s = 50%). 

One day moist curing is applied, followed by exposure to 50% RH until 14 days. The reference cement 

paste (w/c = 0.3, no substrate) is cured under sealed condition. 

 

 

 

 

 

Fig. 5.7 Calculated average degree of hydration at 14 days of the coatings (w/c = 0.3) with different 

thicknesses (6, 10 and 20 mm). The coatings are applied on substrate OC (s = 50%). One day moist 

curing is applied, followed by exposure to 50% RH until 14 days. The reference cement paste (w/c = 

0.3) is cured under sealed condition. 
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5.5.2 Effect of curing regime on moist transport in the coating system and on the 

hydration of the 10 mm-thick coatings 

 

In order to investigate the role of the curing regime on the moisture distribution in the coating 

systems and the degree of hydration of the coatings, different curing regimes were applied to 

the coating systems (Table 5.2). A 10-mm thick coating (w/c = 0.3) is applied on substrate OC 

(𝑠 = 50%). The curing regimes that will be studied are: 

 1, 3 or 7 days moist curing, followed by exposure to RH = 50% until 14 days 

 1, 3 or 7 days sealed curing, followed by exposure to RH = 50% until 14 days 

 2 wet-dry cycles, each cycle consists of 3 days moist curing and 3 days sealed curing 

 

5.5.2.1 Moisture profiles in coating systems under various curing regimes (water 

saturation level of substrate: 50%) 

Moisture profiles in 3 typical coating systems are presented. Various curing regimes are 

applied, including 3 days sealed curing, 3 days moist curing and 2 wet-dry cycles. 

 

3 days moist curing: C10-OC(s=50%)-Moist3d 

In C10-OC(s=50%)-Moist3d, 3 days moist curing is applied to the coating system after 

application of the coating. Fig. 5.8 presents the moisture profile in the coating system. After 

14 days the water saturation level of the coating becomes low (𝑠 < 20%), but is higher than 

that in the coating with 1 day moist curing (𝑠 < 5%) (Fig. 5.5b). Longer moist curing means 

that more water remains available for the hydration of the coating material.  

 

3 days sealed curing: C10-OC(s=50%)-Sealed3d 

The sealed curing simulates the situation that a curing compound is applied on the surface of 

the coating material. Fig. 5.9 presents the moisture profiles in the coating system. 

Immediately after application of the coating, the water saturation level in the coating material 

starts to decrease because of water consumption due to hydration of the coating and water 

absorption by the substrate.  

After 3 days sealed curing and exposure to an ambient RH of 50%, water starts to 

evaporate from the surface of the coating, causing a drastic decrease of the water saturation 

level in the coating. The water saturation level in the coating with 3 days sealed curing (Fig. 

5.9) is much lower compared to the coating with 3 days moist curing (Fig. 5.8). It indicates 

that 3 days sealed curing is less efficient for a coating to retain water than 3 days moist curing. 
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(a) 3D plot                                  (b) 2D plot 

 

Fig. 5.8 Calculated moisture profiles in the coating system C10-OC(s=50%)-Moist3d (Table 5.2). A 10 

mm-thick coating (w/c = 0.3) is applied on substrate OC (𝑠 = 50%). Three days moist curing is 

applied, followed by exposure to 50% RH until 14 days. 

 

 

  
 

(a) 3D plot                                       (b) 2D plot 

 

Fig. 5.9 Calculated moisture profiles in the coating system C10-OC(s=50%)-Sealed3d (Table 5.2). A 

10 mm-thick coating (w/c = 0.3) is applied on substrate OC (𝑠 = 50%). Three days sealed curing is 

applied, followed by exposure to 50% RH until 14 days.  
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2 wet-dry cycles: C10-OC(s=50%)-WetDry 

In practice, alternating rainy and sunny days cause the condition of wet-dry cycles. To 

simulate this condition, the coating system is subjected to 2 wet-dry cycles after application of 

the coating. Fig. 5.10 shows the moisture profiles in the coating system. During the first 

wet-dry cycle, 3 days moist curing is applied to the coating system, followed by 3 days 

exposure to a RH of 50%. The coating remains saturated during the first 3 days. When 

exposed to RH = 50%, the water saturation level in the coating starts to decrease drastically. 

After 6 days, the water saturation level in the coating is lower than 50%, with a slight gradient 

over the thickness of the coating (Fig. 5.10b).  

   
 

(a) 3D plot                                    (b) 2D plot 

 

Fig. 5.10 Calculated moisture profiles in the coating system C10-OC(s=50%)-WetDry (Table 5.2). A 

10 mm-thick coating (w/c = 0.3) is applied on substrate OC (𝑠 = 50%). Two wet-dry cycles are 

applied, followed by exposure to RH = 50% until 14 days. One wet-dry cycle consists of 3 days moist 

curing and 3 days curing at 50% RH. 

 

After 6 days, the second wet-dry cycle starts (from 7-12 days). The coating becomes saturated 

in the wetting process (moist curing from 7-9 days, 144-216 hours). After 10 days the second 

drying period (10 -12 days) starts. During the second period of drying, water loss from the coating 

exhibits a different pattern from the first drying. A clear gradient of the water saturation level over 

the thickness of the coating is observed. The lowest water saturation level in the coating exists in 

the exposed surface of the coating (mainly due to water evaporation). The non-uniform drying of 

the coating can be explained by the denser microstructure that develops in the hydration process. 

In a denser microstructure, moisture transport becomes slower. Therefore, water loss from the 

exposed surface of the coating cannot be easily compensated by water from inner parts of the 

coating. This leads to a gradient of the water saturation level in the coating. It can be seen 
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from Fig. 5.10 that the water saturation level of the coating is significantly influenced by the 

varying curing condition (i.e., wet-dry cycle). The response of the hydration process to the 

wet-dry cycles will be discussed in the following section. 

 

5.5.2.2 Evolution of water content and degree of hydration of 10 mm-thick coatings 

under various curing regimes (water saturation level of substrate: s = 50%) 

 

Coatings moist-cured for 1, 3 or 7 days, followed by exposure to RH = 50% 

Fig. 5.11a presents the evolution of the water content in the coatings with moist curing. The 

water content in a 10 mm-thick coating highly depends on the period of moist curing. With a 

longer period of moist curing, the water content in the coating is much higher. During the 

moist curing (1, 3 or 7 days), the water content in the coating is higher than that in the 

reference cement paste. After the coatings are exposed to RH = 50%, the water content in the 

coatings decreases drastically due to the water evaporation to the environment and the water 

absorption by the substrate, and becomes lower than that in the reference cement paste.  

Fig. 5.11b presents the evolution of the DOH of coatings under moist curing. With a longer 

moist curing, the DOH of the coating is noticeably higher than that with a shorter moist curing.  

 

Coatings sealed-cured for 1, 3 or 7 days, followed by exposure to RH = 50% 

Fig. 5.12 presents the evolution of the water content and the DOH of various coatings. After 

application of the coatings, the top surfaces of the coatings were sealed. From the figure it can 

be seen that the coatings have lower water content than the reference cement paste. This is 

caused by the water absorption by the substrates. Coatings with longer sealed curing exhibit 

higher water content and higher DOH. Moreover, the coatings with sealed curing have lower 

water content and lower DOH than those with moist curing (Fig. 5.11). It shows that moist 

curing is essential for the hydration of coatings at early age. 

 

Coating cured under 2 wet-dry cycles (1 cycle consists of 3 days moist curing and 3 days 

exposure to RH = 50%) 

Fig. 5.13 presents the water content and the degree of hydration of the coating cured under 

wet-dry cycles. It can be seen from Fig. 5.13a that the water content of the coating is very 

sensitive to the wet-dry cycles. The evolution of the DOH is presented in Fig. 5.13b. The 

DOH of the coating material develops fast during the first period of moist curing (0-3 days). 

After that, the coating system is exposed to a RH of 50% (4-6 days), and the hydration 

process proceeds at a lower rate. When the second moist curing (7-9 days) is applied, the rate 

of hydration slightly increases until the second exposure to a RH of 50% (10-12 days). At 12 

days, the coating cured under 2 wet-dry cycles has a similar DOH with the reference cement 

paste. For coatings applied on unsheltered concrete structures, moist curing is less important 

since the rainfall supplies water for the hydration. A short moist curing may be sufficient as 

long as the plastic shrinkage-induced cracking can be avoided. 
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      (a) Water content                             (b) Degree of hydration 

 

Fig. 5.11 Calculated water content and calculated degree of hydration of the 10 mm-thick coatings 

(w/c = 0.3) applied on substrate OC (s = 50%), and exposed to different curing regimes (1, 3 or 7 days 

moist curing, followed by exposure to RH = 50% until 14 days). The reference cement paste (w/c = 

0.3) is cured under sealed condition. 

 

 

 

 

      (a) Water content                             (b) Degree of hydration 

 

Fig. 5.12 Calculated water content and calculated degree of hydration of the 10 mm-thick coatings 

(w/c = 0.3) applied on substrate OC (s = 50%), and exposed to different curing regimes (1, 3 or 7 days 

sealed curing, followed by exposure to RH = 50% until 14 days). The reference cement paste (w/c = 

0.3) is cured under sealed condition. 
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       (a) Water content                          (b) Degree of hydration 

 

Fig. 5.13 Calculated water content and calculated degree of hydration of the 10 mm-thick coating (w/c 

= 0.3) applied on substrate OC (s = 50%), and cured under 2 wet-dry cycles. One wet-dry cycle 

consists of 3 days moist curing and 3 days curing at 50% RH. The reference cement paste (w/c = 0.3) 

is cured under sealed condition. 

 

 

 

Fig. 5.14 Calculated average degree of hydration of the 10 mm-thick coatings (w/c = 0.3) at 14 days. 

The coatings are applied on substrate OC (s = 50%). The top surfaces of the coatings are sealed or 

subjected to moist curing for 1, 3 or 7 days, followed by exposure to RH = 50% until 14 days. In 

addition, the DOH of a coating cured under 2 wet-dry cycles is also presented (green column). The 

reference cement paste (w/c = 0.3) is cured under sealed condition all the time. 
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Fig. 5.14 presents the overview of DOH of the coatings at 14 days. The curing regime 

plays a critical role in the hydration of the coatings. To reach the DOH of the reference 

cement paste at 14 days, at least 7 days moist curing is needed. For coatings exposed to 

alternating rainy and sunny days (or subjected to wet-dry cycles), the hydration is less 

dependent on moist curing. 

 

5.5.3 Effect of substrate type (substrate OC and substrate HPC) on moisture 

transport in coating systems and on the hydration of 10 mm-thick coatings 

 

In previous sections (5.5.1 and 5.5.2), ordinary concrete (standard substrate OC, s = 50%) is 

used. To investigate the influence of initial water content of the substrates on the hydration of 

the coating material, moisture transport in coating systems with a saturated concrete (substrate 

OC, s = 100%) is simulated. Moreover, the influence of the absorptivity of the substrates on 

the hydration of the coating material is also investigated. Moisture transport in coating 

systems with a high performance concrete (substrate HPC, s = 77%) is simulated. 

 

5.5.3.1 Evolution of water content and degree of hydration of the coatings applied on 

substrate OC (s = 50% or s = 100%) 

Fig. 5.15 presents the evolution of the water content and the DOH of the coatings applied on 

ordinary concrete (standard substrate OC with s = 50%, or saturated substrate OC with s = 

100%). The curves of the water content (Fig. 5.15a) and the DOH (Fig. 5.15b) of the coatings 

applied on standard substrate OC or saturated substrate OC are close to each other. It indicates 

that the initial water content of the substrates only plays a minor role in the water content and 

the DOH of the coatings if moist curing is applied. Obviously, the water loss of the coating at 

early ages due to water absorption by the substrates is almost completely compensated by the 

moist curing. The influence of water absorption by the substrate on hydration of coatings 

under sealed curing will be studied in section 5.5.3.2. 

 

5.5.3.2 Evolution of water content and degree of hydration of the coatings applied on 

substrate OC (s = 50%) or substrate HPC (s = 77%) 

In this section, the influence of the type of substrates on the change of water content and on 

the DOH of the coatings is studied. The 10 mm-thick coatings  (w/c = 0.3) are applied on 

ordinary concrete (substrate OC, s = 50%) or high performance concrete (substrate HPC, s = 

77%). Moist or sealed curing (1, 3 or 7 days) is applied to the coatings, followed by exposure 

to RH = 50% until 14 days. 
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      (a) Water content                           (b) Degree of hydration 

 

Fig. 5.15 Calculated evolution of water content (a) and degree of hydration (b) of the 10 mm-thick 

coatings (w/c = 0.3). The coatings are applied on substrate OC (s = 50%, or s = 100%). Moist curing 

(1, 3 or 7 days) is applied, followed by exposure to RH = 50% until 14 days. The reference cement 

paste (w/c = 0.3, no substrate) is cured under sealed condition. 

 

Top surfaces of the coatings, moist-cured for 1, 3 or 7 days, followed by exposure to RH = 50% 

Fig. 5.16 presents the evolution of the water content and the DOH of the coatings applied on 

substrate OC or substrate HPC. The top surfaces of the coatings are subjected to moist curing 

for 1, 3 or 7 days, followed by exposure to RH = 50%. The simulated curves of water content 

and DOH of the coating materials applied on different substrates almost coincide, indicating 

that the type of the substrates play only a minor role in the evolution of water content and the 

DOH of the coatings, even through substrate OC and substrate HPC have different 

characteristics (Table 5.1). Explanation will be given in section 5.5.4. 

 

Top surfaces of the coatings, sealed for 1, 3 or 7 days, followed by exposure to RH = 50% 

Fig. 5.17a presents the evolution of the change of water content of the coatings applied on 

substrate OC or substrate HPC. The top surfaces of the coatings are sealed for 1, 3 or 7 days, 

followed by exposure to RH = 50%. The coatings applied on substrate OC have higher water 

content compared to those applied on substrate HPC. The difference is attributed to the water 

absorption by different substrates. When sealed curing is applied, the water loss of the 

coatings due to absorption by the substrate cannot be compensated and has a noticeable 

influence on water content in the coatings. As seen from Fig. 5.17b, the coatings applied on 

substrate OC have a lower DOH compared to those applied on substrate HPC, because 

substrate OC absorbs higher amounts of water from the coatings compared to substrate HPC.  
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     (a) Water content                             (b) Degree of hydration 

 

Fig. 5.16 Calculated evolution of water content (a) and degree of hydration (b) of the coatings. The 

coatings (10 mm-thick, w/c = 0.3) are applied on substrate OC (s = 50%) or substrate HPC (s = 77%). 

The coatings are moist-cured for 1, 3 or 7 days, followed by exposure to RH = 50% until 14 days.  

 

 

 

 

       (a) Water content                          (b) Degree of hydration 

 

Fig. 5.17 Calculated evolution of water content (a) and degree of hydration (b) of the coatings. The 

coatings (10 mm-thick, w/c = 0.3) are applied on substrate OC (s = 50%) or substrate HPC (s = 77%). 

The coatings are sealed-cured for 1, 3 or 7 days, followed by exposure to RH = 50% until 14 days.  
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       (a) Moist curing for 1, 3 or 7 days               (b) Sealed curing for 1, 3 or 7 days 

 

Fig. 5.18 Calculated average degree of hydration at 14 days of the 10 mm-thick coatings (w/c = 0.3) 

applied on different substrates (OC with s = 50%, OC with s = 100% and HPC with s = 77%). The 

coatings are moist/sealed cured for 1, 3 or 7 days, followed by exposure to RH = 50% until 14 days. 

The reference cement paste (w/c = 0.3, no substrate) is cured under sealed condition. 

 

Fig. 5.18 shows the DOH of the coatings at 14 days. The coatings are applied on different 

substrates (substrate OC with s = 50% or s = 100%, substrate HPC with s = 77%) and cured 

under different regimes (1, 3 or 7 days moist/sealed curing). It can be seen from Fig. 5.18a 

that the hydration of the coatings is very sensitive to the period of moist curing (1, 3 or 7 

days), but not sensitive to the initial water content of the substrates or to the type of the 

substrates. As shown in Fig. 5.18b, in case of sealed curing the hydration of the coating is 

sensitive to both the type of the substrate and the period of sealed curing. 

 

5.5.4 Investigation of water loss of the coating materials 

 

To further investigate the role of the substrates on the hydration of the coatings, water loss of 

the coatings applied on different substrates (OC with s = 50% and HPC with s = 77%) is 

calculated and discussed. The water loss of the coating includes the amounts of evaporated 

water, water absorbed by the substrate and water consumed by hydration. The remaining 

water in the coating material available for hydration is also calculated and discussed.  

 

5.5.4.1 Water loss of the 10 mm-thick coatings applied on different substrates (OC and 

HPC) - 3 days moist curing, followed by exposure to RH = 50% 

The water loss of the 10 mm-thick coating applied on an ordinary concrete substrate 

(substrate OC) is elaborated first. After application of the coating, 3 days moist curing is 
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applied. Fig. 5.19 shows the average water saturation level 𝑠 of the coating. During 3 days 

moist curing, the coating remains saturated. After the coating system is exposed to the 50% 

RH, the water saturation level of the coating gradually drops due to evaporation of water to 

the environment.  

 

 

Fig. 5.19 Calculated average water saturation level of the coating material in 

C10-OC(s=50%)-Moist3d. A 10 mm-thick coating (w/c = 0.3) is applied on substrate OC(s=50%). 

Three days moist curing is applied, followed by exposure to RH = 50% until 14 days. 

 

In the coating material, the water content 𝜃 is calculated as the sum of capillary water and 

gel water. As described in section 4.5, only capillary water is available for the hydration of 

cement, while water in gel pores of C-S-H doesn’t contribute to hydration. Description of the 

mechanism is given in section 3.3.3. The amount of capillary water 𝜃𝑐𝑎𝑝(𝑡) changes during 

the hydration process and can be calculated with: 

 

𝜃𝑐𝑎𝑝(𝑡) = 𝜌𝑤 ∙ (𝜙(𝑡) ∙ 𝑠(𝑡) − 𝜙𝑔𝑒𝑙(𝑡)) (5.2) 

 

where 𝜌𝑤  is the density of water, 𝜙(𝑡) is the porosity of the coating (calculated with 

Eq. (4.28)), 𝑠(𝑡) is the water saturation level and 𝜙𝑔𝑒𝑙(𝑡) is the gel porosity (calculated 

with Eq. (4.27)). 

The evolution of the porosity of the coating material is plotted in Fig. 5.20a. As the 

hydration proceeds, the total porosity and the capillary porosity decrease over time (mainly 

within 3 days), while the gel porosity increases. 

Fig. 5.20b shows the total water content and the capillary water content of the coating 

material. As the hydration proceeds, pores become gradually filled up with hydration products. 

Accordingly, the amount of capillary water available for the hydration decreases. The coating 

has lost all the capillary water after 6.5 days, and no capillary water is left for further 

hydration. Water in large gel pores hardly contributes to the hydration. However, drying of the 

coating still proceeds, by losing part of its gel water from larger gel pores. The drying of the 

coating in the coating system is indicated by the decrease of total water content 𝜃.  

0%

25%

50%

75%

100%

0 3 6 9 12

W
at

er
 s

at
u

ra
ti

o
n

 l
ev

el
 

Time [days] 

𝑠 



Chapter 5 88 

 

        (a) Porosity of coating material              (b) Water content in coating material 

 

Fig. 5.20 Calculated evolution of porosity and water content of the coating in 

C10-OC(s=50%)-Moist3d. A 10 mm-thick coating (w/c = 0.3) is applied on substrate OC. Three days 

moist curing is applied, followed by exposure to RH = 50% until 14 days. 

 

 

5.5.4.2 Comparison of water loss of the 10 mm-thick coatings applied on different 

substrates (OC and HPC) - 3 days moist curing 

As presented in Fig. 5.18a, when moist curing is applied, the coatings on different substrates 

(OC with s = 50% and HPC with s = 77%) exhibit a similar DOH, when moist curing (1, 3 or 

7 days) is applied. To explain this phenomenon, the water loss from the coatings are 

categorized, viz. water evaporation to the environment and water absorption by the substrate. 

The coatings are applied on substrate OC (s = 50%) or substrate HPC (s = 77%), and 

moist-cured for 3 days. Fig. 5.21 shows the water loss from the coatings, together with the 

amount of water consumed by hydration.  

After application of the coating, the substrates immediately absorb water from the coatings 

(red lines). Substrate OC absorbs a much higher amount of water (Fig. 5.21a) compared to 

substrate HPC (Fig. 5.21b). After 3 days moist curing, the coating systems are exposed to 

50% RH. Water starts to evaporate from the coatings to the environment (blue lines). After 6 

days, the substrates stop absorbing water from the coating and start losing water. The water 

loss of the substrates is caused by water extraction by the coatings (see Fig. 5.8).  
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          (a) C10-OC(s=50%)-Moist3d                 (b) C10-HPC(s=77%)-Moist3d 

 

Fig. 5.21 Calculated water loss of the coatings applied on different substrates. The 10 mm-thick 

coatings are applied on ordinary concrete (substrate OC) or a high performance concrete (substrate 

HPC). Three days moist curing is applied, followed by an exposure to RH = 50% until 14 days. 

 

Both the water absorption by the substrates and the evaporation of capillary water may 

affect the hydration process of the coatings. It can be seen from Fig. 5.21 that the curves for 

the free water of the two coatings are similar to each other and almost identical. It also applies 

for the curves for the water consumed by hydration as well as the curves for the evaporated 

water. Clear difference can be seen from the curves for the amount of water absorbed by the 

substrates. The absorption by the substrate mostly takes place during 3 days moist curing. 

However, the water absorption by the substrate can hardly affect the hydration of the coatings, 

because the coatings remain saturated during moist curing. After 3 days moist curing the 

dominant factor of water loss of the coatings is water evaporation, while the water absorption 

by the substrates plays only a minor role. It explains why the coatings applied on different 

substrates (i.e. OC and HPC) have a similar DOH when 3 days moist curing is applied. 

 

5.5.5 Overview of the simulated DOH of the coatings at 14 days  

 

Table 5.3 presents an overview of the DOH of the coating materials in various coating 

systems. It can be seen that the initial water content of the substrates and the type of the 

substrate have only a marginal effect on the DOH of the coatings. The most influencing factor 

of the DOH of the coatings appears to be the curing regime. Moist curing is much more 

efficient than sealed curing. With longer moist curing (e.g. 7 days), the DOH of the coating at 

14 days is close to that of the reference cement paste cured under sealed condition. Therefore, 

a long moist curing is essential for the hydration of the coatings. 

0

0,1

0,2

0,3

0,4

0,5

0 3 6 9 12

A
m

o
u

n
t 

o
f 

w
at

er
 [

g
/c

m
3
] 

Time [days] 

0

0,1

0,2

0,3

0,4

0,5

0 3 6 9 12

A
m

o
u

n
t 

o
f 

w
at

er
 [

g
/c

m
3
] 

Time [days] 

3 days moist curing 3 days moist curing 

Free water in the coating Water, absorbed by the substrate

Water, consumed by hydration Evaporated water



Chapter 5 90 

 

 

 

 

T
ab

le
 5

.3
 C

al
cu

la
te

d
 d

eg
re

e 
o
f 

h
y
d
ra

ti
o
n
 a

n
d
 c

a
lc

u
la

te
d
 c

ap
il

la
ry

 p
o
ro

si
ty

 o
f 

th
e 

co
at

in
g
 m

at
er

ia
ls

 a
t 

1
4

 d
ay

s 
af

te
r 

ap
p

li
ca

ti
o
n

. 

 
C

o
at

in
g
 

th
ic

k
n
es

s 

S
u
b
st

ra
te

 a
n
d
 w

at
er

 

sa
tu

ra
ti

o
n
 l

ev
el

 
C

u
ri

n
g
 r

eg
im

e 
(𝑇

=
2
0
℃

) 
D

eg
re

e 
o

f 

h
y
d

ra
ti

o
n
 

R
ef

er
en

ce
 c

em
en

t 
p

as
te

 
 

 
S

ea
le

d
 c

o
n
d

it
io

n
 

5
6

.3
%

 

C
0
6
-O

C
(s

=
5
0
%

)-
M

o
is

t1
d
 

6
 m

m
 

O
C

, 
s
=

5
0
%

 
1

 d
ay

 m
o
is

t 
+

 1
3
 d

ay
s 

5
0
%

 R
H

 
4
0
.3

%
 

C
2

0
-O

C
(s

=
5

0
%

)-
M

o
is

t1
d
 

2
0
 m

m
 

O
C

, 
s
=

5
0
%

 
1
 d

ay
 m

o
is

t 
+

 1
3

 d
ay

s 
5

0
%

 R
H

 
4

6
.6

%
 

C
1

0
-O

C
(s

=
5

0
%

)-
M

o
is

t1
d
 

1
0
 m

m
 

O
C

, 
s
=

5
0
%

 
1
 d

ay
 m

o
is

t 
+

 1
3

 d
ay

s 
5

0
%

 R
H

 
4

2
.8

%
 

C
1

0
-O

C
(s

=
1

0
0
%

)-
M

o
is

t1
d
 

1
0
 m

m
 

O
C

, 
s
=

1
0
0
%

 
1
 d

ay
 m

o
is

t 
+

 1
3

 d
ay

s 
5

0
%

 R
H

 
4

3
.8

%
 

C
1

0
-H

P
C

(s
=

7
7

%
)-

M
o
is

t1
d
 

1
0
 m

m
 

H
P

C
, 

s
=

7
7
%

 
1
 d

ay
 m

o
is

t 
+

 1
3

 d
ay

s 
5

0
%

 R
H

 
4

3
.4

%
 

C
1

0
-O

C
(s

=
5

0
%

)-
M

o
is

t3
d
 

1
0
 m

m
 

O
C

, 
s
=

5
0
%

 
3

 d
ay

s 
m

o
is

t 
+

 1
1

 d
ay

s 
5

0
%

 R
H

 
4

9
.6

%
 

C
1

0
-O

C
(s

=
1

0
0
%

)-
M

o
is

t3
d
 

1
0
 m

m
 

O
C

, 
s
=

1
0
0
%

 
3

 d
ay

s 
m

o
is

t 
+

 1
1

 d
ay

s 
5

0
%

 R
H

 
4

9
.9

%
 

C
1

0
-H

P
C

(s
=

7
7

%
)-

M
o
is

t3
d
 

1
0
 m

m
 

H
P

C
, 

s
=

7
7
%

 
3

 d
ay

s 
m

o
is

t 
+

 1
1

 d
ay

s 
5

0
%

 R
H

 
4

9
.7

%
 

C
1

0
-O

C
(s

=
5

0
%

)-
M

o
is

t7
d

 
1

0
 m

m
 

O
C

, 
𝐬

=
𝟓
𝟎
%

 
7

 d
a

y
s 

m
o

is
t 

+
 7

 d
a

y
s 

5
0

%
 R

H
 

5
6

.1
%

 

C
1

0
-O

C
(s

=
1

0
0

%
)-

M
o

is
t7

d
 

1
0

 m
m

 
O

C
, 
𝐬

=
𝟏
𝟎
𝟎
%

 
7

 d
a

y
s 

m
o

is
t 

+
 7

 d
a

y
s 

5
0

%
 R

H
 

5
6

.3
%

 

C
1

0
-H

P
C

(s
=

7
7

%
)-

M
o

is
t7

d
 

1
0

 m
m

 
H

P
C

, 
𝐬

=
𝟕
𝟕
%

 
7

 d
a

y
s 

m
o

is
t 

+
 7

 d
a

y
s 

5
0

%
 R

H
 

5
6

.2
%

 

C
1

0
-O

C
(s

=
5

0
%

)-
S

ea
le

d
1

d
 

1
0

 m
m

 
O

C
, 
𝐬

=
𝟓
𝟎
%

 
3

 d
a

y
s 

se
a

le
d

 +
11

 d
a

y
s 

5
0

%
 R

H
 

3
5

.0
%

 

C
1

0
-H

P
C

(s
=

7
7

%
)-

S
ea

le
d

1
d

 
1

0
 m

m
 

H
P

C
, 
𝐬

=
𝟕
𝟕
%

 
3

 d
a

y
s 

se
a

le
d

 +
11

 d
a

y
s 

5
0

%
 R

H
 

3
8

.9
%

 

C
1

0
-O

C
(s

=
5

0
%

)-
S

ea
le

d
3
d
 

1
0
 m

m
 

O
C

, 
s
=

5
0
%

 
3

 d
ay

s 
se

al
ed

 +
1
1

 d
ay

s 
5

0
%

 R
H

 
4

0
.7

%
 

C
1

0
-H

P
C

(s
=

7
7

%
)-

S
ea

le
d
3
d

 
1
0
 m

m
 

H
P

C
, 

s
=

7
7
%

 
3

 d
ay

s 
se

al
ed

 +
1
1

 d
ay

s 
5

0
%

 R
H

 
4

4
.6

%
 

C
1

0
-O

C
(s

=
5

0
%

)-
S

ea
le

d
7
d
 

1
0
 m

m
 

O
C

, 
s
=

5
0
%

 
3

 d
ay

s 
se

al
ed

 +
1
1

 d
ay

s 
5

0
%

 R
H

 
4

4
.3

%
 

C
1

0
-H

P
C

(s
=

7
7

%
)-

S
ea

le
d
7
d

 
1
0
 m

m
 

H
P

C
, 

s
=

7
7
%

 
3

 d
ay

s 
se

al
ed

 +
1
1

 d
ay

s 
5

0
%

 R
H

 
4

9
.2

%
 

C
1

0
-O

C
(s

=
5

0
%

)-
W

et
D

ry
 

1
0
 m

m
 

O
C

, 
s
=

5
0
%

 
2
 w

et
-d

ry
 c

y
cl

es
 (

se
e 

F
ig

. 
5
.4

) 
5

5
.6

%
 

 
 
 
 
 
 
 
 
N

o
te

: 
T

h
e 

b
o
ld

 t
ex

ts
 s

h
o
w

 t
h
e 

co
at

in
g
 m

at
er

ia
l 

w
it

h
 t

h
e 

h
ig

h
es

t 
an

d
 t

h
e 

lo
w

es
t 

v
al

u
es

 o
f 

th
e 

D
O

H
. A

 l
o
n

g
 m

o
is

t 

 
 
 
 
 
 
 
 
 
 
 
 
 
cu

ri
n

g
 (

e.
g
. 
7
 d

a
y
s)

 a
p
p
ea

rs
 t

o
 b

e 
v
er

y
 i

m
p
o
rt

an
t 

fo
r 

th
e 

h
y
d
ra

ti
o
n
 o

f 
th

e 
co

at
in

g
 m

at
er

ia
l.

 O
n
e 

d
a
y
 s

ea
le

d
 

 
 
 
 
 
 
 
 
 
 
 
 
 

cu
ri

n
g
 c

an
n
o
t 

en
su

re
 a

 p
ro

p
er

 h
y
d

ra
ti

o
n
 o

f 
th

e 
co

at
in

g
 m

at
er

ia
l.

 



Simulation of moisture transport in hydrating cementitious coating systems  

and evaluation of drying shrinkage-induced cracking of coatings 

91 

5.6 Probability of drying shrinkage-induced cracking  

 

After moist curing, the coating system is usually subjected to drying. Water starts to evaporate 

from the coating to the environment. Meanwhile, moisture exchange takes place between the 

coating and the substrate. Consequently, differential drying shrinkage of the coating and the 

substrate develops over time, which increases the probability of cracking of the coating 

material. A preliminary study is conducted to calculate the drying shrinkage-induced stress in 

the coating material, and to evaluate the probability of cracking of the coating. Some 

assumptions are made below: 

 The coating materials are fully restrained (the coating is much thinner than the substrate). 

 The moisture distributes uniformly across the thickness of the coatings. 

 Only elastic deformation of the coating is considered; relaxation of stress is ignored. 

 

Fig. 5.22 schematically shows the development of tensile strength 𝑓𝑡(𝑡) and drying 

shrinkage-induced stress 𝜎(𝑡)  of the coating material. In this figure the Gaussian 

distributions of 𝑓𝑡(𝑡) and 𝜎(𝑡) are also shown.  

 

 

Fig. 5.22 Schematic illustration of the development of tensile strength 𝑓𝑡(𝑡)  and drying 

shrinkage-induced stress 𝜎(𝑡) of the coating material. 𝑓𝑡(𝑡) and 𝜎(𝑡) have a Gaussian distribution 

with a standard deviation of 0.08 ∙ 𝑓𝑡(𝑡)  and 0.08 ∙ 𝜎𝑡(𝑡), respectively. 

 

Cracking of the coating occurs when the shrinkage-induced stress 𝜎(𝑡) exceeds the 

tensile strength 𝑓𝑡(𝑡) . Assuming that the tensile strength 𝑓𝑡(𝑡)  follows a Gaussian 

distribution, the probability of cracking of the coating, 𝛷(𝑡), is calculated as [154]: 

 

𝛷(𝑡) =
1

𝑠𝑠𝑑(𝑡) ∙ √2𝜋
∙ ∫ 𝑒

−
(𝑋(𝑡))

2

2∙(𝑠𝑠𝑑(𝑡))
2

𝑋(𝑡)

−∞

𝑑(𝑋(𝑡)) (5.3) 

 

where 𝑋(𝑡) = 𝜎(𝑡) − 𝑓𝑡(𝑡), 𝑠𝑠𝑑(𝑡) is the standard deviation of 𝑋(𝑡). 𝑠𝑠𝑑(𝑡) is calculated 

with 𝑠𝑠𝑑(𝑡) = 0.08 ∙ 𝜎𝑡(𝑡) + 0.08 ∙ 𝑓𝑡(𝑡). 
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5.6.1 Calculation of mechanical properties of the coating 

 

5.6.1.1 Development of tensile strength of the coating 

To calculate the probability of drying shrinkage-induced cracking, the evolution of the tensile 

strength of the coating and the shrinkage-induced stress in the coating need to be calculated. 

According to Neville [155], the tensile strength 𝑓𝑡(𝑡) of cementitious material can be 

calculated from the compressive strength 𝑓𝑐(𝑡) at time 𝑡: 

 

𝑓𝑡(𝑡) = 0.23 ∙ 𝑓𝑐(𝑡)
0.67 (5.4) 

 

The compressive strength 𝑓𝑐(𝑡) of the coating is determined by the microstructure of 

cementitious materials, and has been calculated using HYMOSTRUC3D model [8, 156]. The 

methodology to determine the compressive strength is also adopted in this thesis. 

 

5.6.1.2 Drying shrinkage-induced tensile stress in the fully restrained coating 

According to Mindess et al. [102], capillary tension is an effective mechanism of drying 

shrinkage when the internal relative humidity of the material is higher than 45%. The free 

drying shrinkage strain 𝜀(𝑡) of the coating can be calculated with [157]: 

 

𝜀(𝑡) =
𝑠(𝑡) ∙ 𝑝(𝑡)

3
∙ (

1

𝐾𝑝(𝑡)
−

1

𝐾𝑠
) (5.5) 

 

where s(𝑡) is the water saturation level, 𝑝(𝑡) [MPa] is the capillary tension in pore water. 

𝑝(𝑡) is calculated with Eq. (3.12) based on the water saturation level s(𝑡). 𝐾𝑝 [MPa] is the 

bulk modulus of coating material, and 𝐾𝑠 [MPa] is the bulk modulus of the solid material in 

the coating (taken as 44,000 MPa [158]). 

The bulk modulus 𝐾𝑝(𝑡) of the coating material is described as: 

 

𝐾𝑝(𝑡) =
𝐸𝑝(𝑡)

3 ∙ (1 − 2𝜐𝑝)
 (5.6) 

 

where 𝐸𝑝(𝑡) is the elastic modulus of coating material at time 𝑡, 𝜐𝑝 the Poisson’s ratio 

(taken as 0.2 [159]). 

The elastic modulus 𝐸𝑝(𝑡) of coating material is determined by the capillary porosity 

𝜙𝑐𝑎𝑝 (calculated with Eq. (4.19)) [160]: 

 

𝐸𝑝(𝑡) = 46.03 ∙ (1 − 𝜙𝑐𝑎𝑝(𝑡))
3.16

 (5.7) 
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The drying shrinkage (elastic deformation) induced-stress 𝜎(𝑡) can be calculated: 

 

𝜎(𝑡) = 𝐸(𝑡) ∙ 𝜀(𝑡) (5.8) 

 

 

5.6.2 Case study of drying shrinkage-induced cracking 

 

5.6.2.1 Evaluation of the probability of shrinkage-induced cracking using simulation 

results of this study 

Two coating systems are chosen to study the probability of drying shrinkage-induced cracking 

of the coating materials. The 10 mm-thick coatings (w/c = 0.3) are applied on substrate OC 

(s = 50%). The two coatings are moist-cured for 3 and 7 days, respectively. After the moist 

curing, the coatings are exposed to 50% = RH until 56 days. The evolution of the DOH and 

the water saturation level of the coatings are presented in Fig. 5.23.  

Based on the simulated DOH and water saturation level, the shrinkage-induced stress in the 

coatings is calculated using Eq. (5.5)-(5.8). Fig. 5.24 shows the evolution of calculated 

shrinkage-induced stress in the coatings, together with the evolution of the tensile strength 

(calculated with Eq. (5.4)). The tensile strength develops fast at early ages, and remains 

constant at later ages due to the ceased hydration process. The drying shrinkage-induced 

stress increases continuously until 56 days. In the two coating systems shown in Fig. 5.24, the 

shrinkage-induced stress exceeds the tensile strength at 25 days and 29 days for the coating 

materials with 3 days and 7 days moist curing, respectively.  

The probability of cracking of the coating 𝛷(𝑡) is presented in Fig. 5.25. It can be seen 

that the coating with longer moist curing has lower probability of cracking 𝛷(𝑡) at early 

ages (e.g. before 30 days) and higher probability at later ages (e.g. after 30 days). The higher 

probability of cracking for the coating material with a longer moist curing is in accordance 

with the experimental work on concrete by Samouh et al. [161]. They reported a higher drying 

shrinkage of the concrete with a longer sealed curing. The case study suggests that long moist 

curing is beneficial to reduce the probability of early-age cracking induced by drying 

shrinkage. However, measures should be taken to deal with the shrinkage-induced cracking of 

the coatings at later age, e.g. by using polymeric fibers [19]. It has to be pointed out that in the 

case study only elastic deformation is considered. In practice, relaxation of shrinkage-induced 

stress will reduce the stress in the coating material. The relaxation of tensile stress is 

substantial for cement-based materials at early ages [162]. Therefore, the drying 

shrinkage-induced stress in the coating calculated with Eq. (5.8) is an overestimation. For a 

detailed analysis of the probability of cracking relaxation should be taken into account. This 

section presents preliminary study of the sensitivity of the probability of cracking for coatings 

cured under different conditions.  



Chapter 5 94 

 

 

 

        (a) C10-OC(s=50%)-Moist3d                 (b) C10-OC(s=50%)-Moist7d 

 

Fig. 5.23 Evolution of the calculated DOH and the calculated water saturation level of the coatings. 

The 10 mm-thick coatings (w/c = 0.3) are applied on substrate OC (s = 50%), and moist-cured for 3 or 

7 days, followed by exposure to 50% RH until 56 days.  

 

 

        (a) C10-OC(s=50%)-Moist3d                 (b) C10-OC(s=50%)-Moist7d 

 

Fig. 5.24 Calculated shrinkage-induced stress in the coatings. The 10 mm-thick coatings (w/c = 0.3) 

are applied on substrate OC (s = 50%), and moist-cured for 3 or 7 days, followed by exposure to 50% 

RH until 56 days.  
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Fig. 5.25 Calculated index of drying shrinkage-induced cracking of the coatings. The 10 mm-thick 

coatings (w/c = 0.3) are applied on substrate OC (s = 50%), and moist-cured for 3 or 7 days, followed 

by exposure to 50% RH until 14 days. The probability of cracking is caculated based on the curves 

presented in Fig. 5.24. 

 

 

5.6.2.2 Comparison between development of drying-shrinkage induced stress and 

development of strength with simplified current procedure 

For the design of a coating, the evolution of tensile strength of the coating material may be 

calculated assuming that the coating material is fully sealed or saturated, as shown in Fig. 

5.26. This figure indicates that the shrinkage-induced stress in the coating material will not 

exceed the calculated tensile strength, contrary to the information presented in Fig. 5.24. In 

this chapter, the evolution of tensile strength of the coating material is calculated considering 

the water absorption by the substrate and water evaporation to the environment, and is 

therefore more practical. 
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        (a) C10-OC(s=50%)-Moist3d                 (b) C10-OC(s=50%)-Moist7d 

 

Fig. 5.26 Calculated shrinkage-induced stress in the coatings. The 10 mm-thick coatings (w/c = 0.3) 

are applied on substrate OC (s = 50%), and moist-cured for 3 or 7 days, followed by exposure to 50% 

RH until 56 days. This figure shows a comparison of the tensile stress induced by drying with the 

tensile strength. The tensile strength is calculated assuming that the coating material is fully sealed or 

saturated.  

 

 

5.7 Conclusion 

 

By implementing the Moisture-Hydration model proposed in chapter 3, moisture transport in 

various coating systems is simulated in this chapter. During the moisture transport, the 

hydration process of the coating is explicitly taken into account, which is influenced by the 

water absorption of the substrates or the curing regimes. The evolution of the degree of 

hydration and the evolution of the water content of the coatings are determined. Based on the 

simulation results, the probability of drying shrinkage-induced cracking is studied. The 

following conclusions can be drawn: 

 

 Among the effects of the evaluated parameters (i.e. the coating thickness, the duration of 

moist/sealed curing conditions, the initial water content of the substrates and the type of 

the substrates), the duration of moist curing is the parameter that affects the hydration of 

the coating materials the most.  

 If moist curing is applied, the influence of initial water content of the substrates and the 

type of the substrates on the hydration of the coating is relatively low. The influence of the 

type of the substrate on the hydration of the coating becomes noticeable when sealed 

curing is applied.  
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 Longer moist curing is essential to compensate for water absorption by the substrates, and 

for ensuring a proper hydration process of the coating. With 7 days moist curing, the DOH 

of the coating at 14 days is comparable with or higher than the DOH of a reference cement 

paste cured under sealed condition. Longer moist curing is also beneficial for reducing the 

probability of early-age cracking induced by drying shrinkage. However, the probability of 

cracking is increased for coating materials at later ages. Measures should be taken to deal 

with the shrinkage-induced cracking of coatings at later ages, e.g. by using polymeric 

fibers. Note that the calculation of the probability of cracking of the coating is preliminary. 

Relaxation of the drying shrinkage-induced stress is not considered in the calculation. This 

will lead to an overestimation of the probability of shrinkage-induced cracking of the 

coating. Further study of the effect of relaxation on the probability of drying 

shrinkage-induced cracking is recommended. 
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Chapter 6  
 

Numerical study on chloride ingress in cementitious coating 

systems and evaluation of effectiveness of coatings 

 

  

6.1 Introduction 

 

Transport of moisture and chemical substances (e.g. Cl
-
 and SO4

2-
) in cementitious materials 

are critical for the durability of the materials. Chloride ingress in a porous material is highly 

dependent on the microstructure of the material and the moisture content [163]. In chapter 5 

we have seen that the curing condition is the most important factor for the continuation of 

hydration process of the coating materials. In this chapter, coatings are cured under saturated 

condition. The substrate is also considered saturated. The chloride transport in hydrating 

cementitious coating systems (Fig. 6.1) is simulated, taking into account the time-dependent 

properties, viz. porosity, chloride diffusivity and chloride binding capacity of the hydrating 

coating and the hydrating substrate.  

 

 

Fig. 6.1 Schematic illustration of chloride ingress into a cementitious coating system. The coating is 

applied on a cracked concrete substrate. 

 

To determine the time-dependent chloride binding capacity of the coating and the substrate, 

the degree of hydration and the porosity of the coating and the substrate are calculated 

according to the procedures presented in chapter 4. Besides, the porosity of both the coating 

and the substrate also plays an important role in the chloride flux through the 

Cl
-
 

Crack 

Coating Reinforcement Substrate 
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coating-substrate interface. In the simulation, attention is paid to the mass conservation of the 

chloride ions in the coating-substrate interface. 

The coatings are made of cement pastes and applied on different concrete substrates (i.e. 

substrates with different ages, with or without surface crack). Factors considered in the 

simulation of the chloride transport are the composition of the coating, the thickness of the 

coating, early or late application of the coating, time of failure of the coating, and presence of 

surface crack in the substrate. Compared to the crack-free substrates, cracked substrates may 

have a more urgent need of a coating, because the cracks allow a rapid penetration of the 

chloride ions into the concrete structure [164, 165]. A coating can be applied to bridge the 

crack and to prevent the cracked substrate against rapid chloride ingress. Therefore, chloride 

transport in coating systems with cracked substrate structures is also studied (the coatings are 

crack-free). Description of the parameters is listed in Table 6.1. 

 

Table 6.1 Factors considered in the numerical simulation. 

Parameters Description 

w/c of the coating Cement paste with a w/c of 0.3, 0.4 or 0.5 

Thickness of the coating The coating thickness is 3, 6 or 10 mm 

Early or late application of the coating The coatings are applied on young substrates, or on old 

substrates that have been exposed to chloride environment 

for 5, 10 or 20 years 

Time of failure of the coating The coating fails at 5, 10 or 20 years after application 

Crack depth of the concrete substrate The substrate is crack-free, or has a surface crack with a size 

of 0.4 × 10 mm
2
 0.4 × 15 mm

2
 or 0.4 × 20 mm

2
 

 

A commercial FEM software COMSOL Multiphysics [166] is used to perform the 

simulation of chloride transport in uncoated and coated concrete structures. Based on the 

simulated profiles of free chloride, the time needed for reaching a critical chloride 

concentration at the steel reinforcement is determined. This time, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, also corresponds 

to the time until initiation of reinforcement corrosion in the concrete structures. According to 

the published data, the critical chloride concentration for the initiation of reinforcement 

corrosion falls within a broad range (0.045 to 3.22 moles of free chloride per liter of pore 

solution) [91]. In this chapter the critical chloride concentration in the pore solution is chosen 

to be 0.2 mol/L. The study of chloride transport in the coating systems gives guidance for the 

design and the application of coatings for concrete structures that have an unsatisfactory 

resistance to chloride ingress. 
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6.2 Mechanisms of chloride ingress in hydrating coating systems 

 

6.2.1 Chloride transport in hydrating cementitious materials 

 

The total chloride content in cementitious materials consists of free chloride and bound 

chloride. The total chloride content is commonly expressed relative to the weight of cement, 

mortar or concrete [167, 168]. Insofar chloride penetration is determined by diffusion, Fick’s 

2
nd

 law is commonly used to describe the diffusion process of free chloride ions in saturated 

cementitious materials: 

 

𝜕𝐶𝑐

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝐶𝑙 ∙ 𝑔𝑟𝑎𝑑 𝐶𝑐) (6.1) 

 

where 𝐶𝑐 is the free chloride content in concrete (in 𝑘𝑔/m
3
 of cementitious material), 𝐷𝐶𝑙 is 

the chloride diffusivity [m
2
/s],  𝑡 is time [s]. 

In a saturated coating system chloride is only transported by diffusion. The chloride 

diffusion is driven by the concentration gradient of free chloride in the pore solution of the 

material. The concentration of free chloride 𝐶𝑓 (in mole of Cl
-
 per liter of pore solution) 

needs to be calculated from the free chloride content 𝐶𝑐 [169]: 

 

𝐶𝑓 =
𝐶𝑐

𝑀𝐶𝑙 ∙ 𝜙
 (6.2) 

 

In Eq. (6.2) 𝑀𝐶𝑙 is the molar mass of chloride [g/mol], 𝜙 is the total porosity of the 

material. To account for the chloride binding effect, the term 𝜕𝐶𝑓/𝜕𝐶𝑡 is introduced:  

 

𝜕𝐶𝑓

𝜕𝐶𝑡
=

𝜕𝐶𝑓

𝜕𝐶𝑓 + 𝜕𝐶𝑏
 (6.3) 

 

where 𝐶𝑡 is the total chloride content in the material and consists of the free chloride 𝐶𝑓 and 

the bound chloride 𝐶𝑏. The unit of 𝐶𝑡 is usually expressed as kg/m
3
 of the material. In 

numerical calculations, the unit of 𝐶𝑡 is preferably transformed into mole of Cl
-
 per liter of 

pore solution. 

𝜕𝐶𝑓/𝜕𝐶𝑡  can be determined from the chloride binding isotherm which describes the 

relationship between the amount of bound chloride 𝐶𝑏  and total chloride 𝐶𝑡  [170]. By 

substituting Eq. (6.2) in Eq. (6.1) and introducing 𝜕𝐶𝑓/𝜕𝐶𝑡, a new form reads: 

 

𝜕(𝜙 ∙ 𝐶𝑓)

𝜕𝑡
 =

𝜕𝐶𝑓

𝜕𝐶𝑡
∙ 𝑑𝑖𝑣 (𝐷𝐶𝑙 ∙ 𝑔𝑟𝑎𝑑 (𝜙 ∙ 𝐶𝑓)) (6.4) 
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Applying the product rule to the left term of Eq. (6.4) gives: 

 

𝜙 ∙
𝜕𝐶𝑓

𝜕𝑡
+ 𝐶𝑓 ∙

𝜕𝜙

𝜕𝑡
=

𝜕𝐶𝑓

𝜕𝐶𝑡
∙ 𝑑𝑖𝑣(𝜙 ∙ 𝐷𝐶𝑙 ∙ 𝑔𝑟𝑎𝑑 𝐶𝑓) (6.5) 

 

After rearrangement, Eq. (6.5) becomes: 

 

𝜙 ∙
𝜕𝐶𝑡

𝜕𝐶𝑓
∙  
𝜕𝐶𝑓

𝜕𝑡
= 𝑑𝑖𝑣(𝜙 ∙ 𝐷𝐶𝑙 ∙ 𝑔𝑟𝑎𝑑 𝐶𝑓) − 𝐶𝑓 ∙

𝜕𝜙

𝜕𝑡
∙
𝜕𝐶𝑡

𝜕𝐶𝑓
 (6.6) 

 

The initial concentration of free chloride 𝐶𝑓(𝑡 = 0, 𝑥) in cementitious materials and the 

surface (i.e. exposed surface) chloride concentration 𝐶𝑓(𝑡, 𝑥 = 𝑥𝑠) are described as: 

 

𝐶𝑓(𝑡 = 0, 𝑥) = 𝐶𝑜 (6.7) 

 

𝐶𝑓(𝑡, 𝑥 = 𝑥𝑠) = 𝐶𝑠 

(6.8) 

 

where 𝐶𝑜 and 𝐶𝑠 are the values of the initial concentration of free chloride in the materials 

and the surface chloride concentration, respectively. 𝑥𝑠 is the coordinate of the exposed 

surface of the materials (see Fig. 6.2). 

 

 

 

 

Fig. 6.2 Schematic illustration of chloride profiles in a coating-substrate system.  
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6.2.2 Chloride transport in the crack of the materials 

 

In a cracked concrete structure, the cracks provide a free path for chloride transport. The 

chloride transport in the cracks should be considered separately from the transport through the 

bulk concrete, and can be described as [171]  

 

𝜕𝐶𝑓

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝐶𝑙−𝑐𝑟 ∙ 𝑔𝑟𝑎𝑑 𝐶𝑓) (6.9) 

 

where 𝐷𝐶𝑙−𝑐𝑟 is the chloride diffusivity in the solution in the cracks. 

The crack width is an important parameter in chloride transport in cementitious materials 

[171-173]. For very small cracks (e.g. crack width < 0.03 mm), the cracks are believed to 

close due to the self-healing and don’t contribute to the chloride transport process. For larger 

cracks (e.g. crack width > 0.1 mm), the chloride diffusivity in the solution in cracks, 𝐷𝐶𝑙−𝑐𝑟, 

is assumed to be the same as the one in water [174]. In this study, the value of 𝐷𝐶𝑙−𝑐𝑟 for water 

in large cracks (e.g. crack width > 0.1 mm) is taken as 1.8 ×  10−9 𝑚2/𝑠 at 20  °C [175]. 

 

6.2.3 Chloride transport across the coating-substrate interface 

 

When simulating chloride transport in a coating system, attention has to be paid to the 

coating-substrate interface (Fig. 6.3). The flux of free chloride across the interface is 

determined by several parameters: viz. the gradient of free chloride in the coating system, the 

chloride diffusivity and the porosities of the coating material and the substrate. 

 

 
Fig. 6.3 Schematic illustration of chloride diffusion through the interface between two materials.  
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In order to conserve the mass of chloride in the coating system, two criteria should be 

fulfilled. One criterion is the continuity in concentration of free chloride at the 

coating-substrate interface (Eq. (6.10)): 

 

𝐶𝑓𝑐0 = 𝐶𝑓𝑠0 (6.10) 

 

where 𝐶𝑓𝑐0 and 𝐶𝑓𝑠0 are concentration of free chlorides of the coating and of the substrate at 

the interface, respectively (Fig. 6.4) 

Another criterion is the continuity in the flux of chloride at the coating-substrate interface. 

The flux of concentration of free chloride across the coating-substrate interface 𝐽𝐶𝑙−𝑖𝑛𝑡 is 

described by Fick's 1
st
 Law (Eq. (6.11)): 

 

𝐽𝐶𝑙−𝑖𝑛𝑡 = −𝜙𝑐 ∙ 𝐷𝐶𝑙−𝑐 ∙ 𝑔𝑟𝑎𝑑 𝐶𝑓 = −𝜙𝑠 ∙ 𝐷𝐶𝑙−𝑠 ∙ 𝑔𝑟𝑎𝑑 𝐶𝑓 (6.11) 

 

where 𝜙𝑐 and 𝜙𝑠 are the porosities of the coating and the substrate, respectively. 𝐷𝐶𝑙−𝑐 and 

𝐷𝐶𝑙−𝑠 are the chloride diffusivity of the coating and the substrate, respectively. 

Eq. (6.6)-(6.11) govern the chloride transport in coating systems. By specifying the 

boundary conditions (i.e. a surface chloride concentration in Eq. (6.8)), the evolution of the 

profile of concentration of free chloride in the coating system can be simulated. 

 

 

 

 

 

 

 

 

Fig. 6.4 1D schematic illustration of the free chloride profile in a coating system. The red lines show 

the initial state. The nodes are numbered incrementally from 𝑐0 to 𝑐𝑛 in the coating, and 𝑠0 to 𝑠𝑛 

in the substrate. 𝑐0  and 𝑠0  represent the interface nodes in the coating and the substrate, 

respectively. 
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6.3 Quantification of material properties for the simulation 

 

To implement the “Diffusion-Binding model”, the porosity, the chloride diffusivity and the 

chloride binding isotherm of the materials should be quantified. The total porosity 𝜙 of a 

hydrating cement paste can be quantified according to the methodology presented earlier in 

section 4.5. The quantification of the chloride diffusivity and the binding isotherm is 

presented below. 

 

6.3.1 Chloride diffusivity 

 

The chloride diffusivity (i.e. chloride diffusion coefficient) depends on the microstructure and 

the water saturation of cementitious materials [95]. For a hydrating cementitious material 

cured under saturated condition, the chloride diffusivity changes with increasing degree of 

hydration [92]. Gaboczi et al. [96] proposed an equation (Eq. (6.12)) to predict the chloride 

diffusivity 𝐷𝐶𝑙−𝑐(𝑡) of a hydrating ordinary Portland cement paste as function of time: 

 

𝐷𝐶𝑙−𝑐(𝑡)

𝐷0

= 0.001 + 0.07 ∙ 𝜙𝑐𝑎𝑝(𝑡)
2 + 𝐻(𝜙𝑐𝑎𝑝(𝑡) − 𝜙𝑐𝑎𝑝

′ ) ∙ 1.8 ∙ (𝜙𝑐𝑎𝑝(𝑡) − 𝜙𝑐𝑎𝑝
′ )

2
 (6.12) 

 

where 𝐷0 (m
2
/s) is the chloride diffusivity in free water, 𝜙𝑐𝑎𝑝(𝑡) is the capillary porosity at 

time 𝑡 (calculated with Eq. (4.19)). 𝜙𝑐𝑎𝑝
′  is the percolation threshold of capillary pores (taken 

as 0.18 [96]), 𝐻(𝑋) is the Heaviside function. 𝐻(𝑋) = 0 for 𝑋 ≤ 0, and 1 for 𝑋 > 0.  

Eq. (6.12) is based on the time-dependent capillary porosity 𝜙𝑐𝑎𝑝(𝑡) of cementitious 

material. When the capillary pores percolate through the materials (i.e. 𝜙𝑐𝑎𝑝(𝑡) > 𝜙𝑐), the 

capillary pores dominate the diffusion process. When the capillary pores become disconnected 

(i.e. 𝜙𝑐𝑎𝑝(𝑡) ≤ 𝜙𝑐), chloride ions have to diffuse through gel pores, in which case a lower 

chloride diffusivity applies 

The diffusivity of concrete depends on the pore structure of the cement matrix, the 

aggregates and the interfacial transition zone (ITZ) [176]. For simplicity, only the cement 

matrix and the aggregates are considered for determining the chloride diffusivity of the 

concrete. The diffusivity of concrete 𝐷𝐶𝑙−𝑠(𝛼) can be determined based on a composite 

model developed by Christensen [177]: 

 

𝐷𝐶𝑙−𝑠(𝑡) = 𝐷𝐶𝑙−𝑐(𝑡) ∙ (1 +
𝑔𝑎𝑔𝑔

(1 − 𝑔𝑎𝑔𝑔)/3 + 𝐷𝐶𝑙−𝑐(𝑡)/ (𝐷𝑎𝑔𝑔 − 𝐷𝐶𝑙−𝑐(𝑡))
) (6.13) 

 

where 𝑔𝑎𝑔𝑔 is the volume fraction of the aggregates. 𝐷𝑎𝑔𝑔 is the diffusivity of aggregate. When 

the type of aggregate is unknown, the value of 𝐷𝑎𝑔𝑔 can be simply taken as 1 × 10−12 cm
2
/s 

[169].  
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6.3.2 Chloride binding isotherm 

 

The binding isotherm highly depends on the chemical composition of the materials. Hirao et 

al. [98] investigated chloride binding isotherms of C-S-H and AFm hydrates. They found that 

the chloride binding isotherm of AFm follows a Freundlich-type adsorption [98]: 

 

𝐶𝑏−𝐴𝐹𝑚 = 0.86 ∙ 𝐶𝑓  
0.58                   [mol/mol] (6.14) 

 

where 𝐶𝑏−𝐴𝐹𝑚 is the bound chloride, in moles of chloride per mole of AFm. The chloride 

binding isotherm of C-S-H follows a Langmuir-type adsorption [98]: 

 

𝐶𝑏−𝐶𝑆𝐻 = 0.61 ∙
2.65∙𝐶𝑓 

1+2.65∙𝐶𝑓 
                  [mmol/g] (6.15) 

 

where 𝐶𝑏−𝐶𝑆𝐻 is the bound chloride in milli-moles of chloride per gram C-S-H, and 𝐶𝑓 is 

free chloride in moles of free chloride per liter pore solution. In order to combine them and 

incorporate them in Eq. (6.6), the same unit has to be used for free and bound chloride 

concentrations. For this reason, bound chloride 𝐶′
𝑏−𝐴𝐹𝑚 and 𝐶′

𝑏−𝐶𝑆𝐻 are introduced in Eq. 

(6.16) and Eq. (6.17), with the unit in moles of chloride per gram of hydration products: 

 

𝐶′
𝑏−𝐴𝐹𝑚 = 0.0014 ∙ 𝐶𝑓  

0.58                 [mol/g] (6.16) 

𝐶′
𝑏−𝐶𝑆𝐻 = 0.0017 ∙ 𝐶𝑓/(1 + 2.65𝐶𝑓)        [mol/g] (6.17) 

 

The mass of monosulphate 𝑀𝐴𝐹𝑚, the mass of C-S-H gel 𝑀𝐶𝑆𝐻, and the total porosity 𝜙 

are needed for the calculation of the total amount of bound chloride 𝐶𝑏 [mol/L] (Eq. (6.18)). 

The unit of 𝑀𝐴𝐹𝑚 and 𝑀𝐶𝑆𝐻  is in kilograms of hydrates per cubic meter of cementitious 

material (kg/m
3
).  

 

𝐶𝑏 = (𝑀𝐶𝑆𝐻 ∙ 𝐶′
𝑏−𝐶𝑆𝐻 + 𝑀𝐴𝐹𝑚 ∙ 𝐶′

𝑏−𝐴𝐹𝑚)/𝜙 

       = (𝑀𝐶𝑆𝐻 ∙ 0.0017 ∙ 𝐶𝑓/(1 + 2.65𝐶𝑓) + 𝑀𝐴𝐹𝑚 ∙ 0.0014 ∙ 𝐶𝑓 
0.58

)/𝜙       [mol/L] 
(6.18) 

 

The term 𝜕𝐶𝑓/𝜕𝐶𝑡 in Eq. (6.6) can be calculated: 

 

𝜕𝐶𝑓

𝜕𝐶𝑡

=
𝜕𝐶𝑓

𝜕𝐶𝑓 + 𝜕𝐶𝑏

= (1 +
𝜕𝐶𝑏

𝜕𝐶𝑓

)

−1

= (1 +
0.0017 ∙ 𝑀𝐶𝑆𝐻  

𝜙 ∙ (1 + 2.65 ∙ 𝐶𝑓)
2 +

𝑀𝐴𝐹𝑚  

𝜙
∙ (0.0008 ∙ 𝐶𝑓

−0.42))

−1

 

 

(6.19) 
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A schematic presentation of chemical reactions in cement pastes is shown in Fig. 6.5 

regarding the formation of C-S-H and the AFm.  

 

 

Fig. 6.5 Schematic presentation of chemical reactions in a Portland cement paste. The hydration 

products of interest are C-S-H and AFm, which bind the chlorides. Schematic chloride binding of each 

product is shown.  

 

The C-S-H gel is the hydration product of C3S and C2S. In a hydrating cement paste, the 

amount of C-S-H (𝑀𝐶𝑆𝐻) can be determined by the procedure presented in section 4.5.  

C3A and C4AF are two sources for the formation of AFm. At the beginning of the 

hydration process these two sources hydrate with 𝐶𝑆̅𝐻2 and water to form 𝐶6𝐴𝑆3̅𝐻32 (AFt).  

 

𝐶3𝐴 + 3𝐶𝑆̅𝐻2 + 26𝐻 → 𝐶6𝐴𝑆3̅𝐻32 (6.20) 

  

𝐶4𝐴𝐹 + 3𝐶𝑆̅𝐻2 + 30𝐻 → 𝐶6𝐴𝑆3̅𝐻32 + 𝐶𝐻 + 𝐹𝐻3 (6.21) 

 

After the depletion of 𝐶𝑆̅𝐻2, the residual 𝐶3𝐴 and 𝐶4𝐴𝐹 gradually transfer AFt into 

𝐶4𝐴𝑆̅𝐻12 (AFm): 

 

2𝐶3𝐴 + 𝐶6𝐴𝑆3̅𝐻32 +  4𝐻 →  3𝐶4𝐴𝑆̅𝐻12 (6.22) 

  

2𝐶4𝐴𝐹 + 𝐶6𝐴𝑆3̅𝐻32 +  12𝐻 →  3𝐶4𝐴𝑆̅𝐻12  + 2𝐶𝐻 + 2𝐹𝐻3  (6.23) 

 

C2S 

C3A 

C4AF 

AFt AFm 

+𝐶3𝐴 + 𝐻 
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Given the degree of hydration of individual clinker component (e.g. 𝐶3𝐴 and 𝐶4𝐴𝐹, see 

section 4.5), the amount of AFm (𝑀𝐴𝐹𝑚 ) can be calculated with Eq. (6.20) - (6.23). 

Parameters needed for the calculation are listed in Table 4.3, Table 4.4 and Table 6.2. 

 

Table 6.2 Parameters for determining the mass of AFm in a cement paste [149]. 

 Nominal formula Molecular weight (kg/mol) 

Aluminate C3A 0.270 

Ferrite C4AF 0.477 

Gypsum 𝐶𝑆̅𝐻2 0.172 

AFt C6AS̅H32 0.715 

AFm C4AS̅H12 0.623 

 

 

6.4 Validation of the simulation of chloride ingress in the coating system 

 

The chloride profile in a two-layer sample as experimentally obtained by Yu et al. [6] is used 

to validate the model proposed in section 6.2. In the experiments two cement paste specimens 

(ordinary Portland cement, w/c = 0.5) were prepared. In one specimen, 2% chloride (as 𝑁𝑎𝐶𝑙) 

by weight of cement was added. In another specimen no chloride was added. After 90-day 

sealed curing at 25 ± 2 ℃, the two cement paste samples (49 mm in diameter and 65 mm in 

length) were cemented together by a thin layer of fresh cement slurry (w/c = 0.5) (Fig. 6.6). 

The cemented samples were sealed for 225 days. Then the concentration of free chloride in 

the samples was measured by extracting the pore solution (Fig. 6.7). The best-fit chloride 

diffusivity of the 90-day old cement paste was calculated to be 𝐷𝐶𝑙 = 3.93 × 10−12 (𝑚2/𝑠), 

and considered constant throughout the test [6]. 

 

 

Fig. 6.6 Schematic illustration of two hardened cement pastes that are cemented by a cement slurry. 

 

Chloride-rich cement paste Chloride-free cement paste 

Cement slurry, w/c = 0.5 

65 mm           65mm 
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Chloride transport in the two-layer cement paste sample is simulated using the model 

proposed in section 6.2. The simulated free chloride profile in the specimens 225 days after 

the two specimens are cemented together is presented together with experimental data in Fig. 

6.7. The simulated profile agrees well with the experimental data. The comparison of the 

experimental and simulation results in this figure indicates that the simulation tool proposed 

in this chapter is able to appropriately consider the chloride diffusion in two-layer 

cementitious system with consideration of chloride binding. Therefore, the use of the 

simulation tool for simulating chloride transport in cementitious coating systems is considered 

justified. 

 

 

Fig. 6.7 Comparison of simulated and measured ([6]) profiles of free chloride in two specimens. The 

two specimens (90 days old) are cemented together by a fresh cement slurry. After another 225 days, 

free chloride profile is determined. In the experiments ([6]), the solutions expressed from the discs of 

specimens were analysed for the Cl
-
 content by means of a spectrophotometric technique. 

 

 

6.5 Simulation of chloride transport in coating systems 

 

This section presents numerical simulations of chloride transport in hydrating cementitious 

coating systems. The simulation results are mesh and time discretization independent. Based 

on the simulated profiles of free chloride, the time until initiation of reinforcement corrosion 

in the concrete substrates, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, is predicted (i.e. time for reaching a critical chloride 

concentration at the steel reinforcement). The effectiveness of the coatings to extend the 

𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrates is evaluated. 
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6.5.1 Materials of coating systems 

 

6.5.1.1 Materials of coating and substrate 

The coatings are made of cement pastes. Ordinary Portland cement is used (previously listed 

in Table 4.4). Different w/c ratios (0.3, 0.4 and 0.5) are considered for the coatings. The 

concrete substrate has a cement content of 350 kg/m
3
 (ordinary Portland cement) and a w/c 

ratio of 0.48. The volume fraction of the aggregates in the substrate is 70%. These parameters 

are needed for determining chloride diffusivity (Eq. (6.12)-(6.13)) and chloride binding 

isotherms (see section 6.3.2) of the coatings and the substrate. The materials used in the 

coating systems are summarized in Table 6.3. 

 

Table 6.3 Materials used in the coating systems. 

 Type w/c Content of cement [kg/m
3
] 

Coating Cement paste 0.3, 0.4 or 0.5 − 

Substrate Concrete 0.48 350  

 

 

6.5.1.2 Hydration and chloride binding of the coating and the substrate 

The hydration processes of the coating (w/c = 0.3) and the substrate (w/c = 0.48) under 

saturated condition are simulated by HYMOSTRUC3D. Fig. 6.8 shows the evolution of 

degree of hydration of the coating and the substrate. Time “0” in Fig. 6.8 refers to the time 

when the raw materials of the coating or the substrate are mixed. The hydration process of 

both materials takes place quickly in the first 7 days. After 7 days, the rate of hydration 

becomes slow. The amounts of C-S-H and AFm in the coating and the substrate are also 

presented in Fig. 6.8 and used for determining chloride binding (𝜕𝐶𝑓/𝜕𝐶𝑡). 

The term accounting for chloride binding of the coating and the substrate, 𝜕𝐶𝑓/𝜕𝐶𝑡, is 

calculated with Eq. (6.14)-(6.18) and presented in Fig. 6.9. The ratio of free chloride to total 

chloride, 𝜕𝐶𝑓/𝜕𝐶𝑡, decreases with increasing degree of hydration, indicating an increasing 

chloride binding capacity. At the same degree of hydration, the substrate (w/c = 0.48) has a 

higher ratio of free chloride to total chloride (i.e. a higher value of 𝜕𝐶𝑓/𝜕𝐶𝑡 or lower 

chloride binding capacity) than the coating (w/c = 0.3). This can be explained by the fact that 

the substrate has higher water-to-cement ratio than the coating. The higher water-to-cement 

ratio of the substrate leads to lower amounts of C-S-H and AFm (C-S-H and AFm are two 

hydrates that bind chlorides). 
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 (a) coating (w/c = 0.3)                   (b) substrate (w/c = 0.48) 

 

Fig. 6.8 Evolution of degree of hydration and the amounts of hydrates ([g per cm
3
 of cement paste]). 

(a) coating (w/c = 0.3), (b) substrate (w/c = 0.48). The coating and the substrate are cured under 

saturated condition. 

 

 
       (a) coating (w/c = 0.3)                   (b) substrate (w/c = 0.48) 

 

Fig. 6.9 Chloride binding capacity (𝜕𝐶𝑓/𝜕𝐶𝑡) of the coating (w/c = 0.3) and the substrate (w/c = 0.48) 

at different degree of hydration. 𝜕𝐶𝑓/𝜕𝐶𝑡 is calculated with Eq. (6.14)-(6.18). 

 

 

6.5.1.3 Dimension of the substrate and size of the surface crack 

Both a crack-free substrate (Sub) and a cracked concrete substrate (Sub-Crack) are considered. 

One-dimensional (1D) and two-dimensional (2D) simulations are conducted on crack-free and 

cracked substrates, respectively. The dimensions of the substrates and the sizes of the cracks 

in the substrates are listed in Table 6.5. Illustration of the dimension of the substrate is shown 

in Fig. 6.10. 
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Table 6.4 Dimension of the substrates and size of the cracks. 

 
Thickness 

Height Length 
Size of the surface crack 

[width × depth] 

Sub 150 mm Infinite Infinite − 

S(Crack10mm) 150 mm 200 mm Infinite 0.4 × 10 mm
2
 

S(Crack15mm) 150 mm 200 mm Infinite 0.4 × 15 mm
2
 

S(Crack20mm) 150 mm 200 mm Infinite 0.4 × 20 mm
2
 

 

 

Fig. 6.10 Illustration of the dimension of the coating system (coating and substrate). 

 

 

6.5.2 Exposure scenario for the coating systems and parameters to be evaluated 

 

6.5.2.1 Exposure scenario 

The coating system is schematically shown in Fig. 6.11. The coating is applied on a cracked 

substrate. The surface with the coating is exposed to chloride environment (splash and tidal 

zone); the other surface of the substrate is sealed. Steel reinforcement is placed at a 30 mm 

from the exposed surface. The concrete structure is located in the tidal and splash zone. Note 

that the cover thickness of marine concrete structures is usually larger than 30 mm [178]. This 

chapter considers a relatively small thickness of concrete cover and investigates the 

effectiveness of cementitious coatings to retard the chloride ingress into reinforced concrete 

structures. In the simulation, the coating system is considered saturated.  

Note that the hydration of the substrate may cause internal desiccation under sealed 

condition. According to Persson [179], the internal relative humidity (RH) of a 1 m-thick 

concrete (w/c = 0.465) was 88% after 450 days sealed curing. The internal RH in the concrete 

(w/c = 0.465, at 150 mm depth) remained above 94% when water curing was applied. 

Therefore, the saturated condition for the substrate (w/c = 0.48, thickness = 150 mm) 

considered in this simulation is only an approximation. 

Coating 

Substrate 
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Fig. 6.11 Schematic illustration of a coating system exposed in a tidal and splash zone (modified based 

on [180]). 

 

 

6.5.2.2 Parameters to be evaluated 

 

Coatings with different compositions (w/c ratios) 

Chloride transport in the uncoated substrate (Sub) (Fig. 6.12a) is taken as a reference for 

evaluating the effectiveness of the coatings. To investigate the influence of the coating 

composition on chloride transport in the coating systems, coatings with different w/c ratios 

(i.e. 0.3, 0.4 and 0.5) are applied on the substrates (Fig. 6.12b).  

 

Coatings with different thicknesses  

The influence of the coating thickness is also studied. Different thicknesses (i.e. 3, 6 and 10 

mm) are considered for the coatings with a w/c of 0.3 (Fig. 6.12b).  

 

Time of failure of the coating 

As mentioned in section 1.1, only 10% of the repairs remain intact for 25 years after 

application [3]. To investigate the effect of coating failure on chloride ingress in the coating 

systems, an early failure of the coating is considered in the simulation (Fig. 6.13). In the 

coating system, a 10 mm-thick coating is applied on a young substrate. The coating fails due 

to cracking or debonding after a certain period of time (e.g. 5, 10 or 20 years). No protection 

of the substrate is considered after the failure of the coating. In the simulation, the domain of 

coating after failure is removed from the coating system. 

 

 

2
0

0
 m

m
 

30 mm       120 mm 

T
id

al
 
 
 
 
 
 
S

p
la

sh
 z

o
n

e 

Low sea level 

Mean sea level 

High sea level 

Air 

Sealed surface 

Reinforcement Substrate Coating 

Crack 



Chapter 6 114 

 

         (a) substrate                  (b) coating system 

 

Fig. 6.12 Substrate and coating systems. Coatings with different w/c ratios and thicknesses are applied 

on young substrates.  

 

 

      (a) coating system (𝑡 = 0 year)     (b) coating failure at 𝑡 = 5, 10 or 20 years 

 

Fig. 6.13 Coating failure in the coating system. Coatings are applied on young substrates. After 𝑡 (5, 

10 or 20) years, the coating fails due to cracking or de-bonding. 

 

Early or late application of the coating 

In practice, before applying the coating material, the substrate may have been exposed to the 

chloride environment. To simulate this scenario, 10 mm-thick coatings (w/c = 0.3) are applied 

on old concrete substrates (Fig. 6.14). Before applying the coating, the concrete substrates 

have been exposed to the chloride environment for 5, 10 or 20 years. The profiles of free 

chloride in the old substrates will be presented in section 6.6.4.  

 

Crack in the concrete substrate 

To evaluate the effectiveness of the coating on cracked substrates (Fig. 6.15a), chloride 

transport in the coating system with cracked substrates (Fig. 6.15b) is simulated. A 10 

mm-thick coating material (w/c = 0.3) is applied on the cracked substrate after the substrate 

has been exposed to the chloride environment for 10 years. 
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          (a) substrate                      (b) substrate with a coating (late application) 

 

Fig. 6.14 Concrete substrate with a late application of the coating. Before applying the coatings, the 

substrates have been exposed to the chloride environment for 5, 10 or 20 years. 

 

 

          (a) cracked substrate               (b) cracked substrate with a coating 

 

Fig. 6.15 Cracked substrates with coatings. The surface crack has a size of 0.4 × 10 mm
2
, 0.4 × 15 

mm
2
 or 0.4 × 20 mm

2
. Before applying the coatings, the cracked substrates have been exposed to the 

chloride environment for 10 years. 
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Abbreviations and descriptions of the coating systems are presented in Table 6.5. The 

coating systems are classified based on the w/c ratio of the coating, the thickness of the 

coating, the time of coating failure, early or late application of the coating and the depth of the 

surface crack in the substrate. 

 

Table 6.5 Abbreviated designations of the concrete substrate and the coating systems (the coatings and 

the substrates are saturated). 

Designation 
Coating

(1)
 

(Thickness and w/c) 

Substrate 

(Age and crack) 

Coating failure 

at 𝑡 years
(2)

 

Sub
(6)

  Young Substrate
(3)

  

C10(wc0.5)-S 10 mm (w/c = 0.3) Young Substrate − 

C10(wc0.4)-S 10 mm (w/c = 0.4) Young Substrate − 

C10(wc0.3)-S 10 mm (w/c = 0.5) Young Substrate − 

C06(wc0.3)-S 6 mm (w/c = 0.4) Young Substrate − 

C03(wc0.3)-S 3 mm (w/c = 0.5) Young Substrate − 

C10(wc0.3-Fail05y)-S 10 mm (w/c = 0.3) Young Substrate 5 years  

C10(wc0.3-Fail10y)-S 10 mm (w/c = 0.3) Young Substrate 10 years  

C10(wc0.3-Fail20y)-S 10 mm (w/c = 0.3) Young Substrate 20 years  

C10(wc0.3)-S05y 10 mm (w/c = 0.3) 5-year old Substrate
(4)

 − 

C10(wc0.3)-S10y 10 mm (w/c = 0.3) 10-year old Substrate − 

C10(wc0.3)-S20y 10 mm (w/c = 0.3) 20-year old Substrate − 

S(Crack10mm) − Young S(Crack10mm)
 (5)

 − 

S(Crack15mm) − Young S(Crack15mm) − 

S(Crack20mm) − Young S(Crack20mm) − 

C10(wc0.3)-S(Crack10mm)10y 10 mm (w/c = 0.3) 10-year old S(Crack10mm) − 

C10(wc0.3)-S(Crack15mm)10y 10 mm (w/c = 0.3) 10-year old S(Crack15mm) − 

C10(wc0.3)-S(Crack20mm)10y 10 mm (w/c = 0.3) 10-year old S(Crack20mm) − 

(1) After application of the coating, 0.5 days moist curing is applied to the coating system, followed by 

an exposure to the chloride environment. 

(2) The coating fails due to cracking or de-bonding within a certain period of time (t = 5, 10 or 20 

years) after application. After t years, no protection of the substrate is considered. 

(3) A young crack-free concrete refers to the substrate cured under a saturated condition for 7 days. It 

simulates the situation that the substrate is diagnosed unsatisfactory 7 days after casting, and then a 

coating is needed. 

(4) The 5-year old concrete substrate refers to that cured under a saturated condition for 7 days, 

followed by an exposure to chloride environment until 5 years. 

(5) Description of the cracked substrate is given in Table 6.5. 

(6) Chloride binding of the coating and the substrate are considered throughout the simulation. To 

investigate the effect of chloride binding, chloride transport in the uncoated substrate (Sub) is 

simulated with/without consideration of the chloride binding. When chloride binding is not 

considered, the value of 𝜕𝐶𝑓/𝜕𝐶𝑡 in Eq. (6.3) is set equal to 1.  
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6.5.3 Surface chloride and initial chloride 

 

The surface chloride content is usually expressed by its mass percentage to cement paste. The 

surface chloride content may vary with time due to the accumulation of chloride [181]. In this 

study, a constant concentration of free chloride is specified on the exposed surface of the 

concrete structures. The input parameters are listed in Table 6.6.  

 

Table 6.6 Parameters for simulating chloride transport in the coating systems. 

Parameters Symbol Values 

Initial concentration of free chloride in coating and substrate 𝐶0 0.01 mol/L 

Surface chloride concentration 𝐶𝑠 0.5 mol/L
*
 

Exposure time 𝑡 60 years 
*
 The chosen surface chloride concentration of 0.5 mol/L is close to that in seawater with 

salinity of 3.5%. 

 

6.5.4 Critical chloride concentration and cover thickness 

 

Based on the simulation results, the time until initiation of reinforcement corrosion in 

concrete structures with different coatings (see section 6.5.2) is predicted with the parameters 

listed in Table 6.7. 

 

Table 6.7 Parameters for predicting the time until initiation of reinforcement corrosion in concrete 

structures. 

Parameters Symbol Values 

Critical concentration of free chloride at rebar surface 𝐶𝑟 0.2 mol/L 

Concrete cover 𝐿𝑐 30 mm 

 

 

6.6 Simulation results and discussion 

 

6.6.1 Effect of chloride binding on chloride transport in the substrate 

 

Profiles of free chloride in concrete structures - reference profiles 

Fig. 6.16 shows the simulated profiles of free chloride in the uncoated substrate (Sub). The 

chloride profile in the substrate after 50-year exposure in the chloride environment is chosen 

for illustration. The simulation of chloride transport is performed with and without 

considering chloride binding of the substrate. In case of chloride binding is considered, the 

concentration of free chloride is much lower than that when chloride binding is not 

considered.  
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Fig. 6.16 Profiles of free chloride in the uncoated substrate (Sub in Table 6.5) after 50-year exposure 

to the chloride environment. Chloride transport is simulated with and without considering chloride 

binding of the substrate. 

 

 

 

 

(a) Concentration of free chloride at steel surface in 

the uncoated substrate 

(b) Predicted time until initiation of 

reinforcement corrosion in the uncoated 

substrate (concrete cover = 30 mm) 

 

Fig. 6.17 Evolution of concentration of free chloride at the steel surface and predicted time until 

initiation of reinforcement corrosion in the uncoated substrates (Sub in Table 6.5). Chloride transport 

is simulated with and without considering chloride binding of the substrate. 
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Evolution of concentration of free chloride at steel surface and predicted time until initiation 

of reinforcement corrosion in the substrate 

The significance of chloride binding of the substrate can also be seen from the concentration of 

free chloride at the steel surface (Fig. 6.17a). The concentration of free chloride at the steel 

surface increases with time and reaches the critical chloride concentration after 9 years (without 

chloride binding) or after 39 years (with chloride binding) (Fig. 6.17b). The significant impact of 

chloride binding of the substrate on chloride profiles is in accordance with that reported by Perez 

et al. [99]. Therefore, the chloride binding of the coating and the substrate will be considered in 

the simulations of chloride ingress in coated substrates. Note that the prediction of the time until 

initiation of reinforcement corrosion in concrete structures, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, is only based on the 

critical chloride content at the surface of the steel reinforcement. However, other parameters 

should also be considered for a better prediction of 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, including the pH of pore solution 

and electrochemical potential of steel [91].  

 

6.6.2 Coatings with different w/c ratios (0.3, 0.4 and 0.5) 

 

Profiles of free chloride in concrete structures  

Fig. 6.18 shows the profiles of free chloride in the uncoated substrate (Sub) and the 

coating-substrate system with 10 mm-thick coating after 50 years exposure to the chloride 

environment. In the coating systems, 10 mm-thick coatings with different w/c ratios (i.e. 0.3, 

0.4 and 0.5) are applied on young substrates (w/c = 0.48, age = 7 days). The coatings with a 

w/c of 0.3 or 0.4 can effectively reduce the chloride ingress in the substrates. However, the 

coating with a w/c of 0.5 has a very limited effectiveness to reduce the chloride ingress.  

 

Evolution of free chloride concentration at the reinforcement 
The evolution of the concentration of free chloride at the steel surface in the substrates is presented 

in Fig. 6.19a. The coatings with low w/c ratios (i.e. 0.3 and 0.4) significantly increase the period 

needed for the concentration of free chloride at the steel surface (thickness of concrete cover = 30 

mm) to reach the critical value (0.2 mol/L). When a coating with a w/c of 0.5 is applied on the 

substrate, the evolution of the concentration of free chloride at the steel surface in the coated 

substrate (dotted red line) almost coincides with that in the uncoated substrate (black line).  

 

Predicted time until initiation of reinforcement corrosion in the concrete structures 

Fig. 6.19b shows the effect of the coatings with different w/c ratios on the predicted time until 

initiation of reinforcement corrosion in the concrete structures, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛. The extra time of 

𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the concrete structures is 17 years (from 39 to 56 years), 5 years (from 39 to 44 

years) and 1 year (from 39 to 40 years), when the coatings with a w/c of 0.3, 0.4 and 0.5 are 

applied, respectively. It can be concluded that the w/c ratio of the coatings plays an important role 

in the chloride ingress in the coating systems. To effectively protect the concrete substrate against 

the chloride ingress, a proper w/c ratio should be chosen for the coating material. 
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Fig. 6.18 Profiles of free chloride in the uncoated substrate and the coating systems with 10 mm-thick 

coatings after 50-year exposure to the chloride environment. The 10 mm-thick coatings with different 

w/c ratios (i.e. 0.3, 0.4 or 0.5) are applied on young substrates (age = 7 days). 

 

 

(a) Concentration of free chloride at steel surface (b) Predicted time until initiation of 

reinforcement corrosion in the substrate 

(concrete cover = 30 mm) 

 

Fig. 6.19 Evolution of concentration of free chloride at the steel surface (a) and predicted time until 

initiation of reinforcement corrosion in the concrete substrates (b). The 10 mm-thick coatings with 

different w/c ratios are applied on young substrates (age = 7 days). 
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6.6.3 Coatings with different thicknesses (3, 6 and 10 mm) 

 

Profiles of free chloride in concrete structures 

Fig. 6.20 shows the profiles of free chloride in the uncoated substrate (Sub) and the coating 

systems after 50-year exposure. In the coating systems, 3, 6 or 10 mm-thick coatings (w/c = 

0.3) are applied on young substrates (age = 7 days). Not surprising, a thicker coating has a 

more pronounced effect on protecting the concrete substrate against chloride ingress.  

 

 

 

 

 
 

Fig. 6.20 Profiles of free chloride in the uncoated substrate and the coating systems after 50-year 

exposure to the chloride environment. The coatings (w/c = 0.3) with different thicknesses (i.e. 3, 6 or 

10 mm) are applied on young substrates (age = 7 days). 

 

Evolution of free chloride concentration at the reinforcement 

Fig. 6.21a presents the evolution of the concentration of free chloride at the steel surface in 

the substrates. The coatings with different thicknesses cause a noticeable difference in the 

concentration of free chloride. The concentration of free chloride at the steel surface is clearly 

affected by a 3 mm-thick coating. A thicker coating (e.g. 10 mm-thick) results in a lower 

concentration of free chloride at the reinforcement.  

 

Predicted time until initiation of reinforcement corrosion in the concrete structures 

Fig. 6.21b shows the effect of the coatings with different thicknesses on the predicted time until 

initiation of reinforcement corrosion in the concrete structures, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the 

concrete structures increases from 39 years to 43, 48 and 56 years by a coating (w/c = 0.3) with 

a thickness of 3, 6 and 10 mm, respectively. It indicates that the coating thickness has a great 

effect on the effectiveness of the coatings to reduce the chloride ingress in the substrates. 
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(a) Concentration of free chloride at steel surface (b) Predicted time until initiation of 

reinforcement corrosion in the substrate 

(concrete cover = 30 mm) 

 

Fig. 6.21 Evolution of concentration of free chloride at the steel surface (a) and predicted time until 

initiation of reinforcement corrosion in the concrete substrates (b). The coatings (w/c = 0.3) with 

different thicknesses (i.e. 3, 6 or 10 mm) are applied on young substrates (age = 7 days).  

 

 

6.6.4 Coating systems with a late application of the coating (at 5, 10 and 20 years) 

 

Profiles of free chloride in concrete structures 

Fig. 6.22 presents the profiles of free chloride in a substrate before and after application of the 

coating. The uncoated substrate has been exposed to chloride environment for 10 years (the 

curve “10y”). After 10 years, a 10 mm-thick coating (w/c = 0.3) is applied on the substrate. 

Immediately after application of the coating, the concentration of free chloride in the coating 

material increases (see the curve “10.1y”). This increase is caused by the chloride diffusion 

from both the exposed surface and the substrate to the coating. After 10.1 years, more and 

more chloride ions are taken up from the substrate by the coating (e.g. at 11 years). In 5 years 

after applying the coating, the redistribution process of the chloride ions has more or less 

finished. As seen from the curve “15y”, the chloride profile in the coating system shows a 

monotonic trend, and is lower than that in the uncoated substrate (Sub). 

Fig. 6.23 presents the chloride profiles in the uncoated substrate (Sub) and in 4 coating 

systems after 50 years exposure to chloride environment. In the coating system C10(wc0.3)-S, 

a 10 mm-thick coating (w/c = 0.3) is applied on a young substrate (7-day old). In other 

coating systems, the 10 mm-thick coatings (w/c = 0.3) are applied on old substrates that have 

been exposed to chloride environment for 5, 10 or 20 years.  
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Fig. 6.22 Chloride profiles in the uncoated substrate and the coating system. This figure shows the 

chloride profile in the uncoated substrate after 10-year exposure to the chloride environment. Then a 

10 mm-thick coating (w/c = 0.3) is applied on the 10-year old substrate. The chloride profiles in the 

coating system (C10(wc0.3)-S10y) at 10.1, 11 and 15 years are presented.  

 

 

 

 

 

 

Fig. 6.23 Chloride profiles in the uncoated substrate and the coating systems after 50-year exposure to 

the chloride environment. The 10 mm-thick coatings (w/c = 0.3) are applied on old substrates. Before 

application of the coatings, the substrates have been exposed to chloride environment for 0, 5, 10 or 20 

years. Magnified illustration of the chloride profiles at the steel surface is also shown. 
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Fig. 6.23 shows that the chloride profiles in all coated substrates are lower than that of the 

uncoated substrate (Sub). As can be seen from the magnified illustration of chloride profiles at 

the steel surface (area indicated by A in Fig. 6.23), a late application of the coating at 20 years 

(C10(wc0.3)-S20y) results in a slightly higher chloride concentration in the substrate 

compared to the early application of the coating (C10(wc0.3)-S). Therefore, for the coatings 

applied on the young substrate (age = 7 days) and the old substrates (age = 5, 10, or 20 years), 

the application of the coatings makes only marginal difference in the free chloride profile in 

the substrate after 50 years exposure to the chloride environment. The marginal difference can 

be explained as follows: before the application of coating the chloride has penetrated at only a 

limited depth of the substrate (e.g. about 40 mm at 15 years for the uncoated substrate “Sub”, 

see Fig. 6.22), while the free chloride profile in the substrate at 50 years should be largely 

determined by the chloride ingress during the period from 20 to 50 years (note that the 

coatings were applied at 5, 10 or 20 years). 

 

 

(a) Concentration of free chloride at steel surface (b) Predicted time until initiation of 

reinforcement corrosion in the substrate 

(concrete cover = 30 mm) 

 

Fig. 6.24 Evolution of concentration of free chloride at the steel surface (a) and predicted time until 

initiation of reinforcement corrosion in the concrete substrates (b). The 10 mm-thick coatings (w/c = 

0.3) are applied on old substrates. Before application of the coatings, the substrates have been exposed 

to chloride environment for 0, 5, 10 or 20 years.  

 

Evolution of free chloride concentration at the reinforcement 

Fig. 6.24a presents the evolution of the concentration of free chloride at the steel surface. 

With an earlier application of the coating, the concentration of free chloride at the steel 

surface is evidently lower. The curves showing the evolution of the concentration of free 

chloride tend to converge over time.  
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Predicted time until initiation of reinforcement corrosion in the concrete structures 

Fig. 6.24b shows the predicted time until initiation of reinforcement corrosion, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, for 

the substrates with coatings applied at different ages of substrates. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrates 

is extended from 39 years to 56 years by an early application (i.e. at 7 days) of the coating, and 

to 50, 52 and 53 years by a late application of the coating at 5, 10 and 20 years, respectively. It 

means that a late application of the coating can still reduce the chloride ingress from the 

environment, but the effectiveness is lower compared to an early application. For a higher 

effectiveness of the coating to extend the time until initiation of reinforcement corrosion in the 

substrate, the coating is preferably applied as early as possible to the substrate. 

 

6.6.5 Coating systems with failure of the coating at 5, 10 20 years 

 

Profiles of free chloride in concrete structures 

Fig. 6.25 presents the profiles of free chloride in the uncoated substrate (Sub) and the coating system. 

In the coating system, a 10 mm-thick coating (w/c = 0.3) is applied on a young concrete substrate 

(age = 7 days). After application of the coating, the coating system is exposed to the chloride 

environment. The chloride profile in the coating system after 20-year exposure to the chloride 

environment is shown in Fig. 6.25. After 20 years, the coating is assumed to fail and no protection of 

the substrate is considered. After 50 years exposure the effect of the coating on the chloride 

distribution is still noticeable, despite that the coating has failed 20 years after application.  

 

Evolution of free chloride concentration at the reinforcement 

Fig. 6.26a shows the evolution of the concentration of free chloride at the steel surface in several 

coating systems. In these coating systems, the 10 mm-thick coatings with a w/c of 0.3 are applied 

on a young substrate (age = 7 days). In C10(wc0.3)-S, it is assumed that the coating does not fail. 

In the other 3 coating systems the coating is assumed to fail 5, 10 and 20 years after application, 

respectively. After failure of the coatings, the curves of the evolution of the concentration of free 

chloride for the substrates start to deviate from that for substrate in C10(wc0.3)-S (no coating 

failure is considered in this coating system). The concentration of free chloride in the coated 

substrates is always lower than that in the uncoated substrate (Sub), even though the coatings fail 

after a certain period of time (e.g. 5, 10 or 20 years). The lower Cl
-
 concentration in the coated 

substrates is due to the protection of the substrates before the failure of the coatings. 

 

Predicted time until initiation of reinforcement corrosion in the concrete structures 

Fig. 6.26b shows the predicted time until initiation of reinforcement corrosion, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, for 

the uncoated substrate and the coated substrates. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrate is extended from 

39 years to 42, 44 or 46 years by application of the coatings, if the coatings fail at 5, 10 or 20 

years after application, respectively. It suggests that the robustness of the coating, i.e. a good 

bond to the substrate, is crucial for the effectiveness of the coating to extend the time until 

initiation of reinforcement corrosion in the substrate. 
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Fig. 6.25 Profiles of free chloride in the uncoated substrate and the coating system. In the coating 

system, a 10-mm thick coating (w/c = 0.3) is applied on a young substrate (age = 7 days). The free 

chloride profile in the coating system at 20 years (dotted red line) is presented. After 20 years, the 

coating fails and no protection of the substrate is considered. The chloride profile in the coating system 

at 50 years (red line) is compared to that in the uncoated substrate (black line). 

 

 

 
(a) Concentration of free chloride at steel surface (b) Predicted time until initiation of 

reinforcement corrosion in the substrate 

(concrete cover = 30 mm) 

 

Fig. 6.26 Evolution of concentration of free chloride at the steel surface (a) and predicted time until 

initiation of reinforcement corrosion in the concrete substrates (b). The 10 mm-thick coatings (w/c = 0.3) 

are applied on young substrates (age = 7 days). The time of coating failure is assumed to be 5, 10 or 20 

years, respectively. 
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6.6.6 Coatings applied on cracked substrates 

 

Profiles of free chloride in concrete structures 

In addition to chloride penetration in crack-free concrete structures, also chloride transport in 

cracked concrete structures is simulated. A substrate with a crack (Sub-Crack15) is 

schematically shown in Fig. 6.27. The crack in the substrate has a width of 0.4 mm and a 

depth of 15 mm. Fig. 6.27b and c show the chloride profile in the cracked substrate after 10 

and 50-year exposure to the chloride environment. Higher chloride concentration is seen in 

the areas around the crack, because the crack provides a free path for chloride diffusion.  

Fig. 6.28 shows the chloride ingress in the coating system C10-Old Sub-Crack15mm. A 10 

mm-thick coating material is applied on a cracked concrete substrate that has been exposed to 

the chloride environment for 10 years (Fig. 6.28a). The chloride profile in the coating system 

at 10.1 years is shown in Fig. 6.28b. The chloride concentration around the crack was 

decreased due to the chloride diffusion from the surface area of the substrate to both the 

coating material and the inner part of the substrate. The chloride profile around the crack in 

the coating system after 50-year exposure to the chloride environment (Fig. 6.28c) is more 

blunt than that in the uncoated substrate (Fig. 6.27c). It indicates that the coating reduces the 

influence of the crack on the chloride ingress in the substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

           (a) 𝑡 = 0 𝑦𝑒𝑎𝑟           (b) 𝑡 = 10 𝑦𝑒𝑎𝑟𝑠        (c) 𝑡 = 50 𝑦𝑒𝑎𝑟𝑠 

 

Fig. 6.27 Chloride transport in the substrate (Sub-Crack15mm). A surface crack is located at half 

height of the substrate. The crack has a size of 0.4 ×  15 𝑚𝑚2. (a) cracked concrete structure (b) free 

chloride profile after 10 years exposure (c) free chloride profile after 50 years exposure.  
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         (a) 𝑡 = 10 𝑦𝑒𝑎𝑟𝑠         (b) 𝑡 = 10.1 𝑦𝑒𝑎𝑟𝑠        (c) 𝑡 = 50 𝑦𝑒𝑎𝑟𝑠 

 

Fig. 6.28 Chloride transport in the coating system (“C10-Old Sub-Crack15mm”). The crack has a size 

of 0.4 ×  15 𝑚𝑚2. (a) a 10 mm-thick coating is applied on a cracked concrete substrate that has been 

exposed to chloride environment for 10 years (b) free chloride profile after 10.1 years exposure (c) 

free chloride profile after 50 years exposure.  

 

 

 

 

Fig. 6.29 Evolution of concentration of free chloride at the steel surface in the uncoated substrates (see 

Fig. 6.27a). The substrates have a surface crack with a depth of 15 mm and different widths (i.e. 0.1, 

0.2 and 0.4 mm). The thickness of concrete cover is 30 mm.  
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Effect of crack width on free chloride concentration at the reinforcement 

Fig. 6.29 shows the evolution of the concentration of free chloride at the steel surface in 

several uncoated substrates. Both the crack-free substrate and cracked substrates are 

considered in the simulation. The cracked substrates have a transverse surface crack (crack 

depth = 15 mm) with different widths (i.e. 0.1, 0.2 and 0.4 mm) (see Fig. 6.27a). The surface 

cracks clearly cause an increase of the concentration of free chloride at the steel surface 

compared to that in a crack-free substrate. For cracks with different widths, the curves of the 

evolution of the concentration of free chloride at the steel surface almost coincide. Therefore, 

the surface cracks with different widths considered in the simulations have similar influence 

on the chloride ingress. This is in accordance to the findings reported in [174]. Note that, for 

transverse surface cracks with a width < 0.1 mm, the influence of the surface crack on 

chloride ingress in concrete is dependent on the crack width [174]. 

 

Effect of crack depth on free chloride concentration at the reinforcement 

The evolution of the concentration of free chloride at the steel surface (point A in Fig. 6.27a) 

in cracked substrates and the coated cracked substrates is depicted in Fig. 6.30a. The cracks in 

the substrates have a width of 0.4 mm, and a depth of 10, 15 or 20 mm. The concentration of 

free chloride at the steel surface is higher for a substrate with a larger crack depth.  

In the coating systems, the 10 mm-thick coatings (w/c = 0.3) are applied on the cracked 

substrates. Before applying the coating, the cracked substrates have been exposed to the 

chloride environment for 10 years. It can be seen from Fig. 6.30a that the concentration of free 

chloride at the reinforcement in the coated cracked substrate is much lower than that in the 

uncoated cracked substrate. Therefore, the 10 mm-thick coatings are efficient to enhance the 

chloride resistance of the cracked substrates.  

 

Predicted time until initiation of reinforcement corrosion in the concrete structures 

The time until initiation of reinforcement corrosion, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, for the uncoated and coated 

substrates is depicted in Fig. 6.30b. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the cracked substrates is 32, 25 and 17 

years for crack depths of 10, 15 and 20mm, respectively. Due to the presence of the surface 

crack, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the cracked substrates is significantly shorter than that for the crack-free 

substrate (39 years). 

With a 10-mm thick coating, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the cracked substrates is extended from 32 to 

47 years, from 25 to 41 years and from 17 to 33 years for the substrates with a crack depth of 

10, 15 and 20 mm, respectively.  
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(a) Concentration of free chloride at steel surface (b) Predicted time until initiation of 

reinforcement corrosion in the substrate 

(concrete cover = 30 mm) 

 

Fig. 6.30 Evolution of concentration of free chloride at the steel surface (a) and the predicted time until 

initiation of reinforcement corrosion in the cracked substrates (b). The coatings (10 mm-thick, w/c = 0.3) 

are applied on 10 year-old cracked substrates. Before application of the coating, the cracked substrates 

have been exposed to chloride environment for 10 years. The surface crack in the substrate has a width 

of 0.4 mm, and a depth of 10, 15 or 20 mm. The original thickness of concrete cover is 30 mm.  

 

 

6.6.7 Overview of the predicted time until initiation of reinforcement corrosion in the 

concrete structures 

 

To summarize, the predicted time until initiation of reinforcement corrosion, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, for 

concrete structures foreseen with different coatings is listed in Table 6.8. From the table the 

influence of various coating/substrate parameters can be seen. The results indicate that the 

surface cracks significantly reduce 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the concrete structures. However, with a 10 

mm-thick cementitious coating (w/c = 0.3), 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛  for both crack-free and cracked 

substrates can be extended significantly.  

The water-to-cement ratio of the coating and the thickness of the coating have a great 

effect on the effectiveness of the coating. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrate can be only slightly 

extended by a coating with a high w/c (e.g. 0.5) or a small thickness (e.g. 3 mm). Moreover, 

late application of the coating has little influence on the effectiveness of the coating to extend 

the 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrate. 
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6.7 Conclusion 

 

In this chapter, the effectiveness of cementitious coatings to retard chloride ingress into 

concrete substrates was studied by simulation. The coatings are applied either on crack-free or 

on cracked substrates. The uncoated substrates (w/c = 0.48, cover thickness = 30 mm) and the 

coated substrates are considered saturated and exposed to marine environment (chloride 

concentration = 0.5 mol/L). In the simulation both diffusion and chloride binding were taken 

into account. 

The simulation results included the free chloride profile in the coating systems and the 

evolution of the free chloride concentration at the reinforcement. Assuming a critical chloride 

concentration of 0.2 mol/L at the reinforcement, the effect of coatings on the time until 

initiation of reinforcement corrosion in concrete structures, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, was investigated. 

Based on the simulation results, the influence of several parameters was evaluated, viz. the 

coating composition (i.e. w/c), coating thickness, time of application of the coating and 

premature failure of the coating. The following conclusions can be drawn: 

 

 The chloride binding of the substrate has a significant effect on the chloride ingress. For 

the chosen example, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrate is 39 years. The time for 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 will 

be underestimated by 30 years when the chloride binding is not considered in the 

simulation of chloride ingress. 

 The w/c ratio of the coating plays an important role in the chloride ingress into the coating 

system. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrates is extended by 5 or 17 years, when a 10 mm-coating 

with a w/c of 0.4 or 0.3 is applied. However, a coating with a w/c of 0.5 will extend the 

𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrate by only 1 year. 

 The coating thickness is also an important parameter in chloride ingress into coated 

substrates. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛  for the substrates differs a lot when coatings with different 

thicknesses are applied. With a 3, 6 and 10 mm-thick coating (w/c = 0.3), 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for 

the substrate can be extended by 4, 9 and 17 years, respectively. For a proper protection of 

the substrate, the w/c ratio and the thickness of the coating should be carefully designed. 

 The exposure regime of the substrate before applying the coating has an influence on the 

effectiveness of the coating. With a 10 mm-thick coating (w/c = 0.3), 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the 5, 

10 and 20-year old substrates that are exposed to chloride environment can be extended by 

16, 13 and 11 years, respectively. In case a coating is needed for the substrate to provide 

extra resistance against chloride ingress, it is preferable to apply a coating as early as 

possible, since the effectiveness of the coating is reduced by a late application.  

 When a coating undergoes an early failure due to cracking or debonding, the effectiveness of 

the coating is significantly reduced compared to the coating that doesn’t fail. The predicted 

𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the coated substrates (coating is applied on 7-day old substrate) can be extended 

by 3, 5 and 7 years if the coating fails at 5, 10 and 20 years after application respectively. 

 Chloride ingress into cracked substrate (crack width = 0.4 mm) is promoted by the 
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presence of the surface crack. The influence of the crack depth is more important than that 

of the crack width. The substrate with a deeper surface crack has a shorter 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 (e.g. 

32, 25 and 17 years for crack depth = 10, 15 and 20 mm, respectively). 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the 

cracked substrates can be significantly extended by about 15-16 years when a 10 mm-thick 

coating (w/c = 0.3) is applied. 

 In this chapter the chloride diffusivity of the substrate is determined by the capillary 

porosity of cement matrix (section 6.3.1). Further study is needed for a more precise 

determination of the chloride diffusivity, i.e. taking into account the microstructure of 

cement matrix and the interface transition zones of the substrate.  
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Chapter 7  
 

Retrospection, Conclusions, Recommendations and Future work 

 

 

7.1 Retrospection 

 

Concrete is widely used in the construction field. Long-term performance of concrete has to 

be guaranteed for concrete structures to reach the designed service life. However, the initial 

scatter in the quality of concrete is unavoidable in practice, possibly resulting from improper 

design, poor execution and improper curing. Areas of concrete with poor quality may become 

a path for aggressive substances, like chloride ions and CO2, to penetrate into the concrete, 

resulting in premature deterioration of the concrete and/or corrosion of the reinforcing steel.  

The original idea of this project was to develop a self-healing cementitious coating to 

protect the low quality concrete structures against ingress of aggressive substances. A durable 

coating system requires great care, right from its design phase to the total life span. It entails a 

number of requirements, including a good mix design and a proper curing regime, etc. A type 

of self-healing agent (i.e. sodium silicate particles encapsulated in epoxy resin) was prepared 

and incorporated in the coating material in previous study, and promising results regarding 

self-healing were obtained [182]. For a thin coating material, drying shrinkage-induced 

cracking of the coating is a great concern, because the coating is vulnerable to water loss due 

to water absorption by the substrate and/or water evaporation to the environment. In order to 

achieve a good performance of the coating system, the probability of drying shrinkage 

induced-cracking of the coating has to be reduced. Moisture transport in a hydrating 

cementitious coating system and the effect of moisture transport on the hydration process of 

the coating material are investigated in this thesis (chapter 3 to chapter 5). 

Long-term performance (e.g. chloride resistance) of the coating of a concrete structure 

determines the service life of the coated concrete structure. Chloride ingress in cementitious coating 

systems and the influencing factors of the effectiveness of the coating are investigated in chapter 6. 

 

In Chapter 3, the mechanism of moisture transport in a hydrating cementitious coating 

system was studied. A Moisture-Hydration model was proposed to simulate moisture transport 

in hydrating cementitious coating systems.  

In Chapter 4, the properties and parameters of the coating and the substrate were 

characterized for running the Moisture-Hydration model. The relevant parameters were: 

porosity, intrinsic permeability, moisture isotherm, and rate of hydration of the coating 

material with arbitrary water saturation level that determines moisture sink. 

In Chapter 5, moisture transport in hydrating cementitious coating systems was simulated. 
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The moisture profiles in the coating systems and the DOH of the coating were determined. 

Based on the simulation results, the probability of drying shrinkage-induced cracking was 

calculated. Some influencing parameters of moisture transport are evaluated:  

a) Coating thickness (6, 10 and 20 mm) 

b) Duration of sealed/moist curing applied on the top surface of the coating (1, 3 and 7 days) 

c) Type of the substrate (ordinary concrete OC with water saturation level s = 50% and high 

performance concrete HPC with s = 77%) 

d) Initial water content of the substrate (standard OC with s = 50% and saturated OC with 

s = 100%) 

 

In Chapter 6, chloride transport in cementitious coating systems was studied, taking into 

consideration chloride diffusion and chloride binding. Both the coating and the substrate were 

considered saturated. The surface chloride concentration was 0.5 mol/L. The profiles of free 

chloride in the uncoated substrates and coated substrates were determined. With the calculated 

chloride profiles, the time needed for free chloride to reach a critical concentration (assumed 

to be 0.2 mol/L) at the reinforcing steel of concrete structures was determined. This 

time, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, corresponds to the initiation of reinforcement corrosion in concrete structures. 

The effectiveness of the coatings was indicated by 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the concrete structures. 

Some influencing parameters were studied:  

 

a) Water-to-cement ratio of the coating (0.3, 0.4 and 0.5). The coatings were applied on 

young substrates (age = 7 days). 

b) Thickness of the coatings (3, 6 and 10 mm). The coatings were applied on young 

substrates (age = 7 days). 

c) Exposure regime of the substrate before application of the coating. The coatings were 

applied on old substrates that had been exposed to chloride environment for 5, 10 and 20 

years. 

d) Time of failure of the coating (at 5, 10 and 20 years after application of the coating). The 

coatings were applied on young substrates (age = 7 days). 

e) Presence of surface crack in the substrate (crack width: 0.2 and 0.4, crack depth: 10, 15 

and 20 mm). The coatings were applied on old substrates that had been exposed to 

chloride environment for 10 years. 
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7.2 Conclusions 

 

This study deals with the simulation of transport processes in hydrating cementitious coating 

systems. Based on the parameter study on moisture transport (chapter 5) and chloride 

transport (chapter 6), the following conclusions can be drawn: 

 

Moisture transport in hydrating coating systems 

 Among the evaluated parameters (i.e. the coating thickness, the duration of moist/sealed 

curing conditions, the initial water content of the substrates and the type of substrates), the 

duration of moist curing is the most influencing parameter that affects the hydration of the 

coating materials.  

 The influence of the initial water content of the substrates on the hydration of the coating is 

small when moist curing is applied. This also applies for the influence of the type of 

substrates. In this sense, pre-saturation of concrete substrates is not crucial. However, the 

influence of the type of the substrate on the hydration of the coating becomes noticeable 

when sealed curing of the coating is applied.  

 Moist curing is essential to compensate for water absorption by the substrates, and to 

ensure a proper hydration process of the coating. Longer moist curing is also beneficial for 

reducing the probability of drying shrinkage-induced cracking of the coating at early ages. 

However, at later ages the probability of cracking of the coating with longer moist curing is 

higher than that of the coating with short moist curing. These findings are in accordance 

with experimental results in literature. 

 

Chloride transport in hydrating coating systems under saturated condition 

 The chloride binding of the substrate has a significant effect on the chloride ingress. The 

time until initiation of reinforcement corrosion, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, is 39 years for the uncoated 

substrate in this study. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 is underestimated by 30 years when the chloride binding 

is not considered in the simulation of chloride ingress. 

 The w/c ratio of the coating plays an important role in the chloride ingress into the coating 

system. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrates is extended by 5 and 17 years, when a 10 mm-coating 

with a w/c of 0.4 and 0.3 is applied, respectively. However, the chloride ingress in the 

substrate can hardly be affected by applying a coating with a w/c of 0.5. With this coating 

(i.e. w/c = 0.5), 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrate can be extended by only 1 year. 

 The coating thickness is also an important parameter in chloride ingress into coated 

substrates. With a 3, 6 and 10 mm-thick coating, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrate can be 

extended by 4, 9 and 17 years, respectively. 

 The exposure regime of the substrate before applying the coating has an influence on the 

effectiveness of the coating. With a 10 mm-thick coating (w/c = 0.3), 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for old 

substrates that have been exposed to chloride environment for 5, 10 and 20 years can be 

extended by 16, 13 and 11 years, respectively.  
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 When a coating undergoes an early failure due to cracking or debonding, the effectiveness 

of the coating is significantly reduced. The predicted 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrates (coating 

applied on 7-day old substrate) can be extended by 3, 5 and 7 years, if a 10 mm-thick 

coating fails after 5, 10 and 20 years, respectively. 

 Chloride ingress into cracked substrate (crack width = 0.4 mm) is much faster than that into 

crack-free substrate. The substrate with a deeper surface crack has a shorter 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 (e.g. 

32, 25 and 17 years for crack depth = 10, 15 and 20 mm, respectively). A cementitious 

coating can also extend 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for cracked substrate. For a cracked substrate that has 

been exposed to chloride environment for 10 years, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the cracked substrates 

can be extended by about 15 years if a 10 mm-thick coating (w/c = 0.3) is applied. 

 

 

7.3 Recommendations for the design and the application of cementitious coating 

material 

Moisture transport in hydrating coating systems 

 The hydration process of the coating material is significantly influenced by water 

evaporation. After application of a coating, 7 days moist curing is recommended for a 

proper hydration of the coating. The 7 days moist curing is also beneficial for eliminating 

the negative effect of water absorption by the substrate on hydration of the coating. 

 The probability of cracking is high for the coatings subjected by drying. Measures should be 

taken to deal with the shrinkage-induced cracking of coatings, e.g. using polymeric fibers 

and proposing self-healing cement-based coatings. 

 

Chloride transport in hydrating coating systems under saturated condition 

 To protect a concrete structure against chloride ingress, a sufficiently low w/c ratio and a 

sufficiently large thickness of the coating should be used, because chloride ingress in the 

substrate can be hardly affected when the coating has a high w/c ratio or a small thickness. 

For instance, a 10 mm-thick coating with w/c = 0.3 is recommended for the concrete 

structure (w/c = 0.48, cover thickness = 30 mm) in this study. 

 To protect a concrete structure against chloride ingress, it is preferable to apply a coating as 

early as possible, since the effectiveness of the coating decreases with a late application.  

 The effectiveness of the coating is reduced by an early failure (e.g. cracking or debonding). 

Mixtures containing polymeric fibers are recommended to prevent the early failure of the 

coating, and to ensure the effectiveness of the cementitious coatings. 

 Chloride ingress into concrete is greatly promoted by surface cracks. A cementitious 

coating is recommended for protecting the cracked substrates against chloride ingress. For 

the design of the coating material, the effectiveness of the coating needs to be evaluated by 

simulating chloride ingress in the coated cracked substrate. The crack depth should be 

inspected for the simulation of chloride ingress. 



Retrospection, Conclusions, Recommendations and Future work 139 

7.4 Contributions of this study 

 

In fact all aspects from this study have been under investigation by researchers for decades. 

This thesis highlights a few aspects that have been given less attention in previous studies:  

 

Moisture transport in hydrating coating systems 

 Moisture transport in hydrating coating systems is studied in detail. The interaction 

between moisture transport and hydration process in the coating are explicitly considered 

in the Moisture-Hydration model, making it possible to determine the development of the 

degree of hydration of the coating material as a function of time. 

 For a coating system exposed to an environment with RH = 50%, the evaporation of water 

from the coating surface is simulated, taking into account the characteristics of the coating, 

instead of applying an empirical convection coefficient. Note that the commonly used 

convection coefficient for studying water evaporation from hardened cementitious 

materials cannot easily be applied to a hydrating cementitious material. The convection 

coefficient for hardened material corresponds to a fine pore structure in comparison to the 

relatively coarse pore structure of a hardening material. When the convection coefficient 

for hardened material is used to account for the evaporation process of hardening material, 

the rate of water evaporation from the hardening material will be underestimated. 

 The combined effect of environment and substrate on hydration process of the coating is 

evaluated. It is found that the influence of the water saturation level of the substrate on the 

hydration process of the coating will be eliminated by when at least 1-day moist curing is applied 

to the coating. It indicates that the combined effect of environment and substrate should be 

considered when evaluating the influence of the substrates on the hydration process of the coating. 

 For a broader application, the Moisture-Hydration model can also be used for investigating 

the interaction between moisture transport and hydration process in uncoated concrete 

structures, and for evaluating the quality of concrete cover. 

 

Chloride transport in hydrating coating systems under saturated condition 

 The chloride ingress in hydrating cementitous coating systems is simulated. Two important 

points have been considered explicitly in view of a proper simulation of chloride transport, viz.: 

1. Mass conservation of chlorides at the coating-substrate interface;  

2. Chloride diffusivity and chloride binding capacity of hardening coating and hardening 

substrate. 

 Time until initiation of reinforcement corrosion, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, for the coated concrete structures 

(i.e. corrosion of steel reinforcement) is assessed based on chloride ingress. Parameter studies 

are performed to evaluate the influencing factors of chloride ingress in the coating systems. 

The parameter studies provide information for a proper design and application of the coating, 

in terms of the sensitivity of w/c ratio of the coating, thickness of the coating and early or 

late application of the coating on chloride ingress in coated concrete structures. 
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7.5 Future work 

 

This thesis presents a parameter study of the transport processes in hydrating cementitious 

coating systems, and gives guidance to the design and the application of the coatings. For a 

durable cementitious coating, further study is still recommended. This study needs to be 

continued with the following aspects: 

 

Moisture transport in hydrating coating systems 

 In this study moisture transport in the coating systems is limited to cement paste-concrete 

substrate system. From a practical point of view, coatings made of various types of cements (e.g. 

cement, fly ash and slag) should be considered for simulation. The greatest difficulty lies in the 

determination of the parameters of the Moisture-Hydration model, including time-dependent 

porosity, intrinsic permeability and Van Genuchten parameters (derived from moisture isotherm 

curves). In addition, a perfect interface between the coating and substrate was assumed in this 

study. However, practically, an interface transition zone exists between the coating and the 

substrate. The microstructure and the transport properties of the interfacial transition zone are 

different from that of the coating or the substrate. Therefore, the interfacial transition zone between 

the coating and the substrate needs to be considered in the simulation of moisture transport. 

 The Moisture-Hydration model has been validated in different modeling steps (e.g. simulation 

of moisture transport in hydrating cement pastes, see appendix B). For an extensive validation 

of the model, the evolution of moisture profile in the coating system and the development of 

degree of hydration of the coating need to be determined experimentally, e.g. by using NMR. 

 To determine the probability of drying shrinkage-induced cracking of the coating material, 

the scatter in material properties should be considered. Moreover, relaxation behavior of 

the coating and the substrate need to be taken into account. 

 

Chloride transport in hydrating coating systems under saturated condition 

 In the simulation of chloride ingress into cementitious coating systems, the chloride 

diffusivity of the substrate is determined by the capillary porosity. Further study is needed 

for a more precise determination of the chloride diffusivity, i.e. taking into account the 

microstructure of cement matrix as well as the cement matrix-aggregate interface. 

 In chapter 6, chloride ingress in saturated cementitious coating system was investigated. In 

practice, the coating system can be partially saturated due to drying. On one hand, the 

drying of the coating system leads to an unsaturated coating system for chloride transport. 

On the other hand, the drying of the coating system affects the hydration processes of the 

coating and the substrate. Further investigation of chloride ingress in hydrating coating 

systems subjected to drying is needed. 

 Cracks in cementitious coatings and self-healing of the cracks are commonly seen in 

practice. The influence of occurrence and self-healing of cracks of the coatings on chloride 

ingress in the coating systems needs to be evaluated in future studies. 



 

Summary 

 

Concrete is currently the most widely used material in construction field. A good performance 

of concrete structures is required for reaching the designed service life. However, the initial 

scatter in the quality of concrete is unavoidable in practice, possibly resulting from improper 

design, poor execution, or deterioration due to stresses during the service life of concrete 

structures (e.g. external load, stress induced by temperature, drying shrinkage or ingress of 

chemical substances, etc.). A cementitious coating can be used to protect low quality concrete 

structures against the ingress of aggressive substances, like CO2 and chloride ions, and to 

extend the service life of the reinforced concrete structures.  

A durable cementitious coating system entails a number of requirements, including a good 

mix design of the coating as well as a proper curing regime. A small thickness of the coating 

material suggests that the coating is susceptible to water loss when the coating is applied on a 

dry substrate, or subjected to drying condition while hardening. The effectiveness of the coating 

will be impaired when differential drying shrinkage-induced cracking or debonding of the 

coating takes place. In this thesis moisture transport in hydrating coating systems and the 

probability of drying shrinkage-induced cracking of the coating are studied. To evaluate the 

effectiveness of the coating, chloride ingress in concrete with various coatings is simulated. The 

effectiveness of the coating is indicated by the time needed for free chloride to reach a critical 

concentration at the reinforcing steel of concrete structures. This time, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 , also 

corresponds to the initiation of reinforcement corrosion in concrete structures.  

In chapter 3, mechanisms of moisture transport in a hydrating cementitious coating system 

were studied. A Moisture-Hydration model was proposed to simulate moisture transport in 

hydrating cementitious coating systems.  

In chapter 4, parameters needed for determination of moisture transport properties of the 

coating and the substrate were quantified, i.e. porosity, intrinsic permeability, moisture 

isotherm. The rate of hydration of the coating material with arbitrary water saturation level 

was calculated. 

In chapter 5, moisture transport in hydrating cementitious coating systems was simulated. 

The moisture profiles in the coating systems and the degree of hydration of the coatings were 

determined. Based on the simulation results, the probability of drying shrinkage-induced 

cracking was calculated. Some influencing parameters of moisture transport were evaluated: 

coating thickness, duration of sealed/moist curing applied on top surface of the coating, type 

of the substrate and initial water content of the substrate. Among the evaluated parameters, the 

duration of moist curing is the most influencing parameter that affects the hydration of the 

coating materials. Moist curing is essential to compensate for water absorption by the 

substrates, and to ensure a proper hydration process of the coating. The longer moist curing is 

also beneficial to reduce the probability of early-age cracking induced by drying shrinkage. 

However, the probability of cracking is increased for coating materials at later ages when 
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longer moist curing is applied. Polymeric fibers are recommended to reduce the probability of 

the shrinkage-induced cracking of coatings. Note that the calculation of the probability of 

cracking of the coating is preliminary, further study is needed for more accurate predictions of 

the probability of cracking, e.g. taking into account the relaxation process. 

If moist curing is applied, the influence of initial water content of the substrates and the 

type of the substrates on hydration process of the coating is relatively low. In this sense, 

pre-saturation of concrete substrates is not necessary. However, the influence of the type of 

the substrate on the hydration of the coating becomes noticeable when sealed curing is applied. 

This influence can be minimized by pre-treatment of the substrates, e.g. pre-wetting. 

In chapter 6, mechanisms of chloride transport in cementitious coating systems were studied, 

taking into consideration chloride diffusion and chloride binding. The chloride profiles in the 

coating systems were determined by simulation. With the calculated chloride profiles, the time 

until initiation of reinforcement corrosion, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, for the uncoated (w/c = 0.48) and coated 

concrete structures was determined. Some influencing parameters were evaluated: 

water-to-cement (w/c) ratio of the coating, thickness of the coating, early or later application of 

the coating, time of failure of the coating and presence of surface crack in the substrate. The w/c 

ratio of the coating plays an important role in the chloride ingress into the coating system. 

𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrate can be substantially extended by applying a coating with a low w/c 

ratio (e.g. w/c = 0.3). However, the chloride ingress in the substrate can hardly be affected by 

applying a coating with a high w/c ratio (e.g. w/c = 0.5). 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the substrates differs a lot 

when coatings with different thicknesses are applied. For a proper protection of the substrate, the 

w/c ratio and the thickness of the coating should be carefully designed. The exposure regime of 

the substrate before applying the coating has an influence on the effectiveness of the coating. In 

order to protect a concrete structure exposed to the chloride environment, it is preferable to apply 

a coating as early as possible, since the effectiveness of the coating is reduced by a late application. 

When a coating undergoes an early failure due to cracking or debonding, the effectiveness of the 

coating is also reduced. Polymeric fibers are again recommended to prevent the early failure, and 

to ensure the effectiveness of the cementitious coatings. Chloride ingress into the substrate is 

promoted by cracks. In comparison with crack width, crack depth has a great influence on 

chloride ingress in concrete structures. Substrate with a deeper surface crack has a shorter 

𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛. 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 for the cracked substrates can be significantly extended by application of a 

cementitious coating. 

To summarize, this thesis investigated the transport processes (moisture transport and 

chloride transport) in hydrating cementitious coating systems. Based on this study of 

influencing parameters of moisture transport, suggestions regarding curing condition have been 

given for a proper hydration of the coating. Parameter studies were performed to investigate 

effectiveness of coatings for extending the time until initiation of reinforcement corrosion in 

concrete structures, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛. These parameter studies give guidance for the design of coating 

materials with regard to water-to-cement ratio of the coatings and thickness of the coatings. 



 

Samenvatting 

 

Beton is momenteel het meest gebruikte materiaal in de bouwsector. Om een vereiste 

levensduur te bereiken moet het beton van een betonconstructie aan minimale eisen voldoen. 

De spreiding in de kwaliteit van beton is echter in de praktijk onvermijdelijk, bijvoorbeeld als 

gevolg van onjuist ontwerp, slechte uitvoering of degradatie door (hoge) spanningen tijdens 

de levensduur van de constructies (bijv. door externe belasting, door temperatuur veroorzaakte 

spanningen, krimp tijdens het uitdrogen of binnendringen van chemische stoffen, enz.). Een 

cementgebonden coating kan worden toegepast om constructies van (onverwacht) lage 

kwaliteit te beschermen tegen het binnendringen van agressieve stoffen, zoals CO2 en 

chloride-ionen, en om de levensduur van de constructies van gewapend beton te verlengen. 

Een duurzaam cementgebonden coatingsysteem (systeem = coating + substraat) moet aan 

een aantal eisen voldoen, waaronder een goed mensgelontwerp van de coating en een goed 

uithardingsregime. Een geringe dikte van het coatingmateriaal maakt de coating gevoelig voor 

waterverlies wanneer de coating wordt aangebracht op een droog substraat of wordt 

onderworpen aan uitdroging tijdens het verharden. De effectiviteit van de coating zal 

verminderen wanneer krimp resulteert in scheuren of onthechting van de coating. In dit 

proefschrift worden vochttransport in verhardende coatingsystemen en de kans op het optreden 

van krimpscheuren van de coating bestudeerd. Om de effectiviteit van de coating te evalueren, 

wordt chloride-indringing in beton met verschillende coatings gesimuleerd. De effectiviteit van 

de coating wordt beoordeeld aan de hand van de tijd die nodig is om een kritische chloride 

concentratie te bereiken aan het oppervlak van het wapeningsstaal. Deze tijd, 𝑇𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛, wordt 

beschouwd als het begin van wapeningscorrosie in betonconstructies. 

In hoofdstuk 3 worden mechanismen van vochttransport in een hydraterend 

cementgebonden coatingsysteem bestudeerd. Een Moisture-Hydration-model wordt voorgesteld 

om vochttransport in hydraterende cementgebonden coatingsystemen te simuleren. 

In hoofdstuk 4 worden de parameters die nodig zijn voor de bepaling van 

vochttransporteigenschappen van de coating en het substraat gekwantificeerd, d.w.z. porositeit, 

intrinsieke permeabiliteit en vochtgehalte. De snelheid van hydratatie van het coatingmateriaal 

met willekeurig watergehalte wordt berekend. 

In hoofdstuk 5 wordt vochttransport in hydraterende cementgebonden coatingsystemen 

gesimuleerd. De vochtprofielen in de coatingsystemen en de graad van hydratatie van het 

coatingmateriaal worden bepaald. Op basis van de simulatieresultaten wordt de kans op 

krimpscheuren berekend. Een aantal parameters die het vochttransport beïnvloeden wordt 

geëvalueerd: coatingdikte, duur van nabehandeling van de aangebrachte coating, type substraat 

en initieel watergehalte van het substraat. Van de geëvalueerde parameters is de duur van de 

nabehandeling de meest invloedrijke parameter die de hydratatie van het coatingmateriaal 

bepaalt. Nabehandeling met veel vocht is essentieel om de waterabsorptie door het substraat te 

compenseren en om een goed hydratatieproces van de coating te verzekeren.  
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Een langere nabehandeling (onder vochtige condities) is gunstig voor het verminderen van 

vroegtijdige scheurvorming door uitdrogingskrimp. Bij (te) lange nabehandeling (met vocht) 

neemt de kans op scheurvorming in de coating neemt echter weer toe. Polymeervezels worden 

aanbevolen om de kans op krimpscheuren van de coating te verminderen. Benadrukt wordt dat 

dit het resultaat is van een voorlopige berekening. Verder onderzoek is nodig voor nauwkeuriger 

voorspellingen te kunnen doen van de kans op scheuren, o.a. rekening houdend met relaxatie 

van materiaalspanningen.  

Bij uitharding in vochtige omgeving (moist curing) is de invloed van het initiële 

watergehalte van het substraat en het type substraat op het hydratatieproces van de coating 

relatief laag. In deze situatie is voorverzadiging van het betonsubstraat niet noodzakelijk. De 

invloed van het type substraat op de hydratatie van de coating wordt echter merkbaar wanneer 

de coating gedurende het verharden aan het oppervlak wordt afgedekt (sealed curing). In dat 

geval is voorbevochtiging van het substraat nuttig om de kans op scheurvorming van de coating 

te verminderen.  

In hoofdstuk 6 worden mechanismen van chloridetransport in cementgebonden 

coatingsystemen bestudeerd, rekening houdend met chloridediffusie en chloride-binding. De 

chlorideprofielen in de coatingsystemen zijn numeriek gesimuleerd. Met de berekende 

chlorideprofielen is de tijd tot initiatie van wapeningscorrosie bepaald in betonconstructies (w/c 

= 0,48) met en zonder coating. Het effect van verschillende invloedsfactoren is geëvalueerd: 

water-cement (w/c) factor van de coating, dikte van de coating, vroeg of laat  aanbrengen van 

de coating, moment van falen van de coating en aanwezigheid van oppervlakscheuren in het 

substraat. De w/c-factor van de coating speelt een belangrijke rol bij de indringing van chloride 

in het coatingsysteem. De tijd tot het initiëren van wapeningscorrosie in betonconstructies kan 

aanzienlijk worden verlengd door het aanbrengen van een coating met een lage w/c-factor, 

bijvoorbeeld w/c = 0,3. Het indringen van chloride in het substraat wordt nauwelijks  

beïnvloed door het aanbrengen van een coating met een hoge w/c-factor, bijvoorbeeld w/c = 0,5. 

De tijd tot het begin van wapeningscorrosie verschilt sterk wanneer coatings met verschillende 

diktes worden aangebracht. Voor een goede bescherming van het substraat moeten de w/c-factor 

en de dikte van de coating zorgvuldig worden gekozen. De klimaatcondities waaraan het 

substraat is blootgesteld vóór het aanbrengen van de coating heeft invloed op de effectiviteit van 

de coating. Om een betonconstructie te beschermen tegen chloride-indringing, is het aan te 

raden om de coating zo vroeg mogelijk aan te brengen. Later aanbrengen vermindert de 

effectiviteit van de coating. Wanneer een coating vroegtijdig faalt door scheuren of onthechting 

wordt de effectiviteit van de coating eveneens verminderd. Toepassen van een coating met 

polymeervezels wordt aanbevolen om vroegtijdig falen te voorkomen en om de effectiviteit van 

cementgebonden  coatings te verzekeren. Scheuren bevorderen het binnendringen van chloride 

in het substraat. Bij het indringen van chloride in betonconstructies heeft de diepte van de 

scheur een grotere invloed dan de breedte hiervan. Substraat met een diepere oppervlaktescheur 

leidt tot versnelde corrosie. De tijd tot corrosie in een gescheurd substraat kan aanzienlijk 

worden verlengd door een cementgebonden coating aan te brengen. 
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Samengevat: in dit proefschrift is onderzoek gedaan naar transportprocessen (vocht- en 

chloridetransport) in hydraterende cementgebonden coatingsystemen. Gebaseerd op deze studie 

worden suggesties gedaan met betrekking tot de verhardingscondities voor een goede hydratatie 

van de coating. Parameterstudies zijn uitgevoerd om de effectiviteit van coatings voor het 

verlengen van de tijd tot wapeningscorrosie vast te stellen. Deze parameterstudies geven 

aanwijzingen voor het ontwerp van het coatingmateriaal, met betrekking tot de 

water-cement-factor  en de dikte van de coatings. 
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Appendix A  

Evaluation of equations commonly used for simulating moisture 

transport in partially saturated cementitious materials 

 

 

A.1 Introduction 

 

Moisture transport process in cementitious materials is usually described with nonlinear 

diffusion equations [50, 63-71]. Either relative humidity or water content is used as a variable 

in the equations. When simulating moisture transport in coating systems, the principle of mass 

conservation of moisture should be fulfilled. However, attention with respect to mass 

conservation is still needed when using these equations. In this appendix a brief review on the 

equations describing moisture transport process in porous materials is presented, followed by 

a case study of moisture transport for evaluating the equations regarding mass conservation. 

 

 

A.2 Equations describing moisture transport in partially saturated cementitious 

materials 

 

A.2.1 Relative humidity as a variable 

 

Moisture transport process in cementitious materials can be described by [63] (see also 

section 3.2.3): 

 

𝜕𝜃

𝜕𝑅𝐻
∙
𝜕𝑅𝐻

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝑅𝐻 ∙ 𝑔𝑟𝑎𝑑 𝑅𝐻) (A.1) 

 

where 𝑅𝐻 is the relative humidity, 𝜕𝜃/𝜕𝑅𝐻 the moisture capacity and 𝐷𝑅𝐻 the effective 

diffusivity. 

Based on Eq. (A.1), a simplified equation for simulating moisture transport in cementitious 

materials is [64-70]: 

 

𝜕𝑅𝐻

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝑅𝐻

′ ∙ 𝑔𝑟𝑎𝑑 𝑅𝐻) (A.2) 

 

where 𝐷𝑅𝐻
′  is the effective diffusivity, 𝐷𝑅𝐻

′  depends on relative humidity, compressive 

strength of the material, as well as moisture diffusivity at RH = 100% and RH = 0% [76]. 
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A.2.2 Water content as a variable 

 

For simulating the moisture transport in unsaturated cementitious materials, a formula based 

on Fick’s law is adopted [50, 71]: 

 

𝜕𝜃

𝜕𝑡
= 𝑑𝑖𝑣(𝐷𝜃 ∙ 𝑔𝑟𝑎𝑑 𝜃) (A.3) 

 

In Eq. (A.3), 𝜃 is the volumetric water content, expressed in 𝑚3 of water per 𝑚3 of 

material. 𝐷𝜃 is hydraulic diffusivity 𝑚2/𝑠. 

The term 𝐷𝜃 can be approximated by an exponential function 𝐷𝜃  = 𝐷0 ∙ 𝑒𝑛∙𝑠, or a power 

function 𝐷𝜃  = 𝐷0 ∙ 𝑠𝑛, in which 𝐷0 is a empirically fitted constant, 𝑛 is a shape term, and 

𝑠 is water saturation level of porous material with the form 𝑠 = (𝜃 − 𝜃𝑟)/(𝜃𝑠 − 𝜃𝑟), defined 

by the value of water filled pores divided by the total pore volume. 𝜃𝑠 is water content in 

saturated condition (here taken as total porosity of the material), 𝜃𝑟 is the residual water 

content (here taken as 0). Determination of 𝐷0 requires experimental water sorption test on 

cementitious materials [71]. However, for hydrating cementitious materials, no 

straightforward test can be done to determine 𝐷0. 

 

 

A.3 Case study of moisture transport in cementitious materials for evaluating the 

equations 

 

From a physical point of view, Eq. (A.1) and Eq. (A.3) fulfill the principle of mass 

conservation, while Eq. (A.2) may not. However, a lot of studies have been conducted based 

on Eq. (A.2) [64-70]. A case study is conducted to show the discrepancy between the results 

calculated by Eq. (A.2) and Eq. (A.3).  

Two identical concrete samples (1-year old, w/c = 0.48 [60]) are bonded together (Fig. 

A.1a). Then the surfaces of the bonded samples are sealed. The concrete samples have 

different initial water contents (Table A.1). The initial moisture distribution in the samples is 

shown in Fig. A.1b. Moisture tends to transfer from sample A (saturated) to sample B 

(partially saturated).  

 

Table A.1 Water saturation level and relative humidtity in two identical concrete samples (w/c = 0.48, 

the relation between s and RH is described by the desorption isotherm derived from [60]). 

Sample A (Saturated) B (Partially-saturated) 

Water saturation level (s) 100% 27% 

Relatieve humidity (RH) 100% 50% 
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(a) Initial moisture distribution in sample A and sample B 

 

 

      

 

(b) Initial distribution of water and air phases  (c) Distribution of water and air phases in equilibrated state 

 

Fig. A.1 Schematic illustration of moisture transport in two identical concrete samples. Sample A is 

water saturated, and sample B is partially saturated. The surfaces of the bonded samples are sealed. 

Moisture is only allowed to transfer within the two samples.  

 

According to Eq. (A.2), the equilibrated relative humidity in the bonded samples is 75% 

(the average value of 100% for sample A and 50% for sample B). According to Eq. (A.3), the 

equilibrated water saturation level in the bonded samples is 63.5% (Fig. A.1c), which is the 

average value of the initial values (100% for sample A, and 27% for sample B). Moisture 

profiles of the bonded samples are plotted in Fig. A.2. Initial and equilibrated states of water 

saturation level and relative humidity are shown is Fig. A.2a and Fig. A.2b, respectively. 

Significant discrepancy in water saturation level and relative humidity can be observed when 

a simplified equation (Eq. (A.2)) is used.  

 

 

Solids 

Water 

Air 
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(a) Profiles of water saturation level             (b) Profiles of relative humidity 

 

Fig. A.2 Moisture profiles in the bonded concrete samples (A and B). Sample A and B have an initial 

water saturation level of 100% and 27%, respectively. The samples are bonded together (Fig. A.1a). 

Moisture is allowed to transfer within the samples. The moisture profiles in the bonded concretes in 

equlibrated state are calculated by Eq. (A.3) and Eq. (A.2), respectively. Note that Eq. (A.3) gives a 

proper description of moisture transport process in concrete, while Eq. (A.2) does not. 

 

 

Fig. A.3 Water saturation level versus relative humidity of the concrete samples. The desorption 

isotherm of the concrete (1-year old, w/c = 0.48) is derived from [60]. The initial moisture state of 

sample A and sample B are shown in this figure. The two sample s are bonded together and sealed. 

Moisture is only allowed to transfer within in the samples. E2 and E3 show the moisture states of the 

bonded samples (A and B) in equilibrated state, calculated by Eq. (A.2) and Eq. (A.3), respectively. 

Note that Eq. (A.3) gives a proper description of moisture transport process in concrete, while Eq. 

(A.2) does not. 
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The relation between the water saturation level and the relative humidity can be described 

by the water-vapour desorption isotherm of the concrete. The desorption isotherm is derived 

from [60] and shown in Fig. A.3. Point “E2” on the curve of desorption isotherm corresponds 

to the relative humidity of 75% calculated by Eq. (A.2), while point “E3” corresponds to the 

water saturation level of 63.7% calculated by Eq. (A.3). Note that, Eq. (A.3) gives the correct 

water saturation level (point “E3”) in the bonded samples in equilibrated state, because this 

equation, in principle, conserves the mass of water, while Eq. (A.2) does not. The discrepancy 

between point “E2” and point “E3” can be even bigger for fresh or early-age cementitious 

materials, because the curve in Fig. A.3 will be more nonlinear for younger cementitious 

materials when 𝑅𝐻 > 50% [63].  

It suggests that the moisture capacity 𝜕𝜃/𝜕𝑅𝐻 in Eq. (A.1) is essential for conserving the 

mass of moisture in porous materials when relative humidity is used as a variable. A 

simplified equation (e.g. Eq. (A.2)) that ignores the moisture capacity will lead to discrepancy 

between the realistic and the calculated moisture profiles.  

 

 

A.4 Summary 

 

A brief review of the equations commonly used for studying moisture transport in 

cementitious materials is given. The validity of the equations regarding the principle of mass 

conservation is evaluated. The evaluation suggests that the moisture capacity cannot be 

ignored in the equation when relative humidity is used as a variable, because the moisture 

capacity is essential for conserving the mass of moisture in the material. 
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Appendix B  

Boundary conditions for simulating moisture transport in 

cementitious materials 

 

 

B.1 Introduction 

 

Specification of the boundary conditions at the exposed surface of cementitious materials is a 

critical issue in the simulation of moisture transport. As stated in section 3.3.7, a convection 

coefficient is commonly used to describe the moisture exchange between the exposed surface of 

the material and the environment. The convection coefficient is empirical and depends mainly 

on the ambient temperature, the wind speed and the characteristics of the porous material. 

However, a proper determination of the convection coefficient for a hydrating cementitious 

material is still lacking. In this thesis, instead of using a convection coefficient, a fundamental 

moisture flux across the exposed surface of cementitious material is simulated. It allows for 

conserving the mass of moisture at the exposed surface of the material. Boundary condition is 

applied at a distance from the exposed surface to account for different curing conditions. 

Li et al. [183] found that there was a significant moisture gradient above the surface of 

drying concrete during first day of exposure. In their work, 50 mm-thick concrete specimens 

with a w/c ratio of 0.5 were prepared. After 28 days saturated curing, the concrete specimen 

was put in a glass container (Fig. B.1). The depth of the container was around 110 mm. The 

top surface of the container was open to the environment (RH = 33%). A significant moisture 

gradient was found within 35 mm from the exposed surface. In order to match the 

experimental results, they calibrated their moisture transport model by adjusting the distance 

from the surface of the material for applying the boundary condition (i.e. RH = 33%). They 

found that a distance of 25 mm from the concrete surface was appropriate for applying the 

boundary condition. It should be noted that this distance was only justified for 28-day old 

concrete specimens used in their study. It is believed that the distance would be higher for 

younger specimens subjected to drying. For newly cast coating, this distance should be longer, 

because moisture in a fresh coating can evaporate much easier and cause higher relative 

humidity in the ambient air than that in a hardened coating. 

For a proper simulation of moisture transport in a coating system with a hydrating coating 

material, the distance above the exposed surface of the material for applying the boundary 

condition (i.e. relative humidity) is calibrated for the case of a hydrating cement paste. 

Moisture transport in a matured concrete subjected to drying is simulated with the same 

boundary condition. The simulated moisture content in the concrete is compared to 

experimental results. 



Appendix B 

 

154 

 

Fig. B.1 Schematic illustration of a setup for relative humidity measurement above the concrete 

surface, reproduced based on [183]. The concrete specimen is placed in a glass container. Only the top 

surface of the container is open. The top surface of the specimen is exposed, and other surfaces are 

sealed. 

 

B.2 Calibration of the boundary condition - cement paste hydrating under 90% RH 

 

Cement pastes are used to calibrate the boundary condition of the Moisture-Hydration model. 

Snyder et al. [184] studied the hydration of the cement pastes (w/c = 0.3) that were cured under 

various conditions. 1.6 mm-thick cement pastes (150 mm wide and 160 mm long) were first 

moist cured for a certain period of time. A moist curing period of 6 hours is chosen to calibrate 

the model. In [184], after the moist curing, the cement pastes were placed in a glove box for 

further hydration (Fig. B.2), the glove box was equipped with a fan for circulation (RH = 90%, 

T = 25 °C). However, it was noted that the RH in the glove box first increased and subsequently 

returned to 90% RH during a few hours after the cement pastes were put inside. Therefore, the 

calibration is somewhat difficult and cannot be rigorous. The correlation of the measured and 

the simulated DOH of the cement pastes will still be estimated.  

 

          

Fig. B.2 Schematic illustration of a cement paste (w/c = 0.3) hydrating in a glove box [184]. 
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In the simulation, the thickness of the cement paste is 1.6 mm. The length and width of the 

specimens (w/c = 0.3) are infinite. The top and bottom surfaces are subjected to a moist 

curing for 6 hours, followed by exposure to RH = 90% at 20 °C. The boundary condition is 

specified at a distance of 𝑥 from the surfaces (Fig. B.3). Three distances are adopted for 

calibration, i.e., 𝑥 = 30 mm, 𝑥 = 60 mm and 𝑥 = 100 mm.  

 

 

Fig. B.3 Schematic illustration of a cement paste (w/c = 0.3) hydrating under RH = 90%. The boundary 

condition is applied at a distance 𝑥 (𝑥 = 30, 60 or 100 mm) from the surfaces of the specimen. 

 

 

 
Fig. B.4 Comparison of experimental ([184]) and simulation results of the DOH of a 1.6 mm-thick 

cement paste. The cement paste is moist-cured for 6 hours, followed by exposure to RH = 50% at 

25 °C. In the simulation, the boundary condition (𝑅𝐻 = 90%,𝑇 =  20 °C) is applied at a distance 𝑥 

(𝑥 = 30, 60 or 100 mm) from the exposed surfaces of the cement paste.  

 

The hydration process of cement pastes is known to be highly dependent on their moisture 

content. The DOH of the cement pastes is depicted in Fig. B.4. With a distance 𝑥 = 60 mm, 

the simulated DOH of cement pastes is close to the experimental results [184]. It indicates 

that 𝑥 = 60 mm  is a proper distance for specifying the boundary condition above a 

hydrating cement paste. Note that the temperature has an effect on the hydration process of 

cement pastes. For cement pastes (w/c = 0.3) cured under sealed condition at 20 °C and 25 °C 

respectively, the difference of DOH is about 2.5% (calculated by HYMOSTRUC3D [8]). In 

this appendix the influence of the temperature (i.e. 20 °C and 25 °C) on cement hydration is 

neglected. 

0%

10%

20%

30%

40%

0 1 2 3 4 5 6 7

D
eg

re
e 

o
f 

h
y
d
ra

ti
o
n

 

Time [days] 

Experiment

Simulation (x=30 mm)

Simulation (x=60 mm)

Simulation (x=100 mm)

𝑥 

𝑥 

RH = 90%, boundary condition is applied at a 

distance x from the exposed surface of the specimen 

RH = 90% 

Thickness: 1.6 mm 



Appendix B 

 

156 

B.3 Validation of the boundary condition - drying of hardened concrete substrate 

 

Validation of the distance for specifying the boundary condition is conducted based on 

moisture transport in a 50 mm-thick 1-year old concrete (ordinary concrete OC in Table. 5.1). 

The water saturation level of the sealed cured concrete at the age of 1 year was 89% 

(corresponding to a relative humidity of 94%) [60]. The top surface of the concrete is exposed 

to RH = 50% at 20 °C, other surfaces remain sealed (Fig. B.5). 

 

 
Fig. B.5 Schematic illustration of the concrete substrate under drying. 

 

The simulated water saturation profile in the concrete is shown in Fig. B.6, and compared 

with the experimental results from [60]. This figure shows a good agreement between the 

experimental and the simulation results. Therefore, the distance of 𝑥 = 60 𝑚𝑚 can be used for 

specifying the boundary condition (i.e. relative humidity) when simulating moisture transport in 

hardening materials.  

 

Fig. B.6 Drying of 1-year old concrete. The concrete has a w/c of 0.48 (see Table. 5.1). The top surface 

of the concrete is exposed to a 50% relative humidity at 20 °C, with other surfaces sealed. 

Experimental results are derived from [60]. In the simulation, the boundary condition (𝑅𝐻 = 50%) is 

applied at a distance 𝑥 = 60 mm from the exposed surface of the concrete.   
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B.4 Summary  

 

This appendix presented the study of boundary conditions for simulating moisture transport in 

cementitious materials. The top surfaces of the materials were exposed to RH = 90% or RH = 

50%. The boundary condition (i.e. relative humidity) is applied at a certain distance 𝑥 above 

the exposed surface of the materials. Moisture transport in a cement paste that hydrates under 

RH =90% is simulated to determine the distance 𝑥. By comparing the simulated DOH of the 

cement paste to experimental results. A distance of 60 mm from the exposed surface of the 

materials turned out to be an appropriate distance for applying the boundary condition. This 

distance is also proved reasonable for a hardened concrete drying at RH = 50%. Therefore, for 

simulating the moisture transport in hydrating cementitious materials, the boundary condition 

(e.g. RH = 50%) will be applied at a distance of 60 mm from the exposed surface of the 

materials. 



 



 

Appendix C  

Methodology of Lattice Boltzmann Method 

 

C.1 Introduction 

 

The lattice Boltzmann method (LBM) is a class of computational fluid dynamics methods for 

the computational modeling of fluid flow problems. Based upon the Boltzmann equation 

[127], LBM discretizes a physical space with lattice nodes and a velocity space by a set of 

microscopic velocity vectors. It considers a typical volume element of fluid to be composed 

of a collection of particles that are represented by a particle velocity distribution function for 

each fluid component at each lattice node. By performing consecutive propagation and 

collision steps over a discrete lattice mesh, the fluid flow can be simulated.  

 

C.2 Basic equations of Lattice Boltzmann Method 

 

In LBM, the distribution function is introduced to define the density and velocity at each 

lattice node. Specific particle interaction rules are set to satisfy Navier-Stokes equations. The 

movement of fluid particles at each lattice node follows: 

 

𝑓𝑖(𝑥 + 𝑒𝑖 ∙ 𝛿𝑡, 𝑡 + 𝛿𝑡) = 𝑓𝑖(𝑥, 𝑡) −
𝑓𝑖(𝑥, 𝑡) − 𝑓𝑖

𝑒𝑞(𝑥, 𝑡)

𝜏
+ 𝐹𝑖 (C.1) 

 

where 𝑓𝑖 is the non-equilibrium distribution function, 𝑓𝑖
𝑒𝑞

 is the equilibrium distribution 

function, and 𝑒𝑖 is the microscopic velocity vector at lattice node 𝑥 at time 𝑡, respectively, 

and 𝜏 is the relaxation time. The subscript 𝑖 represents the lattice directions around the node. 

𝐹𝑖  is the external forcing term describing, e.g. pressure gradients, gravity, or interfacial 

tension in multi-fluid/phase applications. 

 

 

    (a) D2Q9 model      (b) D3Q19 model    

    

Fig. C.1. Lattice velocity directions of two Lattice Boltzmann models.  



Appendix C 

 

160 

Equilibrium distribution function is given in the following form for 𝑛-dimensional model 

with 𝑏 microscopic velocity vectors (𝐷𝑛𝑄𝑏 models are described in Fig. C.1):  

 

𝑓𝑖
𝑒𝑞 = 𝑤𝑖 ∙ 𝜌 ∙ [1 +

𝑒𝑖 ∙ 𝑢

𝑐𝑠
2

+
(𝑒𝑖 ∙ 𝑢)2

2 ∙ 𝑐𝑠
4

−
𝑢 ∙ 𝑢

2 ∙ 𝑐𝑠
2
] (C.2) 

 

where 𝜌 and 𝑢 are the macroscopic density and velocity, respectively. 𝑤𝑖 is the weight 

factor in the 𝑖th direction,  𝑐𝑠
2 is the lattice speed of sound, with a value of 1/3.  

Weight factors (𝐷2𝑄9 by Eq. (C.3) and 𝐷3𝑄19 by Eq. (C.4)) are defined as: 

 

𝑤𝑖 = {

4/9, 𝑖 = 0
1/9, 𝑖 = 1,2, … ,4 

1/36, 𝑖 = 5,6, … 8
 (C.3) 

  

𝑤𝑖 = {

1/3, 𝑖 = 0
1/18, 𝑖 = 1,2, … ,6 
1/36, 𝑖 = 7,6, … 18

 (C.4) 

  

Lattice velocity vectors (𝐷2𝑄9 2D with Eq. (C.5) and 𝐷3𝑄19 with Eq. (C.6)) are given as: 

 

𝑒𝑖 = [
0 1 0
0 0 1

    
−1 0 1
0 −1 1

    
−1 −1 1
1 −1 −1

  ] (C.5) 

  

𝑒𝑖 = [
0 1 −1
0 0 0
0 0 0

   
0 0 0

−1 0 0
0 0 1

    
0 1 1
0 1 −1

−1 0 0
    

1 1 0
0 0 1
1 −1 1

    
0 −1 −1
1 1 −1

−1 0 0
    

−1 −1 0
0 0 −1
1 −1 1

    
0

−1
1

] (C.6) 

  

The macroscopic properties, density (𝜌), and velocity (𝑢) of the nodes are calculated using 

the following relations: 

 

𝜌 = ∑𝑓𝑖

𝑄

𝑖=1

 (C.7) 

  

𝑢 =
∑ 𝑓𝑖 ∙ 𝑒𝑖

𝑄
𝑖=1

𝜌
 (C.8) 

  

where 𝑄 is the number of microscopic velocity vectors connected to node 𝑖. 
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The lattice kinematic shear viscosity of the fluid 𝜐 is given by: 

 

𝜐 = 𝑐𝑠
2 ∙ (𝜏 −

1

2
) ∙ 𝛿𝑡 =

1

3
∙ (𝜏 −

1

2
) (C.9) 

 

The pressure 𝑝 can be obtained according to the equation of state (EOS) of an ideal gas: 

 

𝑝 = 𝑐𝑠
2 ∙ 𝜌 =

1

3
∙ 𝜌 (C.10) 

 

To specify pressure gradient, a constant density at the inlet, and a lower density at the 

outlet are imposed to simulate a stationary pressure-driven flow through the cement paste 

[185]. 

The permeability of porous material (2D with Eq. (C.11) and 3D with Eq. (4.9)), 𝑘𝑙𝑏, can 

be calculated according to Darcy’s law and expressed in terms of LB parameters: 

 

𝑘𝑙𝑏 =
𝜐〈𝑢𝑦〉

∇𝑝
= 𝜐 ∙

𝑁𝑦

𝑐𝑠
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In the simulation, all physical quantities (velocity, pressure, and viscosity) are, for 

convenience, expressed in a system of lattice units. The final quantity of interest, the 

permeability, has dimensions of length squared. The physical intrinsic permeability, 𝐾, is 

calculated as: 

 

𝐾 = 𝑘𝑙𝑏 ∙ (
𝛿𝑥−𝑝ℎ𝑦

𝛿𝑥
)

2

 (C.13) 

 

where 𝛿𝑥 is the length of lattice and 𝛿𝑥−𝑝ℎ𝑦 is the corresponding length in physical field. In 

this study, 𝛿𝑥 = 1 and 𝛿𝑥−𝑝ℎ𝑦 = 0.5 × 10−6 m. 
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