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Abstract 
 

The serviceability limit state of a concrete structure exposed to a corrosive environment 

has often been calculated by service life models solely based on Fick’s second law for chloride 

diffusion. The main limitation of this type of model is that it does not account for various modes 

of transport and reactions that occur when the concrete is exposed to unsaturated conditions; 

moisture transport, chloride ingress and carbonation reactions can occur at the same time and 

influence the durability of the structure. The primary objective of this research is on the 

construction and implementation of a modelling framework which includes the durability 

characteristics that define the resistance of concrete to chloride ingress and carbonation reaction 

in an environment with a variable relative humidity condition. The model is implemented for 

alkali-activated materials, which are an alternative type of energy-saving construction material, 

to calculate the service life until the point of corrosion initiation across the reinforcement 

embedded in the concrete. 

The durability response of alkali-activated materials (AAMs) has been investigated via 

an extensive literature review, in the case when the construction material has been tested in a 

single type of deterioration condition that is either submerged in aqueous chloride solutions or 

exposed to natural and/or accelerated carbonation conditions, as well as in real service 

condition where the concrete is simultaneously exposed to these deterioration conditions. The 

main conclusion that can be drawn is that alkali-activated materials have similar performance 

properties to Portland cement (PC) in corrosive conditions, but the service life has not been 

previously estimated quantitatively by including the impact of carbonation on the permeability 

of corrosive species towards the steel reinforcement.  

 A well-established service life model known in the literature as 𝑓𝑖𝑏 Bulletin 34 service 

life design code, is adapted to predict the time taken for reinforcement corrosion to initiate in 

alkali-activated concretes. The model approach is based on the calculation of the time needed 

for a certain critical concentration of chloride ions, migrating from the external environment, 

to reach the steel reinforcement and initiate the corrosion reaction. The service life of alkali-

activated concretes is predicted probabilistically by taking into account the distribution of the 

available durability data. The findings indicate that alkali activated concretes with high calcium 

content can exhibit promising characteristics as a construction material applied for structural 

application in chloride-rich corrosive environments. However, the sensitivity analysis 
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conducted in this research reveals a wide range of values in service life predictions for a single 

type of alkali-activate concrete. 

The moisture transport in alkali-activated materials is investigated in this research 

because the moisture state in these porous materials is an essential durability factor that should 

be accurately predicted in order to model the simultaneous ingress of chlorides and CO2 in 

marine conditions. Three moisture transport models, namely the single, dual, and mechanistic 

permeability models, are implemented to assess the moisture transport in AAMs during wetting 

and drying cycles. This enables to study the significance in each model, accounting for the 

complex porous microstructure of the material, on predicting the degree of saturation as a 

function of the external relative humidity. In comparison with data for PC, it can be concluded 

that the dual permeability model is a suitable model to simulate and predict the degree of 

saturation in the pores of Alkali-activated cements. This is due to its better description of the 

transport of moisture in large and small pore regions of a cement along with the 

interconnectivity between the two pore regions. 

Finally, a numerical model has been developed and validated for service life prediction 

of alkali-activated concrete in marine conditions by including transport and reactions that occur 

when the concrete is exposed in unsaturated conditions; moisture transport, chloride ingress 

and carbonation reactions. The model is set to probabilistically predict the service life of alkali-

activated concrete by taking into account the distribution of critical chloride concentrations. 

Sensitivity analysis is conducted to systematically vary the durability properties in the model 

to provide a range of possible values for service life.  It can be concluded that moisture transport 

can have an equal impact as carbonation on the distribution of service life when alkali-activated 

concrete is exposed to a wetting cycle. Furthermore, the developed service life model can be 

used as an efficient decision-making tool in material design of concrete for suitable structural 

applications with low environmental impact.   
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Chapter 1: Introduction 
 

1.1 Background 

 

Concrete, a man-made rock composed of cement, water, sand and aggregate, is the most 

used building material on earth. Its use ranges from the construction of energy systems to the 

construction of gravity defying skyscrapers. The high consumption of concrete is attributed to 

the fact that no material has been found to be capable of replacing reinforced concrete at a low 

economic cost and with long lasting service performance [1]. Portland cement (PC), the 

mineral binder that joins all the components together in concrete, is produced by the 

decomposition of carbonates to obtain its main component known as the clinker.  Around 90% 

of the cement sector's CO2 emissions can be attributed to the production of clinker by heating 

a mixture of raw materials up to a high temperature range of 1400-1500℃ in the rotary kiln 

and then by cooling the mixture to form the clinker from a semi-molten state to a solid state. 

The reason for the high calcination temperature is to decompose the major raw material, 

limestone (CaCO3), as a source of calcium to chemically combine with the other ground raw 

materials which are usually shales or clays [2]. Equation 1.1 depicts the decomposition 

reaction of limestone in the rotary kiln; 

CaCO3
Δ
→ CaO + CO2 1.1 

 

It is reported that a value of 0.53 t CO2 was emitted per ton of clinker produced and an average 

of 0.34 t CO2 emitted per ton of cement due to the combustion of non-renewable resources 

required to heat the raw materials in the kiln [2]. These amounts make the process of CO2 

emissions from the cement sector contribute to approximately 8% of global CO2 anthropogenic  

emissions [2]. This contribution factor will rise because of the surge in demand for concrete to 

meet the needs of the global population expected to increase by 2.5 billion by 2050 [3]. 

Efforts for the reduction of carbon footprint of the cement industry have been implemented 

which include: energy efficiency manufacturing processes with the replacement of alternative 

fuels, carbon capture and storage, increased degree of clinker substitution and production of 

alternative cements [3]. Habert et al. [3] have estimated the strategies for optimization of clinker 

content of cement, with supplementary cementitious materials, and implementation of 

alternative cements in construction could drop the CO2 budget of concrete production by 45 
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and 41% respectively [3]. They have also emphasized the use of alkali-activation technology 

as a suitable alternative for valorization of large streams of industrial wastes and by-products, 

to produce low carbon cementitious materials [3].  

Alkali-activated materials (AAMs) are made by chemical reactions between an alkaline 

activator, that is source of alkali cations, and reactive aluminosilicate materials mixed with 

water either at room temperature or at a slightly elevated temperature (up to 80℃). The main 

raw materials typically used as aluminosilicate precursors for alkali-activation are those which 

are also used as supplementary cementitious materials (SCMs) in Portland cement blends, such 

as blast furnace slag and fly ashes which are industrial by-products obtained from the 

production of steel and electricity respectively [2]. Another source for aluminosilicate 

precursors used for alkali-activation is metakaolin, also known as calcined kaolin clays, that 

exist as a natural resource in abundance around the world [2, 4].  

Regardless of the type of binder used in reinforced concrete, whether it is PC or AAMs 

with its potential environmental benefits, corrosion reaction occurs at the level of the rebar and 

the required time to corrosion initiation is termed as the serviceability limit state of the 

structure. Corrosion reaction occurs when concrete in an unsaturated state (i.e. not in 

submerged conditions) is exposed to an environment consisting of a combined action of 

carbonation and chloride ingress. This combined action exists in a typical situation where 

aerosol chlorides, which are chloride-contained liquid droplets originated either from sea water 

or during the application of chloride contained de-icing salts, deposit on concrete surface while 

carbonation occurs at the same time [5]. Carbonation occurs by the diffusion of atmospheric 

CO2 through the pore network of the concrete cover, also partly in a dissolved state in the pore 

solution which induces a drop in pH of the pore solution, from its normal passive values (i.e. 

pH≅ 13.5) to near neutrality, and induces an overall increase in porosity and pore size of the 

concrete matrix [6]. This leads to bound chlorides from the hydrated phases to become 

liberated, diffuse to the rebar, and accumulate across the surface of the rebar [7]. Once a certain 

concentration of chloride ions has been reached then corrosion occurs through localized de-

passivation (i.e. pitting) over areas of the protective thin oxide layer initially formed around the 

rebar because of the highly alkaline environment of the surrounding concrete, as an inherent 

property. This concentration of chloride ions needed to initiate corrosion in reinforced concrete 

is termed as critical chloride threshold (Ccrit) [8]. The effect of corrosion can lead to reductions 

in cross-sectional area of the rebar which reduces its capacity to absorb tensile and shear stress 
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to withstand the compressive load that the structure was initially designed for in a construction 

project [9].  

The resistance of concrete cover, also known by the term durability, against corrosive 

agents for the steel reinforcement has been adequately researched in the literature to obtain data 

of the performance of AAMs in corrosive conditions for structural applications, where in some 

cases AAMs have been proven to have similar and/or better performance than PC[10]. For 

example, NTBUILD 492 test [11] has been used to calculate the non-steady state chloride 

migration towards the rebar with the influence of ionic interaction from different ions 

simultaneously present in the pore solution (i.e. aqueous phase of the concrete). Another 

transport test method used is the NTBUILD 443 test to calculate the effective chloride diffusion 

and possible chloride binding capacity of the concrete matrix by the use of ASTM C 1218 [12] 

and ASTM C 1152 [13] techniques. Electrical impedance spectroscopy has been applied to 

investigate the permeability, in other words microstructural evolution, of alkali-activated 

binders as a function of time [14]. Furthermore, thermodynamic modelling has been 

implemented to predict the phase evolution of the binders exposed to chloride and carbonate 

ions from the environment [15, 16]. This technique is a useful tool to predict the changes in the 

porosity of the cement and alkalinity of the pore solution as a function of changes in pore 

solution composition [17, 18].  

However, some gaps are still existent in the literature which can decrease the chances 

for AAMs to be placed as a commercial product in the market. For example, most of the 

research that has been conducted to test the durability of AAMs were in lab scale and only in 

single deterioration condition. As well as the transport tests used are the ones originally made 

to test the PC and are mostly conducted without considering the difference in the chemistry of 

each binder which can have an impact on the results. Another gap in the literature is the lack 

of long-term service performance data for AAMs in service conditions. Therefore, the main 

challenge is to prove the reliability of AAMs by predicting the time for corrosion initiation (i.e. 

known as the serviceability limit state [9]), through the use of a numerical model describing 

combined modes of degradation occurring in reinforced alkali-activated concrete exposed to a 

corrosive environment.  
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1.2 Objective and Scope of Research 

The general aim of this thesis is the construction of a multi-transport numerical model 

that interplays the reaction and ingress of chloride ions and CO2 in the liquid phase and gaseous 

phase of the concrete, respectively, based on the saturation state of alkali-activated concrete 

which is also predicted by moisture permeability transport models. The numerical model will 

couple moisture, chloride and carbonation transport-reaction equations, that have been 

separately pre-established to describe the durability performance of PC concrete exposed to a 

single type of environmental condition, with durability data of AAMs as inputs. Hence, the 

service life for alkali-activated concrete exposed to combined modes of degradation will be 

predicted until the point of corrosion initiation. Additionally, the service life will be calculated 

in a probabilistic mode by accounting the variability of durability data, as inputs for the 

numerical model, obtained for a single type of alkali-activated concrete from literature and 

experimental work carried out in this research.  Thus, the scope of this study is solely on 

degradation via mass transport of moisture, chloride ion and CO2 from the external 

environment into alkali-activated concrete (AAC) without including other modes of chemical 

attack such as the impact of freeze-thraw cycle on the permeability of concrete located in cold 

climate regions.    

1.3 Thesis Outline 

The work described in this thesis to achieve the main objective falls generally into six chapters 

described as follow: 

 Chapter 2 is on the literature that provides a thorough discussion on durability aspects 

of AAMs exposed to carbonation reaction and chloride ingress in comparison to 

Portland cement. It also includes moisture permeability models used to predict 

evaporable water content across the porous cementitious matrix and a commonly used 

service life model implemented to predict the service life of reinforced concrete.  

 Chapter 3 presents the materials and experimental methods used in this research. The 

materials used in this research are AAMs with different mix designs and are presented 

in detail. Some of the experimental methods are implemented to obtain data for 

parameters used in the numerical models described in Chapters 5 and 6. Additionally, 

the computational technique implemented to run the numerical models is discussed in 

the chapter.  
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 Chapter 4 is on applying a well-established service life model, 𝑓𝑖𝑏 Bulletin 34, based 

on the distribution of the durability data of AAMs obtained from the literature. The 

distribution of Ccrit for AAMs is also estimated by implementing a model that includes 

the ratio of chloride concentration to pore solution alkalinity which serves as corrosion 

indicating factor in AAMs also obtained from the literature. It is revealed that AAMs 

with high calcium content in the mineralogical composition can be a suitable low 

carbon construction material for structural applications in a submerged aqueous marine 

chloride environment. Gaps in the model are also identified for further development 

done in this research to improve its predictions.  

 Chapters 5 primarily describes anomalous moisture transport in cement, which is the 

deviation of transport of evaporable water from Fick’s second law of diffusion, and 

that it is mainly caused by the complex microstructure of the binder. Three moisture 

permeability models have been implemented for AAMs exposed to wetting and drying 

cycles, and predicted profiles of degree of saturation are compared with data for 

Portland cement attained from the literature.  The dual permeability model is found to 

be a suitable model because it includes the anomaly effect of moisture transport by 

accounting the fast and slow transport of moisture through two different pore size 

regions, classified as large and small pores, of a material with a complex 

microstructure such as the case of blended cements.  

 Chapters 6 is on the construction of a numerical model that implements carbonation-

chloride induced reactive transport models combined with moisture permeability 

models to predict the service life of alkali-activated concrete in unsaturated conditions 

(i.e. not in submerged conditions). The calculation of the degree of saturation is the 

key parameter in the model that can interplay the ingress of CO2 in the gas phase and 

chloride ions in the aqueous phase of the concrete. The developed model also 

implements reactive transports in the skin layer of the concrete cover, which is more 

of a mortar phase, and is usually ignored in existing service life models present in the 

literature. The model is also validated against chloride profile data for a structure 

exposed in unsaturated conditions. Finally, the distribution of Ccrit for AAMs, 

determined in Chapter 4, is built in the numerical model to probabilistically predict 

the service life of alkali-activated concrete exposed to combined environmental 

conditions. Sensitivity analysis is also included in this study to determine the variation 
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of the distribution of service life when some of the durability parameters are 

systematically varied in the model. 

 

 Finally, Chapter 7 contains overall conclusions for Chapters 4-6. It also includes 

discussions on the limitations of the developed numerical model which can be subjects 

of future research in the field of durability of alkali-activated materials. 

 

Figure 1.1 represents a flow chart indicating the main outcome obtained from each chapter 

outlined in the thesis along with their interrelations to achieve the main objective of this 

research. 

 

Figure 1.1 Thesis outline summarizing the key work related to Chapters 4,5 and 6 and their interrelations 

to achieve the research objective stated in Chapter 1. The durability data and models obtained from literature 

review and experimental measurements, discussed in Chapters 2 and 3, form the basis of Chapters 4, 5 and 

6 followed by future work suggested in Chapter 7.  
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Chapter 2: Literature review 
 

2.1 Alkali-Activated Materials- Historical Background 

The reaction of an alkali source with an alumina- and silica-containing solid precursor as means 

of forming a solid material comparable to Portland cement (PC) was first patented by Whiting, 

a cement scientist, in 1895 [19]. Later on, in 1908 Kühl, a German cement chemist and 

engineer, marked a mixture  of a vitreous slag and an alkali sulfate or carbonate, with or without 

added alkaline earth oxides or hydroxides, as a ‘developing material’ because of its comparable 

usage as Portland cement [2].  

Purdon, in an important journal article published in 1940, established the scientific basis of 

alkali-activated cementitious binders in more detail, where he noted the enhanced tensile and 

flexural strength of slag-alkali cements compared to Portland cements of similar compressive 

strength. Other key notes from that study were the low solubility of these slag binders, and low 

heat evolution during the reaction into hardened state [2].  

However, the first real contribution to the research in cement science of alkali-activated 

materials was given by Glukhovsky in 1959 [20] [2]. He claimed that these binders inherently 

show good durability properties because of the presence of aluminosilicate hydrates in their 

chemical composition, compared to PC composed of calcium silicate hydrates. For this reason, 

he developed a similar binder called “soil-cement”, in order to reflect its likeness to natural 

minerals, which is obtained from the reaction of low-calcium or calcium-free aluminosilicates 

(e.g. clays) with alkali metal solutions [2, 21]. Nevertheless, much of the degradation observed 

in modern concretes is due to the corrosion of embedded steel reinforcement, while intact 

unreinforced ancient structures have not been subject to this mode of decay. 

From the early 1980s developments of low-calcium (including calcium-free) binders were led 

by the work of Davidovits who, in 1978, first applied the name “Geopolymer” to these 

materials. Geopolymers were manufactured through the alkali-activation of calcined clays, 

particularly metakaolin. These geopolymers have been used as a fire-resistant replacement for 

organic polymeric materials and as cementitious binders [21].  

Following all the above initial investigations, research in alkali-activated materials (AAMs) 

has since diffused worldwide with different names such as F-cement in Finland, Pyrament in 
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the USA, E-CreteTM in Australia, Geocements in Ukraine, and ASCEM in the Netherlands. 

With this excess of names applied to the description of AAMs, three different categories were 

defined and adopted to identify the variety in alkali-activated materials based on their chemical 

compositions, as shown in Figure 2.1 [22].  

 

Figure 2.1 Classification of AAMs and its subset Geopolymers, with comparison to PC and calcium 

sulfoaluminate binder chemistry. The shading specifies approximate alkali content; darker shading links 

to higher concentration of sodium and/or potassium [2]. 

 

 Alkali activated materials is the broadest term, including any cementitious material 

made by the reaction of an alkaline salt, in solid or dissolved state, with a solid 

aluminosilicate powder. The alkaline salt has to be soluble and can raise the alkalinity 

of the reaction mixture to accelerate the dissolution of the solid precursor.  This solid 

can also contain calcium silicate hydrates, through the alkali-activation of conventional 

clinkers, or precursor with an aluminosilicate-rich content such as a metallurgical slag, 

natural pozzolan, fly ash or bottom ash[22].  

 Geopolymers are a subgroup of AAMs, that are mainly composed of aluminosilicate as 

the binding phase to form the solid material. Its formation is from low calcium (Ca) 

content raw materials such as low-Ca fly ash and calcined clays (i.e. metakaolin)[22].  
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Furthermore, the terms AAMs and geopolymers should not be used interchangeably as AAMs 

made from high-Ca raw materials have a chain structure of calcium silicate hydrate (C-S-H) 

type phases and geopolymers have a pseudo-zeolitic network structure. This difference in 

chemical structure is enough to distinguish their durability performances within the same 

environmental service conditions [2].  

2.2 Chemistry of Alkaline Activating Solutions 

Similarly, to the use of water to binder ratio (w/b) as key parameter used for manufacturing of 

binders in the PC system, it is also used for production of AAMs. However, in AAMs an alkali 

activator is introduced to create an alkaline environment to dissolve the aluminosilicate 

precursors for the formation of the gel-like reaction products [21]. Therefore, in AAMs w/b is 

presented in three different ways: 

1. Water to binder ratio (w/b):  the ratio of total mass of water (water in alkaline 

solutions with additional water) to total mass of precursors. 

2. Liquid to binder ratio (l/b): the ratio of total mass of alkaline liquids (alkaline 

solutions with additional water) to total mass of precursors.  

3. Water to solid ratio (w/s): the ratio of total mass of water (water in alkaline solutions 

with additional water) to total mass of solid (precursors and the dissolved solids in 

the alkaline solutions). Also this ratio is sometimes termed as w/b with the binder 

(b) defined as the total solids. 

In this research the notation w/b is used to describe the ratio of the total mass of water (water 

in alkaline solutions with additional water) to total mass of solid (precursors and the dissolved 

solids in the alkaline solutions) in the mix design for the studied alkali-activated materials. 

In addition, it is necessary to understand the chemistry of the alkaline activating solutions that 

are combined with aluminosilicate precursors to produce cementitious materials; 

Alkali silicates are the most widely used activators and can be written as Na2O-SiO2-H2O. 

These can be produced via two processes: melting carbonate salts with silicon dioxide to form 

a glass and then dissolving in water, or dissolving silicon dioxide in highly alkaline solutions. 

Most of the silicate sites present in the activating solutions used in manufacture of AAMs will 

be deprotonated either once or twice, making the activating solution buffer at approximately 

pH 11-13.5 [2, 23].  
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Alkali hydroxide is produced industrially as the product of the chlor-alkali process, which is 

the electrolysis of an aqueous solution containing alkali chlorides. The high use of sodium and 

potassium hydroxides is due to their solubility in water that can reach up to concentrations of 

30 mol/kg at 20 ℃ [24]. In addition, alkali-hydroxide can produce a highly alkaline solution at 

a relatively low cost. However, one of the main disadvantages is the potential for the excess 

alkali present in the pore solution to react with atmospheric CO2 and form efflorescence. This 

can serve as a durability problem as the presence of formed carbonates can limit the chloride 

binding capacity of cement hydrates in order to prevent steel corrosion [2, 14]. Another related 

durability issue by hydroxide activation is the poor microstructural development of the binder, 

making it more porous, which can negatively impact the compressive strength of the concrete 

[25]. Furthermore, there is a difficulty in handling the activators because they are hazardous to 

human health [26]. 

Alkali carbonate can be obtained either by the Solvay process or by the mining of carbonate 

salt deposits. Its alkalinity is lower than that of other alkali-activating solutions, which means 

that the selection of aluminosilicate raw materials that can be used with carbonate containing 

activators may be quite limited. Moreover, the potential of formation of hydrous sodium 

carbonate salts (e.g. the decahydrate Na2CO3·10H2O) due to presence of carbonate ions already 

in the pore solution, can bind to large amounts of water and cause difficulties related to water 

demand in mix designs [2]. However, Bernal reported that the consumption of carbonates, 

during advanced curing times of alkali-activated slags, can lead to an increase in alkalinity of 

the pore solution and can make the reaction process form similar reaction products as the ones 

observed in case of slags activated by alkali hydroxide [27]. In addition, it was reported that 

slags with high magnesium oxide content can overcome the known issues with delayed setting 

time in carbonate activated binders [27].  

Alkali sulfates can either be extracted from mining processes or be a by-product from the 

manufacturing of other chemical materials such as boric acid, silica pigments or ascorbic acid. 

This kind of activator has not very often been used in the preparation of alkali-activated binders, 

but it has been reported that the addition of clinker is usually required for enough strength 

development of the material [2]. In addition, Bernal [27] reported that slags activated by sodium 

sulfate can have setting times faster than in the case of sodium carbonate activation, but their 

process to harden takes a longer time than the slags activated by sodium silicate.  
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Finally, alkali sulfates and carbonates, compared to alkali hydroxides and silicates, provide 

significant scope for greenhouse gas savings in cement production, but the manufacturing 

conditions must first be identified to form binders with properties that can meet performance 

standards [2, 27].  

2.3 Aluminosilicate Raw Materials 

The aluminosilicate-rich raw materials used in AAMs can be natural resources, such as clay 

that is calcined to obtain metakaolin, and industrial by-products such as ground granulated blast 

furnace slag (SG) or fly ash (FA). Depending on the reactive calcium oxide content in these 

materials and the type of alkali-activator used, the binder made up of the final reaction products 

can be divided into two main groups: 

- A calcium- and silicon- rich material, in the case of blast furnace slag, having a 

composition of silicon dioxide (SiO2) and calcium oxide (CaO) greater than 70% with 

CaO of at least 40% , activated under relatively moderate alkaline conditions leads to 

the formation to calcium aluminosilicate hydrate (C-A-S-H) gel as the main reaction 

product [28]. This product is similar to the one obtained from the hydration of PC, but 

the difference is the incorporation of aluminum (Al) in the structure of C-A-S-H [21].  

- An aluminum- and silicon rich material, such as class F fly ash (according to ASTM 

C618 [29]) with low calcium oxide content, and metakaolin, also with low CaO 

content, will require more severe conditions for the alkali-activation reaction to take 

place. Conditions such as high alkalinity and the right curing temperatures for certain 

mix designs would be needed to obtain acceptable strength properties. The hydration 

reaction leads to the formation of the main hydrate product that is an alkaline 

aluminosilicate hydrate (N-A-S-H) gel, which is sometimes termed as a geopolymer 

gel [21].  

2.3.1 High-Calcium Alkali-Activated Binders 

Ground-granulated blast-furnace slag is commonly used as a calcium-rich aluminosilicate 

precursor for the production of alkali-activated materials. Blast furnace slag, which is a by-

product of manufacture of iron in blast furnaces, consists of silicate and aluminate impurities 

from the iron ore and coke. The type of reaction products formed in alkali-activated blast 

furnace slag (AAS) is mainly dependent on type of activator, composition of the precursors, 

curing conditions, and extent of slag reaction [2, 30].  
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The main reaction product of alkali activated blast furnace slag (AAS) is the C-(N)-A-S-H type 

gel, and the secondary reaction products, which may be zeolites and/or hydrotalcites, are 

dependent on the magnesium oxide (MgO) content in the mineralogical composition of the 

slag. Slags containing low MgO content can lead to the formation of the C-(N-)A-S-H gel with 

a higher incorporation of Al and alkali (N) content in its network structure, and to the formation 

of strätlingite as the dominant secondary product. However, for more MgO-rich slags, much of 

the Al is consumed in the formation reaction of secondary Mg-Al rich hydration products 

termed as hydrotalcite-like phases [30]. 

Overall, the molecular interactions govern the nanostructure of C-(N)-A-S-H gel and are 

controlled by precursor composition and mix formulation. The structure of C-(N)-A-S-H gel is 

generally a mix of cross-linked/noncross-linked tobermorite units, as seen in Figure 2.2. This 

form of structure has been found to be similar to the calcium silicate hydrate phase (C-S-H) 

seen in Portland cement [31]. 

 

Figure 2.2 Schematic representation of Al sites within C-A-S-H type gels cross-linking  q3 Al tetrahedral 

(green triangle), bridging q2(B) Al tetrahedra (blue triangle), pairing q2(P) Al tetrahedra (brown triangle), 

and charge-balancing AlV (orange square). Si tetrahedra are shown by the grey triangles, and charge-

balancing alkali cations and protons have been omitted by the authors for clarity in [31].  

 

Walkley et al. have studied the structural framework of C-(N)-A-S-H gel  through the variation 

of the chemical composition of slag by the application of 17O, 23Na, and 27Al 3Q MAS NMR 

spectroscopy to multiphase 17O-enriched gels [31]. They have noted that with an increase of 

bulk calcium (Ca) content within the reaction mixture, the formation of low-Al, high-Ca 

containing C-(N)-A-S-H occurs. This type of hydrate has exhibited a highly ordered structure 

and with less cross-linking sites. Also more coordination between calcium and oxygen atoms 

occurred which led to an increase of protons connecting with CaO layers to form Ca-OH sites 
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[31]. In addition, they have noted that the increase of bulk Ca content can promote the formation 

of hydroxy-AFm and monocarbonate-AFm phases. Whereas in the case of the reaction mixture 

containing a high bulk of Al content, this ionic species will substitute more in the C-(N)-A-S-

H gel, leading its structure to have a higher degree of cross linking sites and a disordered form. 

Furthermore, the increase in the bulk Al content has resulted in an increased in the formation 

of additional disordered N-A-S-H gel with high Al and sodium (Na) contents [31]. 

2.3.2 Low Calcium Alkali-Activated Systems 

Fly ash, as the by-product of coal combustion for the production of electricity, has been used 

to make low-calcium alkali-activated binders whereas calcined clays, known as metakaolin, are 

the precursors used to make free-calcium alkali-activated binders [2]. Most of the fly ashes 

used in alkali-activation are grouped within class F (low calcium content) category as defined 

by ASTM C618, a commonly used standard for the classification of supplementary 

cementitious materials (SCMs). However, the activation process for these precursors differ 

from AAS production as sometimes thermal or steam curing (60-80℃) and strong alkaline 

activators are required for the activation reaction [32]. Class C (high calcium content) fly ash 

is less frequently used because it is less abundant compared to other SCMs and the alkali-

activated binder produced will have rapid setting properties that affect the workability of the 

material during concrete casting [33].  

Looking further into the formation of hydrates of geopolymer type binders, the main reaction 

product is a polymeric network with amorphous zeolite-like phases, named N-A-S-H gel. The 

secondary reaction products are mainly zeolite-like crystalline structures such as analcite, 

sodalite, Na-chabazite, hydroxysodalite and faujasite [34]. Additionally, the composition and 

structure of these formed zeolites vary according to the type of activator and precursor used, 

along with the conditions used for curing stage [2]. Walkley et al. have proposed a structural 

model for alkali aluminosilicate gel (N-A-S-H) frameworks based on data obtained from solid-

state nuclear magnetic resonance spectroscopy (17O, 23Na, and 27Al). In Figure 2.3 the proposed 

conceptual model for the structure of N-A-S-H gel is shown with charge-balancing of the 

partial negative charges on bridging oxygen associated with tetrahedral Al provided by sodium 

and by extra-framework Al [35]. 



49 

 

 

Figure 2.3 3D representation of a polymerized section of the N-A-S-H gel indicating various constituent 

environments [35]. 

Overall, insights into the nanostructure of the main hydrates formed in AAMs (i.e. C-(N)-A-S-

H and N-A-S-H hydrates in high and low Ca-AAMs, respectively) is crucial for understanding 

the solubility and reactivity of the cement hydrates that control the macroscale engineering 

properties of the concrete such as the compressive and tensile strength [31]. In addition, the 

chemical composition of cementitious material, also known as the phase assemblage of formed 

cement hydrates, control the durability properties of the concrete cover which serves as a 

protective barrier for steel reinforcement against corrosion [30]. Consequently, the cement 

hydrates play a major role in the prediction of long-term service performance of the reinforced 

concrete structure.    

2.4 Role of Concrete Against Corrosion of Steel Reinforcement 

In general, the concrete matrix, made up of cement, sand and aggregates, acts as a physical 

barrier against penetration of aggressive agents mainly through its pores.  This means that the 

less permeable and thicker the concrete cover is, the more durable the material is to prevent 

steel corrosion, and the longer the service life of the reinforced concrete structure (RCS) will 

be. In addition, the chemistry of the pore solution and cement hydrates play a role in interacting 

and binding to the corrosive agents leading to less flow of the ions towards the steel rebar [36]. 

The durability of Portland cement based concrete in corrosive environment has been studied for 

many years with standard performance tests developed along with recommended types of raw 

materials and mix designs for concrete material used for the infrastructure [37]. 
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However, the durability performance of alkali-activated concrete (AAC) in combined 

chemical attack of carbonation and chloride ingress is still not clearly understood up to this 

date [38]. One of the main reasons is due to the lack of standardized tests needed to evaluate 

the durability of AAMs exposed to the weathering conditions [39].  Consequently, the use of 

AAC in construction and especially in marine exposure conditions (i.e. corrosive environment) 

has not been widely implemented. The following section provides a general description of 

corrosion across the rebar in reinforced concrete. 

2.5 Mechanisms of Steel Corrosion in Reinforced Concrete 

Reinforced concrete is a concrete matrix with a steel rebar embedded in such a way that the 

two materials act together to resist loads in a structure. Reinforced concrete combines the good 

compressive strength properties of concrete and the excellent mechanical strength properties 

of steel because of its ability to absorb the tensile and shear stress that prevents the concrete 

from crumbling under high loads. Thus, reinforced concrete materials can provide high 

mechanical strength, fire resistance, shape adaptability and durability [21].  

However, with time, severe steel corrosion can occur in the concrete structures that can lead 

to the concrete spalling and then structural failure. Corrosion of the reinforcement occurs when 

corroding agents from the environment permeate through the concrete matrix, towards the 

rebar and dissolve the protective (passivating) thin oxide layer that was formed around the 

surface of the steel as soon as it was embedded in the highly alkaline environment of the 

concrete. 

The entry of chloride ions from the external environment, either by capillary absorption, 

hydrostatic pressure and/or diffusion process, into the concrete can act as a catalyst to 

accelerate the corrosion process. The infiltration of chloride ions into concrete, as free ions 

in the pore solution, provides the electrolyte needed to sustain the electrochemical reactions 

that cause localized pitting around the passive film of the reinforcement. 

The presence of absorbed chlorides around the steel causes the formation of acids such as 

hydrochloric acid (HCl) and hydrogen sulfide (H2S) that create pits inside the rebar and 

become the deposit areas for formed rust products [40]. The overall effect of the corrosion 

induced by chlorides together with oxygen and water is a substantial reduction in the cross 

section area of the rebar. 

In addition, carbonation is also a coupling corrosive agent with the chloride ions around the 

steel reinforcement. The carbonate ions, resulting from the flow of carbon dioxide and its  

partial dissolution into the concrete pore solution, can cause the drop of alkalinity of the pore  
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solution surrounding the rebar which causes the dissolution of the passive film layer. Thus, 

in the combined case (i.e. presence of chloride and carbonate ions) the corrosion reaction can 

take place over wide areas of the reinforcement making it a more uniform process [21]. 

Steel corrosion, an electrochemical process, must have four main conditions simultaneously 

present in order for the reaction to remain sustained. The first condition is the provision of two 

half-cell reactions considered to be the anodic, Equation 2.1, and the cathodic, Equation 2.2, 

reactions that can be shown as follows: 

Fe →  Fe2+ + 2e− (2.1) 

 

1

2
O2 + H2O + 2e

−  → 2OH− (2.2) 

 

The second condition is the maintenance of an electrical circuit where the ferrous ions migrate 

through the pore water of the concrete to the cathodic sites where they react to form rust 

(represented here as Fe(OH)2) through equation (): 

 

Fe2+ + 2OH−  → Fe(OH)2 (2.3) 

         

The third and fourth conditions are the presence of moisture and oxygen that act as catalysts 

for corrosion reactions by providing more hydroxides (OH-) for the production of the main rust 

component Fe(OH)2. 

 

The use of the Pourbaix diagram, as shown in Figures 2.4 and 2.5, can indicate when steel is 

likely to corrode based on insights of pore solution alkalinity of the concrete matrix and the 

value of electrode potential of the rebar which can indicate the occurrence of a reduction 

process that forms part of the corrosion process [41]. These Figures are originally adapted 

from [42] and simplified to indicate the corrosion state of steel reinforcement in concrete.  

As shown in Figure 2.5, iron (Fe, the main element of steel) can be theoretically categorized 

into two major regions – where corrosion is likely  to occur  (areas of corrosion) and regions 

where corrosion is unlikely to occur (regions of passivation and regions of immunity) [41].  
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Figure 2.4 Theoretical conditions of corrosion, immunity and passivation of iron depicted through the 

Pourbaix diagram, at 25°C. The red area and the blue box denote normal pH values and electrode potentials 

in reinforced-concretes (in the absence of aggressive species) respectively [41]. 

 

Figure 2.5 Pourbaix diagram for the iron-water system. Adapted from [43]. 
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The following sections will focus on the concept of chloride threshold (CT) and the 

standardized tests used to detect the corrosion initiation of the rebar. These tests have been 

designed to calculate the value of chloride threshold which can be used to predict the service 

limit state of the infrastructure before the end of life [40]. 

2.6 Critical Chloride Threshold 

One of the main concepts that has set the direction of corrosion research in reinforced 

concretes is the correlation between a certain concentration of chlorides in concrete and the 

onset of steel corrosion. That concept is now known as the chloride threshold value or the 

critical chloride content, termed as Ccrit [44]. In Figure 2.6, Angst (2019) has schematically 

represented two parts for corrosion initiation where the first part is on the model that depicts 

the evolution of the chloride content at the surface of the rebar and the second part is on the 

comparison of the estimated value, obtained by the model, to the Ccrit. The value of Ccrit is 

relative to the type of binder used because the chemistry of the pore solution, responsible for 

forming the passive film around the steel rebar, will be altered. In addition, the steel potential, 

for the corrosion reaction, can be different for every type of embedded steel rebar [8]. 

Furthermore, Angst (2019) in his research has pointed out in Figure 2.6 that the main 

parameters used for the model and Ccrit are seen as deterministic, or single value, parameters 

but in reality both values could be in widely spread distributions [44]. 

 

Figure 2.6 Schematic representation of the concept used for the prediction of corrosion initiation including 

two parts: 1) chloride content prediction at the level of the steel surface, and 2) critical chloride content for 

corrosion initiation, Ccrit. [44].   
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The variations could be the result of different experimental methodology, in terms of 

specimen design and the experimental setup conditions that are used to determine the chloride 

transport properties and the chloride threshold [44]. Also, the definition used for corrosion 

initiation could vary in various testing techniques for steel bar corrosion [40, 44]. 

Additionally, corrosion initiation may not solely depend on the concentration of chloride ions 

but also on the concentration of other ionic species present in the pore solution [45]. Yet, Ccrit 

remains a valuable parameter to use during the modelling of chloride ingress and the 

prediction of corrosion onset [46, 47]. It will also be used in this research for predicting 

service life of alkali-activated concretes until the point of corrosion initiation.  

The following section describes some of the standard test methods used to assess steel 

corrosion in reinforced concrete.  

2.7 Test Methods Used for the Detection of Steel Corrosion in Reinforced 

Concrete 

The permeation of chloride ions and drop of alkalinity, as a result of carbonation, has led the 

ratio of free chloride ions to alkalinity of pore solution (i.e. Cl-/OH-) to be used as a corrosion 

risk indicator. In other words, it is used to calculate the concentration of critical chloride content 

(i.e. Ccrit) needed to predict the likelihood of the onset of steel corrosion [40]. Several 

electrochemical techniques, including visual inspection, have been employed for the 

assessment of steel corrosion and estimation of the value of Ccrit.  

The first electrochemical technique is the half-cell potential (Ecorr, mVSCE) measurement with 

its procedure described in ASTM C876 [48]. This test can qualitatively identify the levels of 

steel corrosion by the following conditions: if Ecorr is more positive than -126 mVSCE (vs. 

saturated calomel electrode (SCE)), the steel remains passive and if Ecorr is more negative than 

-276 mVSCE than the steel is in an active corrosion developing stage. However, this test method 

is not suitable for slag-based AAMs (i.e. when slag is used as the main precursor of the binder) 

because there is still uncertainty and limited information about the state of the rebar when the 

measured value of Ecorr is between -200 and -350 mVSCE. The main cause of the 

misinterpretation is that slag precursors contain sulfide ions that can reduce the redox potential 

of the pore solution and maintain the steel in a passive state with the Ecorr reaching much more 

negative values than those usually obtained as an indication of corrosion in PC based concrete 

[40]. Recently, Runci et al. [49] have proposed  a  value for Ecorr  of lower than -400 mVSCE to 

be the limiting value for distinguishing between active and passive states of steel in AAMs.    
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The second technique is linear polarization resistance (LPR) used to measure the corrosion rate 

(Rp) and estimate the value of the corrosion current density by Equation 2.4; 

Icorr =
βaβc

2.3Rp(βa + βc)
=
B

Rp
 (2.4) 

 

Where, B is the Stearn-Geary constant with value ranging from 13 to 52 mV, βa and βc are 

anodic and cathodic constants. Andrade et al. [50] specified that Icorr can be utilized to assess 

the active and passive zones of the rebar when values for B are assumed to be 26 mV and 52 

mV for corroding and passive steel states respectively. However, Babaee et al. [51]  have 

reported that these reference values for PC are different for the case of alkali-activated binders. 

They suggested values for B to be between 13 and 20 mV for the passive steel state and B to 

be between 45 and 58 mV for the corroding steel state in the case of AAMs [51]. These values 

are within the ranges suggested by Runci et al. [49] where B between 15-25 mV corresponds 

to steel in a passive condition and B between 55-63 mV indicates that steel is in an active 

corroding condition. 

The third electrical technique is electrochemical impedance spectroscopy (EIS), a frequency 

based test where an alternating current is emitted and propagates through the concrete towards 

the rebar. The obtained result is an electrochemical impedance spectrum that can provide 

information around the polarization resistance, which is used to calculate the rate of steel 

corrosion [40]. 

The corrosion reactions can differ between low and high calcium based AAMs, and from the 

process seen in Portland cement based concrete, in a way that the chloride concentration may 

not solely play the dominant role because the interactions of steel with other pore solution ions 

can also have an impact [44, 52]. This is due to the high alkalinity of the pore solution in 

geopolymers, and the reduced sulfur species in pore solution of alkali-activated slag cements 

that can cause the formation of a sulfide film on the surface of the rebar, leading to a more 

complex corrosion reaction [44, 45]. The following sections describe the corrosion reaction 

mechanisms in high and low calcium based AAMs. 
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2.8 Mechanism of Steel Corrosion in AAMs 

2.8.1 Corrosion of Steel in SG-Based AAMs 

Mundra and Provis [45] have verified the complex passivation layer that forms on the steel 

surface in pore fluid conditions simulating SG-based AAMs to be Fe-S complexes instead of 

the usual iron oxide seen for the case of PC. In addition, they have described the formation of 

the passive layer and rust products as routes for the anodic peaks in their obtained cyclic 

voltammograms described in Equations 2.5-2.10. The chemical compounds placed between 

square brackets represent intermediate species and the chemical compounds in the curly braces 

represent species that may undergo changes upon aging. 

Fe+ OH− ↔ Fe(OH)ads + e− (2.5) 

 

[Fe(OH)]ads  ↔  [Fe(OH)]ads
+ + e− (2.6) 

 

Fe + HS− ↔ [Fe(HS)]ads + e
− (2.7) 

 

[Fe(HS)]ads ↔ [Fe(HS)]ads
+ + e− (2.8) 

 

[Fe(OH)]ads
+  +  2OH− ↔  HFeO2

− + H2O (2.9) 

 

HFeO2
− + H2O ↔ {Fe(OH)2} + OH

− (2.10) 

 

In Equation 2.7 the presence of HS-  in the alkaline pore solution of alkali-activated slag 

competes with OH-, in Equation 2.5, for adsorption on the surface layer of the steel, and forms 

adsorbed layers of  [Fe(HS)]ads
+  and [Fe(OH)]ads

+  according to Equations 2.8 and 2.6, 

respectively. Next, in the presence or absence of HS−, [Fe(OH)]ads
+  species, in Equation 2.9, 

converts to Fe(OH)2 as a final corrosion product [45].  

In addition, Mundra and Provis [45] have proposed another novel relationship for the onset of 

corrosion and that it is not dependent on chloride ion concentration. They conducted 

experiments where they have exposed the steel specimens to simulated pore solutions of alkali-

activated slag with varying [HS-]/[OH-] and alkalinity (from 0.8 to 1.36 M) with the steel 

specimen kept in saturated conditions with respect to sodium chloride solution (NaCl). They 

have deduced that corrosion initiation would occur when the steel is exposed to a pore solution 

containing a concentration ratio of HS- to OH- ranging between 0.007 and 0.1125. However, 

Mundra and Provis have noted that the actual pore solution of alkali-activated slag was for [HS-
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]/[OH-]≥ 0.33 and that corrosion did not take place at any chloride concentration in the 

simulated pore fluid experiments under these conditions [45]. 

Mangat et al. [53] have investigated their exposed alkali-activated concretes to accelerated 

corrosive conditions for 1750 days and obtained the Ccrit in terms of Cl-/OH- concentration ratio 

in a range of 2.1 to 2.8. The implemented experimental conditions contained multiple wetting 

and drying cycles to attain levels of oxygen, chloride and temperature enough for initiating 

steel corrosion within their research time frame of 1750 days [53]. Hence, the difference 

between this exposure condition and the simulated pore solution used by Mundra and Provis 

[45] is the lack of extra amount of dissolved oxygen, in the latter case, that diffuses from the 

environment into the capillary pores of the concrete. The quantity of available dissolved oxygen 

at the steel and pore solution interface plays an essential role in the formation of passive layer 

around the reinforcement and can also impact the extent of corrosion reaction [45].   

2.8.2 Corrosion of Steel in Low Calcium Based AAMs 

Mundra et al. [54] obtained a novel relationship for predicting the onset of corrosion as a 

function of the high alkalinity pore solution found in low-Ca AAMs (not containing sulfide). 

In terms of Ccrit, [Cl-]/[OH-]3=1.25 is the power law relationship that can predict corrosion 

pitting as a function of the alkalinity of the pore solution. In addition, they have also described 

the formation of the passive layer and rust products in low Ca-based AAMs according to 

Equations 2.11-2.14. Where the passivation layer is the formation of [Fe(OH)]ads that can 

change into [Fe(OH)]ads
+  and the amount is dependent on the concentration of OH− in the pore 

solution. Also in concentrated alkaline solution (pH>14) the [Fe(OH)]ads
+  changes to HFeO2

− 

ions which undergoes a hydrolysis reaction to form Fe(OH)2, according to Equation 2.14.  

Furthermore, {Fe(OH)2} in concentrated alkaline solution can change into a film layer of 

[FeOOH]ads and upon aging can be transformed into two types of rust product that are Fe2O3 ∙

H2O and FeOOH ∙ H2O , according to Equations 2.15-2.17 [54]. 

Fe + OH−  → [Fe(OH)]ads + e
−   (2.11) 

 

[Fe(OH)]ads → [Fe(OH)]ads
+ + e−    (2.12) 

 

[Fe(OH)]ads
+  + 2OH− → HFeO2

− + H2O    (2.13) 

 

HFeO2
− + H2O  →  {Fe(OH)2} + OH

−    (2.14) 
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{Fe(OH)2} + OH
−  → [FeOOH]ads + H2O + e

−    (2.15) 

 

2[FeOOH]ads  → {Fe2O3 ∙ H2O}     (2.16) 

 

[FeOOH]ads + H2O → {FeOOH ∙ H2O}     (2.17) 

 

2.8.3 Critical Chloride Thresholds in AAMs 

In literature, Ccrit is most commonly expressed in terms of % total chloride content relative to 

the weight of the unhydrated cement, %TotalCl/cem. Babaee and Castel [55] identified steel 

depassivation during a corrosion test on reinforced alkali-activated mortars, having been 

submerged in a 3.5 wt.% NaCl solution for a period of nine months, and measured the chloride 

content at the interface between the steel and cementitious matrix. The protocol used to measure 

the chloride content is found in the ASTM C1152 technique [13] used to measure acid-soluble 

chloride in mortar and concrete. Thus, Babaee and Castel [55] measured Ccrit in terms of 

%TotalCl/cem because acid soluble chloride represents the total chloride content present in the 

cementitious matrix. However, this chloride content was initially present as free ions in the 

pore solution due to the absence of chloride binding to the cement hydrates of the alkali-

activated mortars reported by Babaee and Castel [55]. Additionally, the Ccrit  is reported in 

terms of wt.% of binder by taking into account the amount of fly ash and slag precursors with 

the anhydrous part of the activator present in the alkali-activated mortars. Furthermore, Babaee 

and Castel [55] obtained the Ccrit values for a mix of alkali-activated mortars activated by 

sodium hydroxide with sodium silicate solution and by sodium hydroxide+potassium 

hydroxide with sodium silicate solution. In the case of sodium hydroxide with sodium silicate 

solution activator, the Ccrit obtained for Fly ash dominated samples (75% fly ash and 25%) was 

between 0.341 and 0.692 of Cl in wt.% by binder mass. The values obtained for mixture of slag 

and fly ash (50% fly ash and 50% slag) was between 0.335 and 0.436 of Cl in wt.% by binder 

mass. The values obtained for slag dominated samples (75% slag and 25% fly ash) was between 

0.19 and 0.30 of Cl in wt.% by binder mass. The reason for the variation of Ccrit was due to the 

alkali dosage and silica modulus used in the mix design of the activating solution. The samples 

activated with a solution containing higher alkali dosage and silica modulus had higher Ccrit 

than the samples activated with a solution containing lower alkali dosage and silica modulus. 

As for the one case of Fly ash dominated sample activated by sodium hydroxide+potassium 
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hydroxide with sodium silicate solution, the measured Ccrit values varied between 0.511 and 

0.548 of Cl in wt.% by binder mass. These values are higher than the ones obtained for the fly 

ash dominated sample activated by sodium hydroxide with sodium silicate solution. However, 

the values obtained for the fly ash dominated samples are beyond the values suggested for 

geopolymers found in [40] that range between 0.2 and 0.4 wt.% of the binder.     

Moreover, Ccrit  has been  expressed in the literature in terms of the percentage of free chloride 

in the cement (%FreeCl/cem) which depicts the amount free chloride ions present in the pore 

solution that is primarily responsible for the corrosion initiation. In addition, Crit is expressed 

in terms of the chloride concentration to the hydroxide concentration ([Cl-]/[OH-]) of the 

concrete pore solution. This definition is often used to identify the condition of the pore solution 

for corrosion to occur in reinforced concrete.  

The following Table 2.1 summarizes the values of Ccrit, expressed in different forms and 

determined by different test methods, for low and high calcium based AAMs. 

 

Table 2.1 List of Ccrit values obtained for low and high Ca-AAMs. 

Type of 

Cement 
Corrosion Test Method Ccrit Ref. 

Low Ca-

AAM 

Linear Polarization Resistance measurements of steel 

exposed in simulated pore solution with different [Cl-/OH-] 

concentration ratios. 

[Cl]/[OH-]3=1.25 [54] 

High Ca-

AAM 

Corrosion potential and corrosion current density 

measurements of concrete exposed to corrosion inducing 

conditions for 1750 days 

2.1<[Cl-]/[OH-]<2.8 [53] 

High Ca-

AAM 

Linear Polarization Resistance measurements of steel 

exposed in simulated pore solutions with different 

[Cl-/OH-]  ratios 

0.007<[HS-]/[OH-]<0.1125 [45] 

 

In this thesis, the prediction of service life for alkali-activated concretes is based on Ccrit in 

terms of [Cl-]/[OH-]. This is to account only for the concentration of free chlorides responsible 

for corrosion initiation. Thus, values in the first two rows of Table 2.1 will be used to estimate 

the serviceability limit state of low and high calcium based alkali-activated concretes in 

Chapter: 6.  

The ingress of chloride ions and CO2 in the concrete matrix is dependent on the degree of pore 

solution saturation and flow of moisture through the interconnected capillary pores, towards 
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the rebar, during drying and wetting conditions. The following section discusses moisture 

transport and degree of pore solution saturation across the porous cementitious material where 

both mechanisms are dependent upon the external relative humidity (RH). 

2.9 Moisture Transport in Cement Based Materials 

Conventionally, moisture transport in cementitious materials was modelled based on Darcy’s 

or Fick’s law to predict the moisture state or the degree of saturation of pores inside the concrete 

matrix [56-58] . However, anomalous moisture transport properties of Portland and blended 

cement-based materials have been reported in the literature [59-63] ; this means that the water 

sorption measurements of cement-based materials, on a long timescale, have shown that the 

mass change versus square root of time (t0.5) does not follow a linear relation that depicts the 

behaviour of a Fickian process [60]. In addition, Hall [59] noted that the absorption behavior 

of water by Portland cement mortars has deviated progressively below the t1/2 line, but when 

tested with an organic liquid (n-decane) the adsorption has followed the t1/2 line as shown in  

Figure 2.7 [60].  

 

Figure 2.7 Long-term cumulative capillary absorption i versus t1/2 for water and n-decane into a mortar 1:2 

Portland cement:sand by weight, 0.4 water:cement ratio by weight, cured under water for 28 days, dried at 

40 °C for 24 h and then at 105 °C to constant weight [60]. White box symbol; water and black cross symbol; 

n-decane.  

 

In addition, Ren et al. [64] have noted in their study that the mass change versus t0.5 curve for 

the water absorption process of cement-based materials has two linear stages. The first one 
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follows the conventional single-porosity model, while the second deviates from the first, which 

is why such a mass change curve is called anomalous. One of the main reasons for the deviation 

from the square root of time law is because of the effect of the continuous swelling of the C–

S–H gel because of its hygroscopic nature. Consequently, this expansion effect during capillary 

absorption will make cement-based materials elongate at a macroscopic scale, change the pore 

structure, and gradually slow down the rate of water absorption [64] [60] [62].  

Furthermore, the hysteresis, or the anomality effect, can delay the diffusion of moisture and 

make it difficult for the moisture equilibrium state to be reached during drying or wetting 

stages. Several authors have suggested the reason for the hysteresis can be due to rehydration 

and/or dehydration of the cement hydrates (which changes the microstructure of the cement) 

and the heterogeneous microstructure of the cement due to the existence of a wide range of 

pore sizes [65-68]. The scanning electron microscope (SEM) images in Figure 2.8 show the 

complex microstructure of AAMs made of varying compositions of fly ash (FA) and slag (SG). 
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Figure 2.8 SEM micrographs of alkali-activated and cement paste samples (magnification level is the same 

for all micrographs) [69]. Where: AAP1:90%FA+10%SG, AAP3:50%FA+50%SG, 

AAP4:75%FA+25%SG, AAP5:25%FA+75%SG, and HCP:100%PC. 

 

Therefore, advanced mathematical models are needed to be implemented to predict the 

saturation profile in a concrete matrix – AAC or conventional PC – by taking into account the 

complex microstructure of the cementitious binder. The following section describes the 

empirical equations and predictive models used to predict the degree of saturation and 

saturation profile in cements as a function of external RH. 
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2.10 Fundamental Relations 

2.10.1 Degree of Saturation 

Concrete is considered to be a porous material that can be fully or partially filled with liquid 

water. This level of liquid water is dependent on the relative humidity (RH) of the environment 

and effective porosity (i.e. connected pores) of the material. The concrete is considered to be 

fully saturated only when the effective pores are filled with water and partially saturated when 

part of these pores is occupied by the gas phase. The relation between the degree of water 

saturation, S, and pore volume of the material is introduced by Equation 2.18. 

S =
Vl
Vp

 
(2.18) 

 

Vl; Water volume fraction 

Vp; Void volume 

Another equation used to assess the degree of saturation is with the use of effective porosity 

according to Equation 2.19. 

S =
ϕl
ϕ

 (2.19) 

 

Where the effective porosity, ϕ, may contain both liquid phase, ϕl, and gaseous phase ϕg based 

on Equation 2.20 : 

ϕ = ϕl + ϕg (2.20) 

 

Relation between relative humidity and degree of saturation 

Water vapor sorption isotherms (WVSIs), measured by experiments and/or Dynamic Vapor 

Sorption (DVS) instruments, are determined to correlate the external relative humidity to 

amount of evaporable water, also known as free and unbounded water in the cement sample at 

constant temperature [70]. For the prediction of degree of saturation, moisture transport models 

utilize the relation between capillary pressure, Pc, and degree of saturation. The following 

Equation 2.21 is employed for the conversion of evaporable water, θ, to S.  
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S =
θ − θr

θmax − θr
 (2.21) 

 

θ; evaporable water content at certain relative humidity 

θr; water content at dry reference state 

θmax; water content at saturated state 

The Kelvin equation [71], Equation 2.22, is used to convert the value of relative humidity to 

capillary pressure:  

Pc = −
ρlRT

Mv
lnRH 

       (2.22) 

  

ρl; liquid water density 997 kg.m-3. 

R; gas constant, 8.314 Pa.m3.K-1.mol-1. 

T; absolute temperature, 293.15 K 

Mv; molar mass of the water molecule, 0.018 kg.mol-1 

RH; relative humidity, as a fraction 

2.10.2 Models for Isotherms 

Several models were studied by Zhang et. al [70] to predict the degree of saturation at a certain 

relative humidity. Most of the studied models were obtained from the field of geology and used 

to predict moisture transport in soil systems, but have also been validated for studies of 

cementitious materials. A brief description of each model is presented in the following section. 

2.10.2.1 Feng and Fredlund’s model 

This model (FF) is an empirical relationship which was used to fit WVSIs for a ceramic material 

by the following Equation 2.23  [72]: 

S =
aF

aF + Pc
bF

 (2.23) 

  

Where the two parameters, aF, in Pa, and bF, dimensionless, are determined by means of curve 

fitting the adsorption and desorption isotherms. However, this model cannot be applicable for 



65 

 

the cementitious materials because of the effect of C-S-H swelling in high humidity conditions 

[73]. 

2.10.2.2 Van Genuchten’s model 

The Van Genuchten model (VG)  is used to predict the degree of water saturation in soil using 

the following S-shaped curve Equation 2.24 [74]: 

S = [(1 + ( 
Pc
a
)
n

)]

−m

 (2.24) 

  

Where a, in Pa,  m and n, dimensionless, are three empirical parameters obtained by curve 

fitting the WVSIs. In addition, the above equation has been simplified into a two parameter 

equation by the use the of following relation, Equation 2.25, for shape parameters [74]: 

m = 1 − 1/n (2.25) 

  

2.10.2.3 Fredlund and Xing’s Model 

Fredlund and Xing’s Model (FX) is based on the Van Genuchten model to account for the pores 

in the high capillary pressure region, according to Equation 2.26 [75]; 

S = [ln [e + (
Pc
aX
)
nX

]]

−mX

 (2.26) 

  

e; Euler number (2.71828, a mathematical constant) 

2.10.2.4 The Kosugi Model 

The Kosugi model (KM) includes a lognormal pore size distribution function in the following 

Equation 2.27 [76]; 

S = Q(σ−1ln
Pc
Pcm

)   (2.27) 

  

Pcm; capillary pressure, Pa, related to the median pore radius 

σ; standard deviation of log-transformed pore radii; related to the width of the pore size 

distribution 

Q; complementary normal distribution function as defined by Equation 2.28; 
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Q(x) = (2π)−1/2∫ exp(
−x2

2
)dx

∞

x

 (2.28) 

  

2.10.2.5 Multimodal model  

The multimodal model (Multi) is written as Equation 2.29 [70]: 

S =∑wi

N

i=1

Si(Pc) (2.29) 

N; the number of pore systems 

wi; ranging between 0-1 is the weighing factor characterizing the pore system i and wiSi 

represents the water content contribution of pore system i to the total water content in the 

material. For instance, when n=2 then Equation 2.29 becomes a bimodal model. An example 

of the use of the bimodal model is when Zhang and Angst [62] applied the VG equation for the 

small and large pore regions of the cement paste as will be explained in section 2.10.3.3.2 . 

2.10.3 Moisture Transport Models 

2.10.3.1 Darcy’s Model 

The most commonly used moisture transport model is Darcy’s law for flow in a saturated 

matrix, according to Equation 2.30 [77].  

Jl = −ρl
K

η
∇Pl (2.30) 

  

Jl; liquid flux (kg.m-2. s-1) 

ρl; density of the liquid water (kg.m-3) 

k; liquid permeability (m2) 

η; dynamic viscosity of liquid water, 0.001 Pa.s 

Pl; liquid pressure, Pa 

2.10.3.2 Buckingham model  

The Buckingham law [78] is a modified version of the above Darcy moisture transport equation 

and accounts for unsaturated conditions by the following Equation 2.31: 

Jl = −ρlkrl
Kl
η
∇Pl (2.31) 
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krl; relative permeability that is a function of liquid water saturation 

The van Genuchten-Mualem equation [74] is used to model the relative permeability as a 

function of the degree of saturation according to the following Equation 2.32: 

krl(S) = S0.5[1 − (1 − S1/m)m]2 (2.32) 

 

2.10.3.3 The single-porosity model 

2.10.3.3.1 The S-Based form of Richards’ Equation 

Zhang et al. [79] have modeled the moisture transport in cement pastes based on a diffusion 

approach with an apparent diffusion coefficient that combines water vapor and liquid water in 

the moisture transport. The state variable in the model is the moisture content in which the 

degree of saturation, S, has been chosen. The model is the S-based form of Richards’ equation 

according to Equation 2.33 that is also based on Fick’s second law of diffusion: 

∂S

∂t
= Da

∂2S

∂x2
 (2.33) 

  

The apparent moisture diffusion coefficient, Da in m2. s−1, is the sum of the liquid water and 

water vapour diffusivities, Dl and Dv, which are modelled based on Equations 2.34 and 2.35. 

This is because moisture transport in an unsaturated porous medium is governed by the 

transport of three phases: liquid water, water vapour and dry air. However, dry air is neglected 

because it contributes the least to the mass transport [80]. Thus, Equations 2.34 and 2.35 are 

combined, with the assumption of equilibrium between liquid water and water vapour [79], to 

include the contributions of both phases in the moisture transport represented by the parameter 

Da in Equation 2.33 [79].  

Dl(S) = −krl
Kl
ϕη

∂Pc
∂S

 (2.34) 

  

 

Dv(S) = −(
Mv

ρlRT
)
2

Dv0f(S, ϕ)
Pvsφ

ϕ

∂Pc
∂S

 (2.35) 
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Pvs; saturated vapor pressure at 20°C, 2338.54 Pa 

Mv; Molar weight of water, 0.0018 (kg/mol) 

R; universal gas constant, 8.3144 (Pa.m3.K-1.mol-1) 

T; absolute temperature (K), 20°C≡ 293.15 K 

φ; Relative humidity 

Pc; Capillary pressure (Pa) 

η; dynamic viscosity of liquid water, 0.001 Pa.s at 20°C  

Where the capillary pressure is a function of the degree of saturation according to the following 

Equation 2.36; 

Pc(S) = a(S−
1
m − 1)

1
n (2.36) 

 

a; air entry flow pressure (Pa) 

m and n; shape factors for the sorption isotherm and  n =
1

1−m
  

Where 
∂Pc

∂S
 factor in the liquid and vapour diffusivities is the derivative of the capillary pressure 

(Pc) with respect to degree of saturation (S) according to Equation 2.36.i adapted from [81]. 

∂Pc
∂S

= −
a

nm
S(
−1
m
 −1) × (S(

−1
m
) − 1)(

1
n
−1)

 (2.36.i) 

 

The transport of water vapor is governed by the effective water vapor diffusion coefficient, Dve, 

in the porous medium by the following Equation 2.37; 

Dve(S) = Dv0. f(S, ϕ) (2.37) 

  

Dv0;  free vapor diffusion coefficient in the air, 2.47 × 10−5 (m2. s−1)  between 20°C and 25°C 

[82]. 

f; resistance factor of the pore network for gaseous diffusion  
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The Millington equation is used to calculate the diffusion in porous materials as a function of 

saturation state and tortuosity that is a microstructural property of the material [83]. This 

equation is further refined in [84] where the equation for the resistance factor, which takes into 

account the effect of liquid water saturation and tortuosity of the cementitious material, is 

obtained according to Equation 2.38: 

f(S, ϕ) = ϕ(1 − S).ϕxD−1(1 − S)xD+1 (2.38) 

 

xD; material parameter, constant value of 2.74 

ϕ(1 − S); space available for vapor diffusion 

ϕxD−1(1 − S)xD+1;description of tortuosity and connectivity effects 

Zhang et al. [79] have set xD to a value of 2.74 based on the experimental data, found in the 

literature, on the diffusion properties of CO2 and O2 into concrete and mortar test samples.  

In general, Kl and xD are two fitting parameters in the apparent diffusion coefficient.  The  

effects of the permeability Kl and xD can be easily separated in most ranges of RH. This point 

is very important to take into consideration when discussing the dominant contributing factor 

for each Dl and Dv at a certain relative humidity, RH. For example, in the high RH range the 

liquid transport coefficient is prominent, whereas vapor diffusion plays a key role in the low 

RH range. In addition, there is a very narrow range in which both Dl and Dv have comparable 

influences on moisture transport. 

In this research, all available measured curves of Da as a function of degree of saturation are 

fitted by means of the equations for Dv and Dl to obtain the intrinsic permeability factor, Kl, 

and the material parameter, xD. 

2.10.3.3.2 The dual-porosity moisture transport model 

Zhang and Angst [62] have considered that hydrated cement paste can be viewed as a dual-

porosity material with two pore size regions, the large pore region and the small pore region. 

They assumed that pores in each region are well connected, meaning that fluids can move in 

each region, as well as communicate between the two regions [62]. The volumetric fraction of 

the large pore region, wf, was obtained when the Van Genuchten (VG) equation has been 

applied for each porosity region to obtain a bimodal equation (i.e. VG-Dual) according to 

Equation 2.39.a [62]: 
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S = wf[1 + (
Pc
αl
)

1
1−ml

]−ml + (1 − wf)[1 + (
Pc
αs
)

1
1−ms

]−ms (2.39.a) 

  

Where l and s stand for large and small pores respectively. 

In addition, the shape parameters ml and ms have been considered as a single constant value  

such that ml = ms = m and is set as 0.45 for Portland cement binders [70]. However, in this 

research the shape parameters ml and ms are also set as a single value “m” but it is determined 

by fitting the WVSIs of AAMs with Equation 2.39.a. Additionally, Equation 2.39.a also 

represents the sum of degree of saturation in large and small pore regions of the cement as 

interpreted by Equation 2.39.b. 

S = wfSl + (1 − wf)Ss (2.39.b) 

  

The porosities attributed to the large and small pore regions are calculated by Equations 2.40 

and 2.41; 

∅l = wfϕ (2.40) 

∅s = (1 − wf)ϕ (2.41) 

 

ϕ; total porosity of the material 

∅l;porosity in the large pore region 

∅s;porosity in the small pore region 

The moisture diffusivities in the large and small pore regions of the cement are combined with 

the contribution factor of the large pore region to the moisture transport (i.e. wf,D) as shown in 

Equation 2.42 to calculate the overall apparent moisture diffusivity parameter Da used in 

Equation 2.33. Note that wf,D is not the same parameter as wf (i.e. the volumetric fraction of 

the large pore region in cement) implemented in Equation 2.39 a+b.   

Da = wf,DDa,l + (1 − wf,D)Da,s (2.42) 

 

Zhang and Angst [62] have also modified the Richards equation into a coupled partial 

differential equation according to Equations 2.43-2.46. Where, Equations 2.44 and 2.46 are 



71 

 

implemented in Equations 2.43 and 2.45 to simulate the moisture transport in large and small 

pore regions of the cement respectively. 

∂Sl
∂t
=
∂

∂x
(Da,l

∂Sl
∂x
) +

Γω
ρwϕwf

 (2.43) 

 

Da,l = −kr,l
Kw,l
∅ln

∂Pc,l
∂Sl

− (
Mv

ρwRT
)
2

DvOfl
PVSφl
∅l

∂Pc,l
∂Sl

 (2.44) 

 

∂Ss
∂t

=
∂

∂x
(Da,s

∂Ss
∂x
) −

Γω
ρwϕ(1 − wf)

 (2.45) 

 

Da,s = −kr,s
Kw,s
∅sn

∂Pc,s
∂Ss

− (
Mv

ρwRT
)
2

DvOfs
PVSφs
∅s

∂Pc,s
∂Ss

 (2.46) 

 

𝛤𝜔; Mass exchange between two porosity regions 

subscripts l and s; relate to the large and small pores of cementitious material respectively 

In addition, the equation of the resistance factor of the pore network for gaseous diffusion in 

large and small pore regions (i.e. fl and fs ) is the same as Equation 2.38 (i.e. f(S, ϕ) ) but based 

on the degree of saturation (i.e. Sl and Ss ) and porosity (∅l and ∅s) in each pore region [62].  

The linear and nonlinear mass transfers between the large and small pores have been studied in 

the literature for fractured media. It has been shown that the linear mass exchange was able to 

accurately represent the mass exchange between two porosity regions according to [85]. The 

following Equation 2.47 describes the linear mass exchange between the two porosity regions 

and is also included in the moisture transport in large and small pore regions. 

Γω = βw(φS − φl) (2.47) 

 

βw; first order rate coefficient (kg. s−1. m−3) 

βw is generally assumed to be dependent on the geometry of the small pore region, the length 

scale of the large pores region and permeability at the interface of two regions [85, 86]. For 

concrete, Smyl et al. [87] have considered βw to be a function of the liquid conductivity in two 
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porosity regions. Zhang and Angst [62] then simplified the relation as the following Equation 

2.48. In addition, Zhang and Angst (2020) [62] determined the moisture transfer factor, 𝜉, by 

fitting the mass change curve measured during drying/wetting tests, to be 10-3. 

βw = ξkr,lkr,s (2.48) 

 

ξ; moisture transfer factor (kg. s−1. m−3) 

kr,i; relative liquid permeability,  i; l, s where l is for the large pore region and s for the small 

region. 

2.10.3.3.3 The mechanistic model 

Scheffler et al. [88] have utilized the following moisture transport model, Equation 2.49, and 

have considered the pore size distribution of cement, obtained from the derivative of the 

moisture storage function, in the relative liquid permeability factor, Kl(S). They have also 

considered vapor resistant factor, fV(θ), in the vapor diffusion, Dv(S), by a different form of 

equation as shown in Equation 2.50. 

Da = −
Kl(S)

ϕη

∂Pc
∂S

− (
Mv

ρwRT
)
2

Dv(S)
PVSφ

ϕ

∂Pc
∂S

 (2.49) 

 

Where, Dv(S) is a function of the moisture content according to Equation 2.50 and Kl(S) is  

also a function of the saturation degree according to Equations 2.54 and 2.55 [88]: 

Dv(θ, T) =
Dv,air(T)

μdry
fV(θ) =

Dv,air(T)

μdry
[
 
 
 1 − (

θ
ϕ)

(
θ
ϕ)

nsp 

+ (1 −
θ
ϕ)

2

. (1 − (
θ
ϕ)

nsp 

)]
 
 
 
 (2.50) 

 

θ;moisture content (
Volume of liquid,m3

Volume of solid,m3 )   

ϕ;  porosity (
Volume of pore,m3

Volume of solid,m3) 

fV(θl); scaling function for vapour diffusion 
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The relative moisture content also known as the degree of saturation is the ratio of the moisture 

content, θ, and porosity, ϕ, as shown in Equation 2.51. 

S =
θ

ϕ
 (2.51) 

 

Therefore, Equation 2.50 can be rewritten in the form of Equation 2.52: 

Dv(S) =
Dv,air(T)

μdry
[

1 − S

(S)nsp + (1 − S)2. (1 − Snsp )
] (2.52) 

 

 

μdry;  vapour diffusion resistance factor, 13.5 (dimensionless), and is used to define the 

reduction of vapour diffusivity in air,  Dv,air(T), for the cementitious material. This value is 

determined from dry-cup test where water vapour transport is the only type of mass transport 

occurring while the cement sample is exposed to a very low relative humidity environment 

[88]. More information on the experimental set up can be found in [82] .   

nsp ; a shape parameter that accounts for the serial-parallel connectivity of the pores in the 

cement. It is material dependent and is determined from the measured data obtained by the dry-

cup test [88]. 

Dv,air(T); vapour diffusivity in air is expressed as a function of temperature and pressure 

according to Equation 2.53 obtained from [89]. 

 

Dv,air = 0.083
P0
P
(

T

273.15
)
1.81

 (2.53) 

 

P0;Reference gas pressure of 101,325 Pa 

T; ambient temperature (K) 

The liquid moisture flow can be expressed by two ways as shown in Equations 2.54 and 2.55, 

where Equation 2.54 is used when the sample is submerged in water and Equation 2.55 is 

used when the sample is exposed to wetting and drying cycles. 

Kl(S) = Kl,sat(S)     sample under submerged conditions (2.54) 
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Kl(S) = Kl,hyg(S) + ncap Kefffl(S)Kl,rel(S)     if S ≤ 1 (2.55) 

 

ncap ; a scaling parameter used to adjust the liquid permeability factor when the sample is 

exposed to a high relative humidity environment.  This value is determined from a wet-cup test 

where moisture diffusion (including vapour and liquid) is considered to be the mass transport 

occurring while the cement sample is exposed to a high relative humidity environment [88]. 

More information on the experimental setup can be found in [82] . 

Kl,hyg(θl) ; is the liquid permeability in hygroscopic conditions at extremely low RH condition, 

according to Figure 2.10 . The value is relatively less important in a practical sense because 

concrete structures are not exposed at such low RH conditions in real service conditions [90]. 

Keff; effective liquid permeability used to describe the liquid flow in the sample with pores 

mainly filled with liquid water. 

fl(S); scaling function for liquid flow as shown in Equation 2.56. 

fl(S) = [
Snsp

(S)nsp + (1 − S)2. (1 − (S)nsp )
] (2.56) 

 

Kl,rel; is a parameter that contains information on the pore structure of the porous media [18].  

The relative conductivity function Kl,rel(S) is numerically determined by implementing 

Equation 2.57 and using information on the pore structure obtained from the moisture storage 

function, S(pC), presented as Equation 2.58 [18, 88].   

Kl,rel(S) = [
∫ Pc(s)

−1 S

0
ds

∫ Pc(s)
−1 ds

1

0

]

2

 (2.57) 

 

Initially, pC , in the moisture storage function, is taken as log of the capillary pressure Pc  

according to [88]. However, a quantity should be dimensionless to implement the natural log 

[91]. Hence, pC is implemented, in this research, as log(Pc/Pref) where Pref = 1 Pa. Next, 

Equation 2.58 is implemented to determine the moisture storage function [88]. 
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S(pC) =∑[
Δθi

√2
(1 + erf (

pCi − pC

√2si
))]

𝐍

i=1

 (2.58) 

 

An illustration of the parameters contained in Equation 2.58 is shown in Figure 2.9 where the 

moisture content, θl, is plotted as a function of pC. Additionally, the parameters are briefly 

explained in the following: 

N; which is used in the summation factor (i up to N) has a value of 3 based on the number of 

plateau surfaces the moisture storage curve contains (i.e. Figure 2.9) 

pCi; the inflexion points within the moisture storage curve (i.e. the point where the curve 

changes from plateau to linear shape) 

pC; log(Pc/Pref) where Pref = 1 Pa 

si; slope at the inflexion points 

Δθi; represents the difference between the plateau levels (i.e. Figure 2.9) and can also be 

estimated by Equation 2.59: 

Δθi = θi − θi+1       for i < 𝐍     Δθ𝐍 = θ𝐍   (2.59) 

 

Note in Equation 2.59, when moisture content is used to plot the moisture storage curve, the 

summation of Δθi should be equal to the maximum moisture content of the sample when 

saturated.  In addition, when the degree of saturation, S, is used to plot the moisture storage 

curve the sum of ΔSi must equal to 1 [88]. The latter method is used for this research to plot 

the moisture storage function of alkali-activated cement. 
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Figure 2.9 The moisture storage function, obtained from sorption data, and illustrates the parameters 

contained in Equation 2.58  [88]. 

Next, Equation 2.60, which is obtained from combining Equations 2.57 and 2.58, describes 

the implementation of the relative permeability factor as a function of degree of saturation S; 

Kl,rel(S) =

[
 
 
 
 
 
 
∫  ∑ [

ΔSi
√2

(1 + erf (
pCi − log (a(s

−
1
m − 1)

1
n)

√2si
 ))]𝐍

i=1
S

0
ds    

∫  ∑ [
ΔSi
√2

(1 + erf (
pCi − log (a(s

−
1
m − 1)

1
n)

√2si
 ))]𝐍

i=1
1

0
ds

]
 
 
 
 
 
 
2

 (2.60) 

 

Finally, Figure 2.10 shows the permeability function vs. the moisture content ranging from 

hygroscopic to saturated conditions.  
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Figure 2.10 The liquid water permeability function from hygroscopic to saturated moisture content. Data in 

the saturated moisture range are from permeameter or infiltrometer test. The slope in between is derived by 

the relative liquid conductivity function and can be calibrated by adjusting ncap and  nsp  obtained from wet 

and dry cup tests [88]. 

In this research, the moisture transport in AAMs simulated by using the mechanistic model 

utilizes the intrinsic permeability coefficient (Keff) obtained from the single moisture model. 

The scaling factors nsp  and ncap  are determined by fitting the mechanistic relative 

permeability curve (KrMechanistic), which function is obtained by multiplying the 

parameters: ncap , fl(S) and Kl,rel(S), with the curve generated by the Mualem model for 

relative permeability (i.e. krl) [92]. This is because wet and dry cup tests were not done for this 

research. In addition, for this research the value of Dv,air(T) in Equation 2.50 is set to 2.47 ×

10−5 m2.s-1,which is also used in the single and dual moisture permeability models, because 

this is the right value of water vapour diffusivity in air [93]. Furthermore, all the above 

analytical and predictive models have been implemented in this research to study anomalous 

moisture transport in alkali-activated cements. The choice of permeability model for each type 

of binder has been discussed in Chapter 5 “Moisture Permeability in Alkali-activated 

Materials”.  

 

Quantitative prediction of the long term durability performance of cement requires first to 

quantify the effect of single mode of degradation (e.g. carbonation and or chloride ingress) on 

the durability of the binder. The physical mechanisms of degradation effect should be described 

at the level of the microstructure of the cement which is characterized by three main aspects: 
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the assemblage of hydrate phases, the pore structure and the composition of the pore solution. 

The impacts of any mode of degradation on each of these three aspects need to be quantified in 

a service life model to predict the time taken for the structure to reach its serviceability limit 

state in a corrosive environment [36]. The following sections discuss the durability of alkali-

activated cement and Portland cement separately exposed to each corrosion mechanism (i.e. 

carbonation and chloride ingress), and then in combined degradation conditions. 

2.11 Chloride Ingress 

The presence of chloride ions in concrete is from two sources: internal from the mineralogical 

composition of the components of the concrete, and external from: marine conditions and de-

icing salt applications on iced roads. The penetrability of chlorides into concrete is a combined 

process of diffusion coupled with migration into the pore liquid phase and convection in the 

pore liquid by liquid transport (i.e. flow of pore solution). Furthermore, the flow of these ions 

can be retarded because of interaction between the ions in the pore solution and the formed 

hydrates through chloride binding [37]. This kind of interaction (i.e. chloride binding) can be 

chemical and/or physical reactions dependent on the nature of the cementitious hydrates [53]. 

The multiple species present in the pore solution could also have a retarding effect on the 

chloride migration [5]. Another main factor affecting chloride ion penetration is the 

heterogeneous nature of the microstructure of concrete in which continuous dissolution, 

precipitation and hydration reactions could occur, in long term service conditions, affecting the 

porosity of the cement and the overall permeability of the concrete [23].  

Therefore, durability studies of cementitious binders around the microstructure, pore solution 

chemistry and chloride binding potential are crucial to predict the transport of chlorides in 

concrete [23]. The following sections discuss the durability response of PC and AAM systems 

against chloride ingress. 

2.11.1  The Resistance of PC Against Chloride Ingress  

The phase assemblage of Portland cement contains a well-known hydrate called aluminate 

ferrite mono-sulfate, termed as AFm. The AFm hydrate with a chemical composition of 

C3A·C$·nH (where C=CaO, A=Al2O3, $=SO3 and H=H2O) is a layered double hydroxide that 

has positively charged layers, with a capacity to bind to anions such as Cl- [94]. It usually starts 

to form during the hydration reaction of the clinker phases at the point where gypsum is 

depleted and formation of ettringite halts [95].  The main reaction product between AFm 

hydrate and Cl- is Friedel’s salt, with a chemical composition of C3A·CaCl2·nH, and which is 
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usually stable at 25°C and 1 bar [94]. Additionally, it has been noted that with an increase in 

the alite phase, C3S, of the clinker, an increase in the resistance of free chloride migration 

occurred [96].  

2.11.2 The Resistance of AAMs Against Chloride Ingress  

The nature of the dense microstructure and the formation of hydrotalcite-like phases in AAS 

binders have proven to give better resistance and binding capacity to chlorides than PC binders 

[97]. Nevertheless, the form of water present in the pore solution after the hydration reactions 

plays an important role in chloride resistance because it is the carrying media for the corrosive 

ions. The free pore solution water in alkali-activated slag, AAS, is lower than in the case for 

alkali-activated fly ash, AAF, due to the presence of chemical binding of water by the hydrates 

formed in AAS. This could also explain the reasons for the low chloride diffusivity in AAS 

[97].  

2.11.3 Chloride Ingress in High Calcium Based AAMs 

Calcium-rich AAMs are considered to have better resistance to chloride penetration than PC 

since it has been noted that with an increase in age, the chloride resistance of AAS exceeds 

PC [10]. Although some concretes containing blended Portland cement with 50-80% of slag 

replacement (i.e. CEM III cement) have shown to have similar resistance to chloride ingress 

compared to concretes made of AAS [98] [37]. The following sections discuss multiple factors 

that contribute to the durability of high and low calcium based AAMs in a chloride 

environment. 

2.11.3.1 Importance of calcium content 

Blast furnace slag is primarily composed of glassy phases of CaO, SiO2, Al2O3, MgO, and 

minor Fe2O3 and sulfide. When this raw material is used to produce alkali-activated slag 

cements, the weight percentage of CaO will range between 30 and 50 wt.%. This range is still 

lower than the CaO content found in PC, which is above 50 wt.% [99]. The glassy nature of 

blast furnace slags, usually above 90% glass, imparts a very high extent of reactivity which 

can facilitate its dissolution in the alkaline media, that can rapidly release calcium ions and 

form C-A-S-H gels responsible for a more uniform and dense microstructure, similar to the 

case of C-S-H gel in PC [99]. This is due to the structure of C-A-S-H and C-S-H gels that have 

significant amounts of bound water, leading to the reduction of porosity and water 

permeability in the binder [10, 100].  
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2.11.3.2 Chloride binding phases 

The ingress of chloride ions into concrete is a complex process because at one point the chloride 

ion can be present in three forms: acid soluble (chemically bonded), water soluble (physically 

bonded) and free chlorides ions [101]. Ke et al. [102] have estimated the chloride binding 

capacities of the main cement hydrates found in AAS, when produced separately as synthetic 

phases, as shown in Table 2.2. 

               Table 2.2 Chloride binding capacities of AAS hydrates. 

 Components Chloride binding capacity Ref. 

 

Synthetic phase 

C-(N-)A-S-H 137 mg/g [102] 

Str�̈�tlingite 200 mg/g [103] 

Mg-Al-OH LDH 250 mg/g [103] 

 

The magnesium-aluminum hydrotalcite (i.e. Mg-Al-OH LDH) and strätlingite, which are 

known as secondary reaction products containing a layered double hydroxide structure, have 

the capacity to bind to chloride ions through different mechanisms. The hydrotalcite structures 

bind to the chloride ions through surface adsorption, and strätlingite through an ion exchange 

mode to form into a hydrocalumite-like phase [10, 23].  In addition, the chloride binding 

mechanism by the C-A-S-H gel is through surface adsorption and with the possibility of a 

chemisorption reaction via the replacement of the interlayer hydroxyl groups by chloride ions. 

Furthermore, the binding capacities were fitted through the Freundlich adsorption isotherm and 

included in the free chloride ion diffusion model developed by Mundra et al. [30]. The 

following Equation 2.61 describes the Freundlich adsorption isotherm: 

Ctb = α ∗ Cf
β
 (2.61) 

 

Ctb; total bound chloride concentration, 
mg of Cl

g of binder
  

Cf; Free chloride concentration, mol.L-1 

α and β; binding constants           

Mangat et al. [104] have also deduced that the Langmuir binding isotherm is also a suitable 

adsorption isotherm to relate the bound and free chloride ions in alkali-activated slag based 

concretes. In their study, uncoated faces of the slabs were immersed in a 5 wt.% sodium 
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chloride solution for 540 days. They carried out concrete coring at 180, 270 and 540 days of 

chloride exposure in order to perform pore fluid extractions from concrete cores representing 

0-20, 20-40 and 40-60 mm depths. Then, the free chloride concentration of the pore solution 

was determined by dipping a chloride ion selective electrode into the pore solution. The 

concrete mix design used in their study and fitted Langmuir parameters are summarized in 

Table 2.3.  

Table 2.3  Concrete mix design and the corresponding Langmuir parameters α and β from the study of 

Mangat et al.  [104]. 

 Precursor Sand/Aggregate Na2O 

(wt.%binder) 

Ms w/b Langmuir Ref 

𝜶 𝜷 

Concrete 

Slag 0.4 6 2 0.47 1.8 7 

[104] Slag 0.4 5 2 0.47 1.3 7 

Slag 0.4 4 2 0.47 1.2 7 

 

According to Mangat et al., chloride binding isotherms were modelled by the Langmuir 

isotherm but most of the bound chlorides were later reported, by the same authors, to be 

77.78% physically adsorbed and 16.67% chemically bonded [104, 105]. This can show that 

there is a weak interaction between the cement hydrates and chlorides in the pore solution for 

AAS. In addition, usually, the electron-sharing or covalent bond is the strongest of all bond 

types. This means that minerals bonded in this manner display general insolubility and greater 

stability than minerals bonded in the physical manner. Furthermore, there is still a controversy 

on how much of the hydrated products are available for chloride binding and there is also 

limited information on binding kinetics of the hydrated phases [106]. 

Hence, the chloride binding capacity of this material has not been assured yet, as some 

researchers reported and quantified the significant chloride binding capacity, while others 

stated that there was not any chloride binding and postulated that prevention of steel corrosion 

of alkali-activated slag concrete is dependent only on the pore size distribution around the 

reinforcement [55, 103].  

2.11.4 Chloride Ingress in Low Calcium AAMs 

The main hydration product in low-Ca AAMs is N-A-S-H gel with a structure containing large 

macro-pores and small gel pores [107]. This gel could continue to densify due to a process 

called “continued gelation” which can reduce the pore size over time and reduce the diffusivity 
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of chloride ions. However, leaching of alkalis from the pore solution occurs when the binder 

is exposed to an aqueous environment, leading to the reduction of gelation reactions in the N-

A-S-H systems with time that could lower the long-term durability of low-Ca AAMs [10, 23]. 

In addition, low-Ca AAMs contain less bound water compared to high Ca-AAMs [108]. This 

issue can speed the passage of corroding agents, in the aqueous phase, towards the rebar and 

accelerate the corrosion reaction.    

2.11.4.1 Chloride binding phases 

Fu et al. [109] have conducted chloride binding tests on alkali-activated fly and metakaolin 

binders and have deduced that chloride ions do not chemically react with the formed hydrates 

which are N-A-S-H and zeolitic phases. They also explained that the chloride ions only get 

physically adsorbed onto the surface of the N-A-S-H gel without undergoing any chemical 

reaction [109]. In addition, Runci et al. [110] have shown that there is chloride binding in 

geopolymer systems by comparing the total and free chloride profiles obtained from alkali-fly 

ash mortars after being exposed to a 16.5% NaCl solution for 35 days (i.e. NT BUILD 443 test 

method [111]). 

2.11.5 Variability of Chloride Binding in AAMs with Mixed Low and High Calcium 

Precursors 

Zhang et al. (2019) have implemented the equilibrium procedure proposed by Tang and Nilsson 

[112] to determine the chloride binding isotherms of AAMs [113]. They reported that the 

Langmuir isotherm fits better than the Freundlich isotherm for chloride adsorption by most of 

the alkali-activated slag/fly ash binders according to Equation 2.62; 

Ctb = (α ∗ Cf)/(1 + βCf)  (2.62) 

 

Zhang et al. [113] have concluded in their study that the chloride binding capacity of AAMs 

increases with the increase of water/binder and decrease with the increase of alkali dosage. 

These effects may be because the amount of bound chloride is greatly influenced by the 

concentration of Cl- in the pore solution, and with a decrease in OH- the Cl- becomes the 

dominant ion. Also the influence of silica modulus can have an effect on reaction products of 

AAS because C-A-S-H plays the dominant role in chloride binding, compared to N-A-S-H in 

alkali-activated fly ash (AAF). Table 2.4 contains the values of the fitted parameters of the 

Langmuir isotherm for AAMs [113]. 
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Table 2.4 Fitted parameters for Langmuir isotherms for AAMs, from [113]. 

 Slag(%) 
Fly 

Ash(%) 

Na2O 

(wt.%binder) 
Ms w/b 

Langmuir 
Ref 

𝛼 𝛽 

 

 

 

 

 

 

 

 

 

Paste 

100 - 6 1.5 0.5 22.2 0.17  

 

 

 

 

 

 

 

 

[113] 

80 20 6 1.5 0.5 21.5 0.12 

60 40 6 1.5 0.5 23.7 0.08 

40 60 6 1.5 0.5 18.3 0.14 

20 80 6 1.5 0.5 15.1 0.11 

100 - 4 1.5 0.5 17.5 0.07 

100 - 8 1.5 0.5 15.8 0.03 

60 40 8 1.5 0.5 16.9 0.05 

20 80 8 1.5 0.5 10.9 -0.02 

100 - 6 - 0.5 23.6 0.15 

100 0 6 0.5 0.5 23.2 0.14 

100 0 6 1 0.5 25.4 0.24 

60 40 6 0 0.5 21.4 0.24 

60 40 6 0.5 0.5 20.6 0.15 

60 40 6 1 0.5 21.3 0.14 

20 80 6 0 0.5 18.3 0.13 

100 - 6 1.5 0.3 18.2 0.15 

100 - 6 1.5 0.7 38.2 0.31 

60 40 6 1.5 0.3 11.7 0.06 

20 80 6 1.5 0.3 10.4 0.10 

 

However, for the case of alkali-activated cement based mortars exposed to concentrated 

aqueous chloride solutions, there was no evidence of chloride binding according to Figure 

2.11. 
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Figure 2.11 Comparison of total and free chloride profiles of alkali-activated cement based mortar with 

75%FA-25%SG (a) and alkali-activated cement based mortar with 25%FA-75%SG (b) after immersion in 

16.5% NaCl aqueous solution for 45 days [55] . 

2.11.6 Test Methods for Chloride Transport Properties 

Some of the test methods used to estimate the chloride transport properties for concrete are: 

NordTest NTBUILD 492 [11] used to calculate the non-steady state chloride migration (under 

an electrical field gradient) with the influence of ionic interaction from different ions 

simultaneously present in the pore solution and the NordTest NTBUILD 443 test [111] used 

to calculate the effective chloride diffusion along with estimation of chloride binding capacity 

by the use of ASTM C 1218 [12] and ASTM C 1152 [13] techniques as implemented in [114-

117]. In addition, the NordTest NTBUILD 492 [11]  has also been recalibrated by the use of 

the chemistry of the pore solution of AAMs in order to precisely determine the depth of 

chloride ingress into AAC [98]. 

2.12 Carbonation 

Except for the situation of water-immersed or buried concretes, essentially all structural 

concretes are exposed to atmospheric CO2 and undergo a degradation called carbonation 

reaction. This is also known to occur simultaneously with other durability-related processes 

such as chloride ingress in air-borne chloride environments [5, 21].  

In normal atmospheric conditions CO2 in the gaseous state diffuses through the pore network 

of the concrete cover where it partially undergoes a gas-liquid mass transfer to the pore 

aqueous phase while the rest of it permeates through the pore fraction filled with air. 
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The process of CO2 gas dissolution into the pore solution induces the carbonation reaction 

where the CO2 in an aqueous state reacts with the pore solution ions and some of the hydrate 

products, particularly portlandite in PC, which leads to the drop in alkalinity of pore solution 

from a high value, that usually passivates the steel reinforcement, to near neutrality. This 

causes changes in the microstructure of the cement. This CO2 gas diffusion-reaction process 

in porous media is controlled by both the concentration gradient of CO2 and the rate of 

chemical reaction in the pore solution [118]. The carbonation rate and degree is dependent on 

the exposure environmental conditions (i.e. relative humidity (RH), CO2 concentration, 

temperature and duration of exposure) but more importantly on the durability properties of 

PC-based binders and AAMs [119]. 

However, PC-based binders and AAMs exhibit different reaction mechanisms during 

carbonation, due to formation and interactions of different phases in these two systems. Where 

the main difference is the absence of portlandite as a hydrate in AAMs and the presence of 

higher alkali content in the pore solution of AAMs compared to the pore solution composition 

of PC [120].  

2.12.1 Portland Cement Carbonation 

2.12.1.1 Carbonation Mechanism 

The carbonation mechanism of PC occurs by the diffusion of carbon dioxide through the 

capillary pores of the cementitious matrix then reacts with the pore water to form bicarbonate 

(HCO3
-) and carbonate ions (CO3

2-). Papadakis et al. [121] simulated the carbonation process 

of PC based materials, where C-S-H gel and portlandite are the main cement hydration 

products prone to this reaction. In their model, the first step was that CO2 diffuses into the 

pores of cement-based materials while the hydration product portlandite (CH) dissolves in the 

pore solution. Then, CO2 dissolves in the pore solution, to form the above-mentioned ions (i.e. 

HCO3
- and CO3

2- ) and reacts with portlandite to form calcium carbonate, CaCO3. This is 

accompanied by a decrease of the pH value of concrete pore solution from an initial value 

above 13 to as low as 8 [10]. The main products of natural carbonation of portlandite are 

calcite and aragonite.  

2.12.1.2 Effects of Carbonation 

The decrease in the pH accelerates the decomposition of ettringite and Friedel’s salt (calcium 

monochloroaluminate hydrate, or Cl-AFm) in hardened cement paste that can increase both 

the porosity and the diffusion of chlorides into concrete [10, 122]. Another effect is the 
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decalcification of C-S-H gel which polymerizes into an amorphous gel and changes the pore 

size distribution of the binder. However, CaCO3 precipitation can block the pores and reduce 

damage in the structure of the C-S-H that would otherwise increase the porosity. Which type 

of carbonation mechanism dominates in the cement is dependent on the amount of portlandite 

present in the cement. 

Xie et al. [5] have modelled the carbonation reaction of C-S-H as a variable dissolution process 

where it is a function of the calcium to silica ratio, C/S, in its gel structure [5]. The reaction 

below, Equation 2.63, depicts the dissolution and is considered in their kinetic model as an 

intermediate or slow step reaction:  

CxSHz  ⇌  xCa
2+ 2xOH− + SiO2

0 + (z − x)H2O (2.63) 

 

x; C/S ratio set as a continuous variable 

z; H/S ratio set to be constant during the carbonation of Portland cement 

Additionally, their model framework sets for every time step the solubility of C-S-H as a 

function of the C/S ratio, which means the x in Equation 2.63 is set as a continuous variable. 

This approach has also led to a correlation between the C/S present in C-S-H, and the saturation 

index of portlandite (CH), βCH, according to Figure 2.12, although it is unrealistic for C-S-H 

to contain a calcium to silica ratio below 0.5 [123] .  

 

Figure 2.12 C/S ratio present in C-S-H as a function of βCH (left) and solubility product of C-S-H as a 

function of its C/S content (right), adapted from [5]. 
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Furthermore, in their model, the impact of the formed carbonation product, calcium carbonate 

(Cc̅ ), has been included in the dissolution rate of CH, upon carbonation reaction [5], where the 

authors have considered the decrease in rate of CH dissolution because of the growing thickness 

of Cc̅ coating around the CH spheres. The following Equations 2.64-2.65 describe the 

dissolution reaction and rate in which the effect of Cc̅ has been implemented by the use of a 

correction factor termed as fcoating. 

CaOH2(aq) + CO2(aq) → CaCO3 + H2O (2.64) 

dnCH
dt

=
nCH
0

τCH
fcoatinglnβCH (2.65) 

 

nCH and nCH
0 ; the current and initial CH content in concrete (mol.m-3) 

τCH; characteristic time, of 720s, associated with dissolution of CH spherical crystals with 

initial radius of R0 =40μm 

βCH; saturation index of CH 

fcoating; correction factor taking into account the impact of calcium carbonate, Cc̅ , coating 

around CH crystals to decrease its dissociation reaction rate, as shown in Equation 2.66. 

fcoating =
rp
2

1 + c
rp
rc
(rc − rp)

 (2.66) 

 

c; Dimensionless factor of  0.32 × 106 obtained by accelerated carbonation experiment (at 50% 

CO2 exposure condition) on Portland cement. 

rp; relative radius from the internal point of CH to its outermost point 

rc; relative radius from the internal point of CH to the outermost point of Cc̅ coating CH. 

The two geometry factors, rp and rc are dependent on the molar quantities of CH and volume 

of calcium carbonate, VCc̅ ,according to the following Equation 2.67; 

rp = (
nCH

nCH
0 )

1

3
      ,        rc = (

nCH

nCH
0 +

VCc̅

VCH
(1 −

nCH

nCH
0 ))

1

3

 (2.67) 
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2.12.2 Alkali-Activated Cement Carbonation 

The carbonation reaction mechanisms between high-Ca and low-Ca AAMs are different. In 

the carbonation reaction of high-Ca AAMs, CO2 dissolves into the pore solution, forms 

carbonic acid and reacts with C-A-S-H gel to produce CaCO3 [124]. Whereas in low-Ca 

AAMs, the N-A-S-H gel does not decalcify and sodium carbonate is formed from the reaction 

between the alkalis, found in the pore solution, and the carbonate ions [125] [10].  

2.12.2.1  High calcium content AAMs carbonation 

2.12.2.1.1 Carbonation Mechanism 

Products of AAS hydration are mainly C-A-S-H gels of low crystallinity or amorphous 

structure, with uniform and dense structural features. During the carbonation reaction, and since 

portlandite does not exist in the composition of AAMs, decalcification of C-A-S-H gel occurs 

where calcium ions are released from the gel and into the pore solution [119]. The 

decalcification of the gel starts by the removal of calcium ions from the interlayer and then the 

gel starts to decompose to form an amorphous alumina-silica gel [126]. The aluminum present 

in the gel precipitates and is integrated in the amorphous silica phase to form tetrahedral Al(-

OSi)4 sites. Due to this process, C-A-S-H gel undergoes volume shrinkage and an increase in 

its degree of polymerization, which leads to loss of mechanical strength of the material [126].  

2.12.2.1.2 Effects of Carbonation 

The reaction between free calcium and carbonate ions, present in the pore solution, forms 

calcium carbonate. Usually, the first polymorphs of calcium carbonate to form are aragonite  

and vaterite, with an orthorhombic and hexagonal structural features respectively, because they 

are the least stable phases and closer in formation energy to the original state, according to the 

Ostwald Step Rule [127]. Then, calcite, with a rhombohedral structural feature, is formed [128]. 

However, in many cases CaCO3 in the amorphous state cannot be immediately identified [129]. 

The calcite is the main calcium carbonate polymorph formed under natural carbonation, 

whereas aragonite and vaterite are the main polymorphs formed under accelerated carbonation 

conditions [130]. In some cases, the formation of calcium carbonate phases may have a positive 

impact on the durability by refining the pore structure which makes the construction material 

more resistant to CO2 diffusion [131].  

Ke et al. [132] have observed a similar effect with alkali-activated slag mortars, activated by 

sodium carbonate, exposed to natural carbonation conditions (i.e. 0.04 wt.% CO2). After their 

samples were cured for a 28-day period, in sealed conditions, they placed each set of samples 
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in different carbonation conditions which were at 0, 0.04 and 1 wt.% CO2 atmospheric 

conditions. Next they measured the evolution of compressive strength and carbonation rate as 

a function of time as shown in Figure 2.13. The data plotted in Figure 2.13 shows that samples 

in natural carbonation conditions exhibited the same evolution in compressive strength as non-

carbonated samples but slightly higher. However, the samples exposed in accelerated 

conditions retained their 28-day compressive strength but showed a higher depth of 

carbonation than the naturally carbonated samples. Hence for samples in natural carbonation 

condition, the formation of calcium carbonate blocked the connected pores, reduced further 

carbonation reaction and increased the compressive strength of the materials [132, 133].  

 

Figure 2.13 Changes in compressive strength of sodium carbonate activated slag mortar exposed in different 

carbonation conditions and corresponding carbonation depths. Samples were cured for 28 days in sealed 

conditions before carbonation exposure. Graph obtained from [132]. 

2.12.2.1.3 Role of pore solution 

The pore solution ions that contribute to high alkalinity (i.e. pH around 13) are mainly the 

hydroxide and alkalis that are from the activating solution. These ions also react with the 

dissolved carbon dioxide, in the form of carbonate ions, to form sodium rich carbonates. The 

main carbonation product under natural conditions, is natron, Na2CO3.10H2O, and the product 

under accelerated conditions is nahcolite, NaHCO3 [129]. Therefore, polymorphs of sodium 

carbonate in the cement paste are formed dependent on the concentration of CO2 in the 

atmosphere as shown in Figure 2.14. 
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Figure 2.14 Phase diagram as a function of temperature and gas phase CO2 concentration for the 

Na2CO3―NaHCO3―CO2―H2O system in an air atmosphere at ambient pressure. The dashed line 

represents a temperature of 23 °C. Graph from [129]. 

 

Furthermore, under natural carbonation condition the diffusion of CO2 will be lower than under 

accelerated carbonation due to the pore blockage by natron because of its higher molar volume 

compared to nahcolite (i.e. that is formed under accelerated carbonation condition) [129]. 

However, these formed sodium carbonates tend to react with the C-A-S-H gel and form CaCO3 

as the final carbonation product, according to the following set of Equations 2.68-2.70. 

CO2(aq) + H2O →  H2CO3 → HCO3
− + H+ → CO3

2− + 2H+ (2.68) 

H2CO3 + 2NaOH →  Na2CO3 + 2H2O (2.69) 

aNa2CO3 + (CaO)a(Na2O)b(Al2O3)c(SiO2)d(H2O)e  → (2.70) 
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aCaCO3 + (Na2O)b(Al2O3)c(SiO2)d(H2O)f + 2aNaOH + (e − f)H2O 

 

Where a,b,c,d,e and f are the stoichiometric coefficients for the respective oxide components 

that are: calcium oxide (CaO), sodium oxide (Na2O), aluminum oxide (Al2O3) , silicon dioxide, 

(SiO2) and water (H2O) which vary due to the variability of the mineralogical composition of 

slag [130] .  

2.12.2.1.4 Importance of magnesium oxide (MgO) content 

Slags with high magnesium oxide content can reduce the negative impact of carbonation on 

AAMs. Carbonated alkali-activated slag with a high magnesium oxide content has been shown 

to contain high amount of Mg-Al-hydrotalcite phase (Mg-Al-OH-LDH) that can chemically 

bind with CO2 and prevent the loss of mechanical strength by the reduction of decalcification 

of C-A-S-H gel [27, 134]. Figure 2.15 shows that the carbonation depth of alkali-activated 

slag (AAS) with high MgO content was smaller than AAS containing a lower weight 

percentage of MgO. This can be because the microstructure of carbonated high-Mg AAS has 

less capillary pores and more tortuosity that enhances its resistance to not only to CO2 diffusion 

but also to subsequent types of chemical degradation such as sulfate and chloride ingress [134, 

135]. 

 

Figure 2.15 Natural carbonation depth of silicate-activated slag cements as a function of  MgO content (by 

wt.%) in slag. Adapted from [134]. 

Moreover, thermodynamic modelling of the phase assemblage of carbonated AAS has shown 

that the effect of high MgO content in the slag can increase the secondary phases (i.e. Mg-Al-

hydrotalcite), that bind CO2 and partially buffer the pore solution pH which can help to lower 
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the extent in reduction of C-(N)-A-S-H gel (i.e. C-A-S-H gel containing a high composition 

of alkali content). All these factors assist to maintain the high alkalinity of the pore solution 

around the steel reinforcement [16]. 

2.12.2.1.5 Use of accelerated carbonation tests 

The effect of carbonation on the durability of the construction material is the change of the 

pore solution composition. In natural carbonation conditions CO2 gas partially dissolves into 

the pore solution and forms carbonate ions. These carbonate ions play a role in reduction of 

the pore solution alkalinity [118]. Whereas under continuous exposure to a CO2 gas rich 

environment, that is the accelerated carbonation test, bicarbonate ions begin to form and 

dominate among other dissolved carbonate species according to the following reaction, 

Equation 2.71; 

CO2(aq) + H2O →  H2CO3 → HCO3
− + H+ → CO3

2− + 2H+ (2.71) 

 

The presence of bicarbonate ions, that are not detected at such high concentrations in natural 

carbonation conditions, can induce a difference in the carbonate/bicarbonate ionic equilibrium. 

The bicarbonate ions are more acidic than carbonate ions and cause a great reduction of the 

pore solution alkalinity  [118, 129].  

In addition, a developed thermodynamic model estimated that the pH of the pore solution 

exposed to natural carbonation is above 11 while the pH of the same solution exposed to 4% 

CO2 is around 9 as shown in Figure 2.16. Consequently, the results obtained from accelerated 

carbonation tests underestimate the service life of alkali-activated materials [129].  
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Figure 2.16 Plot of pH (solid lines) and carbonate/bicarbonate ratio (dashed lines) as a function of NaOH 

addition and CO2 concentration, for simulated AAS pore solutions. Black lines are at 0.04% CO2, and grey 

lines at 4% CO2 . Graph from [129]. 

 

2.12.2.2 Low-calcium AAMs carbonation 

2.12.2.2.1 Carbonation mechanism 

Pouhet et al. [136] have described the natural carbonation reaction in the pore solution of 

calcium-free AAMs into two steps; first, the formation of Na2CO3 and reduction of pore 

solution pH to around 12, and second, the evolution of the ratio of carbonate/bicarbonate phase 

equilibrium where bicarbonate ions start to dominate and reduce the pH further to 10.5. 

However, the final pH reached is still higher than the limit, which is 9, for steel depassivation 

to occur [136].  

2.12.2.2.2 Effect of carbonation 

It has been proposed that the main hydrate of low-calcium AAMs, N-A-S-H gel, remains stable 

during carbonation reactions despite changes in the pore solution composition [137]. However, 

the only condition that would lead the N-A-S-H gel to dissociate is when hydroxide ions react 

with carbonic acid (H2CO3) in the pore solution [136, 137]. 

A case study of alkali-activated metakaolin (MK) paste exposed to natural carbonation 

conditions showed that the evolution of its compressive strength was not affected by the drop 

of alkalinity of its pore solution, as shown in Figure 2.17. The reason could be the possible 

reaction between carbonates and alkali ions in the pore solution to form efflorescence, which 

are Na2CO3 precipitates, and that potentially fill up the pores inside the material [136].  
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Figure 2.17 Evolution of pH of the pore solution and compressive strength of alkali-activated metakaolin 

paste cured under natural CO2 conditions. Adapted from  [136].  

2.12.3 Comparison of Carbonation Effect on Pore Solution Alkalinity Between Low and 

High Ca-AAMs 

The reduction of the pore solution alkalinity by carbonation reactions is greater in the case of 

low-calcium AAMs than high-calcium AAMs, because of low concentration of alkali ions 

present in the pore solution of low-calcium AAMs. The dissolution of fly ash in the alkaline 

media consumes large concentrations of sodium and hydroxide ions in order to form 

cementitious hydrates, especially the main N-A-S-H gel. Therefore, the binding of sodium 

ions by the gel phases reduces the effective alkali concentration in the pore solution and 

consequently the alkalinity of the pore solution. Whereas, the hydrates in AAS have a lower 

alkali binding capacity and hence a higher concentration of free alkali ions in the pore solution. 

This ensures a buffering effect for the pore solution alkalinity to remain high during natural 

carbonation reaction. Overall, the availability of free alkalis in the pore solution is a 

preventative measure for obtaining carbonation resistance in AAMs.  However, the presence 

of free calcium ions in the pore solution found in blended AAMs, especially in the case of 

AAMs composed of a 50:50 ratio of SG and FA precursors, can lower the resistance to 

carbonation reaction [138]. However in terms of alternative mix designs for blended AAMs, 

Bernal et al. [139] reported that the addition of metakaolin to AAS at only up to 10 wt.% 

improved the carbonation resistance of the alkali-activated cement.  
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2.12.4 Ingress of CO2 in Alkali-Activated Concretes 

 The extent of carbonation reaction in the concrete cover is indicated by a carbonation depth 

which serves as a piece of data in calculating the service life of reinforced concrete. The 

carbonation depth is determined by spraying phenolphthalein solution on the surfaces of the 

concrete samples, exposed in natural conditions, and observing the change in color where pink 

indicates the pH of the pore solution is above 9.5, and colorless if it is below [140]. The line 

between these two colors indicates the depth of the carbonation reaction in the concrete cover 

and is also termed as the carbonation front. However, for some carbonated AAMs it has been 

reported in the literature that the pH of the pore solution has remained above 9.5, which can 

make the carbonation depth results from the phenolphthalein test quite misleading [6, 129, 

136]. The graph in Figure 2.18 describes the carbonation depths, obtained from the 

phenolphthalein test, in alkali-activated concretes exposed to natural outdoor carbonation 

conditions. These results are from the RILEM TC 247-DTA round robin testing of carbonation 

on five different alkali-activated concretes based on fly ash (FA), slag (S) and metakaolin (MK) 

that took place in different laboratories [114]. 

 

 

Figure 2.18 Carbonation of alkali-activated concretes under natural outdoor conditions protected from 

rainfall. Error bars represent one standard deviation in each direction from the average value. The number 

and small letters next to each concrete label indicate the use of the same precursor but in a different mix 

design. Figure from [114]. 
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In addition, the prediction of the carbonation depth has been estimated by many analytical, 

reactive transport and thermodynamic models [16, 121, 141, 142]. In which the analytical 

models, such as Papadakis’ model [143] and Yang's model [142], and reactive transport models 

account for the carbonation rate with chemical reactions between CO2 and cementitious 

hydrates found in Portland cements.  

A meta-model has been developed to calculate the carbonation front based on the analytical 

solution of Fick’s first law and incorporating the effect of the mix design of Portland cement 

concrete as well as the environmental conditions such as temperature and relative humidity 

[144]. This model is based on the following Equation 2.72; 

xCO3(t) = √
2DCO2 . cCO2

a
√t (2.72) 

xCO3; depth of carbonation 

DCO2; diffusion coefficient for carbon dioxide 

cCO2; concentration of carbon dioxide at the surface of the concrete  

a; amount of carbon dioxide required to carbonate a unit volume of concrete 

t; time 

The predictions of this model are close to the data of PC reported in the literature, as seen in 

Figure 2.19. 
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Figure 2.19 Comparison between the experimental carbonation depths in Portland cement concrete, type 

CEMI binder with different w/c, and the predicted depths by Meta, Papadakis’, and Yang’s model. Graph 

from [144]. 

 

Finally, Table 2.5 contains carbonation rates of old in-service structures made of alkali-

activated materials.  

 

Table 2.5 In-service carbonation rates of AAC. Data obtained from [55]. 

Location Application Date Compressive 

Strength (MPa) 
Average Carbonation 

Rate (mm/year) 
Odessa, Ukraine Drainage collector 1966 62 (34 years) <0.1 

Krakow, Poland Precast floor slabs 

and wall panels 1974 43 (27 years) 0.4 

Zaporozhye Oblast, 

Ukraine Silage trenches 1982 39 (18 years) 0.2-0.4 

Magnitogorsk, 

Russia Heavy duty road 1984 86 (15 years) 1 

Lipetsk,Russia High-rise residential 

buildings 1986 35 (14 years) 0.4 

Tchudovo, Russia 
Prestressed railway 

sleepers 
1988 82 (12years) 0.7-1 

  

2.12.5 Effects of Carbonation on Microstructure of Portland Cements and Alkali-Activated 

Cements 

The dominant hydrate in PC system is the calcium silicate hydrate gel, C-S-H, with a calcium 

to silica ratio, Ca/Si >1.5. However, alkali-activated slag cements are mainly composed of 

calcium aluminosilicate hydrate gel (i.e. C-A-S-H) or of C-(N)-A-S-H gel containing high 

alkali content in its composition to reflect the high concentration of alkali ions present in the 

activating solution which is used in the mix design of AAMs. The Ca/Si ratio (C/S) present in 
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the composition of these hydrates (i.e. C-A-S-H and  C-(N)-A-S-H gel ) has been reported to 

be close to 1 [145], although this ratio can change with the variability of the mineralogical 

composition of the precursors [16, 123]. Furthermore, the Ca/Si ratio is a crucial parameter in 

carbonation kinetics as it depicts the extent of change in porosity and effect of possible clogging 

due to the formation of formed carbonate products which are mainly calcium carbonate and its 

polymorphs vaterite and aragonite [146]. Morandeau et al. [146] have conducted accelerated 

carbonation tests (10% CO2, 25°C, and 65% RH) on type-I PC cements to investigate the 

carbonation of portlandite and C-S-H gel found in this cement. They have been able to link the 

change in chemical composition of the cement, due to the extent of carbonation, to the evolution 

of the porosity based on the following Equation 2.73; 

ΔϕCSH = n
CSH

CC̅ VCC̅
CSH + nCSH(t0)(VCSH(t) − VCSH(t0))  (2.73) 

 

nCSH(t0)(VCSH(t) − VCSH(t0)); C-S-H decalcification related to increase in porosity 

VCC̅
CSH; Formation of calcium carbonate related either to portlandite or C-S-H 

However, the molar volume of the carbonate phase formed by the dissolution of C-S-H is based 

on the type of polymorph of calcium carbonate formed, since it can affect the overall porosity 

of the cement according to Figure 2.20(b). Furthermore, carbonation in PC systems can lead 

to a reduction in the porosity, due to the formation of calcium carbonate from the dissolution 

of portlandite that can compensate the loss in volume of C-S-H.  The following Equation 2.74 

describes the changes in the volume of C-S-H based on its Ca/Si ratio, ranging from 0.4 to 1.7, 

with Figure 2.20(a) showing the results. 

 

(VCSH(t0) − VCSH(t) = β(1 −
C

S
(t)

C

S
(t0)
)  (2.74) 

 where; 

0.02 < β < 0.04 (L.mol−1) 

C

S
(t0) = 1.7 
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Figure 2.20 (a) C-S-H molar volume change, due to carbonation, as a function of C/S for both CN (CEM I 

with w/c=0.45) and CP (CEM I with w/c=0.6) materials, (b) influence of the choice of molar volume of 

calcium carbonate in molar volume change of CSH, based on the data obtained for various polymorphic 

forms of calcium carbonate formed from C-S-H in carbonated CN system. Figure adapted from [146]. 

Unfortunately, similar studies for the case of C-A-S-H gel found in AAMs system have not 

been conducted until this point. However, Nedeljković et al. [147] have measured the changes 

in the porosity of alkali-activated cements exposed to natural laboratory carbonation conditions 

(55% RH and 20°C) for a period of 1 year by the use of mercury intrusion porosimetry. The 

results are reported in Table 2.6 that contains the percentage of porosity for reference samples 

(i.e. not carbonated) and in carbonated samples. They concluded that AAMs made with more 

than 50 wt.% slag were more resistant to carbonation reactions and that the alkalinity of the 

pore solutions of all the tested alkali-activated cements remained above 10.5 [147]. 

Table 2.6 Change in porosity of naturally carbonated alkali-activated FA and SG based cements. Data 

obtained from [147]. 

Mixtures 
Total porosity (vol.%) – 

reference 

Total porosity (vol.%) – 

carbonated 

100%FA 43.72 30.41 

30%SG&70%FA 26.04 26.22 

50%SG%&50%FA 9.404 17.09 

70%SG&30%FA 6.538 9.66 

100%SG 3.57 3.38 
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2.13 Chloride and Carbonation Resistance of AAMs 

The combined action of carbonation and ingress of chloride ions exists in splash zones from 

sea water or salt lakes, where chlorides deposit on the surface of concrete with carbonation 

occurring at the same time. The combined action also exits in cold regions where de-icing salt 

is applied on roads and then rain splashes the chloride ions on concrete structures [5]. In 

addition, the effect of corrosion rate (i.e. from chloride ingress) is at its highest impact on the 

reinforcement of concrete when it is in water submerged conditions [37].  

The uptake of chloride ions by the cement is sensitive to changes in: alkalinity and ionic 

strength of its pore solution, chloride ion concentration, and microstructure that is a common 

effect induced by the carbonation reaction. Therefore, a coupling effect of carbonation on 

chloride ingress should be characterized and/or quantified [10, 37, 116].  

One of the main impacts carbonation has on the durability of concrete is the change in the 

microstructure of the cement that impacts the permeability of corrosive species towards the 

steel reinforcement as shown in Figure 2.21. In addition, Figure 2.21 describes that the type 

of raw materials and method of manufacture of concrete can shape its overall permeability to 

corroding agents [148]. 

 

 

Figure 2.21 Schematic showing permeability of the concrete as the main controlling factor for steel corrosion. 

Figure adapted from [148].  

2.13.1 The Impact of Carbonation on Chloride Ingress in PC and AAM Based Materials 

Xie et al. [5] in their reactive transport model have included the impact of carbonation on 

chloride ingress in Portland cement based concrete. The adsorption of chlorides was modelled 
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by Equation 2.75 that takes into account the loss of chloride sorption sites, calcium ions, during 

the carbonation of C-S-H as described in section 2.12.1; 

sCl|Na(ccl) =
αCl|Na(

C

S
)ccl

1+βCl|Na(
C

S
)ccl

  (2.75) 

 

sCl|Na(ccl); C-S-H binding capacity in sodium chloride solution. 

αCl|Na (
C

S
) and βCl|Na (

C

S
); Fitted parameters for Langmuir isotherm. 

ccl; chloride concentration, mol.L-1 

Where αCl|Na and βCl|Na are set to vary as a function of calcium to silica ratio (C/S) in the C-S-

H as shown in Equation 2.76. 

αCl|Na, βCl|Na =

{
 
 

 
 

0.222 , 2.10   C/S ≤ 0.5

0.022 + 0.16 (
C

S
− 0.5) , 2.1 + 1.157 (

C

S
− 0.5)    0.5 < C/S ≤ 1.5   

0.182 , 3.26   
C

S
> 1.5

 (2.76) 

 

However, the authors have highlighted that incorporating supplementary cementitious 

materials (SCMs) with PC would change the reactants for carbonation and chloride binding 

isotherms because of the formation of different hydrates in the system. Thus, the modified 

chloride binding isotherm cannot be directly implemented for the case of AAMs. 

Table 2.7 describes the impact of carbonation on microstructure, pore solution chemistry and 

chloride ingress in each type of binder (i.e. PC, low and high-Ca AAMs). 
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Table 2.7 Carbonation effect on chloride ingress in PC and AAMs. 

 Portland cement High Ca-AAMs Low Ca-AAMs Reference 

Microstructure 

change caused by 

carbonation 

Reduction of the total 

porosity because of 

the precipitation of 

calcium carbonate 

around Portlandite 

(CH) 

crystals. This can slow 

down the dissolution 

reaction of CH and 

increase its solid 

volume. 

 

Decalcification of 

the CASH that can 

form 

micro cracks in the 

concrete. 

Reduction of the total 

porosity due to the 

precipitation of sodium 

carbonate in the pore 

space. 

[10, 120, 

149, 150] 

[147] 

Chloride 

transport 

Decrease in chloride 

sorption capacity due 

to the decalcification 

of the main chloride 

adsorbent hydrate (i.e. 

C-S-H) and 

degradation of formed 

Friedel's salt. 

Decrease in chloride 

sorption capacity 

due to the 

decalcification of 

the main chloride 

adsorbent hydrate 

(i.e. C-A-S-H) 

The initial presence of 

un-reacted fly ash 

particles in the 

Geopolymer binder 

causes high porosity in 

the concrete which leads 

to a high transfer of 

chloride ions into the 

surface of the concrete. 

[10, 120, 

151, 152] 

 

Pore solution 

chemistry 

Increase of free 

chloride ions along 

with a rise in the 

degree of saturation of 

the pores. 

Formation of 

efflorescence (i.e. 

Na2CO3) and 

calcium carbonate 

phases. 

Formation of 

efflorescence (i.e. 

Na2CO3). 

[116, 130, 

138] 

 

 

It is known in the literature that the rate of chloride ingress into concretes made with 

“geopolymer” (low-Ca AAM) binders is high in saline environments, and it also has lower 

resistance to carbonation when compared to Portland cement concrete. This may make the steel 

reinforcement in geopolymer concrete to be more susceptible to corrosion reactions [151]. This 

is in contrast to AAS based concretes which proved to have better resistance to corrosion than 

PC based concrete [120, 153]. 
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2.14 Service Life 

The service life of a reinforced concrete structure is divided into two stages [154]. The first 

stage is the initiation phase in which free chloride ions accumulate up to a certain concentration 

level adequate to onset the corrosion of steel reinforcement. This concentration, as discussed 

in section 2.6, is termed as the critical chloride threshold (Ccrit). The second stage is called the 

propagation phase, where the steel is in an active state and continuous corrosion reactions are 

occurring which yield corrosion products. These products tend to expand the volume between 

the surface of the concrete and the reinforcement, leading to cracks that will eventually cause 

spalling of the concrete structure [155]. 

In this research, the service life for alkali-activated concrete is predicted only until the point of 

corrosion initiation. Although the propagation phase is a significant component in reinforced 

concrete structures [156] [157], the prediction of corrosion initiation should be first assessed 

carefully by including other modes of degradations (carbonation reaction and moisture 

transport) while modelling chloride ingress towards the rebar in reinforced concrete. Moreover, 

Figure 2.22 describes the overall service life of reinforced concrete exposed to steel corrosion. 

 

 

Figure 2.22 Service life of reinforced concrete subject to steel corrosion. Figure obtained from [148]. 

The following section briefly describes some of the analytical service life models existing in 

the literature. 

2.14.1  Analytical Models 

Collepardi et al. [158] were the first authors to quantify the kinetics of chloride penetration 

using a mathematical expression proposed by Fick in 1855 [159] .The expression is used to 

describe the diffusion of matter in permeable media, according to Equation 2.77;     
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∂c(x, t)

∂t
− D∗

∂2c (x, t) 

 ∂x2
= 0 (2.77) 

 

D∗; apparent diffusion coefficient 

c; chloride concentration in the pore solution 

x; concrete cover depth 

t; time 

There are various analytical models, mainly based on modified versions of the classical error 

function solution to Fick’s second law, that are used to solely model the diffusion transport of 

chloride ions. The HETEK model implements a variable surface chloride boundary condition 

in modelling the chloride diffusion in concrete. The ClinConc model simulates the chloride 

diffusion by taking into account the non-linear chloride binding along the concrete cover [159, 

160]. The fib Bulletin 34 code is a probabilistic model that predicts the service life based on 

the distribution values of its durability parameters in the error function solution model [47]. 

2.14.2 fib Bulletin 34 code  

Based on Equation 2.77, the fib Bulletin 34 code for Service Life Design of Reinforced 

Concrete (RC) defined the time to corrosion initiation according to Equation 2.78 [161], 

assuming de-passivation of the reinforcement to be the serviceability limit state, and 

characterizing this by the critical chloride threshold [47].  

 

Ccrit = C0 + (Cs,Δx − C0) [1 − erf
d − Δx

2√Dapp,Ct 
] (2.78) 

 

Ccrit ; critical chloride threshold (% by mass of binder) 

C0 ; initial chloride content (% by mass of binder) 

Cs,Δx ; surface chloride content (% by mass of binder) 

d ; concrete cover (mm) 

Δx ; depth of the concrete convection zone (mm). 
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The apparent coefficient of chloride diffusion (i.e. Dapp,C) through concrete is obtained from 

non-steady state chloride migration tests (Dnssm) (i.e. NTBUILD 492 [11]), according to 

Equation 2.79 which is an approximation (and simplification) of the full time-dependent 

solution to Fickian diffusion. Dnssm has been measured for concrete, at an age of t0 = 28 days, 

with the NTBUILD 492 test, and it is modified by the variation in temperature as an 

environmental factor.  

Dapp,C = exp(be (
1

Tref
−

1

Treal
)) DRMCk(

t0
t
 )
n

 (2.79) 

 

be ; regression variable (K) 

Tref ; standard test temperature (K) 

Treal ; temperature of the structural element or the ambient air (K) 

Dnssm ; chloride migration coefficient (mm2/year) 

k ; transfer parameter, assumed to be 1 ([46]; [47]) 

t0 ; reference point of time, 0.0767 years (28 days) 

t ; time (years) 

n ; aging factor  

Lepech et al. [47] used the fib Bulletin 34 code in a case study where chloride-induced corrosion 

of reinforcement was the mode of failure and the service limit state. They computed the 

probability for RC with two different cover replacements, 40 and 80 mm, and obtained the 

histograms, with a lognormal distribution shown in Figure 2.23,  which have been developed 

by using Monte Carlo analysis (i.e. computed with 100,000 runs) from this model:  

. 
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Figure 2.23 Histogram for time to depassivation of  RC with (left) 40 mm cover replacement and (right) 80 

mm cover replacement predicted by the fib Bulletin 34 design code. Figure adapted from [47].  

The environmental and material performance parameters that are needed to be given into the 

model to obtain the above histograms, shown in Figure 2.23, are shown in Table 2.8. 

 

Table 2.8 Model distribution parameters corresponding to the simulations in Figure 2.23. 

Variable Unit Distribution 

Ccrit 
Wt% of 

cement 
Beta 

C0 
Wt% of 

cement 
Deterministic 

Cs, ∆x 
Wt% of 

cement 
Normal 

d mm Normal 

∆x µm Deterministic 

be - Normal 

Tref K Deterministic 

Treal K Normal 

DRMC,0 m2/year Normal 

k - Deterministic 

t0 year Deterministic 

n - Beta 

 

 

Data from some extracted concrete samples, that had been exposed to real service conditions, 

did not have the same chloride ingress curvature as predicted by Fick’s second law of diffusion 

[162, 163]. The real service condition is a cyclic drying-wetting environment, and the chloride 

profile shown in Figure 2.24 can indicate that diffusion is not the sole transport mechanism 

of chloride ingress.  
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Figure 2.24 Data (shown by symbols) of chloride profile for samples obtained from real service conditions 

and chloride transport curve (shown by solid line) estimated by Fick's diffusion model [162]. 

The chloride content in the vicinity of the surface layer tends to increase to a maximum and 

then decrease along the depth of the concrete cover [7]. Ožbolt et al. [164] have explained that 

this increase is the combined effect of capillary suction and moisture evaporation that can 

cause the chloride to accumulate at a certain depth, and not only in the surface layer, due to 

hysteric moisture behaviour [164]. Chang et al. [7] have further researched the cause of this 

chloride peak and have found that it is a coupled effect of carbonation and capillary 

suction/moisture evaporation. They have explained that the chloride peak was also because of 

the decomposition of Friedel’s salt as an effect of carbonation which occurs during the drying 

stage [7]. Therefore, service life models that do not account for the combined moisture and 

carbonation effect on the durability of concrete can lead to misleading service life calculations.  

2.15 Conclusion 

According to the conducted literature review, the serviceability limit state of AAC exposed to 

the combined modes of corrosion conditions still needs to be quantitatively predicted to assess 

the reliability of AAMs as low carbon construction material for structural applications with a 

target service life of at least 100 years. Consequently, the main scope of this research is the 

construction and implementation of a modelling framework in which the durability 

characteristics that define the resistance of AAC to chloride ingress and carbonation reaction 

is implemented. The following chapters provide the main insights towards constructing a 

service life model for AAMs by first testing an already existing service life model that has 

already been developed for PC concrete (i.e. fib Bulletin 34 code). The results from the fib 

Bulletin 34 code provide insights about the impact of environmental condition (e.g. 
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temperature) on the durability of AAC. This impact of environmental condition has then led to 

the study of the relation between the relative humidity of the environment and the degree of 

saturation of the concrete through the implementation of moisture permeability models.  

Finally, quantitative prediction of the degree of saturation of the pores across the concrete, 

cover has been set as a key parameter to model the interplay of ingress of CO2 and chloride 

ions into the concrete with the durability response of AAMs to predict the service life of AAC 

in carbonation-chloride induced corrosion. In addition, similar to the fib Bulletin 34 code, the 

developed coupled mass transport model is set to probabilistically predict the service life of 

AAC to account for the variation of composition and reactivity of the precursors (i.e. SG and 

FA) by including a range of performance values for each durability parameter in the proposed 

service life model.  
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Chapter 3: Materials and Methods 
3.1 Raw Materials and Mix Proportions  

In this research the durability and service life of high calcium based alkali-activated binders 

are mainly measured and predicted since it has been considered that calcium-rich AAMs have 

better resistance to chloride penetration than PC [10]. Thus, alkali-activated binders composed 

of ground granulated blast furnace slag mixed with fly ash precursors that has a maximum 

amount of 50 wt.% replacement of the total mix design is produced and studied in this thesis.  

3.1.1 Precursors  

Ground granulated blast furnace slag (SG), and fly ash (FA) were used in this research for the 

preparation of cement samples. The mineralogical compositions, measured by X-ray 

fluorescence, of these precursors, are shown in Table 3.1 and can also be found in [165]. The 

SG was supplied from ECOCEM (France), and the FA from Baumineral (Germany). 

Table 3.1 Averaged (Avg.) chemical composition and average particle size (i.e. davg) of  SG, and FA for 

cement  samples, as determined by X-ray fluorescence (XRF) and laser diffraction [165]. 

Precursor CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 K2O Na2O LOI 

SG (davg;11.8 𝛍𝐦) 42.6 36.1 11.1 6.4 0.8 0.4 0.5 0.4 0.2 0.6 

FA (davg;12.8 𝛍𝐦) 6.2 51.8 22.2 2.5 0.6 7.9 1 2.2 1 3.1 

 

In addition, SG, FA and Portland cement of type CEM III/B 42.5 were used in this research for 

the preparation of mortar samples. The study on alkali-activated and PC mortars was done in 

Belgium at the company SANACON in collaboration with Magnel-Vandepitte Laboratory, 

Department of Structural Engineering and Building Materials, Ghent University. The CEM 

III/B 42.5 was supplied from S.A. Cimenteries CBR Cementbedrijven N.V. (Belgium), SG 

from ECOCEM (The Netherlands) and FA from VLIEGASUNIE (The Netherlands). The CEM 

III/B 42.5 has a composition of 20-34 wt.% of clinker and 66-80 wt.% of SG as reported in 

[166]. Whereas the mineralogical composition of FA and SG is shown in Table 3.2. 

Table 3.2 Chemical composition and average particle size (i.e. davg)of SG and FA for mortar  samples, 

as determined by X-ray fluorescence (XRF) and laser diffraction [167]. 

Precursor CaO SiO2 Al2O3 MgO SO3 Fe2O3 TiO2 K2O Na2O LOI 

SG (davg;8.28 𝛍𝐦) 40.9 31.1 13.7 9.16 2.31 0.40 1.26 0.69 - 0.1 

FA (davg;8.48 𝛍𝐦) 3.74 56.7 24 1.75 1.04 6.34 1.16 2.3 - 2.86 
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3.2 Preparation of Alkali-activated Cements and Mortars 

3.2.1 Alkaline Activating Solution 

The alkaline activating solution was prepared by dissolution of sodium hydroxide, NaOH, 

pellets (Sigma Aldrich) into sodium silicate solution (PQ Silicates), with silica modulus Ms 

(moles SiO2/ moles Na2O) of value 2 and 55.9 wt.% water), to obtain an alkaline activating 

solution of desired Ms, and an alkali (Na2O) dosage defined as a certain weight percentage of 

the binder. The binder here includes the precursors and the dissolved-solids part of the 

activating solution. Then water was added to the activating solution to reach the desired 

water/binder ratio for each cement sample. The activating solution was left overnight to cool 

down to room temperature prior to preparation of the samples.  

3.2.2 Alkali Activated Cements 

The cement samples were produced by first manually mixing the precursors, to ensure a 

homogeneous mixture, and then adding the activating solution. Next the samples were mixed 

for two minutes under a slow rate (200-400 revolutions per minute, rpm) and then mixed for 

eight minutes under a higher rate (2000 rpm). All the samples were cast in sample tubes, made 

of plastic, then sealed and stored at room temperature (20 ± 3°C) until testing. The mix designs 

of the produced cements are shown in Table 3.3. These cement samples are studied in Chapter 

5. 

Table 3.3 Mix designs of alkali-activated pastes. 

Mix of Low and High Calcium based Alkali-Activated Cements 

Precursor 
Type of 

activator 
w/b 

Na2O 

(wt.%Binder) 

Ms (moles SiO2/moles 

Na2O) 

50% Slag and 50% 

Fly ash 

NaOH-

Na2Si2O5 
0.4 4 1.5 

75% Slag and 25% 

Fly ash 

NaOH-

Na2Si2O5 
0.45 4 1.5 

High-Calcium based Alkali-Activated Cements 

Precursor 
Type of 

activator 
w/b 

Na2O 

(wt.%Binder) 

Ms (moles SiO2/moles 

Na2O) 

100% Slag NaOH-Na2Si2O5 0.5 4 1.5 

100% Slag NaOH-Na2Si2O5 0.47 8 1.5 

 

3.2.3 Alkali Activated Mortars 

The mortars were prepared in 10 L batches with a planetary mixer. The Quartz sand, with 0-4 

mm particle size, and solid precursors were first dry blended for ninety seconds. Then the 

alkaline activating solution was gradually added, in thirty seconds, and further mixed for two 
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minutes to derive homogeneous mixtures. Next, the mortars were cast into moulds in two 

layers, and each layer was compacted on a vibrating table for thirty seconds. The moulds, made 

of wood, have dimensions of 100 mm x 100 mm x 50 mm and contain two embedded stainless 

steel bars, of diameter 6 mm, that are positioned 50 mm apart. The amount of each material 

used is shown in Table 3.4 in order to obtain the final mix designs of alkali-activated mortars 

as shown Table 3.5. In addition, Portland cement of type CEM III/B 42.5N (according to EN 

197-1) was used to produce Portland cement based mortars.  These samples are studied in 

Chapter 6. 

Table 3.4 Materials used in alkali-activated mortars. 

Sample 
Amount of 

NaOH (g) 

Amount of 

Na2Si2O5 

(g) 

Amount of 

Water (g) 

Amount of Precursor (g) 
Amount of 

Sand (g) SG FA 
CEM 

III/B 

100SG 60 1050 1935 4500 - - 15069 

75SG25FA 60 1050 1665 3386.25 1128.75 - 15114.15 

50SG50FA 60 1050 1425 2250 2250 - 15069.15 

CEMIII/B - - 2153 - - 4305 12915 

 

Table 3.5 Mix design of alkali-activated mortars. 

Sample 
Na2O 

(Wt.% of Binder) 

Ms 

(nSiO2/nNa2O) 

water/binder 

(mass ratio) 

Sand/binder 

(mass ratio) 

100SG 4 1.5 0.5 3 

75SG25FA 4 1.5 0.45 3 

50SG50FA 4 1.5 0.4 3 

CEM III - - 0.5 3 

 

3.3 Test Methods 

3.3.1 Dynamic Vapor Sorption 

Dynamic vapour sorption, DVS, is used for Chapter 5 to study the moisture permeability in 

cement and the water vapour sorption isotherms (WVSIs) including adsorption and desorption 

isotherms of the binder. So that to model moisture transport and estimate free water content, or 

degree of water saturation, in cement as a function of RH of the external environment [79]. 
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DVS is a gravimetric technique that measures the mass gain during wetting, or loss during 

drying, in each RH step carried out in order to obtain WVSIs by means of a directly-generated 

controlled RH condition. During the experiment, small RH steps, by 5%, were carried out so it 

can be assumed that the apparent moisture diffusivity, Da(S), is constant within each RH 

interval.  Therefore, the apparent moisture diffusivity can be calculated by Fick’s second law 

of diffusion according to Equation 3.1; 

∂S

∂t
= Da(S)

∂2S

∂x2
 (3.1) 

 

Where S is the degree of saturation of the cement paste. 

In this study, WVSIs of the cement samples were obtained by monitoring the mass changes 

from 50% to 95% relative humidity. In this case, the calculation of the degree of saturation is 

according to Equation 3.2; 

S =
m−md

mm −md
 (3.2) 

 

md; mass change at lowest relative humidity, 50% 

mm; mass change at highest relative humidity, 95% 

m; mass change at certain relative humidity  

The apparent moisture diffusion coefficients, fitted through water sorption mass change curves, 

are based on a simplification that water diffuses into a thin slab of cement powder from its top 

surface in the sample pan. Hence, a one dimensional slab model is implemented with the 

assumption that the cement powder particles are uniformly distributed on the sample pan. The 

solution that has been used, in the literature, to numerically solve Equation 3.1 is known as 

the slope method by using Equation 3.3, for the wetting process, and Equation 3.4, for the 

drying process [168].  

Mt

Me
= 2 (

Dt

πl2
)

1
2
(for sorption process,when 

Mt

Me
< 0.6) (3.3) 
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Mt −Me

M0 −Me
= 1 − 2(

Dt

πl2
)

1
2
  (for desorption process,when 0.4 <

Mt −Me

M0 −Me
< 1) (3.4) 

 

t; time increment from last equilibrium stage, s 

M0; mass value at end of previous equilibrium stage, g  

Me; mass value at equilibrium at the current stage, g 

Mt; mass value at time t, g 

l; thickness of the powder sample, m 

D; diffusion coefficient in the current stage, m2/s 

3.3.2 Thermogravimetry Analysis 

Thermogravimetric analysis (TGA) for all cements was carried out in a Perkin Elmer TGA 

4000 instrument coupled with a Hiden mass spectrometer. The amount of sample used was 40 

mg and it was tested from 20°C to 1000°C at a heating rate of 10°C/min, in an alumina crucible. 

Commercial-grade nitrogen was used as inert gas at a flow rate of 20 mL/min. The purpose of 

this characterization, studied in Chapter 5, is to identify the presence of carbonated cement 

hydrate phase that may possibly form in alkali-activated binders exposed to natural carbonation 

in the surrounding ambient environment. 

3.3.3 Mercury Intrusion Porosimetry 

Mercury intrusion Porosimetry, MIP, has been used for Chapter 5 research to determine the 

percentage of porosity (i.e. total pore volume) of the cementitious material, along with 

information about its pore size distribution. The main source of error in MIP is its inability for 

the mercury to pass through all the closed pores, and also the ink-bottle effect which means 

that the pore entry diameter, rather than the actual pore diameter, is measured. As well as the 

way the material is being tested, through varying contact angles of mercury per test can affect 

the results [169]. The estimation of the pore radius and pore pressure is calculated by the 

Washburn equation [170], Equation 3.5, which is the base calculation surrounding the 

equipment.  

P =  −
2γcos (θ)

r
 (3.5) 
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P; pore pressure, Pa 

r; meniscus curvature radius (pore entry radius), m 

γ; surface tension of mercury, N/m 

θ; contact angle of mercury/cement interface, ° 

Samples of the alkali-activated binders are cut into small bulk pieces of total mass around 2 g 

and are analysed using the Autopore V instrument where the contact angle and surface tension 

are set to 130° and 0.485 Nm-1, according to the recommendations discussed in [170-172]. 

Multiple samples, 3-4 per mix, are collected in order to create a statistical average and a 

standard deviation of MIP data in order to estimate the porosity of the binders. 

Finally, this instrument has been used to estimate; effective porosity of the cements, the 

volumetric fraction of the large pore region, as well as the length factor of the large pore to the 

small pore regions, as will be discussed in Chapter 5. 

3.3.4 Embedded Electrode Methods - Bulk Resistivity 

The embedded electrode method (EEM) is a validated method used to measure the resistivity 

of repair mortars in order to assess their compatibility with the parent concrete prior to cathodic 

protection, as explained in [173]. Cathodic protection is a technique that can reduce or even 

stop the corrosion process of steel in reinforced concrete structure.  In this research, the EEM 

method is used to evaluate the transport properties of alkali-activated mortars that will be 

determined in Chapter 6. 

Resistivity measurements have been conducted by measuring the resistance between two 

stainless steel bars that are embedded into mortar prisms, with dimensions of 100 mm × 100 

mm × 50 mm, by means of an LCR (Inductance (L), Capacitance (C) and resistance (R)) meter, 

set at a measurement frequency of 120 Hz, as shown in Figure 3.1; 
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Figure 3.1 Embedded Electrodes Method (EEM) [173]. 

Then the resistivity measurement is calculated by multiplying the measured resistance by a cell 

constant, C, that is dependent on the geometry of the mortar mould and embedded electrodes. 

The value of the cell constant, C = 7.62 cm, has already been determined in [173] for the exact 

cell setup used in this research. In summary, the mortar prism, with the embedded electrodes, 

was filled with a potassium chloride solution, of concentration 0.01 mol/L, and resistance was 

measured, using the LCR meter, between the electrodes. The conductivity of the electrolyte 

solution was already determined and used to calculate its resistivity which is then divided by 

the measured resistance in order to obtain the cell constant.  

3.3.5 Particle Size Analysis 

A Mastersizer 3000 particle size analyser (Malvern Company) was used for the quantification 

of particle size distribution of the studied cements, in powder form, for analytical sizes ranging 

from 0.01 µm – 2mm. Non-aqueous solution, isopropanol, was used as dispersing agent in the 

medium of the test. The average particle sizes of the crushed cement powders have been used 

to calculate the apparent moisture diffusivities based on the water sorption kinetic data obtained 

from the DVS, as mentioned in section 3.3.1.  

3.4 Software 

3.4.1 Cement Pore Solution Ions  

A thermodynamic modelling programme was used to predict the concentration of pore solution 

ions and pore solution alkalinity in alkali-activated cements and used for Chapters 4 and 6. 

The open source software GEM-Selektor v.3 (https://gems.web.psi.ch/GEMS3/) was utilised 

to perform the prediction where the mineralogical composition, extent of degree of reaction for 

the precursors and mix design of the alkali-activated binders were set as inputs in order to 

obtain the concentration of ions present in the aqueous phase of the cements. This output is 

https://gems.web.psi.ch/GEMS3/
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used in Chapter 6 in order to calculate the resistivity of the pore solution because all ions 

contribute to the electrolytic conductivity of the solution. In addition, the extent of degree of 

reaction for slag and fly ash, used in the thermodynamic calculations, is discussed in Chapter 

4 and 6. 

Thermodynamic data for solid, aqueous and gas phases in alkali-activated cements were 

acquired from the Slop98.dat and Cemdata18 database, with the ideal solid solution end 

member models for alkali-substituted calcium aluminate silicate hydrate gel (CNASH_ss) and 

for hydroxylated hydrotalcite (MgAl-OH-LDH_ss) as detailed in [123, 145, 174]. 

The following Equation 3.6 is the extended Debye-Hückel equation used to calculate the 

activity coefficients of the aqueous species in order to estimate the real concentration of the 

ions participating in the hydration reactions; 

log10γi =
−Azi

2√I

1 + Ba√I
+ bI + log10

xiw
Xw

 (3.6) 

 

γi; activity coefficient of the ith aqueous species 

zi; charge of the ith aqueous species 

A (kg0.5mol-0.5) and B (kg0.5mol-0.5cm-1); temperature and pressure dependent electrostatic 

parameters  

xiw; molar quantity of water 

Xw; molar amount of the total aqueous phase 

The values for the average ionic radius, a, and the parameter for short-range interactions of 

charged species, b, are set to be 3.31 Å and 0.098 kg.mol-1  respectively in order to represent a 

NaOH-dominated aqueous phase, as specified according to [175]. 

I is the total ionic strength of the aqueous solution and it is calculated according to the Equation 

3.7. 

I =
1

2
∑𝑐𝑖. 𝑧𝑖

2 (3.7) 
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ci; concentration of the ith ionic species 

zi; charge of the ith ionic species 

Finally, the formation of quartz, dolomite, thaumasite, and magnesite are excluded in the 

calculations because their kinetics of formation under ambient conditions is considered to be 

slow [176]. 

3.4.2 Coupled System of Partial Differential Equations 

In saturated conditions, or in complete submerged water conditions, chloride ingress into the 

concrete cover occurs mainly through a diffusion process because of the presence of 

concentration gradient [159]. Fick’s second law of diffusion has been used in the literature for 

modelling chloride ingress in concrete according to the following partial differential equation 

(pde), Eq.3.8, with the initial and boundary conditions set accordingly: 

{
 

 
∂C

∂t
= D

∂2C

∂x2
 ,    x > 0,     t > tex

C(0, t) = CS,0 ,     t > tex,     Boundary Condition 

C(x, tex) = 0 ,     x > 0,      Initial Condition 

 (3.8) 

 

C; Chloride concentration, mol/L, at a certain time of exposure, t in year, and distance, x in m, 

in the concrete cover. 

CS,0; Surface chloride concentration at the surface of the concrete cover, m. 

D; Constant diffusion coefficient, m2/s  

tex; Initial time of exposure, year 

The analytical solution to the above pde is often calculated using the simplified form of the 

error function solution of Fick’s second law according to Equation 3.9 with the definition of 

complementary error function shown in Equation 3.10. 

C(x, t) = Cs,0erfc (
x

2√D(t − tex)
)  ,    x > 0 ,    t > tex (3.9) 

 

erfc(z) = 1 −
2

√π
∫ e−t

2
dt

z

0

 (3.10) 
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Where Cs,0 and D are experimentally determined from curve fitting the chloride profile 

obtained from the NTBUILD 443 Test. 

There are several numerical methods for solving Equation 3.8 under more complex physical 

circumstances, including where the diffusion constant is not constant, but one common method 

is the finite explicit method using the forward Euler method, where the derivation to obtain this 

method can be found in [177]. First consider a space, x (distance) vs. t (time) as shown in 

Figure 3.2. 

 

 

 

 

 

 

Where the x and t coordinates are divided by intervals ∆𝑥 and  ∆𝑡 that allows the space to be 

regarded as a grid of rectangles of size (∆𝑥 ×  ∆𝑡). Then the coordinate of a point in the grid is 

marked as (𝑖∆𝑥, 𝑗∆𝑡) where 𝑖 and 𝑗 are positive integers. Hence, the concentration of a species 

is denoted as 𝑐𝑖,𝑗 at coordinates (𝑖∆𝑥, 𝑗∆𝑡) and the neighbouring values are pinpointed in 

Figure 3.2.  The derivation of the finite explicit method is done by applying Taylor’s series in 

t-direction while keeping x constant, 

ci,j+1 = ci,j + ∆t (
∂c

∂t
)
i,j
+
1

2
(∆t)2 (

∂2c

∂t2
)
i,j

+⋯ (3.11) 

 

Then rearranging to obtain; 

Figure 3.2 Graphical representation of explicit finite difference method use to characterise mutli-species 

transport through alkali-activated concrete. 

∆𝑥 

∆𝑡 
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(
∂c

∂t
)
i,j
=
ci,j+1 − ci,j

∆t
+ O(∆t) (3.12) 

 

Where 𝑂(∆𝑡) is the order of error which are the neglected terms having an order of ∆𝑡 or higher 

when the left and right hand side of Equation 3.11 is divided by ∆𝑡. 

Next applying Taylor’s series in the x-direction, while keeping the time constant, the following 

equations, Equation 3.13 and Equation 3.14, are obtained. 

ci+1,j = ci,j + ∆x (
∂c

∂x
)
i,j
+
1

2
(∆x)2 (

∂2c

∂x2
)
i,j

+⋯ (3.13) 

  

ci−1,j = ci,j − ∆x (
∂c

∂x
)
i,j
+
1

2
(∆x)2 (

∂2c

∂x2
)
i,j

+⋯ (3.14) 

 

Then adding Equation 3.13 and Equation 3.14, 

(
∂2c

∂x2
)
i,j

=
ci+1,j − 2ci,j + ci−1,j

(∆x)2
+ O(∆x)2 (3.15) 

 

As well as neglecting the error terms found in 𝑂(∆𝑥)2 , next step is substituting Equation 3.15 

and Equation 3.12 into Equation 3.8 to get Equation 3.16.  

Ci
j+1

− Ci
j

∆t
= D

Ci−1
j

− 2Ci
j
+ Ci+1

j

∆x2
 (3.16) 

 

Then rearranging to obtain the final form of the equation: 

Ci
j+1

= Ci
j
+
D∆t

∆x2
[Ci−1
j

− 2Ci
j
+ Ci+1

j
] (3.17) 
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In addition, the discretisation should done in such a way to nearly and accurately predict the 

value of the concentration of the ionic species at a given ∆𝑥 and this can be done by increasing 

the number of time steps of small step size such that ∆𝑡 ≤
∆𝑥2

2𝐷
 . This can ensure stability for 

optimal predictions done by the model as discussed in [178].  

However, in unsaturated conditions, diffusion is not necessarily the main transport 

phenomenon. In cases where the concrete is subjected to cyclic wetting and drying cycles the 

diffusion of chloride ions is mainly dependent on the degree of water saturation in the capillary 

pores of the concrete because the mode of chloride ion transfer is through the aqueous phase of 

the pores. Hence, diffusional transport is accompanied by capillary suction, from capillary 

action inside capillary pores of the concrete cover, permeation due to a pressure gradient, and 

migration due to an electrical potential gradient [37]. In addition, chloride binding and aging, 

due to the impact of pozzolanic activity, must also be considered while modelling the chloride 

ingress [30]. 

Therefore, appropriate moisture transport models are essential for the prediction of the degree 

of evaporable water content (i.e. free water) in capillary pores as a function of the external 

environmental relative humidity. Conventionally, moisture transport has been modelled using 

Darcy’s or Fick’s law without accounting for the anomality effect present in such materials 

[62]. In addition, CO2 simultaneously diffuses through the gaseous part of the pores and 

partially dissolves into the pore solution and initiate carbonation reactions that can leads to 

changes in the microstructure of the cement [5]. Therefore, a multi-species and multi-

mechanism reactive transport modelling framework is needed to predict the durability 

performance of concrete. Consequently, an advanced solver is needed to model this highly non-

linear mass transport problem [179]. The following section describes the pdepe function that 

contains the built-in solver available in MATLAB. 

3.4.2.1 pdepe Function 

The equations, that are discussed in Chapters 5 and 6, along with their initial and boundary 

conditions are being solved by using the pdepe function available in MatLab according to the 

following format;  

sol= pdepe(m,pdefun,icfun,bcfun,xmesh,tspan) 

Where; 

pdefun; elliptical and or parabolic partial differential equation  
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icfun; initial value conditions 

bcfun; boundary value conditions 

xmesh; spatial mesh 

tspan; temporal mesh 

Considering the partial differential equation, pdefun, the pdepe solver expects it in the form of 

Equation 3.18. 

c (x, t, u,
∂u

∂x
)
∂u

∂t
= x−m

∂

∂x
(xmf (x, t, u,

∂u

∂x
)) + s (x, t, u,

∂u

∂x
) (3.18) 

 

The terms in the equation above are: 

m; scalar parameter that represents the symmetry of the system (i.e. 0 for slab, 1 for cylindrical 

and 2 for spherical coordinates). 

c (x, t, u,
∂u

∂x
); diagonal matrix that governs the type of pde which can be elliptical, when the 

elements of this matrix are zero, and parabolic when the elements are non-zero and positive. 

f (x, t, u,
∂u

∂x
); flux term. 

s (x, t, u,
∂u

∂x
); source term. 

The algorithm used in the pdepe function is the ode15s solver that is based on implicit finite 

difference method and is well known for solving stiff ordinary differential equations  [180]. 

Stiffness is an efficiency issue where very small step size is required in a region to obtain a 

very smooth solution curve that represents reliable results for the differential equation. The 

ode15s solver speeds up the computation process through implementing a moderate number of 

steps, of very small size, and function evaluations that satisfy the accuracy requirement set as 

a default in the solver [181].   

The pdepe function outputs the values of the solution, for the coded pde in the MATLAB script, 

on the spatial mesh provided in xmesh after they are computed by integration to obtain 

approximate solutions at the times specified in tspan. 



122 

 

The values of the initial conditions, I.C., for the pdes used in this research, are set constant with 

positive values for the intial time t0. Additionally, this I.C. can be set either as a constant number 

or as a function of distance, x, into the concrete cover. The former type can create an initial 

uniform profile whereas the latter an un-uniform profile at time t0 across the thickness of the 

concrete cover. The I.C. is coded in the icfun of the pdepe function. 

The boundary conditions, B.C., can be modified based on the type of condition the transport 

occurs. In this case the boundary condition can be set as constant (Dirichlet), a flux (Von 

Neumann), or a mix between the two called the Robin [182]. The B.C. is coded in the bcfun of 

pdepe function and in the form of Equation 3.19.  

p(x, t, u) + q(x, t)f (x, t, u
∂u

∂x
) (3.19) 

 

 f (x, t, u
∂u

∂x
); flux term 

p(x, t, u) and q(x, t); coefficients  

Finally, a MATLAB script has been developed to simulate anomalous moisture transport in 

alkali-activated cements and reactive transport that accounts for carbonation and chloride 

ingress in unsaturated alkali-activated concrete. A detailed description of the numerical models 

coded in the MatLab scripts can be found in Chapters 4-6. 

3.5 Conclusion 

The Matlab software, section 3.4.2, is implemented throughout Chapters 4-6. In Chapter: 4 

the software is used to fit distribution of durability data with mathematical functions and to 

perform service life calculations using an analytical model. It is also applied in Chapters 5 and 

6 to numerically solve single and coupled nonlinear differential equations. The thermodynamic 

modelling programme, described in section 3.4.1, is used for Chapters 4 and 6.  The methods 

described in sections 3.3.1-3.3.3 and 3.3.5 correspond to the methodology used in Chapter: 5 

to obtain the moisture permeability data for alkali-activated cements. Whereas the method 

described in section 3.3.4 corresponds to the methodology used in Chapter: 6 to obtain the 

ionic transport data for alkali-activated mortars.   



123 

 

Chapter 4: Probabilistic Service Life 

Prediction of Alkali Activated Concretes Exposed 

to Chloride Induced Corrosion 
 

Note: This chapter is based on the manuscript “Probabilistic Service Life Prediction of Alkali Activated 

Concretes Exposed to Chloride Induced Corrosion” T.J. Chidiac, N. Ukrainczyk, D. P. Prentice, and 

J. L. Provis published in Journal of Advanced Concrete Technology.  

  

Abstract 

In this study, the well-established service life design code defined in fib Bulletin 34 is adapted 

to predict the time to initiation of reinforcement corrosion in alkali-activated concretes 

submerged in marine conditions. The model approach is based on the probabilistic calculation 

of the time needed for a critical concentration of chloride ions, migrating from the external 

environment towards the rebar, to accumulate at the surface of the steel reinforcement and 

initiate the corrosion reaction. The information required to define the parameters of the model 

is derived from literature data, relating the concrete mix designs with accelerated laboratory 

test results. The findings indicate that alkali activated concretes with high calcium content can 

exhibit promising characteristics as a construction material applied for structural application in 

chloride-rich corrosive environments. The probabilistic approach adopted in this model 

provides the opportunity to assess the influence of variability in mineralogical composition and 

reactivity of the precursors with the alkaline activating solution, that influence the chemical 

evolution and microstructure of the binder matrix. The predicted service life is quite sensitive 

to these factors, with very high service lives predicted for some alkali-activated concretes but 

rather short service lives predicted for others, and this must be incorporated into any 

engineering assessment of future material performance. 

Keywords: Alkali-activated concrete; chloride; durability; service life; probabilistic modelling 
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4.1 Introduction   

The service life of a reinforced concrete structure is often controlled by chloride ions diffusing 

throughout the interconnected capillary pores of the concrete and accumulating at the surface 

of the rebar until reaching a certain concentration, known as the critical chloride threshold 

(Ccrit). This causes corrosion through localized (i.e. pitting) de-passivation over areas of the 

protective film around the rebar [7]. Consequently, reductions in cross-sectional area of the 

rebar occur, reducing the capacity of the reinforced element to withstand mechanical load [9]. 

This process takes place in conventional Portland cement concretes, and also in alkali-activated 

concretes (AACs) which are the main topic of investigation here. The protection given by 

concrete cover as a protective barrier against corrosive agents for the steel reinforcement has 

been extensively researched for AACs, with the aim of obtaining data regarding their 

performance in corrosive conditions [183].  

Service life modelling of Portland cement (PC) based concretes has adopted the term critical 

chloride threshold (Ccrit), in terms of wt.% of the binder, as a limit state function to estimate the 

time needed for a certain concentration of chloride ions to accumulate across the steel and 

initiate corrosion. Various analytical models, based on modified versions of the classical error 

function solution of Fick’s second law, have been used to calculate the service life of structures 

by modelling the diffusional transport of chloride ions into the concrete cover. The HETEK 

model [184] implements a variable surface chloride boundary condition in modelling the 

chloride diffusion in concrete. The ClinConc model [160] simulates the chloride diffusion by 

taking into account non-linear chloride binding within the concrete cover [159, 160]. However, 

these models are deterministic; they provide single output values for service life, without 

explicitly considering distributions of input parameters. A probabilistic approach is preferred 

here, because the performance properties of multiple elements made from any given concrete 

are intrinsically scattered, leading to variation in the performance of the overall structure [114].  

The fib Bulletin 34 code [161, 185] describes a probabilistic model that predicts the service life 

based on the distribution values of its durability parameters in the error function solution to 

Fickian diffusion [47].  This code is chosen here as the basis to probabilistically predict the 

service life of AAC, and to identify how variations in the material parameter impact the 

predicted service life. In summary, the purpose of this research is to demonstrate the importance 

of incorporating reactivity and mineralogical composition of precursors as experimental 

parameters in durability test designs for AAC. Thus, setting the direction for future design in 
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service life models to account the variability in durability performance of any given AAC 

because of the inconsistency in production conditions which impact mineralogical composition 

of raw materials (i.e. industrial wastes) needed for the manufacture of AACs across the concrete 

industries. Examples of production conditions are the composition of raw materials and 

methods of steel manufacture where slag as a by-product is obtained and used as precursors for 

AAMs. 

The first section of this paper reviews the mechanisms underlying chloride-induced corrosion 

in high-calcium (>30% CaO) AAMs and low-calcium (<15% CaO) AAMs, drawing upon 

existing durability data available in the literature. The second section describes the fib Bulletin 

34 code for service life design, which is applied together with thermodynamic prediction of the 

pore solution alkalinity of AACs, as a key input parameter for the calculation of Ccrit.  

Subsequently, the collected data are used in service life calculations for three specific types of 

alkali-activated concretes: alkali-activated slag concrete (denoted 100%SG), alkali-activated 

slag-fly ash concrete (50%SG/50%FA), and alkali-activated fly ash concrete (100%FA).     

4.2 Durability and Service Life 

Most of the AAC durability data available in the literature focus on the transport properties of 

corrosive agents into alkali-activated concretes, with a smaller but still significant number of 

studies presenting aging factors (i.e. time-dependent refinement of the pore structure of the 

concrete), or critical chloride thresholds Ccrit [44]. So, the established fib Bulletin 34 design 

code [161], which uses distributions of chloride transport parameters, critical chloride 

thresholds, and aging factor is adapted here to probabilistically predict the service life of 

AAMs. The key controlling factors are now discussed in turn.   

 

4.2.1 Chloride Threshold 

Corrosion reactions in AAMs, with both low and high calcium contents, differ from those 

observed in Portland cement-based concrete due to the high alkalinity of the pore solution in 

AAMs and the possible presence of reduced sulfur species (sulfides) in the pore solution of 

alkali-activated slag, which can lead to the formation of a sulfide film on the metal surface, 

resulting in a more complex corrosion reaction sequence [44] [45] [183] [49]. Despite the 

complexity of corrosion chemistry in AAMs, several studies have successfully determined 

critical chloride thresholds, Ccrit, in terms of chloride content by wt.% of binder, as well as the 

ratio of chloride to hydroxide concentration (as shown in Figure 4.1 and Table 2.1) [55]. The 
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values of Ccrit are given for alkali-activated mortars containing different amounts of slag (SG) 

and fly ash (FA) precursors in their mix designs, Figure 4.1.  

 

Figure 4.1 Critical chloride thresholds (Ccrit ) for alkali-activated mortars derived from mixed high- and low-

Ca precursors (wt.% slag and fly ash as indicated for each group of data), as a function of alkali activator 

dosage; data from [55].  

 

Table 2.1 in section 2.8.3 of Chapter 2: “Literature Review” provides a summary of published 

corrosion risk indicators in terms of the chloride and hydroxide concentrations 

([Cl−] and [OH−]) as well as the various test methods employed, for both low and high calcium 

AAMs, where it is assumed that ground granulated blast furnace slag is the main source of 

calcium. Sulfide content is also important in slag-based AAMs, due to the high content of 

reduced sulfur. This is due to a significant role played by HS- ions in the pore solution, leading 

to the formation of a complex Fe-S passivating film on the steel surface [45].  

 

4.2.2  Chloride Ingress   

Chloride penetration into concrete is a complex phenomenon because diffusion is also coupled 

with migration (defined via the non-steady state migration coefficient, Dnssm) and/or convection 

(i.e. flow of solvent) phenomena, in laboratory tests and in field exposure. For the prediction 

of service life, the fib Bulletin 34 code for service life design utilises chloride migration data 

as input for the transport of chloride ingress, neglecting the potential influence of other forms 

of transport.  

75%SG+25%FA 50%SG+50%FA 25%SG+75%FA 
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Figures 4.2 and 4.3 show the variations of chloride migration coefficient values obtained by 

the rapid chloride migration test NTBUILD 492 [11], for high-Ca, 50/50 slag/fly ash-based, 

and low-Ca AAMs as reported in the literature [98, 114, 152, 186, 187].  

 

Figure 4.2 Chloride migration coefficients of high calcium alkali-activated concretes as a function of alkali 

dosage, compiled from the available literature [98, 114, 152, 186, 187]. 

 

 

 

Figure 4.3 Chloride migration coefficients of low calcium alkali-activated concretes as a function of 

water/binder (w/b), compiled from the available literature [98, 114, 152, 186, 187]. 

100%SG 50%SG+50%FA 

100% FA 
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The chloride migration coefficient values for 100% SG alkali-activated concrete, with alkali 

dosages of 3 and 4 wt.% of binder, are within the range 0.1 to 3.75×10-12 m2/s. The lower 

boundary of this distribution indicates very low or almost negligible chloride mobility 

according to the classification of [188], whereas the values obtained for 50%SG/50%FA alkali-

activated concretes are somewhat higher, from 1.15 to 4.78 ×10-12 m2/s. However, these are 

still lower than the maximum recommended values for concretes based on CEM III (blended 

PC containing 36-95% slag) under chloride exposure [37].  

 

The chloride migration coefficients of 100%FA alkali-activated concretes (Figure 4.3), with 

similar mix design composition except for the ratio of water to binder, range from 26.98 to 

83.2×10-12 m2/s, which are very high compared to the standard values [37]. The reason for such 

a difference in chloride migration values is because the pore structure of 100%FA alkali-

activated concretes is very open and connected compared to most other cementitious materials, 

making the material permeable [108]. In addition, there is less chemical binding of free water 

in low calcium AAMs compared to high calcium AAMs [109]. There are also potential 

differences in chloride binding between different types of AAM, but this topic requires further 

analysis and insight, and is not invoked here as a detailed explanation for differences in concrete 

performance. 

4.2.3 Aging of Concretes 

Over time, the microstructure of a concrete tends to densify because of the chemical evolution 

of the binder. More hydration products are formed, leading to further refinement of the pores 

in the microstructure. Several methods have been used to measure the aging factor of alkali-

activated concretes; Table 4.1 summarises the reported aging factors of alkali-activated 

concretes, represented as the power-law exponents describing the reduction in diffusion or 

migration coefficients as a function of time. 
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Table 4.1 Aging factors of alkali-activated concretes as reported in the literature 

Mix Design 

(%SG+%FA) 

Na2O 

(wt.% 

binder a) 

Mr b w/b c Curing 

condition 

Test method Aging factor 

(exponent) 

Ref 

100% FA 15 1.375 0.37 80 ℃ for 

24h 

AASHTO T259 

salt ponding 

0.234 [189] 

 15 1.375 0.37 80 ℃ for 

24h 

AASHTO T259 

salt ponding 

0.309  [189] 

50% SG / 50% 

FA 

4 1 0.425 100% RH ASTM C1202 

charge passed 

0.604 [190] 

100% SG 7 1.2 0.47 Under 

water 

NordTest 443 

bulk diffusion 

0.574 [105] 

 5 1.2 0.47 Under 

water 

NordTest 443 

bulk diffusion 

0.55 [105] 

 4 1.2 0.47 Under 

water 

NordTest 443 

bulk diffusion 

0.512 [105] 

 4 0.6 0.26 100% RH Chloride 

penetration depth 

0.74  [117] 

       a binder; total amount of solids (precursors + anhydrous activator)  

       b Mr; silica modulus in the activating solution (molar ratio of SiO2 to Na2O) 

       c water/binder mass ratio; includes water within the activating solution and any extra water added in the mix  

       

According to Table 4.1 the values of the aging factors for the 50% SG / 50%FA mix, and the 

100%SG mix of [117], are higher than the other reported values. The aging factor obtained for 

50% SG / 50% FA was obtained by the rapid chloride permeability test where the measurement 

is done on the total charge passed through the concrete [190]. This test is designed based on 

the chemistry of the pore solution of PC which may not be suitable for AAMs containing a 

higher concentrated pore solution with ionic species (Zuo et al. 2019). The high aging factor 

for one 100%SG concrete was obtained from a single specimen exposed to a marine splash 

zone environment for two years. The aging factor was calculated by using the chloride diffusion 

obtained for this concrete after two years and with an assumed value for chloride diffusion after 

4 years [117]. The authors of that study have suggested further research to validate this high 

value, 0.74, for the aging factor.  

 

4.3 Materials and Methods 

4.3.1 Mix designs selected for detailed analysis    

Table 4.2 contains the mix designs of SG100, FA100 and 50SG50FA Alkali-activated 

concretes that are discussed in this paper. The durability data for each concrete are taken from 

literature reporting durability studies of alkali-activated concretes with similar mix designs (i.e. 

Figures 4.1-4.3 and Tables 2.1 and 4.1) to create distributions in the model input data.    
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Table 4.2 Mix designs of alkali-activated concretes described in the simulations here. All samples were 

cured at room temperature and in saturated conditions. 

 

Mix name 

Sand/coarse 

aggregate mass 

ratio 

Precursor 

amount (kg/m3 

concrete) 

28 day 

compressive. 

strength(MPa) 

 

w/b a 

 

Na2O 

 

Mr b 
Ref. 

FA SG 

FA100 0.667 425 - 42.4 0.253 10 1.1 [114] 

SG100 0.667 - 357 33.9 0.42 3 0.33 [114] 

50SG50FA 0.818 205 205 46 0.40 4 1.5 [98] 

a water/binder mass ratio; includes water within the activating solution and any extra water added in the mix 

b Mr; silica modulus in the activating solution (molar ratio of SiO2 to Na2O) 

 

The depths of concrete cover to be assessed for service life calculations of SG100, 50SG50FA 

and FA100 in seaborne chloride environment, are 45, 60, and 200 mm, respectively. The high 

cover depth for FA100 is due to the high value of the chloride migration coefficient, Figure 

4.3, that exceeds the limits specified by [37] and necessitates a very high cover depth to reach 

a meaningful service life under the model assumptions. The concrete cover depths for SG100 

and 50SG50FA concretes are chosen based on their chloride migration values, Figure 4.2, 

which fall within the range of Dnssm,28 values (i.e. chloride migration test conducted on 

concretes cured for 28 days) that are conventionally used to recommend cover depths as shown 

in Table 4.3. The effect of the depth of the concrete cover on service life is also assessed in 

section 4.1 by sensitivity analysis. 

Table 4.3 Maximum recommended Dnssm,28* for various cover depths for binder type CEM III  

and specified chloride exposure classes, for a design service life of 100 years [37]. 

Mean Cover (mm) to reinforcing steel Maximum value DRMC,28 (10-12 m2/s) 

CEM III (50-80% slag) 

XD1/2/3, XS1 * XS2, XS3 

35 2.0 1.0 

40 4.0 1.5 

45 6.0 2.5 

50 8.5 3.5 

55 12 5.0 

60 15 6.5 

* XD represents corrosion induced by de-icing salts, and XS represents corrosion induced by a 

seaborne chloride environment. The number indicates the severity of the environmental condition 

from a scale of 1 to 3 [191].  

* Dnssm,28; chloride migration value for concrete measured after 28 days of curing 



131 

 

4.3.2 Calculation of Chloride Threshold 

The defined ratios of chloride to hydroxide concentration for low-Ca AAMs and high Ca 

AAMs, from Table 2.1, are used to obtain the ranges of critical chloride thresholds, denoted as 

CTConcrete and CTCement, in terms of chloride ion concentrations by wt.% of concrete and binder, 

respectively. These thresholds were calculated using Equations 4.1 and 4.2, derived from 

[192].   

CTconcrete
[Cl−]
[OH−]

=
MClSϕs
10ρc

10−(pKw −pH) 
(4.1) 

Where ρc is the density of the concrete (g/cm3); S is pore saturation, set at 0.8 for concrete 

[192]; ϕs is concrete volume fraction porosity; pKw is the ionic product of water, set to 14 at 

25°C; pH describes the alkalinity of the pore solution; and MCl is the molar mass of chloride, 

35.453 g/mol. 

CTcement
CTconcrete

=
Wtot

Wcement
 

(4.2) 

 

Where Wtot is total weight of the concrete; and Wcement is total weight of the binder used in the 

concrete. 

It should be noted that the influence of sulfide concentration on corrosion indicators [183] is 

not implemented in the fib Bulletin 34 design code, as the model solely predicts service life 

based on chloride concentration. Furthermore, for low Ca-AAMs, the corrosion indicator is 

included in the model without the cubic power law on hydroxide concentration, shown in Table 

2.1. The cubic formulation was initially developed for steel bars exposed to a hyperalkaline 

simulated pore solution of low-Ca AAM binders (i.e., pH approximately 14-14.5) [54], while 

leaching effects are likely to reduce the pH below this level in the exposure conditions of 

interest here. For example, when low-calcium fly ash based concrete was exposed to a 16.5 

wt.% NaCl solution for 35 days, the measured pH across the 25 mm mortar cover ranged from 

11 to 11.8 [110]. The impact of the critical chloride threshold on service life is assessed through 

sensitivity analysis in section 4.3. 
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4.3.3 Calculation of Pore Solution Alkalinity 

The open source software GEM-Selektor v.3 (https://gems.web.psi.ch/ ; [193]) was utilised to 

predict the alkalinity of pore solution in AAMs by thermodynamic simulation, where the 

mineralogical composition and degree of reaction of precursors along with the mix design of 

alkali-activated binders (e.g. free water content and composition of activating solution) were 

set as inputs. The assumed degrees of reaction of slag and fly ash were 70% and 35%, 

respectively, based on values reported for the reactivity of supplementary cementitious 

materials in blended cements [194]. A code typed in the GEM-Selektor v.3 software to account 

for the extent of reactivity for slag precursors at 70% and for fly ash precursors, at 35% used 

in AAMs is included in Appendix 4. The code also accounts for the composition of activating 

solution and amount of free water used in the mix design to produce 100 g of alkali-activated 

binder. 

4.3.4 Aging factor 

Values for the aging factor of around 0.6 or higher are considered to be unrealistic in real 

service conditions, because this represents a very extensive decrease in chloride mobility over 

an extended period of aging. This could lead to overestimation of the service life because the 

aging exponent is the dominant factor in modelling the chloride ingress with a time dependent 

diffusivity parameter [159]. Therefore, all the values of aging factor are taken to be around 0.5 

for service life calculations of SG100 and SG50FA50, and the values for FA100 are taken to 

be between 0.234 and 0.309, according to Table 4.1. 

 

4.3.5 Service Life Prediction Model  

The fib Bulletin 34 code is applied in this research to probabilistically calculate the service life 

for alkali-activated reinforced concretes by implementing Equation 4.3, which is a rearranged 

form of Equation 2.78, and by including defined distributions of the environmental and 

material performance parameters. The available data for durability or material performance, 

sections 4.2.1-4.2.3, are described by normal and lognormal distribution functions (Equations 

4.4 and 4.5 respectively) using a distribution filter application in Matlab. 

t = [[
2

x
. erf−1 [

ccrit − cs
ci − cs

]]

−2

.
1

k. Dapp,C. (t0)
n]

1
1−n

 (4.3) 

 

https://gems.web.psi.ch/
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f(x) =
1

σ√2π
e
−
1
2
(
x−μ
σ
)
2

 (4.4) 

  

f(x) =
1

xσ√2π
e
−
(lnx−μ)2

2σ2  (4.5) 

 

Where f(x) is the probability density function; σ is the standard deviation, and μ is the mean. 

Figure 4.4 describes the algorithm implemented in the numerical model fib Bulletin 34 code 

for service life design of reinforced concrete assuming depassivation of the reinforcement to 

be the serviceability limit state, and characterizing this by the critical chloride threshold (Ccrit). 

Where the durability data for chloride transport (Dapp,C), aging factor (n) and corrosion risk 

indicators for high and low Ca-AAMs are collected from literature and set as inputs, along with 

their specified distributions, in the numerical model. The numerical model also includes the 

impact of ambient temperature (T) and extent of densification of concrete on chloride transport 

to probabilistically predict the service life of reinforced AAC exposed to a certain chloride 

concentration (Cs) and containing an initial chloride content (Ci) in its mineralogical 

composition. Finally, the transfer parameter (k) in the numerical model is assumed to be 1 

according to [46, 47]. 
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Figure 4.4 Algorithm of the probabilistic service life model “fib Bulletin 34 code” for service life design of 

reinforced concrete assuming depassivation of the reinforcement to be the serviceability limit state. The input 

data can be found in sections 4.2.1-4.2.3 that describe the durability performances of high and low Ca-AAMs 

with specified mix proportions (i.e. w/b, alkali dosage and ratio of slag to fly ash precursors).  

Sensitivity analysis is also performed to understand the impact of each parameter on the output 

result, service life, by using Equation 4.3. 

4.4 Results and Discussion 

4.4.1 Chloride threshold 

In PC concrete, alkalinity is buffered by portlandite (Ca(OH)2) and increased further by the 

concentration of additional alkalis (e.g. Na+ and K+). However, for AAC, the alkalinity of the 

pore solution depends on the alkali dosage and silicate modulus used in the activating solution, 

and there can be variations between high and low calcium AAMs [101]. Table 4.4 presents the 

range of mineralogical compositions of the precursors, along with the variability in mix design 

components used for slag-based and fly ash-based AACs, in durability case studies as reported 

in the literature. The mix design and extent of reactivity of the precursors (i.e. slag and fly ash) 
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have served as inputs for the thermodynamic software (i.e. GEM-Selektor v.3) to estimate the 

variation of pore solution alkalinity for alkali-activated cements also shown in Table 4.4.  

Table 4.4 Mineralogical composition (M.C.) of AAMs used in thermodynamic calculations to estimate the 

pore solution alkalinity of AAMs; along with other parameters including porosity and mix design of alkali-

activated concretes needed to calculate the critical chloride thresholds, in wt.% of binder, by implementation 

of Equation 4.1-4.2. 

 

Alkali-Activated Slag 

 

Alkali-Activated 

Slag and Fly Ash 

Alkali-

Activated Fly 

Ash 

Ref 

Slag (kg/m3) 
Slag 

(kg/m3) 

Fly 

Ash 

(kg/m3) 

 

Fly Ash 

(kg/m3) 

 
300 400 500 200 200 400 

Porosity 0.13 
0.084-

0.156 
0.111 0.135 0.12 

[152, 195, 

196] 

M.C. of SG & FA 

precursors 

M.C. Avg. std. Avg. std. Avg. std. 

[100, 104, 105, 

152, 187, 188, 

190, 197-201] 

SiO2 34.64 2.21 42.5 2.31 51.33 6.57 

Al2O3 12.03 1.95 20.63 0.94 22.49 1.61 

CaO 42.0 2.0 24.0 0.9 6.99 5.4 

Fe2O3 0.93 1.61 4.49 1.77 8.54 3.17 

Na2O 0.27 0.21 0.68 0.26 1.71 1.14 

MgO 6.78 1.02 3.48 0.30 2.17 1.05 

SO3
* 0.31 0.30 0.67 0.15 0.67 0.61 

K2O 0.43 0.13 0.73 0.14 1.94 0.46 

Pore solution 

alkalinity 
pH 13.96 0.20 13.02 0.45 14.01 1.00 

Mix Design of 

alkali-activated 

concretes 

Precursor 

(g/cm3) 

avg.  
0.41 

std. 
0.07 

avg. 

0.40 

std. 
0.003 

avg. 
0.43 

std.  
0.04 

Concrete 

(g/cm3) 

avg.  
2.41 

std. 
0.05 

avg. 

2.42 

std.  
0.04 

avg. 
2.37 

std.  
0.07 

w/b 
avg.  
0.47 

std. 
0.06 

avg. 
0.43 

std.  
0.04 

avg. 
0.26 

std. 
0.05 

Na2O 
avg. 

5 
std. 

1.7 
avg. 

4 
std. 

1.1 
avg. 

9 
std. 

1.5 

Mr 
avg. 

1 
std. 

0.5 
avg.  
1.3 

std. 

0.3 
avg. 

1.2 
std. 

0.2 

* The sulfur present in the slag is simulated to be present in reduced form (sulfide), but is represented in oxide 

form in this table for consistency with the broader literature. 

The literature data collected as Table 4.4 reveal a wide range of simulated pore solution 

alkalinity values for alkali-activated concretes [100, 104, 105, 152, 187, 188, 190, 197-201], 

and corresponding representative porosity (volume of permeable voids) values [152, 195, 196]. 

Notably, 50SG50FA and FA100 exhibit relatively low pore solution alkalinity, reaching pH 

values of 12.3 and 11, respectively; this may represent a limitation of the thermodynamic 

simulation approach used here which assumes congruent dissolution of the fly ash, where the 

acidic silicates are simulated to dissolve more than would be the case if they were considered 

to be present in unreactive phases. However, for a simulation based on literature data it is not 

possible to give more precise determination and representation of the differences in reactivity 

between different fly ash constituent phases. 
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Next, the critical chloride thresholds are estimated for each type of alkali-activated concrete 

and grouped based on the alkali dosage (in terms of Na2O by wt.% of binder) used in the mix 

design of the activating solution. The resulting distributions of critical chloride thresholds are 

depicted in part A of Figures 4.4-4.6, showing the variations in Ccrit as a function of alkali 

dosage in the AAM activating solution.  

Conversely, the critical chloride thresholds calculated based on the pore solution alkalinity are 

rather high compared to the data presented in Figure 4.1, while still falling within the range of 

corrosion initiation values reported by [192]. However, it is important to consider that in 

AAMs, pH may also be significantly affected by leaching or washout of the pore solution. The 

high pH in AAMs creates a hydroxide concentration gradient between the inner material and 

the external environment, resulting in leaching of hydroxide (and alkali) ions. Research 

conducted by [101] demonstrated that in a high calcium AAM concrete, the hydroxyl ion 

concentration reduced from 0.155 to 0.017 mol/L between 180 and 1750 days at a cover depth 

of 10 mm. In comparison, the OH- concentration in PC concrete ranged from 0.014 to 0.009 

mol/L under an accelerated corrosive environment with multiple wetting and drying cycles 

within the same time frame of 1750 days. Considering the greater extent of pore solution 

alkalinity reduction in alkali-activated materials compared to Portland cement-based concrete, 

the pH values for the pore solution of SG100, 50SG50FA and FA100 were set to vary between 

13.5-13.2 when calculating the critical chloride thresholds. The updated values for the 

distribution of critical chloride thresholds are displayed in Figures 4.4-4.6, comparing part A 

to part B of each respective Figure. Significantly, the median values of the updated thresholds 

fall within the range of critical chloride thresholds obtained for alkali-activated mortars, as 

shown in Figure 4.1. So, the distribution values for Ccrit shown in Figures 4B-6B are 

implemented in the fib Bulletin 34 code to probabilistically calculate the service life of AAC. 

A calculation example of critical chloride threshold, in wt.% of binder, for SG100 concrete by 

implementation of Equations 4.1-4.2 based on variability of pore solution alkalinity along with 

other parameters including porosity, mix design and saturation state of the concrete is shown 

in Tables 4.A.1-4.A.3 presented in Appendix 4. 
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Figure 4.5 Ccrit (wt.% of binder) of high calcium AAMs (100%SG), as a function of alkali dosage (wt.% of 

binder), calculated using the pore solution alkalinity in Table S1 (A); and Ccrit (wt.% of binder) calculated 

by including the reduction of pore solution alkalinity, between 13.5 and 13.2, at the surface of the steel 

reinforcement (B). 

 

Figure 4.6 Ccrit (wt.% of binder) of high calcium AAMs (50%SG+50%FA), as a function of alkali dosage 

(wt.% of binder), calculated using the pore solution alkalinity in Table S1 (A); and Ccrit (wt.% of binder) 

calculated by including the reduction of pore solution alkalinity, between 13.5 and 13.2, at the surface of the 

steel reinforcement (B). 

 

A 

A B 

B 
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Figure 4.7 Ccrit (wt.% of binder) of low calcium AAMs (100%FA), as a function of alkali dosage (wt.% of 

binder), calculated using the pore solution alkalinity in Table S1 (A); and Ccrit (wt.% of binder) calculated 

by including the reduction of pore solution alkalinity, between 13.5 and 13.2, at the surface of the steel 

reinforcement (B). 

 

4.4.2 Service Life Predictions 

Figures 4.7-4.11 represent durability data in probability and cumulative plots, where the data 

are the set of critical chloride thresholds and chloride migration coefficients of 100%SG, 

50%SG 50%FA and 100%FA alkali-activated concretes as already discussed in sections 4.2.1 

and 4.2.2, respectively. A lognormal function is chosen to model the distribution of chloride 

thresholds because its generated curve fits the data better than the normal function, and has 

previously been chosen to model the distribution of chloride thresholds for PC [192]. The 

normal distribution function is selected to model the distribution of chloride migration 

coefficients [46]. The average and standard deviation for the aging factor are estimated using 

the data presented in Table 4.1. A normal distribution is selected to model the distribution of 

aging factors, instead of the beta distribution implemented in the fib Bulletin 34 code, because 

of limited data values reported for AAMs. The distributions for all the durability data are 

truncated between upper and lower boundaries, based on the maximum and minimum values 

achieved in the literature. The data for variation in temperature, and chloride concentration on 

the surface of the concrete, are set using normal distribution functions [46, 47].  

A B 
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Figure 4.8 Cumulative probability plot for Ccrit in SG100. Data are the set of possible Ccrit values obtained 

for 100%SG, containing Na2O at 3 wt.% of binder, as shown in Figure 4 part-B.   

 

Figure 4.9 Cumulative probability plot for Ccrit in 50SG50FA. Data are the set of possible Ccrit values obtained 

for 50%FA/50%SG, containing Na2O of 4 wt.% of binder, as shown in Figure 5-part B.  
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Figure 4.10 Cumulative probability plot for Ccrit in FA100. Data are the set of possible Ccrit values obtained 

for 100%FA, containing Na2O of 10 wt.% of binder, as shown in Figure 6-part B.   

 

 

Figure 4.11 Cumulative probability plot for Dnssm. Data are the set of possible chloride migration values 

obtained for 100%SG and 50%FA/50%SG containing Na2O of 3 and 4 wt.% of binder, respectively, as 

shown in Figure 4.2.  
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Figure 4.12 Cumulative probability plots for Dnssm in FA100. Data are the set of possible chloride migration 

values obtained for 100%FA, containing Na2O of 10 wt.% of binder, as shown in Figure 4.3.   

In summary, Table 4.5 presents data distributions for environmental and material performance 

parameters, for use in the fib Bulletin 34 design code. 
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Table 4.5 𝑓ib Bulletin 34 code parameters used for service life prediction of alkali-activated concretes. 

Parameter Unit Distribution SG100 50SG50FA FA100 

𝐂𝐜𝐫𝐢𝐭 Wt.% of  binder Lognormal Log mean; -0.58 

Std; 0.65 

Max; 2.38 

Min; 0.22 

Log mean; -1.08 

Std; 0.80 

Max; 1.17 

Min; 0.0384 

Log mean; -0.51   

Std; 1.24 

Max; 4.28 

Min; 0.1854 

𝐂𝟎 Wt.% of binder Deterministic 0.15 0.15 0.15 

𝐂𝐬,𝚫𝐱 Wt.% of binder Normal Mean; 6 

Std; 0.5 

Mean; 6 

Std; 0.5 

Mean; 6 

Std; 0.5 

𝚫𝐱 m Deterministic 0 0 0 

𝐝 mm Deterministic 45 60 200 

𝐛𝐞 K Normal Mean; 4800 

Std; 700 

Mean; 4800 

Std; 700 

Mean; 4800 

Std; 700 

𝐓𝐫𝐞𝐟 K Deterministic 293 293 293 

𝐓𝐫𝐞𝐚𝐥 K Normal Mean; 283 

Std; 5 

Mean; 283 

Std; 5 

Mean; 283 

Std; 5 

𝐃𝐑𝐌𝐂 mm2/year Normal Mean; 68.34 

Std; 45.38 

Max; 118.25 

Min; 3.31 

Mean; 93.64 

Std; 81.08 

Max; 150.97 

Min; 36.31 

Mean; 2024.62 

Std; 629.05 

Max; 2623.8 

Min; 1043.01 

𝐤 - Deterministic 1 1 1 

𝐧 - Normal Mean; 0.5 

Std; 0.0313 

Max; 0.5 

Min; 0 

Mean; 0.5 

Std; 0.0313 

Max; 0.5 

Min; 0 

Mean; 0.272 

Std; 0.053 

Max; 0.309 

Min; 0 

 

The fib Bulletin 34 code described in the above equations was coded in Matlab, and run 105 

times per concrete formulation with parameters sampled from the distributions defined in Table 

4.5, to simulate the service life via a Monte-Carlo approach. The histograms and cumulative 

distribution plots shown in Figures 4.12-4.14 are the results obtained from this simulation. The 

required depassivation limit state in a XS2 environment [202] is set to a probability of failure 

(Pf) of 0.1, in compliance with the fib Bulletin 34 [161]. Thus, the service life is determined for 

each mix at the intersection between the probability failure level of 0.1 and the curve generated 

in the cumulative probability plots. In addition, the numerical code for the fib Bulletin 34 

service life design can be found in Appendix 4. 
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Figure 4.13 Simulated histogram (A) and cumulative distribution plot (B) for service life for SG100 concrete. 

Pf = 0.1 is indicated by a star and horizontal line in (B). 

  

Figure 4.14 Simulated histogram (A) and cumulative distribution plot (B) for service life of SG50FA50 

concrete. Pf = 0.1 is indicated by a star and horizontal line in (B). 

 

A B 

A B 
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Figure 4.15 Simulated histogram (A) and cumulative distribution plot (B) for service life of FA100 concrete. 

Pf = 0.1 is indicated by a star and horizontal line in (B). 

 

Lepech et al. [47] used the fib Bulletin 34 code, with Monte Carlo analysis (100,000 runs), to 

probabilistically predict the time to depassivation of steel reinforcement in two concrete cover 

replacements of 40 and 80 mm. They obtained histograms that follow a lognormal distribution 

similar to those obtained in Figures 4.12-4.14. However, the distributions of service life that 

they have obtained for the cover replacements of 40 mm and 80 mm were within 20 years and 

50 years, respectively; less than half of the service life obtained in this research for SG100. 

Lepech et al. [47] implemented similar distribution values of critical chloride thresholds, via a 

beta function, as the values used here for SG100 in the lognormal function, and used higher 

values for the aging factor (beta distribution varying between 0 and 1 with a mean of 0.6 and 

std. of 0.15). Two important factors may have reduced the number of years in their computed 

service life calculations, which are: their high values of chloride migration coefficient 

(compared to the values used for SG100), being a normal distribution function with mean and 

std. of 6.9×10-12 m2/s and 1.4×10-12 m2/s respectively; and that their reference point of time, 𝑡0, 

was set at 0.767 years (280 days) instead of 0.0767 years (28 days) as usually used in the 

literature [46]. Testing our model here with the value of  𝑡0 set to 0.767 showed a great 

reduction in service life; Figure 4.18 presents the computed service life of SG100 with  𝑡0 = 

0.767 years, where the service life obtained for SG100 of cover depth 45 mm is approximately 

20 years, similar to the value obtained by [47]. It is likely that this provides an explanation for 

the difference in predicted service life between this study and that past study. 

A B 
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Figure 4.16 Service life of SG100 computed using 0.767 years as a reference point in time (𝑡0) to match the 

value of Lepech et al. [47]. 

Van den Heede et al. [46] have also computed service life data by using the fib Bulletin 34 code 

and by implementing similar distributions of critical chloride thresholds and aging factors, for 

concretes containing 50% CEM I and 50% slag (SG50) and others containing 30% CEM I and 

70% slag (SG70). However, the range of values for chloride migration coefficients obtained 

for those two types of concretes, containing similar w/b of 0.45, were on the order of 380-400 

mm2/year, or approximately 12×10-12 m2/s, which is significantly higher than the values 

obtained here for SG100 and SG50FA50. Also, Van den Heede et al. [46] used a surface 

chloride concentration approximately half of that which is used in this research. Their outcomes 

for SG50 and SG70, with cover thicknesses of 60 mm, are 100 years and >100 years 

respectively, which are comparable to the values obtained for SG100 and 50SG50FA in this 

study despite the differences in model parameterisation.  

Finally, despite the very high concrete cover used here for FA100, the calculated service life is 

only 10 years, indicating that it is not likely to be a suitable construction material for structural 

application in marine splash zones. Although FA100 had a higher compressive strength than 

SG100, the average value of chloride migration obtained for FA100 is 30 times higher than the 

value obtained for SG100 because of the presence of a higher quantity of macro-pores in the 

microstructure of low calcium AAMs, which increases the permeability [189]. This further 

reinforces observations that the compressive strength is not the most important durability 

indicator for the prediction of service life of AAM structures in chloride-containing 

conditions[9].  
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4.4.3 Sensitivity Analysis   

As described above, the performance properties of multiple elements made from any given 

AAC are likely to be statistically distributed, and the exact distributions are not yet well 

understood. So, in this section, sensitivity analysis is used to demonstrate the impact of 

variations in the input values for a given durability parameter. The parameters used in the Fib 

Bulletin 34 code (i.e. Equation 4.3) for sensitivity analysis are provided in Table 4.6. 

                 Table 4.6 Sensitivity parameters for service life prediction of AAC. 

Parameter Description SG100s 50SG50FA FA100 

𝐱 Concrete cover, mm 35-55 mm 50-70 mm 100-300 

𝐓𝐫𝐞𝐚𝐥 real temperature, K 278-298 278-298 278-298 

𝐂𝐜𝐫𝐢𝐭 Wt.% of cement 0.22-2.38 0.038-1.17 0.185-2.713 

𝐂𝟎 Wt.% of cement 0.15 0.15 0.15 

𝐂𝐬,𝚫𝐱 Wt.% of cement 6 6 6 

𝐃𝐑𝐌𝐂  Chloride migration (mm2/year) 3.31-118.25 36-151 1733-2552 

𝐭𝟎 
Age of the concrete when the test is 

performed (years) 
0.0767 0.0767 0.0767 

𝐧 Aging coefficient 0-0.5 0-0.5 0-0.309 

 

Figures 4.16-4.18 show the results of sensitivity simulations where distributions of values are 

applied to each parameter to predict the service life as a function of cover depth. This approach 

is used to understand the overall uncertainty in the model, by considering the uncertainty 

associated with each parameter.    
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Figure 4.17 Sensitivity analysis in service life predictions for SG100 concretes of different cover depths (i.e. 

35, 45 and 55 mm) as shown in the legend of each panel, showing the predicted service life as a function of 

Ccrit, temperature, Dnssm, and aging factor. Note the differences in vertical scale between panels. 
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Figure 4.18 Sensitivity analysis in service life predictions for 50SG50FA concretes of different cover depths 

(i.e. 50, 60 and 70 mm) as shown in the legend of each panel, showing the predicted service life as a function 

of Ccrit, temperature, Dnssm, and aging factor. Note the differences in vertical scale between panels. 
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Figure 4.19 Sensitivity analysis in service life predictions for FA100 concretes of different cover depths (i.e. 

100, 200 and 300 mm) as shown in the legend of each panel, showing the predicted service life as a function 

of Ccrit, temperature, Dnssm, and aging factor. Note the differences in vertical scale between panels. 

According to the sensitivity analysis, it is evident that the parameterisation of chloride transport 

(i.e. Dnssm and – in particular – the aging factor exponent) has the most impact on service life 

predictions for SG100 and SG50FA50. The range of variation in the rate of chloride transport 

is likely to be strongly influenced by the variation in the mineralogical composition and degree 

of reaction of the precursors, which define the cementitious binding phases responsible for the 

resistance of chloride migration (i.e. through pore refinement) into the AAC concrete cover 

[30]. As for the aging factor, its impact is most noticeable beyond a value of 0.25 for each of 

the three mixes. It is questionable whether the high aging factors sometimes applied in the 

literature (and codes) for PC concretes are considered valid over such extended periods of time; 

an argument may be made to set aging to zero after a particular age (years to decades) rather 
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than assuming that the material will continue to age and refine its pore structure indefinitely 

[203], but more information is needed on this topic. Additionally, the variability of temperature 

between 5-25°C is shown to accelerate the rate of transport of chloride ions in AAC due to the 

temperature dependence in Equation 2.79. 

The pore solution alkalinity and potential leaching effects are two main factors that contribute 

to the extent of variation of Ccrit, which defines the serviceability limit state. As can be seen in 

Figures 4.16-4.18, alkali-activated concretes with average performance properties (i.e. average 

values in Table 4.6) can have a short calculated service life span when the alkalinity of the 

pore solution drops below a certain level that makes Ccrit approach 0; it is not clear whether this 

is in fact realistic. Hence, future improvements in the service life model should incorporate the 

effect of change in pore solution chemistry on Ccrit, especially when the structure is in 

submerged conditions [204]. Moreover, considering the critical chloride thresholds obtained 

from the literature, Figure 4.1, the service life for SG100 at Ccrit  = 0.21 wt% of binder, can be 

84 years with a concrete cover thickness of 35 mm; for SG50FA50 at Ccrit  = 0.33 wt% of 

binder, can be 314 years with a concrete cover thickness of 50 mm; and for FA100 at Ccrit = 

0.52 wt% of binder, the service life can be 25 years with a concrete cover thickness of 200 mm. 

This estimation is based on the assumption that the average critical chloride thresholds for the 

mortars in Figure 4.1 are applicable for SG100, FA100 and 50SG50FA because of the similar 

mix designs.   

Overall, critical chloride threshold and chloride migration are the most influential parameters 

for the service life, and based solely on variations in these two parameters within a relatively 

realistic range, the predicted service life values resulting from the model presented here can 

span from a few years to tens of thousands of years. There is a clear need to improve the 

understanding of these parameters and how they relate to each other, both in general application 

of this type of model but also specifically in its application to AAMs. 

4.5 Conclusions 

The fib Bulletin 34 code, incorporating transport properties and Ccrit , can be used to provide a 

probabilistic prediction of the service life of alkali-activated concretes. The model includes the 

variation of composition and reactivity of the precursors by including the variability of 

performance in each durability parameter in the service life model. Based on the results of this 

study, the following conclusions and suggestions for future improvements can be drawn: 
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1. The distribution of critical chloride thresholds for different types of alkali-activated 

concrete mixes can be estimated by considering factors such as mineralogical 

composition, alkalinity of the pore solution, porosity, and potential leaching effects. 

The estimated thresholds align with values reported in the literature, but further data 

validation is necessary. 

2. The probabilistic calculation simulated by the Monte Carlo approach shows that high 

calcium alkali-activated concretes may be suitable for structural applications in 

submerged marine environment. 

3. There is a need for further characterization of field and laboratory samples for the 

development and refinement of Ccrit parameters, to include the impact of change of pore 

solution chemistry. 

4. Continued research and data collection are needed to enhance our understanding of the 

extent of refinement in the microstructure of AACs (i.e. aging factor) exposed to service 

conditions. Where, the impact of alkali leaching can disrupt the evolution of 

microstructure of the cement and cause an increase in permeability of the concrete.  

Overall, including the effect of change in pore solution chemistry will enable more accurate 

predictions of service life and aid in the development of optimal mix designs for different 

environmental conditions and structural applications. 
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Chapter 5: Moisture Permeability in  

Alkali-Activated Materials 
 

Abstract 

Despite the potential environmental benefits of AAMs, there is still a need for a deeper 

understanding of their durability under the combined action of carbonation and chloride 

ingress, which can lead to the corrosion of the reinforcement embedded in alkali-activated 

concretes. 

The moisture state and transport in these porous materials is an essential durability factor that 

should be accurately predicted in order to model the simultaneous ingress of chlorides and CO2 

in marine conditions. During wetting and drying cycles, the difference between adsorption and 

desorption isotherms, called hysteresis, could be related to the pore network geometry, mostly 

the pore interconnectivity, in the alkali-activated binder. 

In this research, three moisture transport models, namely the single, dual, and mechanistic 

permeability models, are implemented to assess the moisture transport in AAMs during wetting 

and drying cycles. This enables study of the significance in each model, accounting for the 

complex porous microstructure of the material, on interpreting the main causes of the hysteresis 

effects. 

In comparison with data for PC, it can be concluded that the dual permeability model is a 

suitable model to simulate and predict the degree of saturation in the pores of AAM binders. 

This is due to its better description of the transport of moisture in large and small pore regions 

of a cement along with the interconnectivity between the two pore regions. However, future 

refinement of this model may include the effect of pore solution chemistry, particularly the 

impact of high concentrations of alkali ions.  

 

Keywords: Moisture transport; Permeability; Alkali-activated binders; Durability; 

Microstructure. 

 

5.1 Introduction 

In studies published to date, many alkali-activated cements have been found to have higher 

resistance to chloride-induced corrosion of embedded steel rebar [153]. Such corrosion studies 

are often conducted under saturated conditions; i.e., the samples are submerged in aqueous salt 
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solutions. This neglects the transport of gases such as oxygen and carbon dioxide into the 

capillary pores of the hydrated matrix where, if they coexist with chloride, they can influence 

the extent of corrosion [7]. Therefore, the likelihood of coupled degradation phenomena would 

increase if hydrated cements are in an unsaturated state (i.e. lack of free water filling the pores) 

resulting from a series of wetting and drying cycles which represents real conditions that the 

construction material is most likely to be exposed to during its service life [179]. 

Water vapour sorption isotherms (WVSIs) have been used to describe the relationship between 

the environmental relative humidity RH and evaporable or free water content in the pores of 

the cement [69]. The difference in evaporable water content at the same RHs between the 

adsorption and desorption curve of the WVSIs, as shown in Figure 5.11, is called hysteretic 

behaviour and it is caused by the wide range of magnitude of pore sizes existing in cement (i.e. 

interlayer to capillary pores). Consequently, this complex microstructure will slow down the 

transport of water vapour during desorption once it is adsorbed during adsorption [70]. 

Babaee and Castel [69] and Ke et al.[168] have measured the full water vapour sorption (i.e. 

0%-100% RH) isotherms of alkali-activated cements. Hence, it is useful to compare the WVSIs 

of Portland cement and AAMs obtained from the literature to compare the effect of the extra 

amount of alkali ions present in the pore solution of AAMs. Table 5.1 and Table 5.2 contains 

the mix design of the Portland cements and AAMs, respectively, studied in room temperature 

conditions whereas the MK200 sample is the alkali-activated metakaolin, MK200, that has 

been exposed to 200ºC before sorption measurements. 
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Table 5.1 Mix designs of Portland cement pastes obtained from the literature. 

Sample Notation CEM w/bc Curing Method Ref 

PC PC-0.45 I 0.45 Ambient cured (sealed) [62] 

PC PC-0.35 I 0.35 Ambient cured (sealed) [70] 

PC PC-0.6 I 0.6 Ambient cured (sealed) [62] 

PC PC-0.45d I 0.45 Ambient cured (sealed) [205] 

cw/b; w includes water within the activating solution and extra free water added in the mix design and b includes 

total amount of solids (precursors + anhydrous activator)  
dPC-0.45* and PC-0.45 are the same type of cement, CEM I, with the same w/b. However, data on WVSIs for 

each binder is obtained from a different source. 

 

Table 5.2 Mix designs of AAMs obtained from the literature. 

Sample Notation 
FA+SG+MKa 

(%) 
CEM Mr

b Na2O% w/bc Curing Method Ref 

AAMs 90FA10SG* 90%FA+10%SG - 1.17 9.25 0.28 
Heat cured (18h @ 

75°C) 
[69] 

AAMs 75SG25FA* 25%FA+75%SG - 1.5 4 0.45 
Ambient cured 

(sealed) 
[69] 

AAMs 50SG50FA* 50%FA+50%SG - 1.5 8 0.3 
Ambient cured 

(sealed) 
[69] 

AAMs MK200 100%MK - 1.3 18.5 0.44 
Ambient 

cured(sealed) 
[168] 

aFA+SG+MK (%); is the percentage of the amount of slag, fly ash and metakaolin precursors in alkali- activated 

binders. 
bMr; silica modulus in the activating solution (ratio of moles of SiO2 to moles of Na2O) 
cw/b; w includes water within the activating solution and extra free water added in the mix design and b includes 

total amount of solids (precursors + anhydrous activator)  

*Alkali-activated binders studied in [69] 

 

According to Figure 5.1 it is evident that a higher water/binder ratio gives faster desorption for 

Portland cement of type CEM I. It is also clear that 50SG50FA* and 75SG25FA* have higher 

evaporable water content than PC-0.35 during desorption in high relative humidity conditions.  
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Figure 5.1 Desorption isotherms of various cements. Data obtained from [62, 69, 70] and replotted. Note that 

the drop in degree of saturation in the pink curve (i.e. 75SG25FA*) at 93% RH is in the original data set 

found in [69] and appears to be an analytical error. 

The effect of alkali dosage, as a parameter in mix design of AAMs, on WVSIs could possibly 

play a role in preventing the water vapour from leaving the pores of the binder. As can be seen 

in Figure 5.2, MK200, despite being exposed to 200℃ , showed a slower desorption process 

than 90FA10SG containing a lower water/binder and alkali dosage in its mix design and 

exposed to a temperature of 75°C for 18 hours as part of its curing condition. Therefore, it is 

possible that the free alkali ions in the pore solution prevented free evaporable water from 

leaving the pores because it may have induced, in the presence of moisture, hydration reactions 

that could further densify the microstructure by the blocking of the pores [62]. Additionally, 

the presence of high concentration of alkali ions in the pore solution can minimize the loss of 

the free water content [206]. Consequently, the amount of free water vaporized from the 

concentrated pore solution, as in the case of AAMs, during desorption is lower than in the case 

of PC with a less concentrated pore solution. Thus, the difference in ionic concentrations in the 

pore solution can explain the reason for AAMs retaining a higher content of evaporable water 

than PC during the stage of desorption. 
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Figure 5.2 Desorption isotherms of geopolymer based cements and Portland cement  [62, 69]. 

As for the case of adsorption and according to Figure 5.3, it is seen clearly that PC-0.45 has a 

higher evaporable water content along the adsorption curve compared to PC-0.35. The 

difference may be due to the ratio of water to binder used in the mix design where a higher w/b 

can increase the overall porosity of the material and allow the passage of more water vapour 

through the pores of the material [207]. The adsorption curve of 75SG25FA* is seen to be 

around the adsorption curve of PC-0.45. In the case of 50SG50FA* the adsorption curve is 

higher than the curve for PC-0.45. Although 50SG50FA* contains a lower w/b than PC-0.45, 

the microstructure of 50SG50FA* is more porous because of the presence of 50% of fly ash in 

its mix design increases the effective porosity and allows the passage of more water vapour 

into the pores of the material [207]. Note that the relationship in WVSIs between AAMs and 

PC can be used to compare simulated saturation profiles in AAMs with data obtained for PC at 

the end of wetting and drying experiments reported in the literature, due to lack of data for 

AAMs. 
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Figure 5.3 Adsorption isotherms of alkali-activated cements and Portland cement. Data obtained from [69, 

70, 205]. 

Numerous studies have found that moisture transport, during drying and wetting cycles, follows 

an anomalous flow relationship: the transport for the first short time period follows Fick’s 

second law of diffusion, then deviates from this law and slows down during a longer timescale. 

This deviation is also termed as a moisture hysteresis effect, caused by the complex 

microstructure and the free ions present in the pore solution of the cementitious material [62].  

De Burgh and Foster [205] used the spinodal time-dependent microstructural change theory to 

explain the anomaly effect found in moisture transport, by interpreting the microstructural 

interaction of moisture with cement hydrates.  In general, during the drying stage, that is the 

desorption process from complete saturation, the saturated spaces in the microstructure tend to 

contract and migrate under consolidation forces. The consolidation forces that occur at 

humidity levels below the cavitation point (i.e. spontaneous nucleation and evolution of gas 

bubbles in the metastable condensed water present in ink-bottle shaped pores of the cement) 

are caused by the increase in surface energy and disjoining pressure of cement hydrates, and 

the loss of water from the interlayer spaces of the C-S-H gel found in Portland cement. 

Conversely, during the wetting stage, that is the adsorption process starting from a dried state, 

capillary forces are the main causes of the microstructural rearrangement where the capillary 

pores tend to increase in pore size and gel pores, classified in the mesoporous range, tend to 

shrink. This can lead to a reduction in the retained water volume, especially when there is a 

delay in the mechanical response of the cement in the wetting cycle [69, 205]. Jennings et al. 
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[208] have used a similar interpretation to model the response of cementitious materials during 

sorption and desorption stages, through quantitatively linking the specific class of pores (i.e. 

the interlayer, gel or capillary spaces) that contribute to the irreversible changes in the 

microstructure according to Figure 5.4.  

 

Figure 5.4 A diagram of the C-S-H structure containing the solid components (Ca-O sheets, with attached 

silicate tetrahedra) with chemisorbed/hydroxylated water, and physisorbed, or liquid water kept in the gel 

and capillary pores during the wetting stage (left) and drying stage (right). Figure obtained from [208] . 

They highlighted that the capillary and gel pores are the main transport and interaction media 

during both the sorption and desorption process, whereas the interlayer spaces only take part in 

the transport and volume change of the microstructure when cement is dried at RH below 25%.        

It has also been noted that capillary pores do not undergo modification, and have minor 

contributions to irreversible pore volume changes upon drying whereas the gel pores contribute 

to the changes upon drying and aging which has been measured through the water vapour 

sorption isotherms [208].  The interlayer pores contribute to irreversible pore volume change 

only when the cement is exposed to high temperature and/or pressure, in such a way that water 

removed from these spaces cannot immediately re-enter during the sorption stage [208]. 

Jennings et al. [208] concluded that the capillary and gel pore manipulate the material 

behaviour and the interlayer pores control the material response where only under normal 

atmospheric conditions the water in this type of space is considered static [208, 209].    

Furthermore, Zhang and Angst [62] described the morphological change of C-S-H gel, found 

in Portland cement, during drying and wetting stages through needle-like shaped structures as 

illustrated in Figure 5.5.  
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Figure 5.5 Effect of drying and wetting on the morphology of cement hydrates. Drying results in the collapse 

of the structure and only part of the structure can be recovered after wetting, Figure obtained from [62]. 

Figure 5.5 shows that after drying the original microstructure collapses which is partially 

recovered to a certain extent by rewetting, but will not return immediately to its original 

microstructural state. This has been proven at the macroscopic level through measured 

adsorption and desorption isotherms, where the re-saturated sample contains lower water 

content than the saturated sample before the next cycle, indicating the refinement of total 

porosity after multiple wetting and drying cycles [62]. The effect of pore refinement, that is 

lowering the total porosity of the material, can block the passage of water during a wetting 

cycle and can cause less water content to be adsorbed by the binder.  

McDonald et al. [210] utilized proton NMR to probe the microstructural changes in C-S-H 

during drying and wetting phases. Figure 5.6 shows a representation of the structure of C-S-H, 

found in Portland cement, where three CaO backbones are in solid black with two interlayer 

and one gel pore such that this sequence is repeated four times, as indicated in the vertical 

dotted lines [210]. In addition, it is shown in figure 5.6 that the gel pore width is larger than the 

interlayer space, and porosity of the gel pore is higher than that of the interlayer.  According to 

figure 5.6, the first stage in complete saturation, S=1, water (in dot pattern) fills the 

microstructure of the C-S-H completely, then following desorption at S=0.33 the water leaves 

the gel pores and some residual water manifests as interlayer water or can be regarded as 

chemisorbed water. At this stage the number of interlayers increases and reaches its maximum 

value. This is in contrast to the above discussion where the interlayer spaces in the C-S-H was 

identified to collapse upon drying. However, in continued drying across stages S=0.31 and 0 

the gel and interlayer spaces do eventually collapse and densify the C-S-H gel. Then upon 

wetting the gel pores tend to fill first, as shown in stage S=0.45, and when left alone in saturated 

conditions, at S=1, for a long period time scale the interlayer spaces finally fill up and the 
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microstructure returns to its initial state shown in the final row of Figure 5.6 [210]. This result 

is in contrast with the above literature and this may be because before the proton NMR 

measurements have been conducted, the sample has undergone several sorption cycles where 

it was exposed to 60ºC as drying condition and submerged in calcium hydroxide solution as 

wetting condition.  These kind of conditions do not match with the test conditions used in the 

above literature and have the possibility to alter the microstructure of the cement and 

consequently its durability performance [205, 210]. Finally, it should be noted that there is a 

sign of pore coarsening (i.e. increase in total porosity of the material) in Figures 5.5 and 5.6 

during the exposure of the binder in a wetting stage before reaching complete saturation (i.e. 

S=1) where the material slowly returns to its initial microstructural state as shown in Figure 

5.6.      

 

Figure 5.6. C-S-H in Portland cement, containing interlayers and gel pores, undergoing microstructural 

changes during a drying and then wetting cycle [210].  

The importance of the cementitious pore network and interactions is that it governs the 

diffusion of moisture in the cement as a function of degree of liquid water saturation in the 

pores, which is controlled by the environmental relative humidity. In addition, several test 

methods have been conducted to assess the permeability of Portland cement and concrete such 

as the cup test, sorption kinetics, and data obtained from dynamic vapour sorption instrument 

[79, 81, 82]. However, the obtained moisture diffusion coefficients can range between 10-15-10 

m2/s as a function of the degree of liquid saturation, according to Figure 5.7. The reason for 

this scatter maybe due to the type of testing conditions, such as temperature and/or pressure 

that can induce micro/nanostructural damage to the binder, and moisture history which defines 
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the sample’s degree of water saturation before undergoing a permeability test [82].  It is also 

shown in Figure 5.7 that vapour dominates the moisture transport in pores that are nearly empty 

(i.e. degree of saturation <0.5), and liquid transport occurs when the pores are nearly saturated 

(i.e. degree of saturation ≥ 0.5). 

 

Figure 5.7. Apparent moisture diffusion coefficient Da vs. degree of liquid water saturation Sl, assessed from 

sorption kinetics (under-non-steady-state conditions for adsorption – “ads” – and desorption – “des”), on 

various samples of Portland cement pastes and concretes. Comparison with effective titrated water diffusion 

coefficient De(HTO) (under steady-state conditions), Figure obtained from [82]. 

Zhang and Angst [62], have further, based on literature data, quantified the moisture diffusivity 

in the large and small pore regions in the cement, according to Figure 5.8, and predicted that 

the permeability in large pores, red dashed line, is greater than in small pores.  In addition, the 

distinction between the liquid and vapour transport dominant regions in each type of pore is 

marked at 74% RH for the large pore region and 50% for the small pore region [62].  
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Figure 5.8. Apparent moisture diffusivity in the small and large pores during desorption state, Figure 

obtained from [62]. 

In comparison to Portland cement, alkali-activated binders could react differently in wetting 

and drying conditions. Babaee and Castel [69] have measured the sorption kinetics of AAM 

between 0-100% RH. In their research, the moisture transport in high calcium based AAMs 

showed to have the highest anomaly effect or non-Fickian type of transport and this may be 

due to several reasons which are: microstructure containing fine pores, higher-calcium hydrates 

containing high moisture binding capacity, and hydrates swelling which can lead to a change 

in the microstructure [69]. In contrast, the geopolymers (with low calcium content) are less 

prone to microstructural changes, and moisture transport in these binders significantly follows 

the Fickian diffusion process. Finally, the diffusivities as a function of RH during the wetting 

process were calculated using the sorption kinetic data (i.e. the method used to calculate the 

moisture diffusivity values in cementitious materials can found in  [69]) and the values obtained 

were in the range of 10-12-10-11 m2/s [69].     

This chapter focuses on calculating the permeability of moisture in alkali-activated binders 

using the apparent moisture diffusivity as a function of RH data obtained from the dynamic 

vapor sorption (DVS) instrument, which is the second method suggested in [79]. The first part 

(i.e. section 5.5.1) describes the characterization of the materials by the use of 

thermogravimetry (TGA) and mercury intrusion porosimetry (MIP) in order to identify possible 

carbonated phases and estimate the volumetric fraction of the large pore region of the binders, 

respectively. The second part (i.e. section 5.5.2 and 5.5.3) aims to predict the adsorption and 

desorption isotherms of AAMs with the current existing mathematical models, discussed in the 

literature review (i.e. Chapter 1), which determine the parameters that control the overall shape 
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of water vapor sorption isotherms (WVSIs). The third part (i.e. section 5.5.4 and 5.5.5) 

compares the predicted degree of saturation in the pores of alkali-activated binders as a function 

of sample thickness by the use of the three moisture permeability models discussed in Chapter 

2. With the use of the difference of isotherms between PC and AAMs, the predicted saturation 

profiles for AAMs are compared with the data for PC with similar water/binder ratio. Finally, 

discussion is written in detail for each section followed by a proposed procedure for upscaling 

of moisture transport properties from cement to mortar and concrete as a final part of this 

chapter (i.e. section 5.5.6). 

5.2 Methodology 

5.2.1 Mix Design of Alkali-Activated Cements 

Table 3.1 contains the average mineralogical composition of precursors used in this study 

where the data is obtained from [165]. Table 5.3 and 5.4 contains the notations used for the 

alkali-activated binders studied in this chapter, with similar mix design composition of the 

binders studied in [69, 98, 168], but a slightly higher water content in the 100% slag based 

alkali-activated binders. The reason for the selection of the four types of binders in Table 5.4 

is to study the effect of calcium oxide content and alkali dosage (in Table 5.3) on durability 

properties.  

Table 5.3 Mix designs of 100%SG alkali-activated cements discussed in this chapter. [165]. 

Cement Precursor Activator w/b 

Na2O (wt.% 

with respect 

to precursor) 

Mr (moles 

SiO2/moles Na2O 

in activator) 

100SG 100% Slag 
NaOH-

Na2Si2O5 
0.5 4 1.5 

100SG8 100% Slag 
NaOH-

Na2Si2O5 
0.47 8 1.5 

 

Table 5.4. Mix designs of blended alkali-activated cements discussed in this chapter. 

Cement Precursor Activator w/b 

Na2O (wt.% 

with respect 

to precursor) 

Mr (moles 

SiO2/moles Na2O 

in activator) 

75SG25FA 
75%Slag and 

25% Fly ash 

NaOH-

Na2Si2O5 
0.45 4 1.5 

50SG50FA 
50% Slag and 

50% Fly ash 
NaOH-

Na2Si2O5 
0.4 4 1.5 
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5.2.2 Characterizations 

5.2.2.1 Thermogravimetric Analysis  

Methodology explained in “Chapter 2: Materials and Methods” 

5.2.2.2 Mercury Intrusion Porosimetry 

Methodology explained in “Chapter 2: Materials and Methods” 

5.2.2.3 Dynamic Vapour Sorption  

Dynamic vapour sorption, DVS, is used to study the moisture permeability in cement and the 

water vapour sorption isotherms, WVSIs, including adsorption and desorption, in order to 

estimate free water content, or degree of water saturation, in cement as a function of the RH in 

the external environment [79]. The methodology is already explained in “Chapter 2: Materials 

and Methods” 

In this study, WVSIs of the cement samples were obtained by monitoring the mass changes 

from 50% to 95% relative humidity. In this case, the calculation of the degree of saturation, S, 

is according to Equation 3.2. 

The degree of saturation obtained using Equation 3.2 at 50% RH was calculated to be 0 

because it was the reference point for the data acquisition. However, this is not a true value 

because after the completion of hydration reactions there is still free evaporable water present 

in the pores of the cement, and the moisture profile measured by the gamma-ray attenuation 

method for a Portland cement sample dried at 50% RH shows the presence of free water [30, 

179]. Therefore the reference value for the degree of saturation at 50%RH, Sref , used for 100SG, 

75SG25FA and 100SG8 is the same value obtained for 75SG25FA*, from [69], when dried at 

43%RH (i.e. from Figure 5.1, Sref = 0.54) because of their similar mix designs. The reference 

value for the degree of saturation at 50%RH, Sref , used for 50SG50FA is the same value 

obtained for 50SG50FA*, also from [69], when dried at 43%RH (i.e. from figure 5.1, Sref = 

0.77) because of their similar mix designs. Note that an assumption has been made in which 

value of the degree of saturation obtained at 43%RH is close to the value of 50%RH condition, 

used in the DVS, because data measurement at precisely 50%RH was not done in [69]. 

Accordingly, the WVSIs for AAMs have been adjusted according to Equation 5.1; 

S = Smeas.  × (1 − Sref ) + Sref (5.1) 

Where, Smeas.; measured degree of saturation and Sref; reference degree of saturation at 50% 

RH. 
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5.2.3 Moisture Permeability Transport Parameters 

There are several important parameters that need to be determined for the prediction of moisture 

transport in cement. The first ones are the shape parameters of the WVSIs, m and n, then the 

entry flow pressure, a, which are all determined by fitting the VG and/ or dual porosity models 

(i.e. VG-Dual) to the adsorption and desorption isotherm data. Next, is the determination of the 

liquid permeability factor, K, and the vapour resistance factor xd. The description of the 

moisture transport and isotherm models can be found in section 2.10 of Chapter 2. 

Zhang et al. [79] have discussed two methods used to calculate these K and xd parameters, 

which are fitting the apparent water vapour diffusivity curve as a function of degree of 

saturation, and an inverse analysis method [79, 168]. The former method is applied by 

measuring the mass change kinetics associated with each measured point of the 

sorption/desorption isotherm and fitting the apparent diffusion, Da, factor from Richards’ 

equation (Equation 2.33) with the assumption that the moisture transport in the material 

between two small RH steps is governed by diffusion. Then the liquid permeability and vapour 

resistance factors are obtained by fitting the plotted curve of Da as a function of liquid water 

saturation (i.e. S). The latter method utilizes data of mass loss from a cement sample in a drying 

experiment and its saturation profile determined based on its density changes measured by 

gamma-ray attenuation. First, the liquid permeability factor is fitted through the measured 

drying kinetic data with xd initially set to the value of 2.74 (i.e. 2.74 value is initially assumed 

by Zhang et al. [79] while fitting the mass loss in evaporable water from Portland cement during 

a drying experiment) which is then adjusted with the saturation profile. Then a new K factor is 

obtained by fitting the mass loss curve again by using the new obtained value for xd. Moreover, 

Zhang et al. [79] highlighted that the K obtained by fitting the Da vs. S curve. is 4-10 times 

smaller than the value calculated from the inverse analysis method, but have considered it to 

be acceptable due to the presence of scattered data of moisture permeability in the literature. In 

addition, they have noted that the values obtained for the xd factor by the two methods are quite 

similar [79]. 

In this research the former method is applied where the DVS instrument measured apparent 

moisture diffusivity vs. RH data for the alkali-activated binders exposed to three wetting and 

drying cycles in 50%-95% RH range and did not undergo a pre-heating stage prior to the 

measurements. Then the liquid permeability and vapour resistance factors are obtained by 

fitting the plotted curve of Da as a function of liquid water saturation (i.e. S). 
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5.2.4 Prediction of WVSIs 

The use of mathematical models to estimate the WVSIs is necessary to predict the overall shape 

of the saturation profiles of the cement during wetting (i.e. adsorption) and/or drying (i.e. 

desorption) stages. Zhang et al. [70] have reviewed and adapted several empirical models, 

which some were initially used in studies of soil, to predict the equilibrium between liquid 

water and water vapour in the pores of the cement as a function of environmental RH. The 

models have already been discussed in section 2.10 of Chapter 2, and are applied here to 

predict the adsorption and desorption curves, that include the hysteretic behaviour of the 

cement, for the studied alkali-activated cements. 

 

5.2.5 Moisture Permeability Models 

 Moisture permeability models are implemented to simulate saturation profiles in circular disk 

shape AAMs samples with thickness of 50 mm and exposed on opposite sides to wetting and 

drying conditions. The wetting conditions is set such that the samples are initially dried at 

50%RH and the exposed to 100%RH. Whereas the drying condition is the inverse of the 

wetting. Furthermore, it is considered that mass transport is uni-directional by neglecting 

moisture transport from the circumferential surface and that moisture transport only occurs 

across the surfaces of the disk sample. This is based on the assumption that the moisture loss 

and gain is mainly from the disk surfaces rather than the circumferential surface because it is 

assumed that the diameter of the disk is relatively bigger than its thickness. This assumption 

has been  made in [79, 168] for obtaining moisture transport properties of cements from DVS 

data (i.e. measured Da vs. S curve) and simulating their saturation profiles at the end of drying 

and wetting experiments.    

5.2.5.1 Single permeability moisture transport model 

In summary, the Van Genuchten model (VG) is used in the single permeability model (i.e. 

single-porosity moisture transport model) to correlate the external relative humidity to amount 

of evaporable water in the pores of alkali-activated binders, at constant temperature, according 

to Equation 2.24. 

Equation 2.33 represents the S-based form of Richards’ equation and Equations 2.34 and 

2.35 are part of the apparent diffusivity parameter in the model that represent moisture-liquid 

phase diffusion and moisture-vapour phase diffusion, respectively, such that Da=Dl(S)+Dv(S). 

The models are from section 2.10 from Chapter: 2 where they are explained in more details. 
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Overall the set of Equations 2.33-2.35 represent the single porosity moisture transport model 

studied in this section. 

Equations 2.34 and 2.35 are used to fit the Da vs. S data, obtained from the DVS instrument, 

to obtain the liquid permeability factor (K) and vapour resistance factor (xd), and are 

implemented in Equation 2.33 to predict the diffusivity data at the end of desorption and 

adsorption of the alkali-activated binders. Additionally, the numerical code used to simulate 

moisture transport in cementitious material by the single permeability moisture transport model 

implemented the pdepe function described in section 3.4.2.1 of Chapter 3. 

 

5.2.5.2 Dual permeability moisture transport model 

In summary, the bimodal equation (i.e. VG- Dual) is used in the dual permeability model (i.e. 

dual-porosity moisture transport model) to correlate the external relative humidity to amount 

of evaporable water in the pores of alkali-activated binders, at constant temperature, according 

to Equation 2.39a. This equation also represents the sum of degree of saturation in large and 

small pore regions of the cement as interpreted by Equation 2.39.b. 

In summary, Equations 2.44 and 2.46 are implemented in Equations 2.43 and 2.45 to simulate 

the moisture transport in large and small pore regions of the cement respectively. In addition, 

the moisture transport between two porosity regions is predicted by using Equation 2.47 and 

is also included in the moisture transport in large and small pore regions. The moisture 

diffusivities in these two pore regions are combined with the contribution factor  of the large 

pore region to the moisture transport (i.e. wf,D) as shown in Equation 2.42 to calculate the 

overall apparent moisture diffusivity parameter Da used in Equation 2.33. Note that wf,D is not 

the same parameter as wf (i.e. the volumetric fraction of the large pore region in cement) 

implemented in Equation 2.39 a+b.  The models are from section 2.10 from Chapter: 2 where 

they are explained in more details.  

In addition, the transport in the large pore region is predicted to be faster than in the small pore 

region, as similarly discussed in [62], because of the higher size in diameter of the large pore 

region compared to the small pore region. 

Additionally, most of the free evaporable water content is predicted to be present in the small 

pore region of the binders. The reason for the small pores to have a higher degree of saturation 

than in the large pores is according to Laplace-Kelvin equation which describes that the menisci 

of the evaporable water formed in the partially saturated pores creates a capillary tension (i.e. 
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capillary pressure) on the pore solution and also impacts the internal relative humidity of the 

cementitious material as shown in Equation 5.2 [211]. For example, when the capillary tension 

decreases, as a result of increase in pore radius, the internal relative humidity inside the pore of 

the cement will increase.    

Pc =
2γcosθ

r
= −

ρlRT

Mv
lnRH (5.2) 

 

Pc; capillary pressure, Pa 

γ; surface tension 

θ; contact angle between the menisci and capillary pore 

r; pore radius 

ρl; liquid water density 997 kg.m-3. 

R; gas constant, 8.314 Pa.m3.K-1.mol-1. 

T; absolute temperature, 293.15 K 

Mv; molar mass of the water molecule, 0.018 kg.mol-1 

RH; relative humidity, as a fraction 

However, the pore radius will impact the degree of saturation in the small and large pore regions 

of the cement in a such a way that more moisture will condense on the walls of the small pore 

region and fill the pores with high amounts of free water as shown in Figure 5.9.  

Whereas the pores of the large pore region are further apart which leads to less condensation 

of moisture on the walls and therefore less water will fill the pores as shown in Figure 5.9.   

 

 

Figure 5.9 Degree of saturation in small and large pore regions of a cement. Abbreviations are s and l for 

small and large pores, respectively, w for evaporable water occupied volume and p for pore volume. Figure 

obtained from [62]. 
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Furthermore, Equations 2.44 and 2.46 implemented in Equation 2.42 are used to fit the data 

of moisture diffusivity vs. the degree of saturation, to obtain the liquid permeability factor in 

the large and small pore regions (Kl and Ks), vapour resistance factor (xd), and contribution 

factor of the large pore region to moisture transport (wf,D) so that they are implemented in 

Equations 2.43 and 2.45 to simulate the saturation profiles in the large and small pore regions 

of alkali-activated binders at the end of desorption and adsorption. Note that Zhang and Angst 

[62] implemented a single value of vapour resistance factor (xd) for the large and small pore 

regions in their model. Consequently, in this study a single value for vapour resistance factor 

is also implemented. Additionally, the numerical code used to simulate moisture transport in 

cementitious material by the dual permeability moisture transport model implemented the 

pdepe function described in section 3.4.2.1 of Chapter 3. 

5.2.5.3 Mechanistic permeability moisture transport model 

In summary, the Van Genuchten model (VG) is used in the mechanistic permeability model 

(i.e. mechanistic moisture transport model) to correlate the external relative humidity to amount 

of evaporable water in the pores of alkali-activated binders, at constant temperature, according 

to Equation 2.24. 

Equation 2.33 represents the S-based form of Richards’ equation and Equation 2.49 

represents the equation for the apparent diffusivity parameter in the model that contains the 

moisture-liquid phase diffusion and moisture-vapour phase diffusion. The models used for 

vapour and liquid diffusivities in the mechanistic model are shown in Equations 2.50 and 2.55 

respectively. These models are different from the ones used in the single permeability model 

because the vapour diffusivity equation contains a different form of vapour resistance factor, 

Equation 2.50, and the liquid permeability factor is multiplied with a relative liquid 

permeability factor, Equation 2.55, that is different than the van Genuchten-Mualem model 

[74] used in the single and dual permeability models. Overall the set of Equations 2.49-2.50, 

2.55-2.56 and 2.60 are the main equations of the mechanistic model used to calculate the 

apparent diffusivity parameter in Richards’ equation to simulate saturation profile in 

50SG50FA binder studied in this section. All these models are from section 2.10 in Chapter: 2 

where they are explained in more details. 

In the case of water vapour diffusion in cement, the value of Dv,air(T) in Equation 2.50 is set 

to 2.47 × 10−5 m2.s-1,which is also used in the single and dual moisture permeability models, 

because this is the right value of water vapour diffusivity in air between 20°C and 25°C [82]. 
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In the case of moisture-liquid phase diffusion, Equation 2.55 describes the liquid permeability 

factor, Kl(S), of the cementitious material and it is a function of the liquid permeability in 

hygroscopic conditions, Kl,hyg(S), (i.e. extremely low RH condition) and the effective liquid 

permeability factor, Keff. The effective liquid permeability factor is coupled with scaling 

parameter and function, ncap and fl(S), used to adjust the liquid flow in cement exposed to high 

relative humidity environment, and relative conductivity function, Kl,rel(S), that contains 

information on the pore structure of the porous media [18]. In this research the  Kl,hyg(S) is 

neglected because the studied binders are not exposed to severe drying conditions. The 

parameters needed for the calculation of Kl,rel(S), as shown in Equation 2.60, are from the 

moisture storage curves obtained from the adsorption and desorption isotherms of 50SG50FA* 

that are replotted in terms of the degree of saturation as a function pC which is log(Pc/Pref) 

with Pref = 1 Pa [88]. The full WVSI, 0-100%RH , of 50SG50FA* is used to obtain parameters 

needed for the calculation of Kl,rel(S) and is based on the assumption that 50SG50FA and 

50SG50FA* have a similar porous microstructure. Some of these parameters are the pore 

maxima pCi which are the inflection points within the moisture storage curves. The other 

parameters are the slopes, si, which are the slopes of straight lines drawn tangent to the moisture 

storage curves at the inflection points. The parameter ΔSi represents the difference between the 

plateau levels in the moisture storage curves such that the sum of  ΔSi must equal to 1 according 

to Equation 5.3. 

ΔSi = Si − Si+1       for i < 𝐍     ΔS𝐍 = 1 (5.3) 

 

In this research, the parameters ncap ,fl(S),and Kl,rel(S) in Equation 2.55 are coupled into one 

form of function called mechanistic relative permeability, KrMechanistic. The output of this 

function is multiplied with the effective liquid permeability factor, Keff , to calculate the liquid 

permeability factor as a function of degree of saturation according to Equation 5.4. In addition, 

the value of the liquid permeability factor obtained for the single permeability model is also 

used in effective liquid permeability factor, Keff, for the mechanistic model to simulate the 

transport of moisture in 50SG50FA. This method is applied in this research because the 

effective liquid permeability factor was not measured with a permeameter or infiltrometer 

device on samples submerged in water as suggested by the authors of the mechanistic 

permeability model [88]. The purpose of this research is to exclusively study the transport 
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properties of unsaturated cement samples exposed in RH environment ranging from 50-

100%RH. 

Kl(S) = KrMechanistic(S)Keff     if S ≤ 1 (5.4) 

 

Where KrMechanistic = ncap × fl(S) × Kl,rel(S). 

Similar to the van Genuchten-Mualem model [74], for relative permeability shown in Equation 

2.32, which is also multiplied with the liquid permeability factors in the single and dual 

permeability models, the KrMechanistic varies between 0-1 to account for the transport of 

moisture in unsaturated cementitious materials.  

Consequently, the scaling factors nsp  and ncap  are determined by fitting the mechanistic 

relative permeability curve with the curve generated by the van Genuchten-Mualem model 

[74]. This approach is applied in this research because dry and wet cup tests were not conducted 

in this research to obtain the parameters nsp  and ncap  that adjust the liquid permeability factor 

when the cement is exposed to a low and high relative humidity environment. More information 

on the experimental set up for dry and wet cup tests can be found in [82]. In addition, the 

isotherm parameters a, m, and n used in the Kl,rel(S) for the mechanistic relative permeability 

function are obtained by fitting the Van Genuchten model, Equation 2.24, the WVSIs of 

50SG50FA*. Additionally, the numerical code used to simulate moisture transport in 

cementitious material by the mechanistic permeability moisture transport model implemented 

the pdepe function described in section 3.4.2.1 of Chapter 3. 

5.3 Statistical Criterion for Curve Fitting 

The curve fitting of the WVSIs and Da vs. (S) data is done by optimizing the parameters in the 

models to fit the experimental data using a non-linear squared optimization method that 

minimizes the sum of squares of the errors between the measured and predicted data. In 

addition, a statistical criterion known as the normalized mean error (NME) is used to assess the 

accuracy of the modelling results according to Equation 5.5. Where calculated values close to 

0 indicate better prediction of the data computed by the models.  

 

NME =
1

n
∑

|Si
pr
− Si

ms
|

Si
ms

n

i=1

 (5.5) 
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Si
ms and Si

pr
; measured and predicted values, respectively. 

n; number of measured data 

5.4 Comparison of Saturation Profile Data between PC and AAMs  

Zhang et al. [179] have utilized saturation profile data of Portland cement samples, PC-0.45, 

first subjected to a drying state at 53.5% RH for 370 days and then exposed to a wetting state 

at 97% RH for 315 days at constant room temperature, 23ºC.  The data was obtained by 

Baroghel-Bouny [212] and Nguyen [213] where they implemented the gamma-ray attenuation 

method on cylindrical Portland samples of thickness of 100 mm. For each specimen the 

circumferential surface and one end of it were sealed with adhesive aluminium foil sheets and 

the other end was exposed to moisture exchanges with the ambient environment to ensure that 

the transport of moisture was in unidirectional manner. 

In this section, the obtained data set was used to compare the predicted saturation profiles in 

the alkali-activated binders. Although the chemistry of the PC and alkali-activated binders are 

different, each binder shares a similar w/b in the mix designs which serves as an indication that 

the overall porosity (i.e. key parameter that directly affects the permeability property of 

concrete [214]) can be comparable in each system.  In addition, with the difference in WVSIs 

between PC and AAMs discussed in section 5.1, the saturations profiles at the end of wetting 

and drying experiments can be nearly estimated qualitatively. In summary, for the case of 

adsorption, and according to Figure 5.3, the PC-0.45 and 75SG25FA binders (i.e. 75SG25FA* 

has the same mix design as 75SG25FA) have a similar adsorption curve because of the presence 

of C-S-H and C-A-S-H phase in each system respectively, that chemically bond to evaporable 

water. 100SG binder could have the adsorption curve just a little higher than PC-0.45 because 

100SG has a slightly higher water binder ratio in its mix design (i.e. w/b in 100SG is 0.5 and 

w/b in PC-0.45) that can form more pores than in the case of PC-0.45 [207]. The 50SG50FA 

adsorption curve will be higher than that of PC-0.45, 100SG and 75SG25FA for two main 

reasons which are the presence of a big amount of N-A-S-H gel in 50SG50FA, that does not 

chemically bond to evaporable water, and because 50SG50FA is more porous in its 

microstructure due to the incomplete dissolution of the fly ash precursors responsible for the 

formation of hydrates that tend to fill up the pore spaces [69, 194]. Therefore, the moisture 

profiles of 100SG and 75SG25FA will have a similar saturation profile as the one obtained for 

PC-0.45 at the end of the wetting experiment. Conversely, 50SG50FA will have a higher 

moisture profile than the profile obtained for PC-0.45 because 50SG50FA has a low binding 

capacity to evaporable water and it has a high porous microstructure that can increase the 
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permeability of moisture. While in the case of desorption and according to Figure 5.1 the 

desorption curve of 75SG25FA* is higher than the curve for PC-0.45 which means that the 

saturation profiles of 100SG and 75SG25FA maybe be higher than the profile obtained for PC-

0.45. This is because of the effect of high content of free alkali ions in the pore solution of 

AAMs, compared to PC binders, that can minimise the loss of evaporable water during the 

drying experiment. However, the desorption curve of 50SG50FA may be lower than the curve 

for PC-0.45 because 50SG50FA has a more porous microstructure that can increase rate of 

moisture transport during desorption [197, 214].   

Furthermore, the numerical simulations are carried out by using the same values of the degree 

of saturation at the initial and boundary conditions that represent the moisture states at the inner 

and surface parts of the PC specimens when exposed to wetting/drying experiments. This is 

done in order to compare the saturation profiles of AAMs and PC binders containing the same 

degree of saturation at the initial and surface states. In addition, the same sample thickness of 

100 mm is used for the alkali-activated binders with one-sided exposure and were all subjected 

to wetting/drying conditions for the same time duration used for the experiments on PC-0.45 

samples.  

Moreover, for the case of the wetting experiment, the initial condition has been set as the degree 

of saturation as a function of thickness of the sample, because the data reported in the literature 

shows that the pores at the surface of the cement are less filled with free water than the pores 

in the inner part of the sample even at the end of the experiment. Table 5.5 presents the initial 

condition function, with the NME value, obtained by curve fitting the experimental data with 

a power law equation.  

Table 5.5 Initial moisture condition functions, where S(x) is the degree of saturation, S, as a function of 

distance, x, which is the thickness of the cement sample. Data obtained from [179]. 

Sample S(x) NME 

PC-0.45 0.7346x0.0369 0.015248 

 

5.5 Results and Discussion 

5.5.1 Characterization 

5.5.1.1 Thermogravimetric Analysis 

Figures 5.10 and 5.11 present the thermogravimetric analysis (TGA) data for the alkali-

activated binders. In both figures, the mass loss around 100℃ is associated with the free and/or 

loosely bound water from the C-A-S-H phase in the cementitious hydrates [215]. In Figure 
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5.10, 75SG25FA had a slightly higher mass loss compared to 100SG and 50SG50FA. The 

reasons could be due to the high intensity of pore refinement in case of 100SG, with its 

homogeneous phase, and due to the pore-blocking effect in the microstructure of 50SG50FA 

because of the incorporation of fly ash responsible for the formation of the N-A-S-H gel, with 

large pores, coexisting with the C-A-S-H gel, with very fine pore structure, obtained from the 

slag phase. Both of these factors make it difficult for the free water to be easily drawn out of 

the cementitious microstructure [137, 215].  

According to literature, mass losses from 400°C to 800°C correspond to the decomposition of 

CaCO3, a primary carbonate phase found in carbonated cements. The reason for this broad 

temperature range is because CaCO3 can vary in the extent of its crystallinity and structure 

[215]. In Figure 5.10 a very minor peak, marked with a star, is shown at 600-700°C and is 

consistent with a highly crystalline calcite. This indicates that the samples have undergone a 

very slight carbonation reaction. 

 

 

Figure 5.10 TGA of alkali-activated binders-effect of calcium oxide content in mineralogical composition. 

 

In Figure 5.11, containing data for 100% slag alkali-activated binder with a higher alkali-

dosage (i.e. 100SG8), the mass loss around 350°C up to 435°C is associated with the 

dehydration of the hydrotalcite-like phase [216] [215]. Which means there is more of this phase 

for 100% slag activated with a high alkali-dosage [216]. In the case of 100SG, water in the free 

state is released which easily evaporates at its normal boiling temperature, 100°C. Whereas in 

the case of 100SG8 containing a lower w/b content in the mix design, a greater loss of water, 

at around 116°C is noted in Figure 5.11. This difference has also been noted in [216] where 
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slag activated with a higher alkali-dosage released more water, at a similar temperature range, 

than slag activated with a lower amount of alkali-dosage. The reason for this difference can be 

due to the formation of more C-A-S-H phase, in slags activated with high alkali-dosage, and 

which chemically bonds to more water [216]. Consequently, more water is released in AAMs 

containing higher amounts of C-A-S-H gel during the dehydration reaction between 25 and 

220°C [216]. 

 

Figure 5.11 TGA of alkali-activated binders - effect of alkali dosage in mix design. 

 

5.5.1.2 Mercury Intrusion Porosimetry Measurements 

Figures 5.12 represent data on pore size distributions and cumulative pore volumes obtained 

by mercury intrusion Porosimetry (MIP).  

According to Figure 5.12 A, the alkali-activated binders, especially 100SG and 75SG25FA, 

show a fine pore structure with a unimodal pore size distribution ranging in the mesoporous 

scale from 5 nm to 15 nm, whereas 50SG50FA contained small macro-pores ranging from 15 

nm to 130 nm. In Figure 5.12 B, the data on cumulative pore volume indicate that 75SG25FA 

contains mostly small pores, followed by 100SG then 50SG50FA. Lastly, the pore size 

distribution and cumulative pore volume for 100SG and 100SG8 shown in Figure 5.12 C + D, 

indicates that 100SG8 has a more uniform pore size distribution and dense microstructure 

compared to 100SG. 
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Figure 5.12. Pore size distribution (A and B) and cumulative pore volume (C and D) of alkali-activated 

cement pastes. 

Based on MIP data on cumulative pore volume, in Figure 5.12 C+D, the volumetric fraction 

of the large pore region, wf , of the binders is estimated from the point on the curve where it 

starts to plateau. The wf parameter shown in Table 5.6, is used in the dual permeability model 

in following sections of this chapter, to describe the anomalous moisture transport in the 

binders. The method of obtaining wf  is different from the older technique of curve fitting water 

vapour sorption isotherms, but the estimated values in this study are in the same range of values 

that were obtained in [62].   

The effective porosities of alkali-activated binders measured by MIP are also shown in Table 

5.6. The effective porosity can be seen to be similar for all the alkali-activated binders, maybe 

because of the similar water/binder ratio used in their mix design that mainly impacts the 

overall microstructure [21].  
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Table 5.6 Volumetric fraction of large pore region, w, and effective porosity 𝝓 as measured by MIP. 

Sample wf 𝛟 

100SG 0.11 0.304 

100SG8 0.09 0.183 

75SG25FA 0.097 0.307 

50SG50FA 0.14 0.297 
 

The BJH technique  (i.e. Barrett, Joyner, and Halenda method) [217] has also been used for 

similar alkali-activated binders in the literature to study the pore size distribution [69, 218, 

219]. The technique is based on emptying and filling the pores of the cement as a stepwise 

function of partial pressure, P/P0, during the adsoprtion and desorption of nitrogen gas or water, 

where Kelvin’s equation has been used as the numerical basis for the data analysis. Figure 5.13 

describes the cumulative volume as a function of pore size of a set of alkali-activated cements 

that were studied in [69] , where AAP# is the type of alkali-activated cement and HCP is the 

Portland cement. However, it has been highlighted that the BJH method underestimates the 

pore size of the cement, where the degree of underestimation is bigger for the case of small 

pores [69].  

 

Figure 5.13. Cumulative pore volume of alkali-activated binders, denoted as AAP#, and Portland cement, 

noted as HCP, obtained from BJH analysis of the adsorption branch in water vapour sorption isotherms and 

normalized by the total pore volume. Graph obtained from [69]. 

The graph, shown in Figure 5.13, with the data of the pore structure plotted in the mesoporous 

range, was used to estimate the volumetric fraction of the large pore region, following the same 

method used with the MIP data. Only some alkali-activated binders with similar mix design of 

the studied binders are selected: AAP1, AAP3A and AAP5. AAP5 has the exact mix design 

and curing condition of 75SG25FA. Based on BJH data on normalized cumulative pore volume 
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the volumetric fraction of the large pore region for AAP5, estimated from the point on the curve 

where it starts to plateau, is 0.22, which is higher than the one determined from MIP data by 

126%. However, BJH technique, only measures the pore size up to 100 nm and values measured 

by the MIP test beyond 100 nm could possibly be spaces between particles or air bubbles [217, 

220]. Consequently, these two types of limitations could impact the quantification of volume 

fraction of the large pore region in cementitious materials. In order to account for data 

uncertainty, the moisture permeability factor of alkali-activated concrete is set as a variable to 

study the impact of rate of moisture transport on the overall service life as will be discussed in 

chapter 6. The following Table 5.7 contains the selected alkali-activated binders, from the 

study in [69], along with their mix designs and estimated volumetric fractions of the large pore 

region from BJH analysis shown Figure 5.13. Note that the estimated volumetric fraction of 

the large pore region for each of these alkali-activated binders is used in Dual-Porosity Van 

Genuchten model to predict their WVSIs in the next section. 

Table 5.7 Volumetric fraction of large pore region estimated through BJH analysis [69]. 

Sample Notation FA+SG (%) Mr Na2O w/b 
Curing 

Method 
wf 

AAP1 90FA10SG* 90%FA+10%SG 1.17 9.25 0.28 
Heat cured 

(18h@75°C) 
0.194 

AAP5 75SG25FA* 25%FA+75%SG 1.5 4 0.45 
Ambient 

cured (sealed) 
0.22 

AAP3A 50SG50FA* 50%FA+50%SG 1.5 8 0.3 
Ambient 

cured (sealed) 
0.182 

 

5.5.2 Prediction of WVSIs 

The obtained adsorption and desorption curves for 90FA10SG*, 75SG25FA* and 50SG50FA* 

binders predicted by the isotherm models, explained in section 2.10 of Chapter 2, are shown 

in Figures 5.14-5.15.  
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Figure 5.14 Water vapour adsorption isotherms of 90FA10SG* (A), 75SG25FA* (B), 50SG50FA* (C), with 

predictions from different models: VG, Van Genuchten model, VG-Dual, Dual-Porosity Van Genuchten 

model, Multi, multimodal model, KM, Kosugi model ,FX, Fredlund and Xing’s Model, and FF, Feng and 

Fredlund’s model, according to the equations presented in chapter 2 section 2.10. 
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Figure 5.15 Water vapour desorption isotherms of 90FA10SG* (A), 75SG25FA* (B), 50SG50FA* (C), with 

predictions from different models: VG, Van Genuchten model, VG-Dual, Dual-Porosity Van Genuchten 

model, Multi, multimodal model, KM, Kosugi model ,FX, Fredlund and Xing’s Model, and FF, Feng and 

Fredlund’s model, according to the equations presented in Chapter 2 section 2.10. 

NME values obtained from fitting of the desorption and sorption isotherms are shown in 

Figures 5.16 and 5.17 where values close to 0 indicate better prediction of the data computed 

by the models.  

 

Figure 5.16 Comparison of NME for desorption isotherms. Each column in the figure stands for one type of 

binder according to the legend.  
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Figure 5.17 Comparison of NME for adsorption isotherms. Each column in the figure stands for one type of 

binder according to the legend. 

For all the studied models, it can be seen in Figures 5.17 and 5.18 that the fitting of the 

desorption isotherm is better than the fitting of the adsorption isotherm. The NME values 

obtained from VG and VG-Dual models are closest to zero which shows better fitting results 

than the rest of the models. In addition, the VG-Dual model, accounting for two pore sizes in 

90FA10SG* and 75SG25FA* binders, fits the data better than the VG model, accounting for 

singular pore size in the cement. Although in the case of 50SG50FA binder, the VG model fits 

the data of the WVSIs better than VG-Dual model. Overall, the actual pore structure of the 

cements can be described by two discrete pore sizes that should be implemented in an isotherm 

model to obtain close approximations to the adsorption and desorption data. 

 

5.5.3 Cyclic Water Vapour Sorption Isotherms  

In normal environmental conditions, the structure is exposed to cyclic drying and wetting 

cycles in a relative humidity range of 50-100%. This could cause changes in the durability of 

the cementitious material manifested through changes in the degree of saturation exposed to 

the same RH. Zhang et al. [70] have explained these changes through a model that captures the 

scanning curves that represent the changes in the WVSIs or decrease in the hysteresis effect 

between the adsorption and desorption curve, as shown in Figure 5.18.  
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Figure 5.18 Scanning curves of water vapour sorption isotherms. AB and BA are the main adsorption and 

desorption curves respectively. CB and DE are the first scanning curves in wetting and drying respectively. 

EB is the second scanning curve in wetting.  Figure from [70].  

In this study, 100SG, 75SG25FA, 50SG20FA and 100SG8 binders were exposed to three cyclic 

wetting-drying cycles in 50-100%RH condition in a DVS instrument. The measured data is the 

change in mass percentage, due to the adsorption/desorption of moisture by the binders, as a 

function of RH as shown in Figure 5.19.  
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Figure 5.19 Change in mass of 100SG (A), 75SG25FA (B), 50SG50FA (C) and 100SG8 (D) during three 

sorption/desorption cycles. 

According to the data shown in Figure 5.19, the change in mass loss along the first desorption 

curve between 95%RH and 50%RH is the highest in 75SG25FA followed by 100SG, 

50SG50FA and 100SG8. The change in mass gain along the first adsorption curve between 

50%RH and 95%RH is the highest in 100SG followed by 75SG25FA, 50SG50FA and 100SG8. 

Although the change in mass loss and gain is similar between 100SG and 75SG25FA may be 

due to similar w/b used in their mix designs that controls the effect porosity of the material.  

However, 100SG and 100SG8 have similar w/b in their mix designs but the change in mass 

loss and gain is greater for the case of 100SG. The difference maybe because of the extra alkali 

ions present in the pore solution of 100SG8 that contributes to hydration reactions that fill up 

the pores with reaction products during adsorption and also minimizes the loss of evaporable 
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water during desorption. Moreover, 50SG50FA showed the lowest change in mass loss and 

gain, maybe because it contained the lowest w/b in its mix design, compared to other binders, 

that lowers the porosity of the binder and slows down the transport of moisture during sorption 

and desorption. 

During the second and third wetting and drying cycles the hysteresis between the adsorption 

and desorption curves is the lowest in 100SG8 followed by 50SG50FA, 75SG5FA and 100SG. 

This can serve as an evidence for the theory that cements, especially the ones containing a high 

content of alkali ions in the pore solution, can react with the moisture present during the 

wetting/ drying cycles and undergo further hydration reactions as proposed in [62]. The 

initiation of additional hydration reactions can densify the microstructure of the binder through 

filling up the pores with hydration products (i.e. hydrates). Furthermore, in comparison 

between 100SG,75SG25FA and 50SG50FA binders, all containing the same amount of alkali 

dosage in their mix designs, the extent of hysteresis between the adsorption and desorption 

curves was the highest for 100SG and the lowest for 50SG50FA because 100SG contained the 

highest w/b and 50SG50FA contained the lowest amount of w/b in their mix designs. Thus, the 

impact of w/b can further increase the intensity in complexity of the microstructure by inducing 

pores with various sizes that slow down the transport of moisture during wetting and drying 

cycles.   

As can be seen in Figure 5.20 A-C, the WVSIs calculated for 100SG, 75SG25FA, and 

50SG50FA show slight change in the amount of hysteresis between the main adsorption and 

desorption curves even after three wetting-drying cycles. This is in contrast for the case of 

100SG8, as shown in Figure 5.20 D, where the amount of hysteresis between the two main 

curves decreased with the increase of cycles due to pore refinement as previously explained.  

Furthermore, the scanning loops of adsorption and desorption curves obtained after three cycles 

for 100SG,75SG25FA and 50SG50FA binders are within the first measured loop of adsorption 

and desorption curve as can be seen in Figure 5.20 A-C. This shows a certain small degree of 

pore refinement caused by hydration reactions when the binders react with moisture during 

wetting/drying cycle. The highest extent in pore refinement is shown in Figure 5.20 D for 

100SG8 where the magnitude of hysteresis between adsorption and desorption curves decreases 

with the number of wetting and drying cycles.    
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Figure 5.20 Water vapor sorption isotherms of 100SG (A), 75SG25FA (B), 50SG50FA (C) and 100SG8  

during three sorption/desorption cycles. 

The VG and dual porosity models are used to predict the data obtained in adsorption and 

desorption stages from the third cycle for 100SG, 75SG25FA, and 50SG50FA, as shown in 

Figures 5.21-5.22, and the calculated NME values are presented in Figure 5.23.  The data from 

the third cycle has been chosen in this research because it describes the transport of moisture 

in binders which may have reached their possible extent in microstructural densification (i.e. 

pore refinement) due to effect of moisture in the previous wetting-drying cycles according to 

Figure 5.20. Thus, the transport of moisture in AAMs is modelled based on the assumption of 

negligible pore refinement during the adsorption and desorption stages.  
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Figure 5.21 Water vapor desorption isotherms (DES) of 100SG (A), 75SG25FA (B), 50SG50FA (C), 

obtained from the third desorption cycle, and predictions from different isotherm models: VG, Van 

Genuchten model, and VG-Dual, Dual-Porosity Van Genuchten model. 
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Figure 5.22 Water vapor sorption isotherms (ADS) of 100SG (A), 75SG25FA (B), 50SG50FA (C), obtained 

from the third adsorption cycle, and predictions from different isotherm models: VG, Van Genuchten model, 

and VG-Dual, Dual-Porosity Van Genuchten model. 
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Figure 5.23 Fits for desorption isotherm (A) and adsorption isotherm (B) by VG and VG-Dual models. 

 

Overall, the VG and VG-Dual models fit a lot better for the desorption data than adsorption 

data. The difference could be due to the moisture reacting with the binder during the wetting 

stage which may shift its transport from classical adsorption behaviour to anomalous 

adsorption. In the case of the drying stage, moisture seems to desorb from the surface of the 

hydrates through a classical desorption behaviour that is accurately predicted by the VG and 

VG-Dual models. Therefore, future isotherm models need to account for the effect of hydration 

reactions during the transport of moisture in cementitious materials. Furthermore, the fitted 

parameters for the VG and VG-Dual models are further discussed in the next section that 

describes the transport of moisture in AAMs during the wetting and drying stages. 

5.5.4 Moisture Transport in Alkali-Activated Cements 

The Da values obtained are displayed in Tables 5.8-5.11. The measured samples were in 

crushed powder form so the average particle size was measured to calculate the apparent 

moisture diffusivity according to the method in section 3.2.1 of Chapter 3. The difference in 

the obtained average particle size between the 100SG, 75SG25FA and 50SG50FA binders is a 

maximum factor of 1.3-1.5 which does not have a great impact during the comparison of the 

measured apparent moisture diffusivities. This can be explained by calculating the moisture 

diffusivity using the minimum, maximum and average particle sizes, from these binders. The 

calculated difference in the moisture diffusivity only becomes noticeable when the factor 

between the average and minimum particle size is 10 and the factor between the maximum and 
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average particle size is 4, as demonstrated in Appendix 5 “Impact of particle size on moisture 

diffusivity”. 

Table 5.8. Apparent moisture diffusivity during desorption process as determined from DVS instrument. 

 100SG 

 (davg ; 59.3 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 

75SG25FA 

(davg ; 59.2 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 

50SG50FA 

(davg ;78.9 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 
RH(%) 𝐈 𝐈𝐈 𝐈𝐈𝐈 𝐈 𝐈𝐈 𝐈𝐈𝐈 𝐈 𝐈𝐈 𝐈𝐈𝐈 

50 1.5 1.7 2.2 1.4 2 1.8 3 3.8 3.7 

55 4.1 4.0 4.1 3 2.9 3.2 6.5 9.4 8.8 

60 3.5 3.8 4.6 2.7 6.2 2.9 30.5 7.3 7.3 

65 2.9 3.5 5.3 2.8 2.8 3.8 8 9 7.4 

70 2.9 2.0 2.5 3.1 2.9 2.5 8.7 7.4 7.2 

75 10.5 4.1 4.8 2.3 4.2 3.0 9.6 10 8.7 

80 3.0 3.4 4 2.6 3.2 3.0 8.3 7.8 8.3 

85 2.6 2.9 2.9 2.1 2.5 3.5 8.0 8.2 6.8 

90 4.2 4.2 3.3 3.6 3.6 18.5 10 10.7 10.3 

95 - - - - - - - - - 

 

In comparison between 100SG and 75SG25FA, moisture diffusion in 100SG is faster than 

75SG25FA during the drying stage, which may be because 100SG has a higher total porosity 

and pore size distribution than 75SG25FA according to the MIP data in Figure 5.8. Whereas, 

50SG50FA has the highest apparent moisture diffusivity maybe because there is less chemical 

binding to the evaporable water because of the presence of a lower amount of C-A-S-H phase, 

responsible for chemical binding to the free water in the cement, compared to 100SG and 

75SG25FA [108].  

Table 5.9, Apparent moisture diffusivity during adsorption process as determined from DVS instrument. 

 100SG 

 (davg ;59.3 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 

75SG25FA 

(davg ;59.2 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 

50SG50FA 

(davg ;78.9 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝒔) 
RH(%) 𝐈 𝐈𝐈 𝐈𝐈𝐈 𝐈 𝐈𝐈 𝐈𝐈𝐈 𝐈 𝐈𝐈 𝐈𝐈𝐈 

50 - - - - - - - - - 

55 10.5 41.5 17.7 12.4 12.2 23 34 31 30 

60 9.6 10.1 9.3 12.0 12.3 19 21 30 29 

65 8.6 6.1 10.0 12.8 12.2 9.2 21 12 21 

70 17.3 12.5 7.6 7.9 8.3 10.6 9.1 20 18 

75 4.6 7.2 6.5 5.7 6.0 14.4 13 12 16 

80 3.6 6 6.4 4.5 5.8 10.3 8.5 19 11 

85 2.0 3.2 4.0 2.5 3.3 3.9 4.8 5.7 6.2 

90 1.3 1.5 1.6 1.1 1.4 2.1 3.2 3.1 3.4 

95 0.65 0.69 0.7 0.7 0.7 0.7 2.2 2.2 2.3 

 

In comparison between 100SG and 75SG25FA moisture transport in 100SG is slower than in 

75SG25FA, during the adsorption stage, maybe due to the presence of more chemical binding 
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of the water, although both binders have similar diffusivities at high relative humidity between 

85-95%. While, 50SG50FA binder still has the highest apparent moisture diffusivity.  

The apparent moisture diffusivities for 100SG and 100SG8 are compared in Tables 5.10-5.11, 

where in the case of desorption and adsorption the 100SG8 binder is slower than the 100SG 

binder. The difference serves as an indication that the extra hydroxide and alkali ions took part 

in further dissolution of slag precursors and hydration reactions that fill up the pores with 

formed hydrates during the adsorption stage. Whereas, during the desorption stage the presence 

of alkali ions  in the pore solution keeps it concentrated and minimizes the loss of evaporable 

water [206]. Consequently, moisture transport in 100SG8 is slower than in 100SG because of 

the extra alkali ions present in the pore solution which are obtained from the high amount of 

sodium hydroxide solution used in the mix design of 100SG8. 

Table 5.10 Apparent moisture diffusivity during desorption process as determined from DVS experimental 

data. 

 

100SG4%, w/b=0.5 

 (davg ;59.3 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 

100SG8%, w/b=0.47  

(davg ;37.1 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 
RH(%) 𝐈 𝐈𝐈 𝐈𝐈𝐈 𝐈 𝐈𝐈 𝐈𝐈𝐈 

50 1.5 1.7 2.2 0.7 0.8 1.3 

55 4.1 4.0 4.1 2.0 2.4 2.7 

60 3.5 3.8 4.6 2.4 2.4 1.3 

65 2.9 3.5 5.3 3.9 2.1 1.9 

70 2.9 2.0 2.5 4.8 1.9 2.2 

75 10.5 4.1 4.8 8 3.7 2 

80 3.0 3.4 4 3.1 3.8 4.2 

85 2.6 2.9 2.9 9.5 4.6 3.1 

90 4.2 4.2 3.3 2.4 2.1 4.4 

95 - - - - - - 
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Table 5.11 Apparent moisture diffusivity during adsorption process as determined from DVS experimental 

data. 

 100SG4%, w/b=0.5  

(davg ;59.3 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 

100SG8%, w/b=0.47  

(davg ;37.1 μm) 

Da (𝟏𝟎−𝟏𝟒𝐦𝟐/𝐬) 
RH(%) 𝐈 𝐈𝐈 𝐈𝐈𝐈 𝐈 𝐈𝐈 𝐈𝐈𝐈 

50 - - - - - - 

55 10.5 41.5 17.7 4.34  4.6 4.7 

60 9.6 10.1 9.3 4.11  4.5 3.5 

65 8.6 6.1 10.0 4.78  3.8 4.1 

70 17.3 12.5 7.6 1.17  3.1 3.1 

75 4.6 7.2 6.5 0.337  2.7 3 

80 3.6 6 6.4 0.547  2.9 5.3 

85 2.0 3.2 4.0 0.528  2.4 27.1 

90 1.3 1.5 1.6 0.219 1.0 2.3 

95 0.65 0.69 0.7 0.0927 0.2 0.6 

 

Babaee et al. [69] have curved fitted the mass change adsorption kinetics to obtain the moisture 

diffusivity factor, from Richards’ equation, and the range of values they determined is 10-11-

10-12 m2/s which is 1000 times bigger than the values obtained in Table 5.9 for the 75SG25FA 

binder with similar mix design as 75SG25FA* binder studied in [69]. The reason for the large 

difference may be because the authors have fully dried, to 0% RH, their sample before exposure 

to saturation conditions, which can impact the microstructure of the binder. Another reason can 

be the method of apparent moisture diffusivity calculation because their values have been 

calculated in large RH steps, for example between 0-97% RH, and this is in contrast to the 

method of calculation of apparent moisture diffusivity with the data obtained from the DVS 

instrument as explained in section 3.2.1 of Chapter 3 where small RH steps are used instead.  

However, for the apparent moisture diffusivities obtained for the current study to be in the 

range of values reported in Figure 5.8, the values for all the alkali-activated binders are re-

calibrated to the order of 10-11-10-12 m2/s by multiplying them with a factor of 200. In addition, 

the impact of variation in apparent moisture diffusivity on transport of corrosive agents will be 

investigated through sensitivity analysis in Chapter 6.  

5.5.5 Simulation of Moisture Transport in Alkali-activated Cements 

The simulations of saturation profiles are done using the single, dual and mechanistic 

permeability models as explained in section 2.10 of Chapter 2. The predicted saturation 

profiles by each model, during drying and wetting cycle, is also compared with the data 

obtained for Portland cement from the literature.  



192 

 

5.5.5.1 Single-Porosity Moisture Transport Model 

5.5.5.1.1 Desorption  

Equations 2.34 and 2.35 are used to fit the Da vs. S data, obtained from the DVS instrument, 

at the end of desorption of the alkali-activated binders according to Figure 5.24. It can be seen 

in this figure that the relationship between the model and experimental data is not in the right 

shape for 100SG, although it is better for 75SG25FA and 50SG50FA. The fitted permeability 

factors K and xd are implemented in Equations 2.34 and 2.35 and are applied in Equation 

2.33 to predict the saturation profile at the end of desorption for alkali-activated binders as 

shown in Figure 5.25. 

  

 

Figure 5.24 Circular symbols represent experimental Da data obtained during the desorption of 100SG (A), 

75SG25FA(B) and 50SG50FA (C) binders. The measured curves of Da, lines, are fitted by means of 

implementing Equations 2.34 and 2.35 in Equation 2.33. 

Tables 5.12 and 5.13 present the fitted parameters of the VG isotherm model and single 

permeability model for moisture transport in alkali-activated cements during the desorption 

stage. According to Table 5.13, 50SG50FA has the highest permeability and lowest vapour 
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resistance factor compared to 100SG and 75SG25FA. 75SG25FA has a slightly higher vapour 

resistance value compared to 100SG and similar liquid permeability factor. It can be seen in 

Figure 5.25 that 50SG50FA binder reaches the drying stage at 50%RH in less than two years 

followed by 100SG and 75SG25FA which both take 5 years to reach the drying stage at 

50%RH. The alkali-activated binders have similar values in liquid permeability factor but 

75SG25FA has the highest vapour resistance factor which slowed the moisture transport during 

the desorption process compared to 50SG50FA and 100SG. Hence, the vapour resistance factor 

of the cementitious materials plays an important part in slowing down and speeding up the 

desorption process.  

Table 5.12 Parameters of the Van Genuchten model used to simulate desorption isotherms of alkali-activated 

binders. 

Sample a (Pa) m n NME 

100SG 422× 105 0.38 1.61 0.01 

75SG25FA 437× 105 0.39 1.65 0.01 

50SG50FA 774× 105 0.30 1.44 0.003 

 

Table 5.13. Parameters obtained from fitting Da-S desorption data by means of implementing equations 2.34 

and 2.35 in the single permeability moisture transport model. 

Sample K (m2) xd NME  

100SG 1 × 10−22 1.8 0.60 

75SG25FA 1 × 10−22 2 0.43 

50SG50FA 1.2 × 10−22 0.8 0.53 

 

   

A B 
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Figure 5.25. Saturation profile at the end of drying from 100% to 50% RH for 100SG(A), 75SG25FA (B). 

and 50SG50FA (C) binders simulated by implementing equations 2.34 and 2.35 in equation 2.33 and using 

the moisture transport parameters presented in Tables 5.12-5.13. 

 

5.5.5.1.2 Adsorption 

Equations 2.34 and 2.35 are used to fit the Da vs. S data, obtained from the DVS instrument, 

at the end of adsorption of the alkali-activated binders according to Figure 5.26. It can be seen 

in this figure that the model and experimental data is in good agreement for all the alkali-

activated binders. The fitted permeability factors K and xd are implemented in Equations 2.34 

and 2.35 and are applied in Equation 2.33 to predict the saturation profile at the end of 

adsorption for alkali-activated binders as shown in Figure 5.27. 
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Figure 5.26 Circular symbols represent experimental Da data obtained during the adsorption of 100SG (A), 

75SG25FA(B) and 50SG50FA (C) binders. The measured curves of Da, lines, are fitted by means of 

implementing Equations 2.34 and 2.35 in Equation 2.33. 

Tables 5.14 and 5.15 present the fitted parameters of the VG isotherm model and single 

permeability model for moisture transport in alkali-activated cements during the adsorption 

stage. Although the data in Table 5.15 show that moisture transport in 75SG25FA is faster than 

100SG, the estimated permeability parameters shown in Table 5.15 are similar between these 

two binders. Data for moisture transport is the highest for 50SG50FA binder although the value 

of the fitted liquid permeability factor is slightly lower than the values obtained for 75SG25FA 

and 100SG. However, 50SG50FA binder has the lowest value of the vapour resistance factor, 

compared to the other binders, which explains the reason for 50SG50FA reaching its saturation 

state faster than 100SG and 75SG25FA as shown in Figure 5.27. Furthermore, it should be 

noted that the values of the vapour resistance factor for all the studied binders in both cases of 

adsorption and desorption are quite similar. However, values of the liquid permeability factor 

for all the binders are higher in the case of adsorption than in the case of desorption. 

Table 5.14 Parameters of the Van Genuchten model used to simulate adsorption isotherms of alkali-activated 

binders. 

Sample a (Pa) m n NME 

100SG 98× 105 0.22 1.28 0.03 

75SG25FA 97× 105 0.22 1.28 0.03 

50SG50FA 121× 105 0.11 1.13 0.01 
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Table 5.15 Parameters obtained from fitting Da-S adsorption data by means of implementing equations 2.34 

and 2.35 in the single permeability moisture transport model. 

Sample K (m2) xd  NME  

100SG 1 × 10−21 1.6 0.79 

75SG25FA 1 × 10−21 1.5 0.83 

50SG50FA 6 × 10−22 0.55 0.11 

 

  

  

Figure 5.27 Saturation profile at the end of wetting from 50% to 100% RH for 100SG(A), 75SG25FA (B). 

and 50SG50FA (C) binders simulated by implementing equations 2.34 and 2.35 in the single permeability 

model and using the moisture transport parameters present in Table 5.15. 

Moreover, Figure 5.28 represents comparison of saturation profiles of AAMs during 

desorption after 5 years and wetting after 1 month. It can be seen in both drying and wetting 

conditions that 100SG and 75SG25FA have similar saturation profiles after 5 years and 

1month, respectively, because of their similar moisture transport properties (i.e. K and Xd). 

Whereas 50SG50FA has a higher saturation profile than 100SG and 75SG25FA binders mainly 

because 50SG50FA initially contained a higher content of evaporable water in the pores 

according to the WVSIs of the alkali-activated binders shown in Figure 5.20.  

A B 

C 
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Figure 5.28 Saturation profile at the end of drying from 100% to 50% RH (A) and at the end of wetting from 

50% to 100%RH (B) simulated by the single permeability model. 

Figure 5.29 represents saturation profiles in 3D for 75SG25FA binder exposed to wetting 

condition for 1 year and drying condition for 5 years simulated by the single permeability 

moisture transport model.  

 

   

Figure 5.29 Saturation profiles in 3D for 75SG25FA binder as function of its thickness, in mm, during 

wetting for 1 year (A) (i.e. 365 days ) and during drying for 5 years (B) (i.e. 1825 days) simulated by the 

single permeability moisture transport model. 

 

5.5.5.1.3 Data Comparison with Single Permeability Model Predictions 

In this section, Figure 5.30 A+B present the predicted moisture profiles from the single 

permeability model, compared with experimental data during wetting and drying conditions 

respectively. Note that the comparison of saturation profiles of AAMs and PC is based on the 

difference in the WVSIs as previously discussed in section 5.4. 
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Figure 5.30 Simulated saturation profile, dashed line, for AAMs and data, circle symbol, of measured profiles 

for PC-0.45 at the end of wetting after 315 days, from 53.5% to 97% RH (A) and at the end of drying after 

370 days  from 89% to 53.5% RH (B). Data obtained from [179].  

 

For the case of adsorption, in Figure 5.30 A, the single permeability model slightly 

overestimates the degree of saturation of 100SG and 75SG25FA which should have 

comparable moisture profiles as PC-0.45.  The predicted saturation profile of 50SG50FA is a 

bit higher than the data points plotted which is initially expected according to the discussion in 

section 5.4. In the case of desorption in Figure 5.30 B, the simulated saturation profiles for 

100SG and 75SG25FA are slightly higher the saturation profile of PC-0.45 although the 

difference should be more noticeable according to the water vapour desorption isotherms in 

Figure 5.1. The difference between the data and the predicted saturation profile for 50SG50FA 

is more obvious because the predicted profile for 50SG50FA is greatly lower than the data for 

PC-0.45 which is also expected. However, the simulated saturation profile for 50SG50FA is 

nearly linear throughout the thickness of the sample and without the presence of any deviation 

towards a plateau shape, compared to the profiles obtained for 100SG and 75SG25FA at the 

end of drying. The absence of this deviation indicates a missing effect of anomalous moisture 

transport property during the simulation of saturation profile for 50SG50FA [59, 60].  

5.5.5.2 Dual-Porosity Moisture Transport Model 

5.5.5.2.1 Desorption 

Equations 2.44 and 2.46 are implemented in Equation 2.42 which is used to fit the data of 

moisture diffusivity vs. the degree of saturation, according to Figures 5.31-5.33. Note that a 
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single value for vapour resistance factor is implemented to predict vapour diffusivity in the 

small and large pore regions of the cement simultaneously according to Zhang and Angst [62].  

It can be seen in these Figures that the relationship between the model and experimental data 

is not in the right shape for 100SG and 50SG50FA, although it is better for 75SG25FA. The 

fitted moisture transport parameters, Kl, Ks and xd, are implemented in Equations 2.43 and 2.45 

to simulate the saturation profiles in the large and small pore regions of alkali-activated binders 

at the end of drying as shown in Figures 5.34-5.36. 

 

Figure 5.31 Circular symbols represent experimental Da data obtained during the desorption of 100SG. The 

measured curves of Da (lines) are obtained by means of fitting the overall moisture transport equation (Eq. 

2.42) which includes moisture transport in the large pore region (Eq. 2.44) and small pore region (Eq.2.46) 

along with the transport contribution factor from the large pore region (wf,D).  

 

Figure 5.32 Circular symbols represent experimental Da data calculated from the diffusivity data obtained 

during the desorption of 75SG25FA. The measured curves of Da (lines) are obtained by means of fitting the 

overall moisture transport equation (Eq. 2.42) which includes moisture transport in the large pore region 

(Eq. 2.44) and small pore region (Eq.2.46) along with the transport contribution factor from the large pore 

region (wf,D).  
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Figure 5.33 Circular symbols represent experimental Da data calculated from the diffusivity data obtained 

during the desorption of  50SG50FA. The measured curves of Da (lines) are obtained by means of fitting the 

overall moisture transport equation (Eq. 2.42) which includes moisture transport in the large pore region 

(Eq. 2.44) and small pore region (Eq.2.46) along with the transport contribution factor from the large pore 

region (wf,D).  

Tables 5.16 and 5.17 present the fitted parameters of the VG- Dual isotherm model and dual 

permeability model for moisture transport in alkali-activated cements during the desorption 

stage. Tables 5.17 present the moisture permeability factors for the transport of evaporable 

water in the large and small pore regions respectively. Similar to the single permeability results 

50SG50FA has the lowest vapour resistance factor during the transport of moisture in the 

desorption stage. However, 50SG50FA has the lowest liquid permeability factor in the small 

pore region. 100SG and 75SG25FA have similar values for vapour resistance factor although 

75SG25FA has higher liquid permeability factor for both pore regions compared to 100SG. 

Table 5.16 Parameters of the VG-Dual model used to simulate desorption isotherms for alkali-activated 

binders. 

Sample wf al (Pa) as (Pa) m n NME 

100SG 0.11 160× 105 524× 105 0.41 1.69 0.01 

75SG25FA 0.097 215× 105 492× 105 0.41 1.68 0.01 

50SG50FA 0.14 238× 105 1621× 105 0.59 2.43 0.002 

 

Table 5.17 Parameters obtained from fitting Da-S desorption data by means of implementing equation 2.44 

for  moisture transport in large pore region.   

Sample Kl (m2) Ks (m2) xd  wf,D NME 

100SG 2.00× 10−22 1.00× 10−23 1.6 0.45 0.56 

75SG25FA 8.00× 10−22 3.00× 10−23 1.6 0.1 0.44 

50SG50FA 5.00× 10−22 1.00× 10−24 0.6 0.1 0.56 
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Figures 5.34-5.36 present the moisture profiles in the small and large pore regions of the alkali-

activated binders. The simulated saturation profiles in the large and small pore regions for 

100SG and 75SG25FA in Figures 5.34  and 5.35  show that the desorption in 75SG25FA is 

faster than in 100SG. The reason could be because the fitted values for Kl and Ks for 75SG25FA 

are higher than the values obtained for 100SG which may cause the difference in transport 

during desorption.  

 

Figure 5.34 Saturation profile at the end of drying from 100% to 50% RH for 100SG in the large pore region 

(A) and in the small pore region (B). Profiles are simulated by implementing equations 2.43 and 2.45 in the 

dual permeability model and using the moisture transport parameters present in Tables 5.16-5.17.  

 

Figure 5.35 Saturation profile at the end of drying from 100% to 50% RH for 75SG25FA in the large pore 

region (A) and in the small pore region (B). Profiles are simulated by implementing equations 2.43 and 2.45 

in the dual permeability model and using the moisture transport parameters present in Tables 5.16-5.17. 
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Figure 5.36 Saturation profile at the end of drying from 100% to 50% RH for 50SG50FA in the large pore 

region (A) and in the small pore region (B). Profiles are simulated by implementing equations 2.43 and 2.45 

in the dual permeability model and using the moisture transport parameters present in Tables 5.16-5.17. 

 

5.5.5.2.2 Adsorption 

Equations 2.44 and 2.46 are implemented in Equation 2.42 which is used to fit the data of 

moisture diffusivity vs. the degree of saturation, according to Figures 5.37-5.39. It can be seen 

in these figures that the model and experimental data is in good agreement for moisture 

transport in alkali-activated binders exposed to wetting cycle. Note that a single value for 

vapour resistance factor is implemented to predict the moisture diffusivity data of the cement 

according to Zhang and Angst [62]. The fitted moisture transport parameters, Kl, Ks and xd, are 

implemented in Equations 2.43 and 2.45 to simulate the saturation profiles in the large and 

small pore regions of alkali-activated binders at the end of adsorption stage. 

 

Figure 5.37 Circular symbols represent experimental Da data obtained during the adsorption of 100SG. The 

measured curves of Da (lines) are obtained by means of fitting the overall moisture transport equation (Eq. 
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2.42) which includes moisture transport in the large pore region (Eq. 2.44) and small pore region (Eq.2.46) 

along with the transport contribution factor from the large pore region (wf,D). 

 

Figure 5.38 Circular symbols represent experimental Da data obtained during the adsorption of 75SG25FA. 

The measured curves of Da (lines) are obtained by means of fitting the overall moisture transport equation 

(Eq. 2.42) which includes moisture transport in the large pore region (Eq. 2.44) and small pore region 

(Eq.2.46) along with the transport contribution factor from the large pore region (wf,D). 

 

 

Figure 5.39 Circular symbols represent experimental Da data obtained during the adsorption of 50SG50FA. 

The measured curves of Da (lines) are obtained by means of fitting the overall moisture transport equation 

(Eq. 2.42) which includes moisture transport in the large pore region (Eq. 2.44) and small pore region (Eq. 

2.46) along with the transport contribution factor from the large pore region (wf,D). 

Tables 5.18 and 5.19 present the fitted parameters of the VG- Dual isotherm model and dual 

permeability model for moisture transport in alkali-activated cements during the adsorption 

stage. Table 5.19 show that the moisture transport in 75SF25FA is faster than in 100SG which 

is in agreement with the obtained moisture diffusivity values in Table 5.9. The fitted liquid 
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permeability for moisture transport in the large pore region of 50SG50FA has the highest value 

compared to 100SG and 75SG25FA. However, the liquid permeability values of moisture 

transport in the small pore region for 50SG50FA is similar to 75SG25FA even though the 

obtained apparent diffusivity values shown in Table 5.9 show that moisture transport during 

adsorption is faster in 50SG50FA than in 75SG25FA.  

Table 5.18 Parameters of the VG-Dual model used to simulate adsorption isotherms for alkali-activated 

binders. 

Sample w al (Pa) as (Pa) m n NME 

100SG 0.11 88× 105 98× 105 0.22 1.29 0.03 

75SG25FA 0.097 67× 105 98× 105 0.22 1.32 0.04 

50SG50FA 0.14 111× 105 121× 105 0.11 1.13 0.01 

 

Table 5.19 Parameters obtained from fitting Da-S adsorption data by means of implementing equation 2.44 

for  moisture transport in large pore region. 

Sample Kl (m2) Ks (m2) xd wf,D NME 

100SG 1 × 10-22 1 × 10-23 1.4 0.47 0.23 

75SG25FA 5 × 10-22 2 × 10-22 1.3 0.1 0.48 

50SG50FA 1 × 10-21 2 × 10-22 0.8 0.1 0.27 

 

Figures 5.40-5.42 present the simulated saturation profiles in the small and large pore regions 

in alkali-activated binders where it is shown that 50SG50FA reaches saturation the fastest 

followed by 75SG25FA and 100SG. In the case of moisture transport in the small and large 

pore regions, 75SG25FA has a similar value of vapour resistance factor but higher liquid 

permeability factor compared to 100SG which explains the reason for 75SG25FA reaching 

saturation faster than 100SG according to Figures 5.40 B and 5.41 B. Hence, the liquid 

permeability factor of the cementitious materials plays a more important role than the vapour 

resistance factor in slowing down and speeding up the adsorption process of cementitious 

materials. 
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Figure 5.40 Saturation profile at the end of wetting from 50% to 100% RH for 100SG in the large pore region 

(A) and in the small pore region (B). Profiles are simulated by implementing equations 2.43 and 2.45 in the 

dual permeability model and using the moisture transport parameters present in table 5.18-5.19.  

   

Figure 5.41 Saturation profile at the end of wetting from 50% to 100% RH for 75SG25FA in the large pore 

region (A) and in the small pore region (B). Profiles are simulated by implementing equations 2.43 and 2.45 

in the dual permeability model and using the moisture transport parameters present in table 5.18-5.19. 

   

A B 
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Figure 5.42 Saturation profile at the end of wetting from 50% to 100% RH for 50SG50FA in the large pore 

region (A) and in the small pore region (B). Profiles are simulated by implementing equations 2.43 and 2.45 

in the dual permeability model and using the moisture transport parameters present in table 5.18-5.19. 

Figures 5.43 and 5.44 present saturation profiles in 3D in the large and small pore regions for 

100SG binder exposed to wetting conditions for 1 year and drying conditions for 5 years, 

simulated by the dual permeability moisture transport model.  

   

Figure 5.43 100SG Saturation profiles in 3D for 100SG binder as a function of its thickness, in mm, during 

drying for 5 years (i.e. 1825 days) in the large and small pore regions simulated by implementing Equations 

2.43 and 2.45 in the dual permeability model. 

   

Figure 5.44 100SG Saturation profiles in 3D for 100SG binder as a function of its thickness, in mm, during 

wetting for 1 years (i.e. 365 days) in the large (A) and small pore regions (B) simulated by implementing 

Equations 2.43 and 2.45 in the dual permeability model. 

 

Moreover, Figure 5.45 represents comparison of saturation profiles of AAMs during 

desorption after 5 years and wetting after 1 month estimated by implementing equation 2.39.b 

to include the degree of saturation in the large and small pore regions of the cement.  

A B 
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Figure 5.45  Saturation profile at the end of drying from 100% to 50% RH  (A) and at the end of wetting 

from 50% to 100% RH (B) for 100SG, 75SG25FA and 50SG50FA of the alkali-activated binder simulated 

by the dual permeability model. 

In the case of wetting, the moisture transport simulated by the dual permeability model is slower 

than the transport simulated by the single permeability model in comparison between the 

saturation profiles shown in Figures 5.45 B  and 5.28 B. Whereas in the case of drying, the 

simulated moisture profiles by the single and dual permeability models are nearly the same for 

100SG and 50SG50FA. However, in the case of 75SG25FA binder the moisture transport 

predicted by the single permeability model is slightly slower than the transport predicted by the 

dual permeability model. 

5.5.5.2.3 Data Comparison with Dual Permeability Model Predictions 

In this section, Figure 5.46 present the predicted moisture profiles from the dual permeability 

model, compared with experimental data during wetting and drying conditions respectively. 

Note that the comparison of saturation profiles of AAMs and PC is based on the difference in 

the WVSIs as previously discussed in section 5.4.  
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Figure 5.46. Simulated saturation profile, dashed line, for AAMs 100SG, 75SG25FA,50SG50FA and data, 

circle symbol, of measured profiles for PC-0.45 at the end of wetting after 315 days, from 53.5% to 97% RH 

(A) and at the end of drying after 370 days from 89% to 53.5% RH (B). Data obtained from [179].  

 

In the case of wetting, the dual permeability model performed better than the single 

permeability model because the simulated saturation profiles for 100SG and 75SG25FA 

binders are closer to the data set than the profiles obtained by the single permeability model, 

according to Figure 5.30 A.  In the case of drying the single permeability model performed 

better than the dual permeability model because the simulated saturation profiles by the single 

permeability model for 100SG and 75SG25FA binders, shown in Figure 5.30 B, are more 

above the data set of PC-0.45. This should be the case due to the effect of high content of alkali 

ions present in pore solution on minimizing the evaporation of free water during the stage of 

desorption [206]. Finally, in comparison of the shape of the saturation profile at the end of 

drying for 50SG50FA simulated by the single and dual permeability models, the profile 

obtained by the dual permeability model includes the knee effect, the point of deviation where 

the curve goes into plateau shape, which represents the anomaly property of moisture transport 

in cementitious materials [60].  

5.5.5.3 Mechanistic Permeability Model 

The full WVSI, 0-100%RH , of 50SG50FA* is used to obtain parameters needed for the 

calculation of Kl,rel(S) and is based on the assumption that 50SG50FA and 50SG50FA* have 

a similar porous microstructure. Some of these parameters are the pore maxima pCi which are 

the inflection points within the moisture storage curves indicated by vertical dashed lines in 

Figures 5.47 and 5.48. The other parameters are the slopes, si, which are the slopes of straight 
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lines drawn tangent to the moisture storage curves at the inflections points shown in Figures 

5.47 and 5.48. The parameter ΔSi  represents the difference between the plateau levels in the 

moisture storage curves such that the sum of  ΔSi (where “ i is the number of plateau levels) 

must equal to 1 according to Equation 5.3. 

 

 

Figure 5.47 The moisture storage curves obtained from the adsorption isotherm of 50SG50FA* that is 

replotted in terms of the degree of saturation as a function of pC which is log(Pc/Pref) with Pref = 1 Pa [88]. 

The parameters shown in this graph are the pore maxima pCi which are the inflection points within the 

moisture storage curves indicated by vertical dashed lines. The other parameters are the slopes, si, of the 

moisture storage curve at the inflection points and are equal to the slope of straight lines drawn tangent to 

the curve at those points. The parameter 𝜟𝑺𝒊 represents the difference between the plateau levels, which are 

indicated by horizontal dashed line, in the moisture storage curves. Note that the subscript “i” is a number 

ranging from 1 to 3. 
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Figure 5.48 The moisture storage curves obtained from the desorption isotherm of 50SG50FA* that is 

replotted in terms of the degree of saturation as a function of pC which is log(Pc/Pref) with Pref = 1 Pa [88]. 

The parameters shown in this graph are the pore maxima pCi which are the inflection points within the 

moisture storage curves indicated by vertical dashed lines. The other parameters are the slopes, si, of the 

moisture storage curve at the inflection points and are equal to the slope of straight lines drawn tangent to 

the curve at those points. The parameter 𝜟𝑺𝒊 represents the difference between the plateau levels, which are 

indicated by horizontal dashed line, in the moisture storage curves. Note that the subscript “i” is a number 

ranging from 1 to 3. 

The isotherm parameters a, m, and n used in the mechanistic relative permeability function (i.e. 

Kl,rel(S); Equation 2.60) are obtained by fitting the Van Genuchten model, Equation 2.24, to 

the WVSIs data of 50SG50FA*.  Table 5.20 presents the fitted parameters of the VG isotherm 

model.  

Table 5.20 Parameters of the Van Genuchten model used to simulate WVSIs of 50SG50FA*. 

 a (Pa) m n NME 

Adsorption 479× 105 0.48 1.91 0.06 

Desorption 1165× 105 0.61 2.59 0.09 

 

Next, the scaling factors nsp  and ncap  are determined by fitting the mechanistic relative 

permeability curve, from Equation 2.60, with the curve generated by the van Genuchten-

Mualem model [74] , from Equation 2.32, as shown in Figure 5.49. The fitted scaling factors 

are shown in Table 5.21 with the accuracy of the curve fitting results. 
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Figure 5.49 Relative permeability curves obtained from the mechanistic relative permeability function and 

the van Genuchten-Mualem model in the case of adsorption (A) and desorption (B) for 50SG50FA*.   

In addition, the values obtained for ncap and nsp shown in Table 5.21 for both cases of adsorption 

and desorption are similar to the values found in [88] which are 0.38 and 2.8 for ncap and nsp, 

respectively.  

Table 5.21 The scaling factors 𝑛𝑠𝑝  and 𝑛𝑐𝑎𝑝  determined by fitting the mechanistic relative permeability 

curve with the curve generated by the van Genuchten-Mualem model. The normalized mean error (NME) is 

used to assess the accuracy of the curve fitting results in Figure 5.49. 

 𝐧𝐬𝐩 𝐧𝐜𝐚𝐩  NME 

Adsorption 4 0.3 0.45 

Desorption 3 0.5 0.37 

 

After obtaining the scaling factors for the mechanistic relative permeability function, the 

saturation profiles for 50SG50FA at end of drying and wetting are simulated by the mechanistic 

permeability model and are shown in Figure 5.50. In addition, the values for the effective liquid 

permeability factors for moisture transport during desorption and adsorption are 1.2×10-22 m2 

and 6×10-22 m2 , respectively, which are the values initially obtained for the single permeability 

model. The Van Genuchten model, Equation 2.24, is also applied in the mechanistic 

permeability model to predict the WVSIs of 50SG50FA. The parameters for the VG model are 

shown in Table 5.22 with the accuracy of curve fitting the model with data of WVSIs obtained 

for 50SG50FA from the DVS. 
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Table 5.22 Parameters of the Van Genuchten model used to simulate WVSIs of 50SG50FA and implemented 

in the mechanistic permeability model. 

 a (Pa) m n NME 

Adsorption 121× 105 0.11 1.13 0.01 

Desorption 774× 105 0.31 1.44 0.003 

 

Figure 5.50 shows that the saturation profiles, simulated by the mechanistic permeability 

model, reaches the full dried and wet conditions in two years and one year, respectively. In 

comparison with the saturation profiles obtained by the single permeability, Figures 5.25 C 

and 5.27 C, the moisture transport simulated by the mechanistic model is predicted to be faster 

even though the same values for liquid permeability factor in case of desorption and adsorption 

have been used in both models. The difference between the two permeability models is in the 

form of the relative permeability function and the vapour resistance factor that may have caused 

the great difference in the simulated saturation profiles.     

   

Figure 5.50 Saturation profile at the end of drying from 100% to 50% RH (A) and wetting from 50% to 

100% RH (B) for 50SG50FA binder. Profiles are simulated by Equation 2.33 where the apparent moisture 

diffusivity parameter is obtained implementing Equations 2.50 and 2.55 in Equation 2.49. The moisture 

transport parameters are presented in Table 5.19 with liquid permeability factors of 1.2×10-22 m2 and  

6×10-22 m2 implemented in the transport of moisture during desorption (A) and adsorption (B), respectively. 

 

Figure 5.51 presents saturation profiles in 3D for 50SG50FA binder exposed to wetting 

condition for 1 year and drying condition for 5 years simulated by the mechanistic permeability 

moisture transport model.  
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Figure 5.51 Saturation profiles in 3D for 50SG50FA binder as a function of its thickness, in mm, during 

wetting for 1 year (A) (i.e. 365 days ) and during drying for 5 years (B) (i.e. 1825 days) simulated by the 

single permeability moisture transport model. 

5.5.5.3.1 Data Comparison with Mechanistic Permeability Model Predictions 

In this section the saturation profiles for 50SG50FA binder simulated by single, dual and 

mechanistic permeability moisture transport models are compared to each other with the data 

set obtained for PC-0.45 at the end of the wetting and drying experiments. It can be seen in 

both cases of wetting and drying, as shown in Figure 5.52, the moisture transport simulated by 

the mechanistic model is predicted to be faster in comparison with the single and dual 

permeability models. The reason can be that the mechanistic model does not accurately account 

for the anomaly effect (presented as a knee point in the shape of the saturation profile) in 

moisture transport, during desorption and adsorption, as much as the single and dual 

permeability models. It can also be seen that the simulated moisture transport predicted by the 

dual permeability model is the slowest because it accounts for the moisture hysteresis effect 

more than the single and mechanistic models in both cases of adsorption and desorption. Hence, 

the dual porosity moisture transport model can be a suitable tool for the prediction of the 

amount of evaporable water content in the pores of the alkali-activated binder, made of a mixed 

composition, as a function of the relative humidity of exposure environment.  

A 
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Figure 5.52 Simulated saturation profile, dashed line, for 50SG50FA and data, circle symbol, of measured 

profiles for PC-0.45 at the end of wetting after 315 days, from 53.5% to 97% RH (A) and at the end of drying 

after 370 days  from 89% to 53.5% RH (B). Data obtained from [179].  

 

5.5.6 Upscaling of Moisture Transport Properties from Cement to Mortar and Concrete 

The layer that forms within the concrete structure when the material is cast during the 

construction stage in service conditions is shown in Figure 5.53. As can be seen in this Figure, 

the surface of the concrete cover, next to the formwork, is mostly composed of a cement skin 

with about 0.1 mm thickness. After this layer, the first 5 mm is composed of a mortar phase 

containing less aggregate and more sand than the remaining cover which is the bulk concrete 

phase containing some air voids. Consequently, modelling moisture transport in concrete 

should be done mainly into two phases; mortar and concrete phases. As has already been 

discussed in section 2.14.2 of Chapter 2, the chloride content in the vicinity of the surface layer 

tends to increase to a maximum and then decrease along the depth of the concrete cover [7]. 

This has been explained by the combined effect of capillary suction and moisture evaporation 

at the surface of the concrete [164]. Consequently, for this research the moisture transport in 

the first 5 mm thickness of the concrete is simulated by the single permeability model. This is 

to account for the faster mode of transport of evaporable water, that carries the corroding 

agents, in the mortar skin layer of the concrete during wetting and drying cycles. Whereas, for 

the remaining concrete cover the moisture transport is simulated by the dual permeability model 

which accounts more for anomaly effect through the reduction in speed of moisture transport 

in the bulk concrete phase. The following sections 5.5.6.1 and 5.5.6.2 describe the upscaling of 

moisture transport properties from cement to mortar and concrete. 
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Figure 5.53 The cement and mortar skin of the concrete cover affected by the contact with formwork during 

the process of concrete casting. Figure obtained from [221]. 

5.5.6.1 Mortar and Concrete Isotherms 

The first step is the determination of the isotherms of alkali-activated mortars and concretes. 

Figure 5.54 represents data obtained from literature, [205] [69] [222] , of desorption isotherms 

for the same type of cement, CEM I, at cement, mortar and concrete level, although the mortar 

had a lower water content than cement and concrete.  

 

Figure 5.54 Water vapour desorption isotherms for Portland cement at cement, mortar and concrete scale. 

Data obtained from [69, 205, 222]. 
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According to Figure 5.54, it is assumed that the water vapour sorption isotherms of alkali-

activated binders have the same set of values of degree of saturation as a function of relative 

humidity, during adsorption and desorption, when the binders are placed in mortar and concrete 

mix designs. This assumption is based on the close values of degree of saturation of Portland 

cement, mortar and concrete exposed to desorption as shown in Figure 5.54.  

The following section describes the simulation of moisture transport in alkali-activated mortar 

and concrete by the single permeability model and the dual permeability model, respectively. 

5.5.6.2 Moisture Transport in Alkali-Activated Mortars and Concretes 

The next step is the determination of the moisture permeability properties of mortar and 

concrete. Wang et al. [223] have considered the diffusivity of moisture in cement is faster than 

in aggregate. Based on their statement, the moisture diffusivity in concrete, mostly made of 

binder and aggregate, can be predicted using Equation 5.8 developed by Xi et al. [224]. 

DH−H = DHcp (1 +
gi

(
1 − gi
3 − 1)

) (5.8) 

 

DHcp; Moisture diffusivity in cement phase 

gi; Volume fraction of aggregates 

For this research the volume fraction of aggregates, gi, used in Equation 5.8 is set to 0.66, 

which is  similar to the value of 0.65 used by Wang et al. [223], to determine moisture 

diffusivity in concrete (DH−H). The parameter gi is also set as the ratio of binder to sand for 

the determination of moisture diffusivity in mortar. The value for binder to sand ratio used in 

alkali-activated mortar is 0.33. Figures 5.55-5.56 present the upscale moisture diffusivity data 

from the desorption and adsorption of 100SG, 75SG25FA and 50SG50FA from cement to 

mortar and concrete. However, it should be noted that Xi et al. [224] have developed Equation 

5.8 based on the mechanism of microstructural evolution of interfacial transition zone (ITZ) 

formed in Portland cement concrete. The interfacial transition zone is an area between the 

aggregate and cement paste, in the concrete, formed during casting and has a different 

microstructure compared to the surrounding hydrated cement paste. The difference in 

microstructure is caused by higher w/b content in the ITZ compared to the paste matrix which 

leads to a higher proportion of pores in the ITZ region [225, 226]. This is not the case for alkali-
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activated slag and alkali-activated fly ash-slag concretes. The ITZ formed in the case of alkali-

activated slag concrete has a more uniform microstructure (i.e. containing less pores) as a result 

of the filling of reaction products known to be the C-A-S-H gels [227] [228, 229]. Whereas in 

the case of alkali-activated fly ash- slag concrete, the ITZ region contains a higher effective 

alkaline activator/precursor ratio compared to the paste matrix which accelerates the hydration 

reaction which induces the formation of C-(N)-A-S-H gels that fill up the empty spaces in the 

ITZ [230]. Hence, the main limitation of this approach in upscaling the moisture transport 

properties from alkali-activated cement to mortar and concrete is not accounting for the 

difference in pore solution chemistry between alkali-activated concrete and Portland cement 

concrete leading to their ITZ regions to possess different chemical and physical properties 

[230]. 

 

 

Figure 5.55 Da vs. RH data from the desorption of 100SG (A) 75SG25FA(B) 50SG50FA(C) from cement 

to mortar and concrete resulting from the upscaling procedure. 
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Figure 5.56 Da vs. RH data from the adsorption of 100SG (A) 75SG25FA(B) 50SG50FA(C) from cement 

to mortar and concrete resulting from the upscaling procedure. 

Moreover, Ismail et al. [152] have reported values of porosity of alkali-activated mortars and 

concretes with similar mix designs to the studied alkali-activated binders in this research, as 

presented in Table 5.23. These values are implemented in the single and dual moisture 

transport models to simulate the saturation profiles in alkali-activated mortars and concretes. 

Table 5.23 values of porosity of alkali-activated mortars and concretes obtained from  

literature [152]. 

 100SG 75SG25FA 50SG50FA Ref. 

Mortar 0.0798 0.0833 0.079 [152] 

Concrete 0.156 0.148 0.136 [152] 
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5.5.6.2.1 Single Permeability Moisture Transport in Alkali-activated Mortar 

This section describes the simulated saturation profiles, by the single permeability moisture 

transport model, in alkali-activated mortars exposed to drying and wetting conditions for 5 

years and 1 year respectively. 

Desorption 

Equations 2.34 and 2.35 are used to fit the Da vs. S data for alkali-activated mortars, obtained 

from upscaling the data of moisture diffusivities of alkali-activated binders, as shown in Figure 

5.57. It can be seen in this figure that the relationship between the model and experimental data 

is not in the right shape for 100SG, although it is better for 75SG25FA and 50SG50FA. The 

fitted moisture transport parameters, K and xd, are implemented in Equation 2.33 to predict the 

saturation profile at the end of desorption of alkali-activated mortars according to Figure 5.58. 
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Figure 5.57 Circular symbols represent experimental Da data obtained during the desorption of 100SG (A), 

75SG25FA(B) and 50SG50FA (C) mortars. The measured curves of Da, lines, are fitted by means of 

implementing equations 2.34 and 2.35 in equation 2.33. 

Tables 5.24 and 5.25 present the fitted parameters of the VG isotherm model and single 

permeability model for moisture transport in alkali-activated mortars during the desorption 

stage. According to Table 5.25, 50SG50FA has the lowest vapour resistance factor compared 

to 100SG and 75SG25FA. Whereas, 75SG25FA has slightly higher vapour resistance and 

liquid permeability values compared to 100SG. It can be seen in Figure 5.58 that 50SG50FA 

binder reaches the drying stage at 50%RH faster than 75SG25FA followed by 100SG.  

Table 5.24 Parameters of the Van Genuchten model used to simulate desorption isotherms of alkali-activated 

mortars. 

Sample a (Pa) m n NME 

100SG 422× 105 0.38 1.61 0.01 

75SG25FA 437× 105 0.4 1.65 0.01 

50SG50FA 774× 105 0.31 1.44 0.003 

 

 

Table 5.25 Parameters obtained from fitting Da-S desorption data of alkali-activated mortars by means of 

implementing equations 2.34 and 2.35 in the single permeability moisture transport model. 

Sample K (m2) xd NME 

100SG 1 × 10−23 1.7 0.54 

75SG25FA 3 × 10−23 1.8 0.44 

50SG50FA 1 × 10−23 1 0.43 
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Figure 5.58 Saturation profile at the end of drying from 100% to 50% RH for 100SG(A), 75SG25FA (B). 

and 50SG50FA (C) binders simulated by implementing Equations 2.34 and 2.35 in Equation 2.33 and using 

the moisture transport parameters present in Tables 5.24-5.25. 

Adsorption 

Equations 2.34 and 2.35 are used to fit the Da vs. S data for alkali-activated mortars, obtained 

from upscaling the data of moisture diffusivities of alkali-activated binders, as shown in Figure 

5.59. It can be seen in this Figure that the model and experimental data is in good agreement 

for all the alkali-activated mortars. The fitted moisture transport parameters, K and xd, are 

implemented in Equation 2.33 to predict the saturation profile at the end of adsorption of alkali-

activated mortars according to Figure 5.60.  

 

  

 

 

Figure 5.59 Circular symbols represent experimental Da data obtained during the adsorption of 100SG (A), 

75SG25FA(B) and 50SG50FA (C) mortars. The measured curves of Da, lines, are fitted by means of 

implementing Equations 2.34 and 2.35 in Equation 2.33. 
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Tables 5.26 and 5.27 present the fitted parameters of the VG isotherm model and single 

permeability model for moisture transport in alkali-activated mortars during the adsorption 

stage. According to Table 5.27, 50SG50FA has the lowest vapour resistance factor compared 

to 100SG and 75SG25FA. 75SG25FA has the lowest liquid permeability factor compared to 

100SG. 100SG and 75SG25FA have the exact value for the vapour factor which explains the 

reason for both mortars to contain similar saturation profiles at the end of wetting as shown in 

Figure 5.60. 

Table 5.26 Parameters of the Van Genuchten model used to simulate adsorption isotherms of alkali-activated 

mortars. 

Sample a (Pa) m n NME 

100SG 98× 105 0.22 1.28 0.04 

75SG25FA 97× 105 0.22 1.28 0.03 

50SG50FA 121× 105 0.11 1.13 0.01 

 

 

Table 5.27 Parameters obtained from fitting Da-S adsorption data, of alkali-activated mortars, by means of 

implementing equations 2.34 and 2.35 in the single permeability moisture transport model. 

Sample K Xd NME 

100SG 1 × 10−22 1.4 0.28 

75SG25FA 5 × 10−23 1.4 0.45 

50SG50FA 1 × 10−22 0.8 0.25 

 

 

Figure 5.60 Saturation profile at the end of wetting from 50% to 100% RH for 100SG(A), 75SG25FA (B). 

and 50SG50FA (C) binders simulated by implementing equations 2.34 and 2.35 in the single permeability 

model and using the moisture transport parameters present in Tables 5.26 and 5.27.  
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5.5.6.2.2 Dual Permeability Moisture Transport in Alkali-Activated Concrete 

This section describes the simulated saturation profiles, by the dual permeability moisture 

transport model, in the large and small pore regions of the binder phase in alkali-activated 

concretes exposed to drying and wetting conditions for 5 years and 1 year respectively. In 

addition, the values of the volumetric fraction of the large pore region and the contribution 

factor of the large pore region to moisture transport are also applied to model the transport of 

moisture in the large and small pore regions of the binder phase in the alkali-activated concrete.  

Desorption 

Equations 2.44 and 2.46 are implemented in Equation 2.42 to fit the data of moisture 

diffusivity vs. the degree of saturation  (i.e. Da vs S data) for alkali-activated concretes, obtained 

from upscaling the data of moisture diffusivities of alkali-activated binders to concrete level as 

shown in Figure 5.61. It can be seen in these Figures that the model trend is not the same as 

the experimental data for 100SG and 50SG50FA, although it is better for 75SG25FA. 
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Figure 5.61 Circular symbols represent experimental Da data obtained during the desorption of 100SG (A), 

75SG25FA (B) and 50SG50FA (C). The measured curves of Da (lines) are obtained by means of fitting the 

overall moisture transport equation (Eq. 2.42) which includes moisture transport in the large pore region (Eq. 

2.44) and small pore region (Eq.2.46) along with the transport contribution factor from the large pore region 

(wf,D).  

Table 5.28 and Table 5.29 present the fitted parameters of the VG-Dual isotherm model and 

dual permeability model for moisture transport in alkali-activated concretes during the 

desorption stage. Equation 2.44 and 2.46 are implemented in Equations 2.43 and 2.45 to 

simulate the saturation profiles in the large and small pore regions of the binder phase in alkali-

activated concrete at the end of drying by using parameters presented in Table 5.29. The 

saturation profiles for alkali-activated concretes are shown in Figure 5.62. According to the 

fitted moisture permeability factor for the transport in small pore region, as shown in Table 

5.29, 75SG25FA concrete has a higher vapour resistance factor and liquid permeability factor 

than 100SG concrete. According to Figure 5.62 A the desorption process in 75SG25FA is 

slower than in 100SG even though the liquid permeability factor for moisture transport in large 

pore region of 75SG25FA is 1.25 times higher than in 100SG. Thus, the vapor resistance factor 

also plays a dominant role in the transport of moisture during the desorption process of alkali-

activated concrete. Although 50SG50FA concrete has the lowest vapor resistance factor and 

liquid permeability factor compared to 100SG and 75SG25FA, it is shown in Figure 5.62 C 

that 50SG50FA reaches the drying stage at 50%RH the fastest. The reason can because 

50SG50FA has the lowest vapor resistance factor which dominates the transport of moisture 

during the desorption stage. 
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Table 5.28 Parameters of the VG-Dual model used to simulate desorption isotherms for alkali-activated 

concretes. 

Sample w al (Pa) as (Pa) m n NME 

100SG 0.11 160× 105 524× 105 0.41 1.69 0.01 

75SG25FA 0.097 215× 105 492× 105 0.41 1.68 0.01 

50SG50FA 0.14 238× 105 1621× 105 0.59 2.43 0.002 

 

Table 5.29 Parameters obtained from fitting Da(l) desorption data, of alkali-activated concretes, by means of 

implementing equation 2.44 for  moisture transport in the large pore region.   

Sample Kl (m2) Ks (m2) xd wf,D NME 

100SG 4 × 10−23 2 × 10−24 1.8 0.15 0.56 

75SG25FA 5 × 10−23 1 × 10−23 2 0.11 0.41 

50SG50FA 1 × 10−24 5 × 10−25 0.7 0.1 0.92 

 

 

 

Figure 5.62 Saturation profile at the end of drying from 100% to 50% RH for alkali-activated concretes in 

the large pore region (A), in the small pore region (B) and total saturation (C). Profiles are simulated for 

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0 10 20 30 40 50

D
e

gr
e

e
 o

f 
Sa

tu
ra

ti
o

n
 in

 L
ar

ge
 P

o
re

 R
e

gi
o

n

Distance (mm)

100SG DES-5 year
75SG25FA DES-5 year
50SG50FA DES-5 year

A
0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50

D
e

gr
e

e
 o

f 
Sa

tu
ra

ti
o

n
 in

 S
m

al
l P

o
re

 R
e

gi
o

n
 

Distance (mm)

100SG DES-5 year
75SG25FA DES-5 year
50SG50FA DES-5 year B

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0 10 20 30 40 50

D
e

gr
e

e
 o

f 
Sa

tu
ra

ti
o

n

Distance (mm)

100SG DES-5 year
75SG25FA DES-5 year
50SG50FA DES-5 year

C



226 

 

100SG, 75SG25FA and 50SG50FA by implementing Equations 2.43 and 2.45 in the dual permeability 

model and using the moisture transport parameters presented in Tables 5.28-5.29. 

Adsorption 

Equations 2.44 and 2.46 are implemented in Equation 2.42 to fit the data of moisture 

diffusivity vs. the degree of saturation  (i.e. Da vs S data) for alkali-activated concretes, obtained 

from upscaling the data of moisture diffusivities of alkali-activated binders to concrete level as 

shown in Figure 5.63. It can be seen in this Figure that the model and experimental data is in 

good agreement for moisture transport in alkali-activated concretes.  

  

 

Figure 5.63  Circular symbols represent experimental Da data obtained during the desorption of 100SG (A), 

75SG25FA (B) and 50SG50FA (C). The measured curves of Da (lines) are obtained by means of fitting the 

overall moisture transport equation (Eq. 2.42) which includes moisture transport in the large pore region 

(Eq. 2.44) and small pore region (Eq.2.46) along with the transport contribution factor from the large pore 

region (wf,D). 

Table 5.30 and Table 5.31 present the fitted parameters of the VG-Dual isotherm model and 

dual permeability model for moisture transport in alkali-activated concretes during the 

adsorption stage. Equations 2.44 and 2.46 are implemented in Equations 2.43 and 2.45 to 
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simulate the saturation profiles in the large and small pore regions of the binder phase in alkali-

activated concrete at the end of wetting by using parameters presented in Tables 5.30-5.31. 

The saturation profiles for alkali-activated concretes are presented in Figure 5.64.  

Table 5.30 Parameters of the VG-Dual model used to simulate adsorption isotherms for alkali-activated 

concretes. 

Sample w al (Pa) as (Pa) m n NME 

100SG 0.11 88× 105 98× 105 0.22 1.28 0.03 

75SG25FA 0.097 67× 105 98× 105 0.22 1.28 0.04 

50SG50FA 0.14 111× 105 121 × 105 0.11 1.13 0.01 

 
 

Table 5.31 Parameters obtained from fitting Da(S)l adsorption data, of alkali-activated concretes, by means 

of implementing equation 2.44 for moisture transport in the large pore region. 

Sample Kl (m2) Ks (m2) xd wf,D NME 

100SG 1 × 10−22 1 × 10−23 1.6 0.15 0.25 

75SG25FA 1 × 10−22 1 × 10−23 1.5 0.11 0.52 

50SG50FA 2 × 10−22 5 × 10−23 1 0.1 0.35 
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Figure 5.64 Saturation profile at the end of wetting from 50% to 100% RH for 100SG  75SG25FA, 

50SG50FA in the large pore region (A), in the small pore region (B) and total saturation (C) . Profiles are 

simulated by implementing Equations 2.43 and 2.45 in the dual permeability model and using the moisture 

transport parameters presented in Tables 5.30-5.31.  

Overall, the studied moisture permeability models have been attained from studies on moisture 

transport properties of Portland cement solely at binder level [62, 70, 79, 88]. The studied 

models neglect the fine and/or coarse aggregate effect that blocks the propagation of moisture 

through the pores of the binder. In addition, the effect of the interfacial transition zone – ITZ- 

in concrete which is the region of the cement paste around the aggregate particles [231], can 

induce pores that are bigger than the pores present in the bulk binder phase of Portland cement 

concrete as previously discussed in section 5.5.6.2. This can further increase the complexity of 

the pore network of the concrete. However, in this study an approach has been taken to simulate 

moisture transport in alkali-activated mortar and concrete by implementing Equation 5.8 to 

estimate the apparent moisture diffusivity at mortar and concrete levels. This approach includes 

the effect of aggregate, according to Equation 5.8, which lowers the value of moisture transport 

throughout the pores of the binder phase but does not include the impact of pore solution 

chemistry of AAMs that condenses the microstructure of ITZ in alkali-activated concrete. 

Moreover, it should be noted that the values for the moisture permeability factor, K, obtained 

for alkali-activated concretes in this study are lower than the range of 0.98 − 8.88 × 10−21 

obtained for PC based concretes by different experimental methods reported in [79]. 

5.6 Conclusions 

 

Based on the results of this study, the following conclusions can be drawn: 
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1. The effect of the high content of alkali ions present in the pore solution of AAMs can 

minimize the evaporation of free water during the stage of desorption. The same effect 

has been reported for the presence of dissolved sodium hydroxide that lowers the extent 

of evaporation of water from the aqueous solution [206]. Whereas in the case of 

adsorption, the free alkali ions induce further hydration reactions with the remaining 

unreacted precursors due to the presence of moisture condensing on the pore walls and 

forming into liquid water. This results in pore refinement because of the formation of 

hydrates that fill up the pores of the binder. Consequently, the degree of hysteresis 

between the adsorption and desorption curves lowers because of the development of the 

binder with a more uniform pore size and dense microstructure.   

2. During moisture transport, the vapour resistance factor of the cementitious materials 

plays an important part in slowing down and speeding up the desorption process. 

Whereas, the liquid permeability factor of the cementitious materials plays a more 

important role in slowing down and speeding up the adsorption process.  

3. The values of the vapour resistance factor for all the studied cementitious materials in 

both cases of adsorption and desorption are quite similar. However, values of the liquid 

permeability factor for all the materials are higher in the case of adsorption than in the 

case of desorption. 

4. The single porosity moisture transport model predicted the estimated saturations 

profiles of AAMs during the wetting experiment but not during the drying experiment 

for the case of blended alkali-activated binder (i.e. 50SG50FA). The model falls short 

on predicting the saturation profile for blended cements due to the presence of complex 

microstructure containing more than one type of pore size. 

5. The mechanistic model does not accurately account for the anomaly effect (presented 

as a knee in the shape of the saturation profile) in moisture transport, during desorption 

and adsorption stages. 

6. The dual permeability model predicts the saturation profile better than the single 

permeability model because it includes the anomaly effect of moisture transport by 

accounting the fast and slow transport of moisture in two different pore size regions of 

a material with a complex microstructure such as the case of blended cements [60, 62]. 

It also includes an interconnectivity factor that represents the transport of moisture 

between the large and small pore regions of the cement during adsorption and 

desorption stages [62].  
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7. An approach has been taken to simulate moisture transport in mortar and concrete by 

accounting the effect of sand and aggregate in lowering the moisture diffusivity through 

the pores of the binder phase.  

 

Overall the current existing mathematical descriptions to model sorption isotherms and 

moisture transport are largely formulated for Portland cement-based binders, and so they fall 

short in dealing with alkali-activated cements as these are quite different in their chemistries, 

especially in relation to their highly alkaline pore solutions. Hence, a model that accounts for 

the microstructure and effect of pore solution during moisture transport needs to be developed. 

The moisture transport calculations in mortar and concrete layer in the concrete cover will be 

used to estimate the degree of water saturation in the concrete cover as a function of time and 

thickness of the cover to model the chloride transport in the aqueous phase and carbonation 

reaction in the gaseous phase of the pores of the binder as will be discussed in Chapter 6. 
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Chapter 6: Coupling Chloride Ingress 

and Carbonation for Service Life 

Prediction of Alkali-Activated 

Concrete 
 
Abstract 

The serviceability limit state of a concrete structure exposed to a corrosive environment has 

often been calculated by service life models (SLM) solely based on Fick’s second law for 

chloride diffusion [159]. The main limitation of this type of model is that it does not account 

for various modes of transport and reactions that occur when the concrete is exposed to 

unsaturated conditions; moisture transport, chloride ingress and carbonation reactions can 

occur at the same time and influence the durability of the structure. Hence, a numerical model 

has been developed and validated for service life prediction of alkali-activated concrete (AAC) 

in marine splash zone conditions. However, one major drawback of this model is that it is 

deterministic, with a single output value in service life calculations. This is a disadvantage 

because the performance properties of multiple elements made from any given concrete are 

intrinsically scattered, leading to a variation in the serviceability limit state of the overall 

structure.    

Therefore, the focus of this research is to probabilistically calculate the service life of AAC by 

using the developed model. The sensitivity analysis will incorporate consideration of the mix 

design of AAC as well as carbonation kinetics, chloride binding, ageing and moisture 

permeability values, which are systematically varied in the model in order to provide a range 

of values for service life. Thus, uncertainty values are estimated for the service life calculation 

of AAC. This also enables the assessment of the main mix variables and durability parameters 

that have the most impact on the calculated service life of AAC. This is important for efficient 

decision-making in material design of concrete for suitable structural applications and with low 

environmental impact. 

Keywords: Alkali-activated concrete, Reactive transport, Probabilistic Service Life Prediction  
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6.1 Introduction and aim 

The entry of chloride ions from the environment into concrete can occur through several modes 

of transport, such as advection due to a pore capillary pressure gradient, diffusion caused by a 

concentration gradient, and migration from a potential gradient in the ionic pore solution [162]. 

There are various analytical models, based on modified versions of the classical error function 

solution of Fick’s second law, used to solely model the diffusional transport of chloride ions. 

The HETEK model [184] implements a variable surface chloride boundary condition in 

modelling the chloride diffusion in concrete. The ClinConc model [160] simulates the chloride 

diffusion by taking into account the non-linear chloride binding along the concrete cover [159, 

160]. The DuraCrete model [232] is a probabilistic model that predicts the service life based 

on the distribution values of its durability parameters in the error function solution to Fickian 

diffusion [47]. All these models have been developed but none have included the effect of 

changes in the phase assemblage of cement hydrates, during a deterioration reaction, on the 

mass transport. This is a deterioration mode that occurs when the structure is exposed in 

unsaturated service conditions favouring the impact of carbonation reactions on chloride 

ingress. These conditions occur most likely in marine splash zone environments where aerosol 

chlorides, from the sea, and atmospheric CO2 dissolve and propagate through the capillary 

pores of the concrete and begin corrosion reactions. 

Reactive transport modelling is a multi-physics tool used to model the transport of ions, in a 

reactive porous media such as concrete, by the use of various modes of transport equations 

included in the Poisson-Nernst-Planck equation [18]. In addition, it models the transport of free 

ions in the pore solution by including a reaction term in the transport equation to account for 

the reaction between the aqueous species and solid hydrates. Some recent literature has used 

reactive transport to model solute transport in concrete exposed to carbonation and/or chloride 

ingress [17]. For example, Xie et al. [5] have modelled the concurrent effects of carbonation 

on chloride ingress in Portland cement based concrete by a reactive transport model developed 

by them. However, those authors have highlighted the fact that their model is solely based on 

Portland cement, whereas incorporating supplementary cementitious materials (SCMs) along 

with PC would change the reactants for carbonation and chloride binding isotherms because of 

the formation of complex hydrates. In addition, they have pointed out that the moisture and 

ionic model, used as sub-models in their reactive transport model, need further justification in 

order to improve the description of mass transport in cements. 
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In this paper, a numerical model accounting for carbonation-chloride induced reactions is 

proposed and validated against chloride profile data for a structure exposed in unsaturated 

conditions. With this validation and basic model refinement implemented, the model has been 

used to probabilistically predict the service of AAC based on carbonation-chloride induced 

corrosion thresholds. Finally, sensitivity analysis has been conducted for the assessment of the 

main mix variables and durability parameters that have the most impact on the calculated 

service life of AAC.  

6.2 Materials and Methodology 

6.2.1 Raw Materials and Mix Designs: 

Table 6.1 describes the mix designs of the alkali-activated mortars studied in this research. 

Table 6.1 Mix design of alkali-activated mortars. 

Sample 
Na2O (Wt.% of 

Binder) 

Mr 

(nSiO2/nNa2O) 
water/binder Sand/binder 

100SG 4 1.5 0.5 3 

75SG25FA 4 1.5 0.45 3 

50SG50FA 4 1.5 0.4 3 

CEMII - - 0.5 3 

 

6.2.2 Test Methods 

6.2.2.1 Bulk Resistivity Measurements 

The embedded electrode method (EEM) is used to measure the resistivity of the alkali-activated 

mortars. The methodology is explained in “Chapter 2: Materials and Methods”.  

6.2.2.2 Calculation of concentration of pore solution ions in Alkali-activated binders 

The open source software GEM-Selektor v.3 (https://gems.web.psi.ch/ [233]) was utilised, 

where the mineralogical composition, extent of degree of reaction for the precursors, and mix 

design of the alkali-activated binders were set as inputs in order to obtain the concentrations of 

ions present in the aqueous phase of the binders. The methodology is explained in “Chapter 3 

Materials and Methods”.  

6.2.3 Estimation of Chloride Profile of Alkali-Activated Concrete in Real Service Conditions 

In this research, a link between chloride data in laboratory and service conditions is made, to 

predict the chloride profiles in AAMs for the same number of years that a PC based structure 

is exposed in a real marine environment. For this outcome to be estimated, the following steps 

https://gems.web.psi.ch/
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have been implemented. First, periodic resistivity measurements, through the embedded 

electrode method [173], have been performed on alkali-activated and Portland cement-based 

mortars submerged in water for 288 days at three different testing temperature conditions: 10, 

20 and 30°C. 

Next, the data obtained are used to estimate the time evolution of formation factor of the 

mortars, that is needed to calculate the aging factor and be included in the effective diffusion 

of chloride ions. This aging factor represents the extent of cement hydration resulting from 

pozzolanic activity. The third step is comparison between the chloride profile of laboratory PC 

concrete extrapolated to 25 years and the chloride profile, obtained from literature, of a PC 

structure exposed for the same number of years [163]. Based on differences between these 

results, the chloride aging model for PC has been readjusted to incorporate effects of real 

service conditions on the durability of the concrete. Finally, combining the real service chloride 

profile of PC-based concrete and the scaling factors of the chloride profiles between AAM and 

PC-based mortars, obtained in laboratory conditions, the chloride profile of AAM-concrete in 

real conditions after 25 years is predicted. The data will be used to validate the proposed 

numerical model. 

 

6.3  Fundamental Relations 

Concrete is described as a reactive porous medium with a variable moisture state that is 

dependent on the environmental relative humidity. The pore saturation degree governs the 

effect of carbonation on chloride ingress when its value is in the low and medium ranges, 

whereas under complete saturation, only chloride ingress would take place [62]. The 

relationship between the degree of water saturation, S, and pore volume of the material is 

introduced in Equation 2.18. Equivalently, the degree of saturation can be defined in terms of 

effective porosity according to Equation 2.19. 

 

6.3.1 Coupled Reactive Mass Transport Model 

The concrete is made of solid phases consisting of cement hydrates, residual precursors, and 

inert phases. Carbonation and chloride ingress could induce modifications in terms of changes 

in the microstructure, alkalinity and ionic strength of the pore solution. These changes can 

either enhance or limit the transport rate of corrosive agents towards the rebar. Therefore, 

coupling moisture transport, that determines the degree of saturation, ε, diffusion of chloride 
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with minimal chloride binding in the liquid phase, and flow of carbon dioxide in the gas phase, 

has been implemented to account for the presence of several corrosive agents from the 

environment [5, 106].  

Michel et al. [18] have proposed a modelling framework to describe leaching and carbonation 

reactions in a saturated concrete by accounting for the changes in pore structure, that is 

separately induced by these reactions, on mass transport of ions in the pore solution. They have 

described the mass transport in cement based materials along with chemical equilibrium 

between ions in the pore solution and solid hydrates through an extended version of the 

Poisson-Nernst-Planck (PNP) system of equations. The model of mass transport is coupled 

with a thermodynamic modelling program in which results of the transport of ions serve as 

input for the dissolution and precipitation reactions of the solid hydrates. Then the results 

obtained from the chemical equilibrium equations are used as initial value for the subsequent 

mass transport equations, as a function of space and time. Further information on coupling 

these two models (i.e. mass transport and thermodynamic model) can be found in [18]. The 

mass transport equation coupled with the chemical equilibrium term, 𝑞𝑖, is described in 

Equation 6.1. 

 

ε
∂Ci

∂t
+ci

∂ε

∂t
= ∇(Diε∇Ci + DiCi ∇ ε − Aiziεci ∇ϕ) + νε∇Ci + νCi∇ε + qi (6.1) 

 

ε; degree of saturation 

Ci; ionic concentration of species i in the liquid phase 

Di; diffusion coefficient of the ith ionic species. 

zi; valence of the ith ionic species. 

ϕ; electric potential 

ν; velocity of the liquid phase 

Ai; ion mobility of the ith ionic species 

qi; chemical equilibrium term that accounts for the reactions among ions present in the pore 

solution. The term also accounts for the equilibrium between the aqueous ionic species and the 

cement hydrates, and between the aqueous ionic species and the gaseous components in the air-

filled space of the pore.  

The first and second terms of Equation 6.1 describe the diffusion and effect of moisture 

gradient changes on the ion concentrations, respectively, and the third term accounts for the 

effect of diffusion of the ith ionic species due to the development of electrical potential gradient 
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caused by the difference in concentration of pore solution ions, with different valences, across 

the concrete. Finally, the fourth and fifth terms account for the advective motion due to 

moisture gradients. 

However, in this research the proposed model in Equation 6.1 is utilized with the assumption 

that the ionic movement is caused by moisture and concentration gradients, excluding the 

electrical potential gradient in the third term on the right hand side. The electrical potential 

gradient is set to zero based on the assumption that the electro-neutrality of the pore solution is 

maintained. 

 In addition, the thermodynamic software is not directly coupled with the mass transport 

equations, but rather the chemical equilibrium term that accounts for chloride binding and 

carbonation reactions is implemented through empirical relationships.  

In this research, the following system of partial differential equations (PDEs),6.2, is used to 

describe the physical-chemical phenomena taking place inside unsaturated concrete exposed to 

simultaneous chloride ingress and carbonation reactions. Each PDE is discussed in the 

following sections.  

 

{
 
 
 
 
 
 

 
 
 
 
 
 (CCl + CCO32−)

∂ε

∂t
= (Deff,ClCCl + Deff,CO32−CCO32−)

∂2ε

∂x2
+ ν(CCl + CCO32−)

∂ε

∂x
+ (CCl + CCO32−)Γw  (6.2. a)

εϕ
∂CCl
∂t

= εϕDeff,Cl
∂2CCl
∂x2

+  εϕν
∂CCl
∂x

−
∂Ccl,B
∂t

                                                                                        (6.2. b)

(1 − ε)ϕ
∂CCO2
∂t

= (1 − ε)ϕDeff,CO2
∂2CCO2
∂x2

+  (1 − ε)ϕg
∂CCO2
∂x

− rCO2(aq)                                    (6.2. c)

εϕ
∂CCO32−

∂t
= εϕDeff,CO32−

∂2CCO32−

∂x2
+ εϕν

∂CCO32−

∂x
+ rCO3

2− − rC                                                          (6.2. d)

∂nCaCO3
∂t

= Ak (Ωn − 1)m                                                                                                                               (6.2. e)

 
∂T

∂t
=

k

ρCp

∂2T

∂x2
                                                                                                                                                  (6.2. f)

 

 

Eq.6.2.a; couples the degree of water saturation in pores, ε, via anomalous transport due to the 

moisture hysteresis effect present in the cementitious system, with dissolved ions, chlorides 

and carbonates, that result from chloride ingress and carbonation reactions. 

Eq.6.2.b; defines the ingress of chloride ions, Cl-, in the aqueous state, along with chloride 

binding by the formed cement hydrates. 

Eq.6.2.c; describes the diffusion of carbon dioxide in the gaseous phase of the capillary pores 

of the concrete and its dissolution into the pore solution in the form of carbonate ions, CO3
2−. 

Eq.6.2.d; links the transport of formed carbonate ions with their consumption via the formation 
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of the carbonate phase calcite, CaCO3. 

Eq.6.2.e; Rate of calcium carbonate formation, dependent on the concentration of free 

carbonate ions in the pore solution. Pseuodo-steady state assumption is implemented in this 

research with rate limitation by the dissolution step of calcium-containing cement hydrates. 

This means that once the dissolution of calcium-containing cement hydrates (i.e. C-A-S-H) 

occurs then the precipitation of calcium carbonate takes place, leaving a very low dissolved 

concentration of C-A-S-H phase. Consequently, the change in the porosity is coded in the 

numerical model such that the amount of calcium carbonate formed is equal to the amount of 

calcium-containing cement hydrate dissolved until the maximum change in porosity has been 

reached (i.e. cement phase in concrete is fully carbonated) then the porosity, with the updated 

value, is set to remain constant throughout the remaining service life of the concrete. 

Eq.6.2.f: Heat transfer through concrete due to the difference in temperature between the 

concrete and the environment. The effect of heat is taken into account in the calculation of the 

effective diffusion of the ionic species, Cl- and CO3
2−, in the aqueous phases of the capillary 

pores of the concrete. 

6.3.2 Aging Factor of Concrete 

Conductivity, which is the reciprocal of resistivity, has been used for the estimation of the 

mobility of ions in the pore solution of the concrete to estimate the rate of its deterioration in 

exposure conditions [234].  It has also been applied to measure the extent of the refinement of 

the pore structure in the cementitious matrix of the concrete as it ages with time [106]. This 

effect of aging slows down the transport of corrosive ions because it is highly dependent on the 

overall porosity and the interconnectivity of the pores inside the binder. The change in 

diffusional transport can be captured by Equation 6.3 with updated values of the formation 

factor, F, at various ages [106]. The diffusion coefficient of ionic species “i” in concrete Deff,i 

(m2.year-1), is calculated using the diffusion coefficient of ionic species in water, Di (m
2.year-1), 

and the formation factor of the concrete determined in saturated conditions [106]. The 

parameter Deff,i multiplied by the degree of saturation in the concrete, as shown in Equations 

6.2.b and 6.2.d, is a method suggested by Isgor et al. [106] to model the ionic transport in 

saturated and unsaturated concrete. However, ionic transport models for concrete in unsaturated 

conditions can be used for more accurate representation of the service life of concretes in 

unsubmerged conditions such as the model developed in [235] which requires the degree of 

saturation and the average pore diameter of the cementitious material. Nevertheless, for this 

research the simplified version of ionic transport in saturated and unsaturated concrete is 
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implemented as a first step in coupling the effect of moisture transport, chloride ingress and 

carbonation on the service life of alkali-activated concretes. Still, future research is needed to 

improve the ionic and gaseous transport models in unsaturated alkali-activated concrete.  

Deff,i =
Di
F

 (6.3) 

Deff,i; effective diffusion of ionic species in concrete 

Di; diffusion of ionic species in water 

F; formation factor 

In this research the transport processes of two ionic species, Cl- and CO3
2−, are being modelled 

as a function of time and distance across the thickness of the concrete cover. One is the chloride 

ion with its diffusion value in water of 2.03×10-9 m2.s-1, and the other is the carbonate ion with 

its diffusion value in water of 5.4468×10-9 m2.s-1 [106, 236]. 

6.3.2.1 Formation Factor 

The formation factor of concrete at a given age can be determined, as the ratio of the resistivity 

of the concrete, ρc, to the resistivity of the pore solution, ρs, according to Equation 6.4 [106]. 

F =
ρc
ρs

  (6.4) 

 

F; formation factor in saturated conditions 

ρc; resistivity of concrete (Ω.cm) 

ρs; resistivity of pore solution (Ω.cm)  

 

In this research, the resistivity of the alkali-activated mortar is measured by the embedded 

electrode method. Next, the calculated ionic diffusion coefficients for the alkali-activated 

mortars is scaled to concrete with a scaling factor of 0.773. This value is calculated based on 

the difference between chloride migration values obtained for mortar and concrete, with similar 

mix designs (e.g. w/b=0.4), found in [152, 237]. This step is required to incorporate the effect 

of aggregates, that are absent in the mix design of alkali-activated mortars, on slowing down 

the transport of ionic species throughout the concrete cover [223]. Consequently, the results 

obtained from the  NTBUILD 492 [11] (i.e. chloride migration test) is used to obtain the scaling 

factor because this test method incorporates the effect of the microstructure of concrete on the 

transport of ionic species throughout concrete and mortar sample [238, 239].   
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The resistivity of the pore solution has been calculated theoretically by obtaining the ionic 

composition of the pore solution by thermodynamic modelling, at a given degree of reactivity 

of the precursors, and by applying the NIST model [240] according to the set of Equations 

6.5-6.7. The assumed reactivity for slag is 70% and for fly ash is 35%, which are the extreme 

values found for the reactivity of supplementary cementitious materials in blended cements 

reported in [194, 241], but given the variability found in [194] the selected values are suitable. 

 

ρs = (∑ziciλi
i

)

−1

  (6.5) 

  

λi =
λi
o

1 + GiIM
0.5 (6.6) 

  

I = 0.5∑cizi
2

ns

i=1

 (6.7) 

 

λi
o; equivalent conductivity of the ionic species, in the pore solution, at infinite dilution 

(cm2.S.mol-1) 

Gi; empirical coefficient for each ionic species at a given temperature (mol. L-1)-0.5  

I; molar ionic strength (mol.L-1), that is the measure of the concentration of electrically 

charged ionic species in the pore solution [242]. 

 

The values of the coefficients, λi
oand Gi, in Equations 6.6 and 6.7 are given in Table 6.2. 

 

Table 6.2 Properties of ionic species in concrete pore solution [106]. 

Species 𝐳𝐢𝛌𝐢
𝟎 at 25°C (cm2.S.mol-1) 𝐆𝐢(mol.L-1)-0.5 

𝐎𝐇− 198 0.353 

𝐂𝐚𝟐+ 59 0.771 

𝐂𝐥− 76.4 0.548 

𝐍𝐚+ 50.1 0.733 

𝐊+ 73.5 0.548 

𝐒𝐎𝟒
𝟐− 79 0.877 
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6.3.2.2 Pore Solution Chemistry  

A thermodynamic modelling programme was used to predict the concentration of dominant 

ions of the pore solution in AAMs and CEM III.  As well as the alkalinity and ionic strength of 

the pore solution in AAMs and CEM III. The open source software GEM-Selektor v.3 

(https://gems.web.psi.ch/ [193]) was utilised, where the mineralogical composition, extent of 

degree of reaction for the precursors, and mix design of the alkali-activated binders were set as 

inputs in order to obtain the concentrations of ions present in the aqueous phase of the cements. 

The inputs to the software account for the extent of reactivity of the precursors used in AAMs 

and for the extent of reactivity of CEM III; these are provided in appendix 4 and 6, respectively. 

Details on the method of application of the open source software GEM-Selektor v.3 are 

explained in “Chapter 3: Materials and Methods”. 

 

6.3.2.3 Aging with change in temperature 

It is also useful to measure the changes in resistivity of the concrete as a function of 

temperature, since concrete is exposed to fluctuating ambient temperatures. The effect of 

temperature on the conductivity measurements has been applied through the Arrhenius 

equation according to Equation 6.8 [234].  

σx = σye
−Ea
R
[
1
Tx
−
1
Ty
]
 (6.8) 

 

σy; conductivity recorded at temperature Ty  

σx; conductivity at reference temperature Tx  

Ea; activation energy of the conduction process 

R; universal gas constant (8.314 J.mol-1.K-1) 

Equation 6.8 is modified into resistivity measurements to calculate the effective diffusivity of 

ions as a function of temperature. The ionic diffusion coefficient obtained at the time where the 

mortars have been cured in ambient conditions (e.g. temperature 20°C and relative humidity 

60%) for 28 days is considered as an initial value which will change with time and varying 

temperature, according to Equation 6.9. 

 

De=D0 × t
m × e

Ea
R

 ×(
1

Te
−
1

T0
) 

 (6.9) 

 

https://gems.web.psi.ch/
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D0; initial effective chloride diffusion coefficient obtained on the 28th day. 

m; aging factor, can vary between 0 and 1, dimensionless. 

Ea; activation energy, J.mol-1. 

T0,e; initial and final temperature 

 

6.3.3 Moisture Permeability Models 

The prediction of the degree of saturation of the pores in the concrete and moisture permeability 

is essential because the transport of ionic species is through the aqueous phase of the pores. 

The moisture propagates through the concrete and partly condenses on the walls of the pores, 

fills the pores with free water (i.e. evaporable water) and carries the ions by a bulk fluid motion 

known as liquid flow. The remaining part of the moisture remains as vapour phase in the empty 

space of the pore and transfers the gaseous components. This transport is known as vapour flow 

[5]. 

In this research, the dual moisture permeability model [62], discussed in Chapter 5: “Moisture 

Permeability in Alkali-activated materials”, has been implemented to predict the degree of 

water saturation by including the presence of the large and small porosity regions, along with 

their interconnection, present  in the cement phase of the concrete. Conversely, the single 

moisture permeability model [79], discussed in Chapter 5: “Moisture Permeability in Alkali-

activated materials”, has been implemented to predict the degree of saturation in the cement 

phase of the concrete’s skin layer (i.e. a mortar phase). The spatial discretization is further 

explained in section 6.4. Equation 6.2.a describes the transport of ionic species through the 

aqueous phase of the pores as a function of degree of saturation ε, their effective diffusional 

transport D, the flow velocity of the evaporable water ν, and the flow of evaporable water in 

the interconnectivity region between the small and large pore regions Γw, in the concrete phase.  

(cCl− + cCO32−)
∂ε

∂t
= (Deff,Cl−cCl− + Deff,CO32−cCO32−)

∂2ε

∂x2
+ ν(cCl− + cCO32−)

∂ε

∂x
+ (cCl− + cCO32−)Γw (6.2.a) 

 

cCl−,CO32−; concentration of chloride and carbonate ions, mol.L-1 

DCl−,CO32−; diffusion coefficient of chloride and carbonate ions, m2.year-1 

ε; degree of saturation 

ν; liquid flow velocity, m.year-1 
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Γw; flow of evaporable water in the interconnectivity region between the small and large pore 

regions in the concrete, 1.year-1 

In addition, the velocity component of the liquid phase from the moisture is implemented to 

model the transfer of ions in the aqueous phase, and the velocity component of the vapour phase 

is used to model the transfer of gaseous components across the empty space of the pores. The 

flow velocity components (i.e. in m.year-1) for evaporable water and vapour, ν and g 

respectively, are both calculated according to Equations 6.10 and 6.11 that are obtained from 

the moisture permeability model (i.e. single and dual permeability moisture transport models 

[62, 79]).  

ν = −krl
Kl
ϕη

∂Pc
∂S

∂S

∂x
 (6.10) 

 

g = −(
Mv

ρ
l
RT
)

2

Dv0f(S, ϕ)
Pvsφ

ϕ

∂Pc
∂S

∂S

∂x
 (6.11) 

 

It should be noted that Equation 6.13 is similar to Darcy’s law [243], that describes the flow of 

a fluid (i.e. free water in this research) through a porous medium as a function of liquid pressure 

gradient, ∇PL, according to Equation 6.12. Instead, Equation 6.13 utilizes the liquid water 

saturation gradient, ∇S, which is related to the liquid pressure gradient [5, 79]. Moreover, the 

porosity parameter, that is already included in Equation 6.10, accounts for the change of 

intrinsic permeability factor, K, as a function of changes in the porosity of the concrete as a 

result of carbonation reaction. A similar approach was implemented by Xie et al. [5] in their 

research where they have used Darcy’s law to model the transport of free water through the 

pores of the concrete and the change of the intrinsic permeability factor was calculated through 

a relationship, found in [244], that accounts for the changes in the porosity of the concrete.  

ν = −
Kl
η

∂PL
∂x

 (6.12) 
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6.3.4 Transport of Ions and Carbonation Reaction 

6.3.4.1 Chloride Ingress Model 

Equation 6.2.b describes the transport of free chloride ions in the aqueous phase of the concrete 

through diffusion, driven by the concentration gradient and by the flow of pore solution (i.e. 

containing the evaporable water). Along with the diffusion of chloride ions in concrete, the 

hydrates tend to bind to some of the ions and form reaction products. This chloride binding in 

concrete is a durability factor because it removes chloride ions from the pore solution and 

reduces the concentration of free chloride ions from accumulating at the surface of the steel 

reinforcement [52]. Therefore, the chloride binding capacity of a concrete is an important 

parameter for service life prediction of reinforced concrete structures. Furthermore, Equation 

6.2.b is further arranged as shown in Equations 6.13.a-6.13.e. 

 

ϕε
∂CCl
∂t

= ϕεDeff,Cl
∂2CCl
∂x2

+  ϕεν
∂CCl
∂x

−
∂Ccl,B
∂t

 
     

(6.2.b) 

 

∂CCl
∂t

= Deff,Cl
∂2CCl
∂x2

+  ν
∂CCl
∂x

−
1

ϕε

∂Ccl,B
∂t

 
    

(6.13.a) 

 

∂CCl
∂t

+
1

ϕε

∂Ccl,B
∂t

= Deff,Cl
∂2CCl
∂x2

+  ν
∂CCl
∂x

 
   

(6.13.b) 

  

∂CCl
∂t

+
1

ϕε
(
∂Ccl,B
∂Ccl

∂Ccl
∂t
) = Deff,Cl

∂2CCl
∂x2

+  ν
∂CCl
∂x

 
(6.13.c) 

  

∂CCl
∂t

(1 +
1

ϕε

∂Ccl,B
∂Ccl

) = Deff,Cl
∂2CCl
∂x2

+  ν
∂CCl
∂x

 
(6.13.d) 

  

∂CCl
∂t

=
DCl

(1 +
1
ϕε
∂Ccl,B
∂Ccl

)

∂2CCl
∂x2

+  
ν

(1 +
1
ϕε
∂Ccl,B
∂Ccl

)

∂CCl
∂x

 
(6.13.e) 

 

CCl; free chloride concentration (mol.L-1) 

DCl; effective chloride diffusion coefficient (m2.year-1) 
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∂Ccl,B

∂t
; rate of chloride to be adsorbed or bound to the cement hydrates (mol.L-1.year-1) 

ν; liquid flow velocity (m.year-1) 

 

In Equation (6.13.e) the 
∂Ccl,B

∂Ccl
  term is the derivative form of the Langmuir binding isotherm, 

with respect to CCl , and the unit is ((mg Cl. L)/(g binder. mol Cl)) [113]. This term needs to 

become dimensionless to have the same units on both sides of Equation 6.16.f . Consequently, 

Equation 6.13.e is modified into Equation 6.14.  

  
∂CCl

∂t
=

Deff,Cl

(1+(
ρb
θ
)(

1

MCl
)(fb)(

α(1+βCCl)−αβCCl

(1+βCCl)
2 ))

∂2CCl

∂x2
+

ν

(1+(
ρb
θ
)(

1

MCl
)(fb)(

α(1+βCCl)−αβCCl

(1+βCCl)
2 ))

∂CCl

∂x
  

(6.14) 

 

ρb; binder density (kg of cement per L of cement, 1.96 [245]). 

θ; evaporable water content (volume of the liquid pore solution (in L) per pore volume of the 

concrete (in L), obtained by multiplying the degree of saturation, ε , by the porosity of the 

concrete, ϕ. 

MCl; Molar mass of chloride (g/mol). 

fb; volumetric fraction of the binder in concrete (L/L) 
∂Ccl,B

∂Ccl
; Langmuir binding isotherm for alkali-activated cements ((mg Cl. L)/(g binder. mol Cl)), 

obtained from [113]. 

 

The volumetric fraction of the binder is obtained by using the density of the binder, 1.96 [245], 

and the density of the concrete, 2540 kg.m-3, with the mass of binder used to produce 1 m3 of 

alkali-activated concrete, 410 kg.m-3. The binder content of the alkali-activated concretes is 

obtained from [98] because the mix design of the alkali-activated binders in these concretes is 

similar to the mix design of the 100SG, 75SG25FA and 50SG50FA binders used in the studied 

alkali-activated mortars according to Table 6.1. Additionally, the volumetric fraction of the 

binder in concrete is implemented in Equation 6.17 because the boundary and initial conditions 

of chloride content, CCl, are defined in mol of chloride per L of concrete.  The boundary and 

initial conditions are further explained in section 6.4.2.3.  
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6.3.4.2 Carbonation Model 

6.3.4.2.1 CO2 transport and dissolution in pore solution 

The first step in carbonation is the diffusion of CO2 gas molecules into the empty space of the 

capillary pores of the concrete and its dissolution into the alkaline pore solution, according to 

Equation 6.15.  

CO2(g) → CO2(aq) (6.15) 

 

Equation 6.2.c describes the transport process of CO2 though diffusion and vapour flow, as 

well as mass transfer of CO2 from the gas phase into the liquid phase. The diffusional transport 

is caused by a concentration gradient, vapour flow is induced by a moisture gradient, and the 

mass transfer of CO2 to the pore aqueous phase is caused by the chemical potential gradient 

between the gas and liquid phases in the pore. Equation 6.2.c is rearranged to give Equation 

6.16. 

ϕ(1 − ε)
∂CCO2
∂t

= ϕ(1 − ε)Deff,CO2
∂2CCO2
∂x2

+  ϕ(1 − ε)g
∂CCO2
∂x

− rCO2(aq)     (6.2.c) 

 

(1 − ε)
∂CCO2
∂t

= (1 − ε)Deff,CO2
∂2CCO2
∂x2

+  (1 − ε)g
∂CCO2
∂x

−
rCO2(aq)

ϕ
 (6.16) 

 

Deff,CO2; effective diffusion of CO2, m
2.year-1 

g; vapour flow rate, m.year-1 

rCO2(aq); rate of CO2 dissolution into pore solution, (mol.L-1.year-1) 

Equation 6.17 describes the diffusion of CO2 by accounting for the tortuosity and porosity of 

the cementitious material. This equation has been formulated from an accelerated carbonation 

experiment where a granular bed of cement paste particles was exposed to a 10% CO2 

environment [246]. 

DCO2 = DCO2
0 × ϕ2.7 × (1 − ε)4.2 (6.17) 

 

DCO2
0 ;CO2 diffusion coefficient in air, 1.6× 10−5 m2/s, at T = 293 K and Patm=101.325 kPa 
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The rate of gas-liquid mass transfer for CO2 from the gas phase, CO2(g), into the dissolved 

phase, CO2(aq), is determined by the gas/liquid exchange surface, its partial pressure in the gas 

phase, and its concentration in the pore solution [247]. Equation 6.18 describes the rate of 

formation of CO2(aq) as being proportional to the deviation of the actual dissolved CO2 

concentration at any point in time from equilibrium [118], where the repartition of CO2(g) to 

water at equilibrium is governed by Henry’s law [118]. 

 

rCO2(aq) = kt(khenryCCO2(g) − CCO2(aq)) (6.18) 

 

rCO2(aq); rate of CO2 dissolution into pore solution, (mol.L-1.year-1) 

kt; interfacial gas-liquid mass transfer coefficient for CO2 , (year-1) 

khenry; 0.8317 (dimensionless) is Henry’s Law constant for equilibrium partitioning of CO2 

gas to water [248]. 

 

6.3.4.2.2 Formation and transport of carbonate ion 

Kashef-Haghighi et al. [118] described the overall dominant reaction of CO2(aq) in the pore 

solution to be hydrolysis, as shown in Equation 6.19. This is for the case when the pore solution 

alkalinity remains above 10. 

At pH>10                   CO2(aq) +  OH− → HCO3
− → H+ +  CO3

2− (6.19) 

  

This is also the condition of pore solution in fresh and carbonated high and low calcium AAMs, 

where the pore solutions of these materials remain above 10 even under accelerated conditions 

at 1% CO2 when cured under sealed conditions and at RH = 55% as reported in [138]. Thus, it 

can be considered that the reaction described in equation 6.23 is the dominant first step of  

reaction of CO2(aq) in the pore solution of AAMs. 

The next step in carbonation of pore solution is the reaction of the formed carbonate ions with 

NaOH, that is dominantly present in the pore solution of AAMs as reported in [249]. The 

reaction products are sodium carbonates and bicarbonates as shown in Equations 6.20-6.21. 

Generally, the alkali (bi)carbonates are highly mobile and soluble in water, resulting in a 

dissociation reaction and the release of carbonate ions back into the solution [250]. Then these 

carbonate ions react with calcium ions that have been released during the dissociation of C-A-
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S-H (the dominant hydrate in high calcium AAMs), as a result of the drop of the alkalinity of 

the pore solution during carbonation, to form insoluble calcium carbonates as shown in 

Equations 6.22 and 6.23 [129, 247]. 

CO3
2− + 2NaOH ⇌ Na2CO3 + 2OH

− (6.20) 

  

HCO3
− + NaOH → NaHCO3 + OH

− (6.21) 

  

Na2CO3 + Ca
2+ + 2OH− → CaCO3 + 2NaOH (6.22) 

  

NaHCO3 +  Ca
2+ + 2OH− → CaCO3 + NaOH + H2O (6.23) 

 

Equation 6.2.d describes the transport of dissolved CO2(aq) in the pore solution. This equation 

is furthermore modified to obtain Equation 6.24. However, it is assumed in this research that 

CO2(aq) immediately forms into carbonate ions according to Equation 6.19. Hence, Equation 

6.25 is implemented to model the transport of free carbonate ions through the aqueous phase 

of the pores by the diffusion term followed by the flow of pore solution, the rate of formation 

of CO3
2− ions from CO2(aq) and then the rate of consumption of carbonate ions during the 

formation of carbonate phases. 

ϕε
∂CCO2(aq)

∂t
= ϕεDCO2(aq)

∂2CCO2(aq)

∂x2
+ ϕεν

∂CCO2(aq)

∂x
+ rCO2(aq) − rC 

 

(6.2.d) 

 

ε
∂CCO2(aq)

∂t
= εDCO32−

∂2CCO2(aq)

∂x2
+ εν

∂CCO2(aq)

∂x
+
rCCO2(aq)

ϕ
−
rC

ϕ
 (6.24) 

 

ε
∂CCO32−

∂t
= εDCO32−

∂2CCO32−

∂x2
+ εν

∂CCO32−

∂x
+
rCO3

2−

ϕ
−
rC

ϕ
  (6.25) 

 

DCO32−; effective diffusivity of carbonate ions, m2.year-1 

rCO3
2−; rate of production of carbonate from dissolved CO2(aq), mol.L-1.year-1 

rC; rate of consumption of carbonate ions (i.e. CO2(aq) transformed to CO3
2−, as shown in 

equation  6.23) to form carbonate phases, (mol.L-1.year-1) 
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Where the rate of formation of bicarbonate, HCO3
−, and carbonate ions, CO3

2−, is calculated 

according to Equation 6.26, adapted from [251]. 

 

rCO3
2− = k[OH−][CO2(aq)] (6.26) 

 

Kashef-Haghighi et al. [118] have implemented the kinetic Equations (e.g. 6.18 and 6.26) for 

the dissolution of CO2(g) , the formation of carbonate and bicarbonate ions, and the consumption 

of these ions in their model for the uptake of CO2 by Portland cement based mortar exposed to 

accelerated carbonation of 20-40% CO2 condition. The kinetic rate values implemented by 

Kashef-Haghighi et al. [118] are extremely high, and cannot be transferable for the case of 

concrete exposed to natural carbonation conditions of 0.04% CO2 in the environment. 

Consequently, several modifications and assumptions for the reaction kinetics of natural 

carbonation reaction have been made in this research. The first assumption is that the interfacial 

gas-liquid mass transfer coefficient for CO2 in Equation 6.18 , kt, is set to 1 such that the 

dissolution rate of CO2(g) is only dependent on the concentration of the dissolved CO2 gas (i.e. 

calculated through Henry’s law [248]: CCO2(aq) = khenryCCO2(g)) in the liquid phase. The 

second assumption is that 100% of the dissolved CO2(aq) is converted to carbonate ions in each 

time step, as shown in Equation 6.27, which means that the impact of changes in the alkalinity 

of the pore solution, in Equation 6.26, is omitted. Finally, 95% of carbonate ions are assumed 

to be consumed to form calcium carbonate phases, as shown in Equation 6.28, which means 

that the impact of the formation of calcium carbonate on the reduction of the exposed surface 

area of the reactive solids for carbonation reactions is also omitted. Additionally, percentage 

values of 100% and 95% for the conversion rate of carbonate ions and the formation rate of 

calcium carbonate, respectively, are selected because of the high alkalinity of pore solution that 

accelerates the formation of calcium carbonate [138, 252].  

 

rCO3
2−

ϕ
=
rCO2(aq)

ϕ
 (6.27) 

 

rC

ϕ
= 0.95 ×

rCO3
2−

ϕ
 (6.28) 
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Overall, the impact of carbonation is the change in the morphology of cement by the dissolution 

of calcium-containing cement hydrates (i.e. C-A-S-H) and precipitation of calcium carbonate 

phases [147]. Therefore, the change in porosity, as a durability factor, should be estimated for 

each time step in the numerical model because the ionic transport is generally very sensitive to 

porosity values. Additionally, all the kinetic parameters for the carbonation reaction will be 

varied in the sensitivity analysis to assess their effects in service life predictions through 

changes in overall porosity of the concrete. The next section describes the kinetic model used 

to calculate the change in porosity at each time step.  

 

6.3.4.2.3 Precipitation kinetic model 

The rate law used to calculate the precipitation of calcite in the numerical model is similar to 

the one used by Gebrehiwet et. al [253] where the affinity-based rate law, Equation 6.29, is 

applied. In this research, congruent dissolution of the C-A-S-H phase in AAMs and 

precipitation of CaCO3 is assumed. This assumption of identical dissolution and precipitation 

law is based on an assumption of pseudo-steady-state for dissolved calcium concentration in 

the pore solution, and has also been considered in [17] .  

 

R = kAT(Ω
n − 1)m (6.29) 

 

R; precipitation rate, mol. year-1 

k; rate constant, mol.m-2.year-1 

AT; total surface area, m2  

n and m; exponents, both assumed to be 1.0 according to [17] 

 

The mineral saturation index (SI), Ω,is a tool used to access the saturation state of a mineral in 

a solution by calculating the ratio of the activity product of its ions (IAP), in the solution, to its 

solubility product constant, Ksp [254]. Equation 6.30 shows that the equilibrium between the 

mineral and the solution ions is reached when SI is equal to 0. The mineral starts to precipitate 

when the SI > 0 and dissolves when the SI < 0, until equilibrium is reached in these two cases.  

Equation 6.30 describes the mineral saturation state for calcite as a function of the ion activity 

product of its ions and the solubility product constant. 
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Ω = (
γCa2+[Ca

2+] × γCO32−[CO3
2−]

KspCaCO3
) (6.30) 

 

γCa2+[Ca
2+] × γCO32−[CO3

2−]; ion activity product for CaCO3, that is the product of the 

concentration of each ion with their activity coefficient, γ. 

Ksp,CaCO3; solubility product constant, 3.3×10-9 mol2L-2 [255]. 

 

In this research the calculation of saturation index is implemented as a function of the free 

carbonate ions in the pore solution calculated from Equation 6.25. However, the concentration 

of calcium ions is kept constant, and the details for the estimation of its fixed value in naturally 

carbonated pore solution of AAMs are explained in the next section. 

 

6.3.4.2.4 Concentration of calcium ions in carbonated pore solution of AAMs 

The concentration of calcium ions in carbonated pore solution of AAMs is calculated using 

Equation 6.30 by implementing the maximum concentration of carbonate ion that can be 

reached from the dissolution of CO2(g). The maximum concentration of carbonate ion is 

calculated using Equation 6.18 with the initial concentration of CO2(aq)  (i.e. CO3
2−) set to 0 

mol/L and concentration of CO2(g)  set to 0.0096 mol/L ≡ 421 ppm, that is the concentration of 

CO2(g) in ambient air [256]. Thus, the highest concentration for carbonate ion in the pore 

solution of the binder is calculated to be 0.00796 mol.L-1. Next, the activity coefficients of Ca2+ 

and CO3
2− are initially assumed to be 1 and the saturation index, Ω, is set to 1.5. The value of 

1.5 is selected to have a positive rate of formation of calcium carbonate, according to Equation 

6.31, and because the concentration of carbonate ion is low compared to the concentration of 

0.45 mol.L-1 for carbonate ions used in aqueous solution to obtain a saturation index between 

9 and 10 as reported in [253]. Subsequently, the new activity coefficients of Ca2+ and CO3
2− 

are obtained from the output of the Pitzer model [257] as implemented in the PitzerXXL 

spreadsheet [258] by inputting the concentration of the dominant ions present in the pore 

solution of AAMs, the concentration of carbonate ion (0.00796 mol.L-1) and the calculated 

concentration of calcium ion. In addition, the concentration of hydroxide ion is slightly 

modified from its original value in the pore solution of AAMs to maintain the charge balance 

of the carbonated pore solution. Finally, the calcium concentration is recalculated by using 

Equation 6.30 with the new values for the activity coefficients of Ca2+ and CO3
2−.  The 

concentration of calcium ions in the carbonated pore solution of AAMs, and activity 
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coefficients of calcium and carbonate ions in the carbonated pore solution for all the alkali-

activated binders are shown in Table 6.8. Further details, and outputs from the PitzerXXL 

spreadsheet containing the concentration of pore solution ions with their activity coefficients 

for carbonated alkali-activated binders and calculation of calcium ion concentration in 

carbonated pore solution of AAMs, are shown in appendices 6.B and 6.C. 

 

6.3.4.2.5 Formation of Calcium Carbonate  

Equation 6.31 is used to calculate the amount of calcium carbonate formed, in moles. year-1, 

as a function of the concentration of free carbonate ions in the pore solution, calculated from 

Equation 6.25, with the concentration of calcium ion kept constant in carbonated pore solution 

of AAMs. The calculated concentration of calcium ion in the carbonated pore solution for each 

alkali-activated binder is presented in Table 6.8. The rate constant (kc), which is the 

combination of k × AT , is empirically calculated, based on the change in porosity of alkali-

activated pastes exposed to natural laboratory carbonation conditions (55% RH and 20ºC) for 

a period of 1 year, as shown in Table 6.3. The calculation of kc is obtained by implementing 

the maximum concentration of calcium and carbonate ions that can be reached in naturally 

carbonated pore solution of AAMs. The values of the rate constant, kc, are also shown in Table 

6.8. 

 

R = kc (
γCa2+[Ca

2+] × γCO32−[CO3
2−]

Ksp,CaCO3
− 1) (6.31) 

 

kc; rate constant, mol. year-1 

Ksp,CaCO3; solubility product constant, 3.3×10-9 mol2L-2 [255]. 

 

Table 6.3 Change in porosity of naturally carbonated alkali-activated fly ash and slag based cements. MIP 

data obtained from [147]. 

Binder 
Total porosity (vol.%)  

- uncarbonated 

Total porosity (vol. %)  

 - carbonated 
Porosity change (%) 

100%SG 3.57 3.38 -5.3% 

70%SG30%FA 6.54 9.66 +48% 

50%SG50%FA 9.40 17.09 +82% 
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In this research the rate law is assumed identical for the C-A-S-H and CaCO3 phases based on 

the assumption of congruent dissolution of the C-A-S-H phase and precipitation of the CaCO3 

phase. This means that the amount of calcite formed is set equal to the amount of C-A-S-H 

phase dissolved while calculating the change in porosity in the numerical model. Equation 6.37 

is implemented to calculate the change in porosity at each time step in the numerical model.  

 

Finally, according to the porosity change in Table 6.3 the overall porosity, dependent on the 

type of binder, can either decrease or increase. Consequently, Equation 6.32 is set as “+” for 

an increase in porosity and “−” for decrease in the overall porosity of the concrete. 

φu = φ0 ±∑VjΔn

j

 (6.32) 

φu; updated porosity of the concrete 

φ0; initial porosity of the concrete 

Vj; molar volume of the solid phase j (m3/mol) 

Δn; change in the molar amount of the solid phase (mol) 

VCASH; molar volume of the C-A-S-H phase, 64.5 ×10-6 (m3/mol) [123] 

VCaCO3;molar volume of the CaCO3 phase, 36.943 ×10-6 (m3/mol) [123] 

 

The molar change in the solid phase, Δn, is set to be equal to the amount of formed calcium 

carbonate with its initial amount set to zero based on the assumption that the alkali-activated 

binders did not undergo a carbonation reaction during the period of curing. 

 

 

6.3.5 Transport of Heat in Concrete 

In this research the heat transfer model for conduction across the thickness of the concrete cover 

is chosen to predict the temperature profile in the construction material when exposed to higher 

or lower temperature environmental condition with respect to its internal cover temperature.  

The basic equation of the heat transfer model with respect to the thickness of the concrete cover, 

x, and time, t, is Equation 6.33, adapted from [259] . 

 

∂T

∂t
=

k

ρCp

∂2T

∂x2
 (6.33) 
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k; thermal conductivity of concrete, 1.628 W.m-1.K-1 [260]. 

ρ; density of the concrete, 2500 kg.m-3 [260]. 

Cp; Heat capacity of concrete, 837 J.Kg-1.K-1 [260]. 

 

The change in temperature across the concrete cover is implemented in the effective diffusion 

coefficients, as shown in Equation 6.9, for the transport of chloride and carbonate ions 

throughout the aqueous phase of the pores of the concrete. 

 

6.4  Spatial Discretization, Boundary and Initial Conditions 

6.4.1 Spatial Discretization 

Modelling transport of ionic species in the liquid phase and CO2 in the gas phase of the pores 

in concrete should be done mainly in two phases, according to Figure 5.53, as was discussed 

in Chapter 5. In this research, the spatial discretization contains an interface such that the first 

5 mm of thickness is mortar phase and the remaining cover is concrete phase. In the mortar 

skin layer, the liquid phase transport is simulated by the single permeability model based on 

the assumption that the mortar phase has a more uniform pore size distribution than the bulk 

concrete. In the remaining concrete cover, 45 mm, the liquid phase transport is simulated by 

the dual permeability model to account for the presence of large and small pore regions present 

in the cement phase of the concrete. The porosities of alkali-activated concretes and mortars 

with similar mix designs to the studied alkali-activated mortars are obtained from [152, 261]. 

These porosities in each layer are implemented in the numerical model as initial conditions and 

are subjected to changes caused by the carbonation reaction, as explained in section 6.3.4.2. 

Also, the effective diffusion of ionic and gaseous transports is set to be slightly slower in the 

concrete phase than in the mortar phase. The upscaling of diffusion coefficients for the alkali-

activated mortars to concrete with a scaling factor of 0.773 has already been discussed in 

section 6.3.2.1, and it is also applied in the skin layer and concrete phase of the concrete cover.  

Finally, the thickness of the concrete cover and skin layer will be varied in the sensitivity 

analysis to check the impact on service life calculation for alkali-activated mortars. 
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6.4.2 Boundary and Initial Conditions 

6.4.2.1 Relative Humidity 

The boundary condition is set based on type of exposure states that are: 50% RH for drying and 

100% RH for wetting conditions. Also the values of the initial conditions are set by whether 

the concrete is initially dried, 50% RH, or wet, 100%RH. 

6.4.2.2 Temperature 

The boundary conditions can be set to vary between 10-40ºC, whereas the initial condition is 

set at ambient temperature 20 ºC.  

6.4.2.3 Carbon dioxide concentration 

It is assumed that the gas phases in the empty space of the pores of the concrete are constantly 

connected to the atmosphere and the pressure equilibrium is always conserved. This assumption 

has also been stated in [5] for modelling simultaneous ingress of chloride and carbonation in 

concrete. Hence, for natural carbonation conditions, the boundary concentration is set to 0.0096 

mol.L-1 ≡ 421 ppm which is the concentration of CO2(g) in ambient air [256]. The initial 

concentration is taken as 0 mol.L-1.  

6.4.2.4 Carbonate concentration 

The carbonate concentration at the boundary condition is taken from the value obtained from 

Henry’s law that depicts the repartition of gaseous CO2 and its dissolved form CO2(aq) (assumed 

instantaneously converted to CO3
2−), in the pore solution of the concrete, according to Equation 

6.34 [118, 248]. 

Hs
cc =

caq

cgas
 (6.34) 

 

Hs
cc; Henry’s constant, 0.8317 at 25°C, unitless.  

caq; concentration of CO2 in the aqueous phase, mol.L-1 

cgas; concentration of CO2 in the gaseous phase, mol.L-1 

Therefore, the carbonate concentration at the boundary condition is set to 0.00796 mol.L-1 and 

the initial concentration is taken as 0 mol.L-1 . 
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6.4.2.5 Chloride Concentration 

The boundary condition of surface chloride concentration can vary depending on the type of 

structure, its geographic location, and zone of exposure as shown in Table 6.4 obtained from 

[262]. The surface concentration can be a constant, in the case of a marine splash zone, and/or 

can go through a linear build-up rate during the first couple of service years, and then stabilize, 

dependent on the type of exposure condition. This can indicate that the maximum time to reach 

the maximum surface chloride concentration can vary from instantaneous (Inst.) to about 31 

years in the case of a structure within 1.5 km of the ocean. Note that the application of de-icing 

salts is not included because the effect of freezing-thawing on the durability of concrete is 

excluded in this research. Furthermore, the values obtained for chloride in wt.% of the concrete, 

shown Table 6.4, are multiplied by the density of the concrete (2.540 kg.L-1) then divided by 

the molar mass of chloride, 35.453 g.mol-1, to obtain the chloride concentration in concrete in 

mol.L-1. 

Table 6.4 Build-up rates and maximum surface concentration, dependent on various zones. Data obtained 

from [262]. 

 Build-up Rate 

(% wt.conc .year-1 ) 

Maximum 

(% wt.conc.) 

Build-up Rate  

(mol.L-1.year-1) 

Maximum 

(mol.L-1) 

Marine splash zone Inst. 0.8 Inst. 0.57 
Marine spray zone 0.1 1.0 0.07 0.72 
Within 800 m of the ocean 0.04 0.6 0.03 0.43 
Within 1.5 km of the ocean 0.02 0.6 0.014 0.43 

 

As for the initial condition, the maximum allowed chloride content in concrete containing steel 

reinforcement, according to BS EN 206 standard [191], is 0.2 wt.% of cement. This wt.% of 

cement is converted to wt.% of the concrete, by multiplying the ratio of the 

total weight of the binder (i.e. 410 Kg.m-3) used in concrete to the total weight of the concrete 

(i.e. 2540 kg.m-3 ). Finally, the initial chloride content in wt.% of the concrete is multiplied by 

the density of the concrete (2.540 kg.L-1) and then divided by the molar mass of chloride to 

obtain the chloride concentration in concrete in mol.L-1. The value obtained for the initial 

chloride content in concrete is 0.02 mol.L-1 . 

6.5  Critical Chloride Threshold 

The critical chloride threshold for the alkali-activated concretes is described using a lognormal 

distribution according to Equation 4.5, based on the distribution of data, in wt.% of the binder, 

shown in Figure 6.1. The values of the distribution of critical chloride thresholds have been 
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previously calculated in section 4.1 of Chapter 4 “Probabilistic Service Life Prediction of 

Alkali-Activated Concrete”. However, the outliers and data along the whiskers of the box plots 

for Ccrit in section 4.1 are excluded in order to have the distribution around the median value 

for 100SG and 50SG50FA concretes. In the absence of specific information, the distribution of 

critical chloride threshold, Ccrit, for 75SG25FA concrete is set equal to the distribution of Ccrit 

for 100SG concrete in this research. 

 

 

Figure 6.1 Ccrit (mol.L-1) of high calcium AAMs, 100%SG and 50%SG50%FA, as a function of alkali dosage 

(wt.% of binder). 

 

6.6  Modelling Summary 

The system of PDEs defined in Equation 6.42 describes the physical-chemical phenomena 

taking place inside unsaturated concrete exposed to simultaneous chloride ingress and 

carbonation reactions. This system of PDEs is solved using a dedicated Matlab code. 

 In summary, the moisture transport model, Equation 6.2.a simulates the transport of ionic 

species in the aqueous phase of the pores of the concrete. However, the unit of chloride 

concentration is set as mol of Cl per litre of the solid concrete. Consequently, the unit of 

chloride concentration in Equation 6.2.a should change to mol per litre of the pore solution. 

Hence, Equation 6.2.a* is implemented to calculate the concentration of chloride in the pore 

solution of concrete and it is denoted as CCl
∗ . 

CCl
∗ =

CCl
θ

 (6.35) 
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CCl; mol of Cl per L of concrete 

θ; evaporable water content (volume of the liquid pore solution (in L) per pore volume of the 

concrete (in L)), obtained by multiplying the degree of saturation, ε , by the porosity of the 

concrete, ϕ. 

 

Next, the chloride transport model Equation 6.14 simulates the transport of chloride through 

the aqueous phase of the pores of the concrete along with possible chloride binding reaction. 

The unit for chloride concentration is defined in terms of mol of Cl per L of the concrete 

because infield practice the concentration of chloride across the concrete cover of a structure 

exposed to a marine environment is determined in terms of wt.% of the binder or wt.% of the 

concrete [12, 13, 163]. The transport of CO2(g) in the empty space of the pore of the concrete, 

Equation 6.16, and transport of CO3
2− in the pore solution, Equation 6.25, describe the 

carbonation reaction by accounting for the change in pore structure, Equation 6.31, and its 

impact on mass transport of ions in the pore solution. Finally, heat transport, Equation 6.33, is 

included in the numerical model to account for the effect of temperature on the aging factor of 

the concrete. Figure 6.2 describes the algorithm implemented in the numerical model. The 

system of PDEs (6.36) is solved using a dedicated Matlab code, which implemented the pdepe 

function described in section 3.4.2.1 of Chapter 3.  

{
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∂nCaCO3
∂t

= R = kc (
γCa2+[Ca

2+] × γCO32−[CO3
2−]

Ksp,CaCO3
− 1)                                                                                                                    (6.31)

 
∂T

∂t
=

k

ρCp

∂2T

∂x2
                                                                                                                                                                                            (6.33)
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Figure 6.2 Algorithm of the developed numerical service life model. Where “x” in Ccl (t,x) is the location of 

the rebar in reinforced alkali-activated concrete and “t” is time in years. 
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6.7  Results and Discussion 

6.7.1 Aging Factor of Alkali-Activated Concrete 

Van Belleghem et al. [173] have studied the suitability of mortars as local repairs for 

delaminated concrete by resistivity tests. This type of test method is used to check the 

compatibility of the repair mortar to the parent concrete prior to the application of cathodic 

protection that reduces the corrosion of steel in reinforced concrete. Van Belleghem et al. [173] 

measured the resistivity of their repair materials under the same temperature, 20°C, and at three 

relative humidity conditions, 60, 80 and 100%, and with three different test methods. They 

concluded that the embedded electrodes method (EEM) bulk resistivity test is the most suitable 

technique for resistivity measurement in unsaturated and saturated conditions, which is at 60% 

and 100% RH, respectively.  

The embedded electrodes method (EEM) bulk resistivity test has been implemented in this 

research to measure the resistivity of alkali-activated and Portland cement, type CEM III/B, 

mortars to obtain their aging or formation factor. First the resistivity of the samples in the fresh 

state (i.e. after being cured for 28 days) is measured and is noted as “Ref samples_28 days” as 

shown in Figures 6.4-6.11. Then measurements are taken in submerged conditions (i.e. under 

water) at three different temperatures, 10, 20 and 30°C, and in unsaturated conditions, 60% 

RH, at two different temperatures, 10 and 20°C. The results obtained are shown in Figures 6.4-

6.9 for alkali-activated mortars, and in Figures 6.10-6.11 for Portland cement mortars. Overall, 

the measurements obtained for all the mortars, except for the CEM III based mortar, in 

submerged conditions for 1 week are slightly lower, by a factor of 1.22-1.88, than the value 

measured for Portland cement repair mortar stored at 100% RH and at 20°C for 91 days as 

reported in [173], and shown in Figure 6.3.  
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Figure 6.3 Measured resistivity of Portland cement (PC) mortar, by EEM test, as a function of time and 

relative humidity. Figure obtained from [173]. 

According to Figure 6.3, the PC mortar exposed to 100%RH has a resistivity value of 

approximately 20,000 Ωcm which is similar to the value obtained for the studied CEM III 

mortar in submerged conditions for 1 week. Portland cement mortar stored at 60%RH and 20°C 

for 91 days, shown in Figure 6.3, had a higher value of resistivity by a factor of 2.6 to 3.2 than 

alkali-activated mortars stored in the same conditions for 98 days according to Figures 6.5,6.7 

and 6.9. The PC mortar exposed to 60%RH in figure 6.4 has a resistivity of approximately 

170,000 Ωcm, that is similar to the value obtained for the studied CEM III mortar under the 

same conditions, Figure 6.12. Overall, the trend of results in resistivity measurements in Figure 

6.4-6.11 is similar to the set of data obtained in Figure 6.3, where in both saturated (i.e. 

100%RH condition, shown by the blue curve in Figure 6.3) and submerged conditions (i.e. 

under water) the resistivity nearly reaches a stable value after a testing period of 98 days for 

AAM mortars. However, for CEM III mortars in submerged conditions at 20 and 10°C the 

resistivity has slightly decreased by an average factor of 1.2 from 98 days to 251 days, as shown 

in Figure 6.10. Furthermore, in unsaturated conditions, at 60% RH and 20°C, the resistivity 

values for all the alkali-activated mortars and CEM III continue to increase, even after 98 days, 

and with a similar rate to the literature data reported in Figure 6.3.  

 

In the case of 100SG mortar, the resistivity of the sample continued to increase in submerged 

and in unsaturated conditions after being cured for 28 days. The resistivity is also impacted 

more by the presence of water than humidity, according to Figures 6.4 and 6.5, where the 

resistivity is higher in an unsaturated state. The effect of temperature in both cases should also 
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be noted, where the samples stored at low temperature, at 10°C, have a higher resistivity than 

the samples stored at higher temperature, at 30°C. Hence, an increase in temperature has an 

effect on the microstructure of the mortar such that it increases the interconnectivity of the 

pores which makes the material more permeable (i.e. less resistant) to corroding agents (i.e. 

chloride ions) propagating from the external environment [263, 264]. Except in the last testing 

period of 288 days in unsaturated condition, the measured resistivity at 20°C was higher than 

at 10°C.  

 
Figure 6.4 Resistivity measurements of 100SG in submerged conditions as a function of time and 

temperature. 

 

 
Figure 6.5 Resistivity measurements of 100SG in unsaturated conditions, 60% RH, as a function of time and 

temperature. 
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In the case of 75SG25FA, according to Figures 6.6 and 6.7, a similar trend in resistivity 

measurements as seen for 100SG is observed. Although 75SG25FA has a lower water content 

in its mix design, the measured resistivity is slightly lower than 100SG, indicating that 

75SG25FA is more porous than 100SG. In addition, there is a greater jump in resistivity from 

98 days to 288 days in unsaturated conditions, compared to 100SG, signifying that fly ash in 

the mix design has further reacted after a long period of time. 

 

Figure 6.6 Resistivity measurements of 75SG25FA in submerged conditions as a function of time and 

temperature. 

 

Figure 6.7 Resistivity measurements of 75SG25FA in unsaturated conditions, 60%RH, as a function of time 

and temperature. 
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In the case of 50SG50FA, according to Figures 6.8 and 6.9, a similar trend in resistivity 

measurements as in 100SG and 75SG25FA is observed. Although 50SG50FA has the lowest 

water content in its mix design, the measured resistivity is greatly lower than 100SG and 

75SG25FA, indicating that 50SG50FA has the most porous microstructure.  

 

Figure 6.8 Resistivity measurements of SG50FA50 in submerged conditions as a function of time and 

temperature. 

 
Figure 6.9 Resistivity measurements of SG50FA50 in unsaturated conditions, 60% RH, as a function of time 

and temperature. 
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resistivity of the samples in submerged conditions is not as significant as in the case of alkali-

activated mortars.  

It should also be noted that the resistivity obtained on the 251st day for the CEM III sample in 

unsaturated condition is higher at 20°C than at 10°C. This is also evident in the case of 100SG. 

Thus, high calcium cementitious materials may favour room temperature conditions to reach 

the highest extent of reactivity of slag precursors, that can further densify the microstructure 

and increase the resistance of the material against propagating corroding agents. 

 

Figure 6.10 Resistivity measurements of CEM III in submerged conditions as a function of time and 

temperature. 

 

 
Figure 6.11 Resistivity measurements of CEM III in unsaturated conditions, 60%RH, as a function of time 

and temperature. 
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After measuring the resistivity of the mortars in submerged conditions, the next step in 

obtaining the aging factor is to theoretically calculate the pore solution resistivity using the 

NIST model [240]. GEM-Selektor v.3 [193] is used in this research to calculate the phase 

assemblage and pore solution composition of the alkali-activated binders and CEM III cement. 

Figure 6.12 represents the phase assemblage, containing the reaction products or hydrates of 

these binders where only 70% of the slag and 35% of the fly ash is assumed to be reacted. 

Additionally, 70% of CEM III cement is assumed to have been reacted, based on the high 

amount of composition of slag in CEM III/B cement, between 66 and 80 wt.% [166]. According 

to Figure 6.12, The predicted phase assemblage, by GEM-Selektor v.3, for AAMs shows that 

the main reaction product is C-(N)-A-S-H gel and the secondary reaction products are MgAl-

OH-LDH (i.e. hydrotalcite-like phases), strätlingite (i.e. AFm phase) and natrolite (i.e. zeolite 

phase or N-A-S-H gel). This kind of phase assemblage for high calcium based AAMs (i.e. 

100%SG and 50%SG + 50%FA AAMs) as experimental data has already been reported by 

Myers et al. [265]. It should be noted in Figure 6.12 that an increase in fly ash replacement 

(i.e. from 0% to 50% of the total amount of precursors) led to the formation of more N-A-S-H 

gel and less C-(N)-A-S-H gel in the phase assemblages of the hydrated alkali-activated 

cements. This can be explained by the increase in the bulk Alumina content, coming from the 

fly ash precursors, leading to an increase in the formation of additional disordered N-A-S-H 

gel with high Al and sodium (Na) contents [31]. Whereas, a decrease in the bulk Calcium 

content, as in the case of 50SG50FA, leads to a decrease in the amount of C-(N)-A-S-H gel 

formed compared to 100SG [69]. 
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Figure 6.12 Phase assemblages of alkali-activated binders and CEM III, as calculated by thermodynamic 

simulations in GEM-Selektor. Note that aq_gen is the pore fluid (evaporable/free water with dissolved ions) 

present in the binders. 

Table 6.5 contains the calculated pore solution compositions in terms of the dominant ions 

present in the pore solution of the binders. It can be noted that the pore solution alkalinity is 

the highest for 100SG and the lowest for 50SG50FA. The concentration of the alkali-ions (i.e. 

sodium and potassium ions) and ionic strength in AAMs is higher than for CEM III because of 

the presence of extra alkali ions in the alkali-activator for the mix design of AAMs.  

Table 6.5 Pore solution chemistry of alkali-activated binders and CEM III binder. 

Ionic Concentration, mol/l 100SG 75SG25FA 50SG50FA CEM III 

O𝐇− 0.67 0.34 0.07 0.14 

C𝐚𝟐+ 0.000043 0.000051 0.00012 0.002 

N𝐚+ 0.57 0.2 0.03 0.046 

𝐊+ 0.18 0.28 0.4 0.09 

S𝐎𝟒
𝟐− 0.03 0.06 0.18 0.000029 

IS 0.76 0.5 0.5 0.14 

pH 13.7 13.4 12.7 13 

 

 

Figure 6.13 shows the calculated pore solution resistivity of AAMs and CEM III based on the 

concentrations of pore solution ions in Table 6.5. It can be noted that 100SG had the lowest 

calculated pore solution resistivity, followed by 75SG25FA, 50SG50FA and CEM III. 

Although the pore solution alkalinity in 50SG50FA is lower than in CEM III, it contained a 

higher concentration of alkali metal cations, making the pore solution more conductive [14]. 
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Hu et al. [14] have theoretically calculated the pore solution conductivity of their alkali-

activated paste sample with a similar mix design to the studied 100SG in this research. They 

estimated the conductivity of the cement paste pore solution from the dominant OH-, K+ and 

Na+ ion concentrations, according to the method found in [240], and obtained a value of 18.598 

Ω−1. m−1 . This outcome is re-calculated to a resistivity value, given that resistivity is the 

inverse of conductivity,  and the value obtained is 5.38 Ω. cm which is lower than the value 

estimated for 100SG that is 7.7 Ω. cm as shown in Figure 6.13. However, the difference in both 

results is reasonable since the studied 100SG contains a higher w/b content in its mix design 

compared to the alkali-activate slag paste studied by Hu et al. [14], with a w/b of 0.35, which 

make the pore solution in 100SG binder to have a higher resistivity value [106]. 

 

 

Figure 6.13 Pore solution resistivity measurements calculated theoretically using the NIST model [240] 

based on thermodynamic calculations of pore fluid compositions. 

Based on the measured resistivity and calculated pore solution resistivity for the alkali-

activated mortars, the chloride and carbonate aging transport models (diffusion coefficients and 

aging factors) are shown in Table 6.6. It should be noted that the Deff,Cl data for alkali-activated 

mortars and concretes are fitted by a power law model, with the aging factor as the exponent, 

and the graphs containing the curve fitting for alkali-activated mortars can be found in appendix 

6.D “Chloride diffusion transport models in alkali-activated mortars”. It should also be noted 

that the values of effective chloride diffusion obtained for alkali-activated mortars, cured for 
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obtained for alkali-activated concretes, aged for 28 days before the test, according to Figure 

4.2 in Chapter 4. 

Table 6.6 Chloride and carbonate ion transport models for alkali-activated mortars. 

 𝐃𝐞𝐟𝐟,𝐂𝐥 ×10-5 (m2/year) 𝐃𝐞𝐟𝐟,𝐂𝐎𝟑
𝟐− ×10-5 (m2/year) 

Sample 10ºC 20 ºC 30ºC 10ºC 20 ºC 30ºC 

100SG 1.38×t-0.19 1.45×t-0.246 1.53×t-0.279 3.72×t-0.19 3.89×t-0.246 4.11×t-0.279 

75SG25FA 2.5×t-0.196 2.47×t-0.25 2.26×t-0.308 6.71×t-0.196 6.63×t-0.25 6.07×t-0.308 

50SG50FA 7.95×t-0.149 7.99×t-0.256 7.8×t-0.288 21.33×t-0.149 21.45×t-0.256 20.94×t-0.288 

 

Including the scaling factor of 0.773 (i.e. from mortar to concrete), the ionic transport models 

are shown in Table 6.7.  

 

Table 6.7 Chloride and carbonate ion transport models, in m2/year, in alkali-activated concretes. 

 𝐃𝐞𝐟𝐟,𝐂𝐥 ×10-5 (m2/year) 𝐃𝐞𝐟𝐟,𝐂𝐎𝟑
𝟐− ×10-5 (m2/year) 

Sample 10ºC 20 ºC 30ºC 10ºC 20 ºC 30ºC 

100SG 1.07×t-0.19 1.12×t-0.246 1.18×t-0.279 2.87×t-0.19 3.01×t-0.246 3.18×t-0.279 

75SG25FA 1.93×t-0.196 1.91×t-0.25 1.75×t-0.308 5.19×t-0.196 5.13×t-0.25 4.69×t-0.308 

50SG50FA 6.14×t-0.149 6.18×t-0.256 6.03×t-0.288 16.48×t-0.149 16.58×t-0.256 16.19×t-0.288 

 

The effect of temperature is also included in the chloride and carbonate transport through 

Equation 6.11, where the activation energy, Ea, is obtained by fitting the effective chloride 

diffusion coefficients through the Arrhenius equation, Equation 6.9. The obtained activation 

energy is 10 kJ.mol-1 as it closely predicts the chloride diffusion as a function of temperature 

and for each period of testing for alkali-activated mortars and CEM III mortar as shown in 

Figures 6.14 and 6.15, although this value of activation energy is lower than the value of 35 

kJ.mol-1 used in the Life-365 service life model [262]. 
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Figure 6.14 Effective chloride diffusion in alkali-activated mortars, in submerged condition, as a function of 

time and temperature. 
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Figure 6.15 Effective chloride diffusion in CEM III mortars, in submerged condition, as a function of time 

and temperature. 

 

6.7.2 Calcium Carbonate Precipitation Rates 

The calculated precipitation rate constants for AAMs are shown in Table 6.8. The values are 

different because of the difference in concentrations of free calcium ions in the pore solutions 

of these cements, along with the calculated activity coefficients, γ, and the total change in 

porosity of these binders when carbonated (Table 6.3).  

 

Table 6.8 Calculated calcium concentration, activity coefficients and precipitation rate constants for CaCO3 

for carbonated AAMs. 

Binders 
[𝐂𝐚𝟐+] 

(mol.L-1) 
𝛄𝐂𝐚𝟐+ 𝛄𝐂𝐎𝟑

𝟐− 
Calculated precipitation 

rate (mol. s-1) 

100SG 0.0001 0.043 0.137 4.38×10-6 

75SG25FA 4.88×10-5 0.073 0.174 7.22×10-5 

50SG50FA 4.05×10-5 0.093 0.165 1.78×10-4 
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In this section the chloride profile obtained from a bridge structure exposed to a marine 

environment for over 25 years, reported in [163], is used to qualitatively estimate the chloride 

profile of AAMs in real conditions. The structure contains Portland cement with 20% slag and 

a ratio of water to cement of 0.36 in its mix design. This design is different from the Portland 

cement mix used in this research in which CEM III/B 42.5N contained at least 66% slag by 
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mass, according to the EN 197-1 standard [266], and a water to binder ratio of 0.5. However, 

the data set obtained under real service conditions is utilized to validate, as far as is possible, 

the proposed numerical model for AAMs under both mechanical and environmental loadings. 

The methodology has been explained in section 6.2, and the chloride profiles for AAMs 

qualitatively estimated after 25 years are shown in Figure 6.16, along with the real service 

chloride profile obtained from the structural element, inside the column of the bridge, located 

40 mm above sea level. Each service data point is shown with upper and lower error bounds of 

±10% to obtain the minimum and maximum chloride profiles for AAMs, to account for the 

variability in the initial service data set obtained from [163]. 

 
Figure 6.16 Total chloride profile (mol/L) of a structure, made of CEM II cement, in service conditions for 

more than 25 years at 40 mm above sea level [163], compared to the profiles modelled in this study for the 

AAM concretes as indicated.  

 

6.7.4 Extent of Aging Factor 

Effective chloride diffusion coefficients of AAMs obtained in laboratory conditions, during a 

testing period of 288 days and in different temperature conditions, are fitted by a power function 

passing through the diffusion point estimated after 25 years, as shown in Figure 6.17-6.19. 

This diffusion is calculated by fitting the error function solution to Fick’s second law of 

diffusion through the data of AAMs shown in Figure 6.16. It should be noted that the erf 

solution is only technically valid without the time-dependence from the aging, but it is a useful 

approximation to estimate the instantaneous diffusion coefficient for concrete at a specific point 
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activated concrete shows that there is only a slight change in chloride diffusion after a period 

of 1 year, which signifies that nearly all the precursors present in the binder have reacted by 

this time. Hence, the hydration reaction in these cementitious material has been nearly 

completed, leading to a fully developed overall microstructure for each concrete. Thus, the 

aging effects that cause each ionic transport process to decrease as a function of time are set to 

continue only up to one year in the numerical model. After this point, the model utilizes the 

same value of ionic diffusion coefficients achieved at 1 year, as a constant throughout the 

remaining service life.   

 

Figure 6.17 Time-dependence of chloride diffusion coefficients of 100SG concrete. 
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Figure 6.18 Time-dependence of chloride diffusion coefficients of 75SG25FA concrete. 

 

 

Figure 6.19 Time-dependence of chloride diffusion coefficients of alkali-activated 50SG50FA concrete. 
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6.8 Service Life Prediction of Alkali-Activated Concretes 

In this section the service life of alkali-activated concretes, with mix design shown in Table 

6.9, is estimated by using the proposed numerical model. The mix design of the binder in each 

concrete is the same as the mixes used in the alkali-activated mortars studied in this research, 

to use the obtained ionic transport models. 

        Table 6.9 Mix designs of alkali-activated concretes 

Mix Precursor (kg/m3) 
Sand 

(kg/m3) 

Aggregate 

(kg/m3) 

Water 

(kg/m3) 

NaOH 

(kg/m3) 

Na2SiO5 

(kg/m3) 

100SG 410 720 1080 175 5.7 90 

75SG25FA 410 720 1080 150 5.7 90 

50SG50FA 410 720 1080 125 5.7 90 

 

6.8.1 Summary of Inputs for Numerical Model 

The list of parameters used in the proposed numerical model are listed in Tables 6.10-6.13. Each of the 

durability parameters defined for the microstructure, carbonation reaction, ionic transport, and 

permeability can be altered to check its overall impact on the predicted service life. Additionally, the 

mix design can be directly modified, which in turn affects the durability parameters. According to the 

sub-models used in the numerical model, the sand to aggregate ratio has an effect on moisture 

permeability, and the cement content determines the amount of chloride binding. Also, the water to 

binder ratio affects the overall porosity of the microstructure of the material, but this parameter is an 

input based on the data available in the literature. Finally, model refinement for CO2 transport is also 

implemented, through a reduction factor, prior the calculation of service life. This step is discussed in 

the following section of sensitivity analysis. 
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Table 6.10 Parameters used in the numerical model for transport in the mortar phase (i.e. skin layer) and 

concrete phase for the studied alkali-activated concretes. 

Parameters 100SG 75SG25FA 50SG50FA 

Microstructure 

Porosity – Concretea 0.16 0.15 0.14 

Porosity – Mortara 0.08 0.08 0.08 

Carbonation 

Change in porosity (%)b -5.3% +47.75% +81.73% 

𝐤c (mol.s-1) 4.38×10-6 7.22×10-5 1.78×10-4 

[𝐂𝐚𝟐+] (mol.L-1) 0.0001 4.88×10-5 4.05×10-5 

 𝜸𝑪𝒂𝟐+
 0.043 0.073 0.093 

 𝜸𝑪𝑶𝟑𝟐−
 0.137 0.174 0.165 

Carbonate Transport 

Carbonate transport model – 

Mortara: 𝐃𝐞𝐟𝐟,𝐂𝐎𝟑𝟐−
(m2/year) 

3.89×10-5 t-0.246 6.63×10-5 t-0.25 21.45×10-5 t-0.256 

Carbonate transport model – 

Concretea: 𝐃𝐞𝐟𝐟,𝐂𝐎𝟑𝟐−
 (m2/year) 

3.01×10-5 t-0.246 5.13×10-5 t-0.25 16.58×10-5 t-0.256 

Effect of Temperature 

Activation Energy (kJ/mol) 10 10 10 

Chloride Transport 

Langmuir Binding isotherm: 

𝜶 ;  𝜷 for alkali-activated 

cement** 

17.5 0.07 23.7 0.08 11.7 0.06 

Chloride transport model - 

Mortar: 

𝐃𝐞𝐟𝐟,𝐂𝐥 (m
2/year) 

1.45×10-5 t-0.246 2.47×10-5 t-0.25 7.99×10-5 t-0.256 

Chloride transport modela - 

Concrete: 𝐃𝐞𝐟𝐟,𝐂𝐥 (m
2/year) 

1.12×10-5 t-0.246 1.91×10-5 t-0.25 6.18×10-5 t-0.256 

Mix Design 

Binder  content, kg, in 1 m3 of 

concrete 
410 410 410 

Concrete Density (kg/dm3) 2.540 2.540 2.540 

*The precipitation rate for calcium carbonate, k, is converted to mol/year in the numerical model. 

**The parameters, α and β, used in the Langmuir binding isotherm for chloride ions is obtained from [113]  
a Porosity of alkali-activated mortar and concrete obtained from [152]. 
b Change in porosity, by %, of alkali-activated cements after carbonation obtained from [147]. 
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Table 6.11 Moisture permeability parameters for 100SG concrete with 5 mm skin layer of mortar phase. The 

moisture transport parameters have been already calculated in in “Chapter 5: Moisture Permeability in 

Alkali-Activated Materials”. 

 Permeability-

Single: K** ; xd 
1 ×10-23 1.7 

 Permeability-

Single: K** ; xd 
1×10-22 1.4 

Desorption 

Isotherm- 

Single:a* ; m 

422×105  0.38 

Adsorption 

Isotherm- 

Single:a* ; m 

98×105 0.22 

Permeability-

Dual-Large 

Pore: KL
** ; xd 

4×10-23 1.8 

Permeability-

Dual-Large 

Pore: KL
** ; xd 

1×10-22 1.6 

Permeability-

Dual-Small 

Pore: KS
** ; xd 

2×10-24 1.8 

Permeability-

Dual-Small 

Pore: KS
** ; xd 

1×10-23 1.6 

Desorption 

Isotherm- 

Dual: 

aL
* ; SL/S*** 

159×105 0.66 

Adsorption 

Isotherm- 

Dual: 

aL
* ; SL/S*** 

88×105 0.98 

wf ;wf,D ; m 0.11 0.15 0.4 wf; wf,D ; m 0.11 0.15 0.22 

Desorption 

Isotherm- 

Dual:aS
* ; 

SS/S*** 

524×105 1 

Adsorption 

Isotherm- 

Dual:aS
* ; 

SS/S*** 

98×105 1 

*The overall air entry pressure, a, and for the large and small pores, aL and aS respectively, are in Pa in the numerical 

model. 

**The overall moisture permeability factor, K, and for the large and small pores, KL and KS, are in m2. The 

apparent moisture diffusivity is converted from m2/s to m2/year in the numerical model. 

***Average fraction of degree of saturation in large and small pores, SL/S and Ss/S, in the concrete cover. 
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Table 6.12 Moisture permeability parameters for 75SG25FA concrete with 5 mm skin layer of mortar phase. 

The moisture transport parameters have been already calculated in in “Chapter 5: Moisture Permeability in 

Alkali-Activated Materials”. 

 Permeability-

Single: K** ; xd 
3×10-23 1.8 

 Permeability-

Single: K** ; xd 
5×10-23 1.4 

Desorption 

Isotherm- 

Single:a* ; m 

437×105  0.4 

Adsorption 

Isotherm- 

Single:a* ; m 

97×105 0.22 

Permeability-

Dual-Large 

Pore: KL
** ; xd 

5×10-23 2 

Permeability-

Dual-Large 

Pore: KL
** ; xd 

1×10-22 1.5 

Permeability-

Dual-Small 

Pore: KS
** ; xd 

1×10-23 2 

Permeability-

Dual-Small 

Pore: KS
** ; xd 

1×10-23 1.5 

Desorption 

Isotherm- 

Dual: 

aL
* ; SL/S*** 

215×105 0.76 

Adsorption 

Isotherm- 

Dual: 

aL
* ; SL/S*** 

67×105 0.92 

wf; wf,D ; m 0.097 0.11 0.41 wf; wf,D ; m 0.097 0.11 0.22 

Desorption 

Isotherm- 

Dual:aS
* ; 

SS/S*** 

492×105  

 

1 

 

Adsorption 

Isotherm- 

Dual:aS
* ; 

SS/S*** 

98×105 

 

1 

 

*The overall air entry pressure, a, and for the large and small pores, aL and aS respectively, are in Pa in the numerical 

model. 

**The overall moisture permeability factor, K, and for the large and small pores, KL and KS, are in m2. The 

apparent moisture diffusivity is converted from m2/s to m2/year in the numerical model. 

***Average fraction of degree of saturation in large and small pores, SL/S and Ss/S, in the concrete cover. 
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Table 6.13 Moisture permeability parameters for 50SG50FA concrete with 5 mm skin layer of mortar phase. 

The moisture transport parameters have been already calculated in in “Chapter 5: Moisture Permeability in 

Alkali-Activated Materials”. 

 Permeability-

Single:  

K** ; xd 

1×10-23 1 

 Permeability-

Single: 

 K** ; xd 

1×10-22 0.8 

Desorption 

Isotherm- 

Single:a* ; m 

774×105 0.31 

Adsorption 

Isotherm- 

Single:a* ; m 

121×105  0.11 

Permeability-

Dual-Large Pore: 

KL
** ; xd 

1×10-22 0.7 

Permeability-

Dual-Large Pore: 

KL
** ; xd 

2×10-22 1 

Permeability-

Dual-Small Pore: 

KS
** ; xd 

1×10-25 0.7 

Permeability-

Dual-Small Pore: 

KS
** ; xd 

5×10-23 1 

Desorption 

Isotherm- Dual: 

aL
* ; SL/S 

238×105  0.5 

Adsorption 

Isotherm- Dual: 

aL
* ; SL/S 

111×105 0.99 

wf; wf,D ; m 0.14 0.1 0.59 wf; wf,D ; m 0.14 0.1 0.11 

Desorption 

Isotherm- Dual:aS
* 

; SS/S*** 

1621×105  1 

Adsorption 

Isotherm- Dual:aS
* 

; SS/S*** 

121×105 1 

*The overall air entry pressure, a, and for the large and small pores, aL and aS respectively, are in Pa in the numerical 

model. 

**The overall moisture permeability factor, K, and for the large and small pores, KL and KS, are in m2. The 

apparent moisture diffusivity is converted from m2/s to m2/year in the numerical model. 

***Average fraction of degree of saturation in large and small pores, SL/S and Ss/S, in the concrete cover. 

 

6.8.2 Computational Study  

In this section, computational experiments are first conducted to check the validity of each 

equation, with numerous variables, used in the numerical model to calculate the service life of 

alkali-activated concretes. In addition, two environmental conditions can be selected in the 

numerical model which are the drying and wetting conditions. The drying condition is set so 

that the concrete is initially saturated at 100% RH and 20ºC then exposed to 50% RH and 30ºC 

environment. Whereas, the wetting condition is set so that the concrete is initially dried at 

50%RH and 20ºC then exposed to 100% RH and 30ºC environment. So in the case of drying, 

the mode of transport of moisture and corroding agents (i.e. Cl- and CO3
2− ) is in countercurrent 

flow with moisture transporting out of the concrete. Whereas in the case of wetting, the mode 

of transport of moisture and corroding agents is in cocurrent flow into the concrete.  

Furthermore, model refinement may be proposed but then will be based on data from the 

literature. Next, the numerical model, including possible refinements, is qualitatively tested on 

chloride profiles estimated for alkali-activated activated concretes exposed to marine 

environment for at least 25 years.  
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6.8.2.1 Sensitivity in Chloride Binding 

Zhang et al. [113] and Mangat et al. [104] have conducted experiments to quantify chloride 

binding by AAMs. Zhang et al. [113] have performed their experiments at the level of the 

binder whereas Mangat et al. [104] at the level of the concrete but both sample types have been 

exposed in the same experimental condition which is in a solution with a certain concentration 

of NaCl.  The two studies have also implemented the Langmuir binding isotherm to relate the 

amount of bound and free chloride ions in AAMs. However, the fitted parameters of the 

Langmuir isotherm have shown different values in both studies even for the same type of alkali-

activated binder (i.e. same mix design containing 100% slag as precursor) used in the concrete 

as shown in Table 6.14.  

Table 6.14 Fitted parameters, α and β , for Langmuir isotherms for AAMs obtained at the cement level from 

[113] and at concrete level [104]. 

 

Langmuir Binding 

Isotherm 

𝛼 𝛽 

Cement 
Mix design: 100% Slag - Na2O; 4 wt.% binder –

Ms; 1.5 - w/b; 0.5 
17.5 0.07 

Concrete 
Mix design: 100% Slag - Na2O; 4 wt.% binder – 

Ms; 2 - w/b; 0.47 and sand/aggregate; 0.4 
1.2 7 

 

To test the impact in the difference of values for the parameters of the Langmuir binding 

isotherm, each set of fitted 𝛼 and β shown in Table 6.14 is implement in the numerical model 

to predict chloride transport in 100SG concrete because it has a similar mix design to the 

reported AAMs in Table 6.14.  The concrete, with a cover of 50 mm, is set to be located in a 

marine splash zone with its initial moisture state set at 50%RH and 20ºC, and exposed to 100% 

RH and 30ºC environment (i.e. wetting condition) to predict the extent of chloride transport in 

alkali-activated concrete. Figure 6.20 presents the chloride profiles in 100SG concrete 

predicted by implementing the Langmuir isotherm with the coefficients determined at the level 

of the cement (A) and at the level of the concrete (B) in the numerical model. It can be seen in 

Figure 6.20 that there is less chloride binding at the level of the concrete than at the level of 

the cement. Hence, the amount of bonded chloride in cement predicted by the Langmuir 

isotherm should have a reduction factor that can account for the percentage of the hydrated 

products that can be available for chloride binding in the level of the concrete [106].  
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Figure 6.20 Chloride profiles for 100SG concrete in marine splash zone environment at 100% RH and 30ºC. 

The chloride profiles in 100SG concrete are predicted by implementing the Langmuir isotherm with the 

coefficients determined at the level of the cement (A) and at the level of the concrete (B).  

In addition, Babaee and Castel [55] have also conducted experiments on alkali-activated 

mortars exposed to aqueous chloride solutions and have not found evidence of chloride binding 

in their studied samples. Consequently, the reduction factor for the amount of chloride binding, 

predicted by the Langmuir binding isotherm for alkali-activated cements, is set in the numerical 

model to vary between 0% and 100% to assess the impact of chloride binding on chloride 

transport in alkali-activated concretes exposed to drying and wetting condition. Figures 6.21 

and 6.22 present the chloride profiles in 100SG concrete, with cover of 50 mm, located within 

1.5 km of the ocean and exposed to drying and wetting conditions respectively. It should be 

noted that chloride profiles predicted for 100SG concrete, with negligible chloride binding, 

exposed to drying condition within 1.5 km of the ocean, Figure 6.21 B, is still slightly lower 

than the chloride profiles in 100SG concrete exposed to wetting condition, Figure 6.22 B. The 

effect of environmental RH is more evident in Figures 6.21A and 6.22A where the chloride 

profiles predicted for 100SG concrete, with total chloride binding, exposed to drying condition 

within 1.5 km of the ocean are lower than the chloride profiles in 100SG concrete exposed to 

wetting condition. Hence, environmental RH plays a crucial role in the durability of concrete 

because not only it can increase the flow rate of chloride ion, when its value is higher than the 

internal RH in the pores of the concrete, but it can also drive out the corroding agents from the 

concrete when its value is lower than the internal RH in the pores of the concrete. 

A B 
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Figure 6.21 Chloride profiles for 100SG concrete within 1.5 km of the ocean at 50% RH and 30ºC. The 

chloride profiles in 100SG concrete are predicted by reducing the total amount of bonded chloride predicted 

by the Langmuir isotherm for 100SG binder by 0% A and 100% B.    

   

Figure 6.22 Chloride profiles for 100SG concrete within 1.5 km of the ocean at 100% RH and 30ºC. The 

chloride profiles in 100SG concrete are predicted by accounting for the total amount of bonded chloride 

predicted by the Langmuir isotherm for 100SG binder (A) and by reducing the total amount of bonded 

chloride predicted by the Langmuir isotherm for 100SG binder by 100% (B). 

Furthermore, Figure 6.23 represents chloride profiles for 100SG concrete in various locations 

at 100% RH and 30ºC and the profiles are predicted by accounting for the total amount of 

bonded chloride predicted by the Langmuir isotherm for 100SG binder. The purpose of this 

figure is to represent the chloride build up at the surface of the concrete when it is not in direct 

contact to salt water (i.e. marine splash zone). Once the maximum chloride concentration has 

been reached, it is set in the numerical model to remain constant throughout the remaining 

service life of the concrete. 

   

B A 

B A 
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Figure 6.23 Chloride profiles for 100SG concrete in marine splash zone environment (A), marine spray zone 

(B), within 800 m of the ocean (C), and within 1.5 km of the ocean (D), at 100% RH and 30ºC. The chloride 

profiles in 100SG concrete are predicted by accounting for the total amount of bonded chloride predicted by 

the Langmuir isotherm for 100SG binder. 

In the application of the numerical model for all the studied alkali-activated concretes, the 

chloride profiles in reinforced concretes located in various zones and exposed to different 

environmental conditions are predicted by accounting 100% of the total amount of bonded 

chloride predicted by the Langmuir isotherm for alkali-activated cements. In addition, 

sensitivity analysis is conducted to assess the impact of chloride binding on service life of 

alkali-activated concretes to account for the variability in amount of bonded chloride in 

concrete which is always subjected to cyclic drying and wetting cycles in real service condition 

[179].  
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6.8.2.2 Sensitivity in CO2 transport  

The transport of CO2 in concrete needs to be refined in the numerical model because the 

effective diffusion model for CO2 was obtained from an accelerated carbonation experiment as 

reported in [246]. Consequently, a computational experiment is conducted for 100SG concrete, 

with cover of 50 mm, and located at a distance of 1.5 km from the ocean. In addition, the 

concrete is set to be initially saturated, at 100% RH and 20ºC, and exposed to 50% RH and 

30ºC environment (i.e. drying condition) to predict the extent of CO2 transport in alkali-

activated concrete. Figure 6.24 A and B represent the CO2 transport profile in 3D and CO2 

with CO3
2− transport profiles in 2D as a function of distance (i.e. thickness of the concrete cover) 

and time. According to Figure 6.24 and based on the concentration of carbonate ions in the 

pore solution, it can be seen that alkali-activated concrete will be carbonated in 20 years which 

means that the rate of carbonation is 2.5 mm per year. This rate seems to be very high compared 

to maximum rate of carbonation to be 1 mm/year for alkali-activated concretes in service 

conditions reported in [267]. Thus, a reduction factor for the transport of CO2 should be 

included to obtain a carbonation rate of 1 mm/year. Consequently, the diffusion of CO2 in the 

skin layer is reduced by a factor of 0.05 and in the concrete cover is reduced by a factor of 0.04. 

The reason for the lower reduction in the concrete cover is to utilize the same factor of 

difference between mortar and concrete (i.e.0.773 previously discussed in section 6.3.2.1) 

already implemented to model the transport of chloride and carbonate ions in the two phases 

of the concrete cover.  Figure 6.25 represents the updated CO2 and CO3
2−

 profiles, as results 

from the model refinement, and it can be seen that the rate of carbonation of 1 mm/year has 

been attained because the concentration of carbonate ions in the pore solution has reached its 

maximum value in 50 years. Therefore, the method of refinement for CO2 transport in the skin 

layer and concrete cover is implemented in the numerical model to predict the service of alkali-

activated concretes.   



284 

 

   

Figure 6.24 3D profile for CO2 transport (A) and CO2 with 𝐶𝑂3
2− transports, represented as solid line  (-) and 

star sign (*) respectively, (B) in 100SG concrete, with cover of 50 mm, within 1.5 km of the ocean at 50% 

RH and 30ºC. These are initial outputs from the proposed numerical model.   

 

Figure 6.25 Updated 3D profile for CO2 transport (A) and CO2 with 𝐶𝑂3
2− transports, represented as solid 

line (-) and star sign (*) respectively, (B) in 100SG concrete, with cover of 50 mm, within 1.5 km of the 

ocean at 50% RH and 30ºC. These outputs are from the updated numerical model that has included the 

reduction factor of values 0.05 and 0.04 for CO2 transport in the skin layer and concrete cover, respectively. 
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6.8.2.3 Sensitivity in carbonation kinetics and effect of change in porosity on chloride transport  

The overall profile of CO2 and CO3
2− concentrations in 100SG concrete including and excluding 

carbonation kinetics is shown in Figure 6.26 where it is evident that carbonation kinetics 

includes the dissolution of CO2 into the pore solution which increases the concentration of 

carbonate ions in the pore solution.  

   

Figure 6.26 CO2 with 𝐶𝑂3
2− profiles, represented as solid line and star sign respectively, in 100SG concrete, 

with cover  within 800 m of the ocean at 50% RH and 30ºC with carbonation kinetics (A) and without 

carbonation kinetics (B). 

It is also useful to study the effect of change in porosity, as a result of carbonation reactions, 

on chloride transport in alkali-activated concrete. The computational experiment is conducted 

on 75SG25FA and 50SG50FA concretes initially saturated at 100%RH and located within 800 

mm of the ocean at 50%RH and 30ºC.  Figures 6.27 and 6.28 present the chloride profiles for 

75SG25FA and 50SG50FA concretes with and without including the change in porosity in the 

numerical model. It can be seen that the change in porosity in 75SG25FA concrete has more 

impact on chloride transport than 50SG50FA although the percentage of change in porosity is 

lower in 75SG25FA than in 50SG50FA as reported in [147].  
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Figure 6.27 Chloride profile for 50SG50FA concrete within 800 m of the ocean at 50% RH and 30ºC with 

carbonation kinetics (A) and without carbonation kinetics (B). 

   

Figure 6.28 Chloride profile for 75SG25FA concrete within 800 m of the ocean at 50% RH and 30ºC with 

carbonation kinetics (A) and without carbonation kinetics (B). 

Unfortunately, the rate of precipitation of calcium carbonate (i.e. k parameter as calculated and 

presented in Table 6.8) in the concrete phase of 75SG25FA and 50SG50FA concretes had to 

be reduced by a factor of 10 in order for the numerical code to run and generate the outputs. 

model Consequently, this refinement step is included in the numerical model to estimate the 

service life of 75SG25FA and 50SG50FA concretes.  Initially, the numerical code was not able 

to meet the integration tolerance already installed in the pdepe function according to the output 

messages obtained while running the codes for 75SG25FA and 50SG50FA concretes as shown 

in Figure 6.29. This is a numerical problem which can be solved in the future through 

modification of the function by increasing the error tolerance so that the code could run and 

generate results in a convenient time frame. 

A B 

A B 
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Figure 6.29 Output messages obtained while initially running the codes for 75SG25FA (A) and 50SG50FA 

(B) containing the initial rates of precipitation of calcium carbonate (i.e. k parameter as presented in Table 

6.8). 

6.8.2.4 Sensitivity in the effect of chloride binding on CO2 and moisture transport  

In this section the effect of chloride binding is tested on chloride, CO2 and moisture transport 

in alkali-activated concrete. The computational experiment is conducted on 75SG25FA 

concrete initially dried at 50%RH and located in marine spray zone at 100%RH and 30ºC.  

Figures 6.30-6.33 present CO2 with CO3
2−, and saturation profiles for 75SG25FA concrete with 

and without including the effect of change in porosity. It can be seen in Figure 6.31 that the 

effect of chloride binding slows down the transport of moisture which increases CO2 transport 

in the gas phase of the pore and increases production of carbonate ions in the pore solution as 

shown in Figure 6.30. The reason maybe because the chloride binding reduces the diffusion of 

chloride ions into the concrete and this diffusion coefficient is a parameter in the moisture 

transport model according to Equation 6.2.a*. Hence, in the case of wetting condition the 

effect of chloride binding increases carbonation reaction in concrete.    
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Figure 6.30 CO2 with CO3

2− profiles in 75SG25FA concrete, with cover of 50 mm, in marine spray zone 

environment at 100% RH and 30ºC. with chloride binding (A) and without chloride binding (B). 

   

Figure 6.31 saturation profiles for 75SG25FA concrete, with cover of 50 mm,, in marine spray zone 

environment at 100% RH and 30ºC with chloride binding (A) and without chloride binding (B). 

Another computational experiment is conducted on 75SG25FA concrete initially saturated at 

100%RH and located in marine spray zone at 50%RH and 30ºC.  Figures 6.32-6.33 present 

the CO2 with CO3
2−, and saturation profiles for 75SG25FA concrete with and without including 

the effect of chloride binding. It is evident that in the case of drying condition the effect of 

chloride binding lowers the rate of moisture transport, as shown in Figure 6.34, which lowers 

the rate of carbonation reaction as shown in Figure 6.32.  Therefore, the effect of chloride 

binding shows opposite effects when the concrete is exposed to opposite environmental 

conditions (i.e. wetting and drying conditions) and this is because the moisture transport is a 

function of the ionic concentrations in the pore solution along with their diffusion coefficients, 

according to Equation 6.2.a*. 

 

A B 
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Figure 6.32 CO2 with 𝐶𝑂3
2− profiles in 75SG25FA concrete, with cover of 50 mm,  in marine spray zone 

environment at 50% RH and 30ºC. with chloride binding (A) and without chloride binding (B). 

   

Figure 6.33 saturation profiles for 75SG25FA concrete, with cover of 50 mm,  in marine spray zone 

environment at 50% RH and 30ºC  with chloride binding (A) and without chloride binding (B).  

6.8.2.5 Model Validation 

The validation of the numerical model is done by comparing the chloride profile estimated for 

AAMs exposed for at least 25 years in marine splash zone environment with the profile 

predicted by the numerical model, as shown in Figures 6.34-6.36. The methodology for the 

estimation of the chloride profile for AAMs has already been explained in section 6.2.3 where 

the data set for PC concrete is originally obtained from a part of the bridge column in service 

for at least 25 years in marine splash zone environment as reported in [163]. In addition, the 

difference between the effective chloride diffusion coefficients obtained for alkali-activated 

mortars and CEMIII mortars in the laboratory experiment, according to section 6.7.1, has been 

implemented to estimate the chloride profiles for AAMs in real service marine environment. 

A 

A 

B 
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Note that this is not an accurate approach to estimate the profiles of AAMs in service conditions 

but it is only applied to qualitatively validate the proposed numerical model. Figures 6.34-6.36 

present validation of the numerical model by comparing the estimated chloride profile for 

AAMs with the predicted profile by the model in case when alkali-activated concrete is 

subjected to drying and wetting conditions.  

According to Figures 6.34-6.36 the proposed numerical model predicts quite well the profile 

for 100SG and 75SG25FA concretes. Whereas for the case of 50SG50FA concrete, the 

numerical model overestimates the chloride profile for this concrete exposed to marine splash 

zone environment for 25 years. However, no further model refinement is done at this stage of 

the research and the model is implemented to predict the service life of alkali-activated 

concretes. 

 

Figure 6.34 Model validation for 100SG concrete, with cover 50 mm, located in a marine splash zone. The 

circular symbols are the data set and the dashed lines are the predicted curves by the model in case when the 

concrete is exposed to wetting and drying conditions at 30ºC. 
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Figure 6.35 Model validation for 75SG25FA concrete, with cover 50 mm, located in a marine splash zone. 

The circular symbols are the data set and the dashed lines are the predicted curves by the model in case when 

the concrete is exposed to wetting and drying conditions at 30ºC. 

 

Figure 6.36 Model validation for 50SG50FA concrete, with cover 50 mm, located in a marine splash zone. 

The circular symbols are the data set and the dashed lines are the predicted curves by the model in case when 

the concrete is exposed to wetting and drying conditions at 30ºC. 

6.8.3 Probabilistic service life prediction 

6.8.3.1 Critical Chloride Thresholds 

The service is probabilistically calculated based on the distribution of critical chloride threshold 

initially obtained from Chapter 4. The distribution of critical chloride thresholds, in terms of 

mol/L (i.e. L of the solid), is fitted by a lognormal distribution function as shown in Figure 
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6.37 where the fitted log mean, 𝜇, and standard deviation, 𝜎, are shown in Table 6.15. Note 

that the chloride distribution obtained for 100SG is also implemented for 75SG25FA based on 

the assumption that these materials have similar pore solution chemistry [249].  

 

 
Figure 6.37 Distribution of critical chloride thresholds for 100SG and 50SG50FA concretes. 

 
Table 6.15 Lognormal distributions fit of critical chloride thresholds for 100SG and 50SG50FA concretes. 

 Lognormal distribution function 

µ 𝝈 

100SG -3.01974 0.33586 

50SG50FA -3.16993 0.145826 

 

Finally, the distribution of the service life of alkali-activated concrete is fitted by a normal 

distribution function. In addition, sensitivity analysis is conducted to test the impact of 

environmental condition and durability parameters on the service life of alkali-activated 

concretes. 

 

6.8.3.2 Service life of Alkali-activated concretes 

The service life is determined for 100SG and 75SG25FA concretes, with cover of 65 mm, 

located in various zones and exposed to different environmental conditions (i.e. drying and 

wetting conditions) and the distributions are shown in Figures 6.38-6.41.  
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Figure 6.38 Probability service life distribution of 100SG concrete, with cover of 65 mm, in various zones 

at 50% RH and 30ºC. 

 

Figure 6.39 Probability service life distribution of 75SG25FA concrete, with cover of 65 mm, in various 

zones at 50% RH and 30ºC. 
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Figure 6.40 Probability service life distribution of 100SG concrete, with cover of 65 mm, in various zones 

at 100% RH and 30ºC. 

 

Figure 6.41 Probability service life distribution of 75SG25FA concrete, with cover of 65 mm, in various 

zones at 100% RH and 30ºC. 

On average, the minimum service life of high calcium based alkali-activated concretes is 39 

years and the maximum is 86 years based on the predictions from the proposed numerical 

model as shown in Tables 6.16 and 6.17. In addition, the impact of environmental RH is most 
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evident for 100SG concrete than for 75SG25FA concrete because the service life for 100SG 

concrete has dropped by at least 15 years when the concrete is exposed to wetting condition in 

the same zone located 1.5 km away from the ocean. Whereas for the case of 75SG25FA 

concrete the service life got reduced by only 7 years. It should be noted that the small 

probability fraction at year zero shown in Figures 6.38-6.41 occurred because the distribution 

of critical chloride threshold may have provided (for a few times during 100,000 runs) values 

that are similar to the initial chloride content in concrete (i.e. 0.02 mol.L-1).    

Table 6.16 Normal distribution fit of service life for 100SG and 75SG25FA concretes, with cover of 65 mm, 

in various zones and exposed to drying condition. 

 100SG 75SG25FA 

Mean Std. Mean Std. 

Marine splash zone 59 12 36 6 

Marine spray zone 60 11 38 5 

Within 800 m of the ocean 76 15 47 8 

Within 1.5 km of the ocean 84 15 54 9 

 

Table 6.17 Normal distribution fit of service life for 100SG and 75SG25FA concretes, with cover of 65 mm, 

in various zones and exposed to wetting condition. 

 100SG 75SG25FA 

Mean Std. Mean Std. 

Marine splash zone 38 8 29 4 

Marine spray zone 40 6 31 4 

Within 800 m of the ocean 52 10 37 5 

Within 1.5 km of the ocean 60 9 43 6 

 

Next, the service life distribution for 50SG50FA concrete is also determined but the thickness 

of the concrete cover for this type of material is set to 100 mm because the transport of the 

ionic species in 50SG50FA concrete is at least 3 times faster than the ionic transport in high 

calcium based alkali-activated concretes according to Table 6.7. The cumulative probability 

distribution of service life for 50SG50FA concrete in various zones and exposed to different 

environmental condition is shown in Figure 6.42. Furthermore, the estimated average of 

service life for 50SG50FA concrete in both drying and wetting conditions, shown in Table 

6.18, is approximately half the service life of 75SG25FA concrete with cover thickness of only 

65 mm. It should also be noted that the effect of environmental RH has the minimal effect for 

50SG50FA concrete compared to 100SG concrete. 
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Figure 6.42 Cumulative probability service life prediction of 50SG50FA concrete, with cover of 100 mm, in 

various zones at 50% RH and 30ºC (A) and at 50% RH and 30ºC (B). 

Table 6.18 Normal distribution fit of service life for 50SG50FA concrete, with cover of 100 mm, in various 

zones and exposed to drying and  wetting condition. 

 Drying Wetting 

Mean Std. Mean Std. 

Marine splash zone 17 1 15 1 

Within 1.5 km of the ocean 27 1 26 1 

 

A 

B 
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6.8.3.3 Effect of change in porosity 

The impact of change in porosity is mainly contributed by the mineralogical composition of 

alkali-activated cements. For example, and according to literature, high calcium alkali-

activated binders containing a high content of magnesium oxide, around 7.44 wt.%, showed to 

have more resistance to carbonation reaction than the binder containing a low content of 

magnesium oxide, around 1.17 wt.% [134]. Hence, in this section the impact of change in 

porosity, caused by carbonation, on service life of 50SG50FA and 75SG25FA concretes is 

tested by setting the change in porosity to 1 and 0 in the numerical code to account for the 

variability in the mineralogical composition of the binders containing high and low magnesium 

oxide content in their composition, respectively.  50SG50FA, with cover of 100 mm, and 

75SG25FA, with cover of 65 mm, are set to be located within 800 m of the ocean and exposed 

to different environmental conditions (i.e. drying and wetting conditions). The cumulative 

probability distribution of service life for 50SG50FA and 75SG25FA concretes are shown in 

Figures 6.43 and 6.44. According to Figure 6.43, the impact of change in porosity seems to 

have a negligible effect in the case of 50SG50FA exposed to a wetting environment and with 

a change in the porosity having a negative impact on the service life. Whereas in the case of 

exposure to drying condition, the change in porosity has a positive impact on the service life in 

increasing it by 1-2 years for 50SG50FA concrete. The reason could be because during drying 

the liquid water drives out the corrosive agents through the pores of the concrete, that are 

increasing in size due to carbonation reaction in Low-Ca AAMs, to the external environment.  

In the case of 75SG25FA concrete, according to Figure 6.44, the change in porosity has a 

negative impact when the concrete is exposed two both environmental conditions and it is more 

evident than in the case of 50SG50FA concrete. According to Figure 6.44 and in the case of 

drying condition, the service life of 75SG25FA concrete decrease by a maximum of 15 years 

when the effect of change in porosity was included in the numerical model because in the case 

of 75SG25FA concrete the increase in porosity favoured the ingress of more chloride ions into 

the concrete cover. Whereas in the case of wetting condition, the impact of change in porosity 

has a less negative impact on service life of 75SG25FA concrete because the total service life 

has only been reduced by 7 years compare to drying condition. The reason is because CO2 gets 

slowly transported into a concrete cover with pores nearly saturated with evaporable water, 

which makes the extent of carbonation reaction in a wet environment to be minimal.  
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Figure 6.43  Cumulative probability service life prediction of 50SG50FA concrete, with cover of 100 mm, 

within 800 m of the ocean and exposed to drying and wetting conditions at 30ºC . The prediction of service 

life is set with and without change in porosity of 50SG50FA concrete. 

 

 
 
Figure 6.44 Cumulative probability service life prediction of 75SG25FA concrete, with cover of 65 mm, 

within 800 m of the ocean and exposed to drying and wetting conditions 30ºC. The prediction of service life 

is set with and without change in porosity of 75SG25FA concrete. 
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6.8.3.4 Effect of moisture permeability 

The change in the moisture permeability can be manifested through the change in amount of 

binder or aggregate used in the mix design of concrete [223]. For example, a decrease and/or 

increase in the binder content can increase the permeability and vice versa because the binder 

phase is mainly the transport media in the concrete since it forms pores with various sizes as it 

glues all the other non-porous components (i.e. sand and aggregate) of the concrete together. 

Hence, in this section the change in moisture permeability, caused by lowering the amount of 

aggregate or increasing the binder content in the mix design, on service life of 50SG50FA and 

75SG25FA concretes is tested by setting the flow velocity of the evaporable water, ν, to 

increase by a factor of 60 in the numerical code. 75SG25FA concrete, with cover of 65 mm, is 

set to be located in marine splash zone and exposed to different environmental conditions (i.e. 

drying and wetting conditions). In addition, the different environmental conditions are also set 

to be in severe states where in the case of severe drying condition the concrete is set to be 

initially dried at 55% at 20ºC then exposed to a 50% RH at 30ºC environment whereas in the 

case of severe wetting the concrete is set be initially wet at 90% RH at 20ºC then exposed to 

100%RH at 30ºC. The probability distribution of service life for 75SG25FA concrete in the 

case of wetting and drying condition is shown in Figures 6.45 A and B, respectively. In the 

case of wetting condition, Figure 6.45 A, the service life of 75SG25FA concrete reduced by 

10 years when exposed to severe wetting condition. Whereas in the case of drying condition, 

Figure 6.45 B, the impact of severe drying state showed to have negligible effect on the service 

life only when the change in porosity is excluded in the numerical model. The reason can be 

because severe drying causes the pores of the cement phase to quickly become less saturated 

with liquid water which increases diffusion of CO2(g) into the concrete cover. Consequently, a 

rapid change in the porosity from carbonation reaction will result that increases the ingress of 

chloride ions into the concrete.  
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Figure 6.45 Probability service life distribution of 75SG25FA concrete, with cover of 65 mm, located in 

marine splash zone exposed to wetting with severe wetting condition A and drying with severe drying 

condition B at 30ºC. In the case of severe drying condition, the impact of change in porosity is also included. 

 

6.8.3.5 Effect of Chloride binding 

In this section the variability of amount of bonded chloride, predicted by Langmuir binding 

isotherm, in alkali-activated materials is set to range from 0 to 100% to account for the case of 

complete absence and presence of chloride binding found in experiments from literature. The 

probability distribution of service life for 100SG concrete in the case of wetting and drying 

A 

B 



301 

 

condition with and without chloride binding is shown in Figure 6.46. It can be seen in this 

figure that the extent in amount of chloride binding plays the most crucial role in the service 

life of alkali-activated concrete because it can be reduced by a maximum of 40 years when 

chloride binding does not occur at the level of the cement in concrete. 

 

Figure 6.46 Probability service life distribution of 100SG concrete, with cover of 65 mm, located in marine 

splash zone exposed to drying and wetting conditions with and without chloride binding at level of the 

cement. 

6.8.3.6 Effect of Exposure Temperature 

In this section the impact of temperature on the service life of 100SG, located in marine splash 

zone, is analysed according to the cumulative probability plot shown in Figure 6.47. Where 

the alkali-activated concrete (i.e. 100SG) is exposed to drying and wetting conditions and at 

different exposure temperatures of 5ºC, 20 ºC and 50ºC. It can be seen in Figure 6.47 that the 

service life of 100SG increases as a function of decrease in temperature with the impact of 

change in temperature being more evident in the case of drying condition. The reason could be 

that when the construction material is initially saturated (i.e. at 100% RH) and exposed to high 

temperature condition then the microstructure of the material becomes more permeable to 

corroding agents (i.e. chloride ions) as has been previously explained in section 6.7.1.  
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Figure 6.47 Cumulative probability service life prediction of 100SG concrete, with cover of 65 mm, located 

in marine splash zone and exposed to drying and wetting conditions also at different exposure temperatures 

of 5ºC, 20 ºC and 50ºC.  

 

6.9 Conclusion 

Based on the results of this study, the usefulness of the developed model can be drawn: 

1. It is a useful numerical tool to model the interplay of chloride ingress and carbonation 

reaction because of the incorporation of moisture permeability models that account for 

anomalous moisture transport in cement and predict the degree of saturation in the pores 

of the concrete cover as a function of environmental relative humidity. It also includes 

transport and reaction in the skin layer of the concrete (i.e. that is mortar phase) which 

is ignored in the service life models found in the literature.   

2. The numerical model can also be used as an efficient decision-making tool in material 

design of concrete for the suitable structural application. It also provides estimated 

uncertainty values for the calculated service life of AAC and the assessment of the main 

mix variable and durability parameters that have the most impact on the serviceability 

limit state.   

Overall, the important mix variable is the cement content and water to binder ratio. The 

mineralogical composition of the cement content yields estimates of the extent in binding of 
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the chloride and carbonation reactions. It also influences the alkalinity of pore solution that 

only impacts the extent of CO2(g) dissolution but also estimates the distribution of critical 

chloride threshold which is set as a serviceability limit state in the numerical model. The 

water/binder ratio defines the porosity and it is the most influencing durability parameter used 

in the moisture permeability models, which control the extent of reaction in gaseous and liquid 

phases of the pore. Finally, the variability in the relative humidity of the exposure environment 

is a vital parameter to have in numerical service life models because of its equal impact to 

carbonation reaction in reinforced concrete exposed in dried and wet environments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



304 

 

Chapter 7: Conclusion and Future 

Research 

 

The key outcome of this thesis is the implementation of numerical models to visualize 

the durability of AAMs and make predictions regarding the service life of Alkali-activated 

concretes for structural application in marine exposure environment. The primary focus of this 

thesis has been to develop, implement and disseminate an advanced mathematical model that 

will enable the service life of steel-reinforced concrete to be probabilistically predicted with 

value related to structural design using AAMs. As such, every chapter is presented as steps 

towards building the proposed service life model discussed in the final chapter of results. 

Although, like every existing model, the models implemented from the literature and the 

proposed service life model have limitations and assumptions which have been made to 

simplify the complex system of cementitious material. Hence, this chapter not only includes 

discussion of the main outcomes reached in each chapter but also highlights recommendations 

for future developments in the field of comprehending the durability of AAMs and interpreting 

it in models that can simulate the degradation and or reliability of AAMs in corrosive 

environment over time.   

Chapter 2 of the thesis is a literature review of research done in the field of durability 

of AAMs, from binder to concrete scale, in corrosive environment where carbonation or 

chloride ingress is present as a single mode of deterioration or combined. This chapter also 

reviews numerical models that predict the water vapour sorption isotherms and moisture 

transport which have been formulated for durability studies on Portland cement. The final part 

of this chapter describe a numerical service life model that has been implemented to 

probabilistically predict the service life of PC concrete solely exposed to chloride ingress in 

submerged conditions. Based on the comparison in durability between PC and AAMs, it can 

be deduced that AAMs is an alternative low-carbon binder that can utilized in the production 

of concrete for structural application. However, numerical models have not been extensively 

applied in the literature to predict the durability and service life of AAMs over time. This then 

leads into the work presented in Chapters 4, 5 and 6 where the existing service life model is 

implemented for AAMs and the missing features of the model to include moisture transport 

and carbonation reaction with chloride binding are developed and presented in chapters 5 and 
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6 respectively. The numerical model developed in this research provides a basis for future 

development of model factors that control reactions kinetics between the binder phase of the 

concrete and corroding agents when the concrete is exposed to different environmental 

conditions. The application of the model will not only be used to probabilistically calculate the 

service of reinforced concrete until the point of corrosion initiation but can also be a potential 

tool to predict the fate of toxic agents for immobilization application.  

 The fib Bulletin 34 code is applied to probabilistically predict the service life of Alkali-

activated concretes in Chapter 4. The service life model incorporated three durability factors 

that are critical chloride threshold, chloride migration and aging factor of AAMs. The 

distribution of critical chloride threshold for different types of alkali-activated concretes was 

estimated based on the mineralogical composition, alkalinity of the pore solution, porosity and 

potential leaching effects and the thresholds aligned with values reported in the literature. 

However, more research is needed to validate the distribution of critical chloride threshold for 

AAMs. The values for chloride migration and aging factor were obtained from the literature 

where the migration test provided similar values only for high calcium based AAMs compared 

to PC. The test indicated that low calcium based AAMs is not a suitable construction material 

in a corrosive environment. However, experiments should be done to estimate the aging factor 

for various alkali-activated concretes by implementing a reliable test such as NTBUILD 492 

on the concretes aged at different times. The main result will be the estimation of the extent of 

hydration reaction that controls the final state of the microstructure of the concrete which is the 

key factor in transport property of a service life model.   

Two main outcomes have been attained in Chapter 5 which are the application of a 

suitable moisture permeability model to predict the degree of saturation in AAMs and a method 

to simulate moisture transport in mortar and concrete by accounting the effect of sand and 

aggregate in lowering the moisture diffusivity through the pores of the binder phase. The dual 

permeability model predicts the saturation profile by including the anomaly effect during the 

transport of moisture in the cementitious material. The dual permeability captures the anomaly 

effect (i.e. the bending point in the shape of the saturation profile) by accounting the 

microstructure of cements with two distinct pore sizes (i.e. classified as large and small pores) 

which is usually a microstructural property of blended cements. However, the model does not 

include the effect of high content of alkali ions present in the pore solution of AAMs that can 

not only minimize the evaporation rate of free water during a drying cycle but can also induce 

pore refinement when free alkali ions react with unreacted precursors in the presence of 
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moisture during a wetting cycle. Therefore, further development in the moisture permeability 

model should include the chemistry of the pore solution with the microstructural aspect of 

alkali-activated binders. In addition, data on saturation profiles for AAMs exposed to a wetting 

and drying cycle need to be obtained to further validate the moisture permeability model 

including any model refinements. 

 

 A probabilistic service life model in Chapter 6 has been developed that includes 

simultaneous transport of chloride and CO2 in the aqueous and gaseous phase of the pore due 

to the implementation of a moisture permeability model. The importance of the moisture 

permeability model is its prediction of the degree of saturation in the pores of the binder phase 

in the concrete cover which interplays the extent of transport and reaction of chloride ingress 

and carbonation in concrete exposed to different environmental conditions. Furthermore, the 

service life model has been validated against chloride profile data obtained from bridge column 

exposed to a marine environment. The reaction kinetics models were included in the service 

life model through empirical equation that describe the adsorption of chloride ions, dissolution 

of CO2 into the pore solution, and the rate of formation of CaCO3. These are the areas for 

further research and can be broadly categorized as: 

 Chloride binding – The amount of chloride binding needs to be quantified at the 

concrete scale by taking into account the amount of hydrated phases available for the 

reaction. The binding kinetics should include the effect of sand and aggregate in the 

concrete because according to literature the amount of bonded chloride is the highest at 

binder level followed by concrete and mortar. In addition, the amount of chloride 

binding should also be quantified when the concrete is exposed to a drying condition 

because the predicted amount of bonded chloride may be overestimated compared to 

the amount of chloride ions remaining after the ingress of evaporable water, that carries 

these corroding agents, towards the external environment which is seen in the case of 

75SG25FA concrete exposed to a drying condition.      

 Dissolution of CO2 into pore solution – The rate of dissolution in the developed service 

life model did not account for the effect of change in pore solution alkalinity nor in 

interfacial gas-liquid mass transfer coefficient for CO2. Further research is required in 

this area to develop a kinetic model that predicts the extent of carbonation reaction as a 

function of change in pore solution alkalinity of the concrete.    
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 Change in porosity –  The carbonation reaction, as a deterioration process, should be 

implemented in a service life model as a kinetic model that inputs the dissolution and 

precipitation of hydrate phases that are the reactants and products of the carbonation 

reaction while maintaining equilibrium with the rest of the formed hydrates. In the 

proposed service life model, the rate of formation of CaCO3 and dissolution of C-A-S-

H is set equal where the formation rate is determined based on the data (i.e. obtained 

from the literature) of change in porosity of alkali-activated binders exposed to natural 

carbonation over a year in laboratory conditions. The rates determined for the studied 

100SG, 75SG25FA, and 50SG50FA binders were 4.38×10-6 mol. s-1, 7.22×10-5 mol. s-

1  ,1.78×10-4 mol. s-1 respectively. However, the rate constants for 75SG25FA and 

50SG50FA in the concrete cover have been lowered by a factor of 10 because the 

numerical code was not able to meet the integration tolerance already installed in the 

pdepe function. This is a numerical problem which can be solved in the future through 

modification of the function by increasing the error tolerance so that the code could run 

and generate results in a convenient time frame.  

In summary, the conclusion of this research is that mathematical models, with durability data 

obtained from literature and some experiments, is applied to predict the service life of AAMs 

for structural application in marine environment. The proposed numerical model is a foundation 

for future work to be done in the field of research on the durability of AAMs to predict its 

serviceability limit sate for various structural applications.  Also, the serviceability should 

always be estimated probabilistically because the performance properties of multiple elements 

made from one type of concrete are intrinsically scattered, leading to the serviceability limit 

state to have a distribution set of values. 
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Appendix 

Appendix 4 Supporting Information File for Chapter 4 

 

Table 4.A.1 contains the variation in calculated critical chloride threshold, in terms of wt.% 

of binder, of SG100 concrete based on the pore solution alkalinity, concrete porosity and mix 

design (i.e. Precursor and concrete content reported in g/cm3) presented Table 4.4. Note that 

the precursor content is considered to be the total binder content in alkali-activated concrete 

and excludes the minor amount of solid components present in the alkaline activating solution 

.The distribution of critical chloride threshold for SG100 is also estimated by implementing the 

ratio of chloride concentration to pore solution alkalinity (i.e.[Cl-/OH-]), which serves as 

corrosion indicating factor in high Ca-AAMs presented in Table 2.1, such as the ratio is strictly 

greater than 2.1 and strictly lower than 2.8. Consequently, the minimum and maximum values 

for the corrosion indicating factor is set to 2.11 and 2.79 respectively. Additionally, Tables 

4.A.2 - 4.A.3. also contain the variation in calculated critical chloride threshold, in terms of 

wt.% of binder, of SG100 concrete but based on fixed pore solution alkalinity values of 13.5 

and 13.2, respectively. In summary, Tables 4.A.1 - 4.A.3 contain values of parameters used 

for the calculation of critical chloride threshold values (i.e. Equation 4.1) for SG100 concrete. 
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Table 4.A.1 Calculation of critical chloride threshold (CTcement, in wt.% of binder) by implementation of 

Equations 4.1-4.2 based on variability of pore solution alkalinity along with other parameters including 

porosity, mix design and saturation state of SG100 concrete.  
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Table 4.A.2 Calculation of critical chloride threshold (CTcement, in wt.% of binder) by implementation of 

Equations 4.1-4.2 based on fixed pore solution alkalinity of 13.5 along with other parameters including porosity, 

mix design and saturation state of SG100 concrete.  
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Table 4.A.3 Calculation of critical chloride threshold (CTcement, , in wt.% of binder) by implementation of 

Equations 4.1-4.2 based on fixed pore solution alkalinity of 13.2 along with other parameters including porosity, 

mix design and saturation state of SG100 concrete.  
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The following code is typed in the GEM-Selektor v.3 software to account for the extent of 

reactivity for slag precursors at 70% and for fly ash precursors, at 35% used in AAMs. The 

code also accounts for the composition of the activating solution and amount of water used in 

the mix design to produce 100 g of alkali-activated binder. 

$Degree of reaction  

modC[J][0]=: cNu; $slag  

modC[J][3]=:modC[J][0]*0.5; $ fly ash 

 

$Mineralogical composition  

xa_[{Aqua}] =: modC[0][2];  

xa_[{SiO2}] =: 

modC[0][1]*modC[J][0]*modC[1][2]+modC[0][4]*modC[J][3]*modC[2][2]+modC[7][1];  

xa_[{Al2O3}] =: 

modC[1][1]*modC[J][0]*modC[1][2]+modC[1][4]*modC[J][3]*modC[2][2];  

xa_[{CaO}] =: modC[2][1]*modC[J][0]*modC[1][2]+modC[2][4]*modC[J][3]*modC[2][2];  

xa_[{Fe2O3}] =: 

modC[3][1]*modC[J][0]*modC[1][2]+modC[3][4]*modC[J][3]*modC[2][2];  

xa_[{Na2O}] =: 

modC[4][1]*modC[J][0]*modC[1][2]+modC[4][4]*modC[J][3]*modC[2][2]+modC[6][1];  

xa_[{MgO}] =: 

modC[5][1]*modC[J][0]*modC[1][2]+modC[5][4]*modC[J][3]*modC[2][2];  

 

 

$Sulfur from slag  

xa_[{H2S}] =: modC[8][1]*modC[J][0]*modC[1][2];  

 

$Sulfur from fly ash  

xa_[{SO3}] =: modC[8][4]*modC[J][3]*modC[2][2];  

 

xa_[{K2O}] =: modC[9][1]*modC[J][0]*modC[1][2]+modC[9][4]*modC[J][3]*modC[2][2];  

 

$Alkali-activating solution  

$Na2O and SiO2 activator  

$modC[6][1]=Na2O=4g/100 g binder  

$SiO2/Na2O=1.5  

$modC[7][1]=SiO2=5.81 g/100g binder 
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Appendix 5 Supporting Information File for Chapter 5 
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Appendix 6 Supporting Information File for Chapter 6 

6.A Codes implemented in the open source software GEM-Selektor v.3 

%% This code is typed in the GEM-Selektor v.3 software to account for the extent of 

reactivity for 70% of CEM III binder. The code also accounts for the amount of water 

used in the mix design to produce 100 g of CEM III binder. 

$Degree of reaction  

modC[J] =: cNu; 

$composition  

xa_[{Aqua}] =: 50 * 1; 

xa_[{SiO2}] =: 30.61 * cNu; 

xa_[{Al2O3}] =: 10.58 * cNu; 

xa_[{CaO}] =: 45.52 * cNu; 

xa_[{Fe2O3}] =: 1.42 * cNu; 

xa_[{Na2O}] =: 0.31 * cNu; 

xa_[{MgO}] =: 7.33 * cNu; 

xa_[{H2S}] =: 1.13 * cNu; 

xa_[{K2O}] =: 0.58 * cNu; 
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6.B Calculation of activity coefficients of calcium and carbonate ions in carbonated pore 

solution of AAMs 

 

 

 Figure 6.49 Carbonated pore solution of 100SG 
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Figure 6.50 Carbonated pore solution of 75SG25FA 
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 Figure 6.51 Carbonated pore solution of 50SG50FA 
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6.C Calculation of calcium ions in carbonated pore solution of AAMs 

 

 

 

 Figure 6.52 Calcium concentration in carbonated pore solution of AAMs 



319 

 

6.D Chloride diffusion transport models in alkali-activated mortars 

Figures 6.53-6.55 present the curve fitting of the effective chloride diffusion data for alkali-

activated mortars submerged in water and exposed to different temperatures in the laboratory.  

 

 

Figure 6.53 Chloride transport in 100SG mortar under submerged conditions and exposed to various 

temperatures of 30ºC , 20 ºC  and 10 ºC.  

 

Figure 6.54 Chloride Transport in 75SG25FA mortar under submerged conditions and exposed to various     

temperatures of 30ºC, 20 ºC  and 10 ºC. 
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Figure 6.55 Chloride Transport in 50SG50FA mortar under submerged conditions and exposed to various 

temperatures of 30ºC , 20 ºC  and 10 ºC. 
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