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Abstract 
 

 

The alkaline environment in reinforced concrete structures allows the embedded steel 

reinforcement to be passivated by a thin film, composed of a complex solid assemblage of iron 

oxides and hydroxides. When in service, the alkalinity of the pore solution in mild steel 

reinforced concretes needs to be sufficiently high (pH > 9-10) to ensure the stability of the 

passive film. Corrosion of the embedded steel reinforcement has been identified as one of the 

primary causes of premature degradation of reinforced concrete structures. Corrosion of steel 

in concrete environments is primarily driven by either the lowering of the pH of the pore 

solution (leaching of alkalis, or carbonation) which can lead to uniform corrosion; or due to the 

ingress of chloride in significant concentrations resulting in localised breakdown of the passive 

film. In developed parts of the world, where the use of de-icing salts and occurrence of marine 

sprays (in coastal regions) are frequent, chloride ingress is one of the major causes of premature 

failure of reinforced concrete structures. Therefore, the durability or the service life of a 

structure is often described by the rate of chloride ingress, or the time required for chloride ions 

to achieve a threshold concentration at the steel-concrete interface.  

Alkali-activated materials (AAMs) are the products of the reaction between an aluminosilicate 

source and an aqueous alkaline ‘activator’ and have galvanised significant interest within 

industry and academia as a sustainable and technically sound alternative to Portland cement 

(PC). The pore structure and pore solution chemistry of AAMs have been found to be 

significantly different from those of PC-based concretes; and within the class of materials that 

can be described as AAMs, the composition of the pore solution and the pore network vary due 

to the differences in the precursor chemistry. The ingress of chloride into AAMs has also been 

found to differ from the behaviour of PC-based concretes. The development of AAMs as an 

alternative to PC has seen substantial progress in the past decades, however, there still remains 

significant uncertainty regarding their long-term performance when used in steel-reinforced 

structures. This study investigates the durability of steel-reinforced AAMs through a simulated 

pore solution approach, understanding the interaction of the steel reinforcement with the pore 

solution at the steel-concrete interface, and the initiation of chloride-induced corrosion.  

In the case of simulated pore solutions representative of low-Ca AAMs (such as alkali-activated 

fly ashes and metakaolin), the passive film on the steel rebars was complex in chemical 
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makeup, composed of Fe–hydroxides, oxy-hydroxides and oxides. However, in the case of 

high-Ca AAMs, the surface of the steel reinforcements were found to be primarily composed 

of Fe2+ species, with the inner layer being Fe(OH)2 (that could potentially oxidise to a hydrated 

Fe3+ oxide if sufficient oxygen is available at later stages) and the outer layer being a Fe-S 

complex, possibly resembling disordered mackinawite.  

The onset of corrosion or the chloride ‘threshold’ value in both low-Ca and high-Ca AAMs 

were found to be very different from PC based binders. In the case of low-Ca AAMs, the 

chloride ‘threshold’ value ([Cl-]/[OH-] ratio) required to induce depassivation of steel was 

strongly dependent on the alkalinity of the pore solution, and a novel relationship to predict the 

onset of pitting, interlinking chloride concentration and the solubility of the passive film, given 

by [Cl-]/[OH-]3 = 1.25, was developed.  In the case of high-Ca AAMs, chloride-induced 

corrosion was usually not evidenced. The high concentration of HS- in the pore solution of 

high-Ca AAMs not only creates a highly reducing environment around the SCI and hinders the 

development of passive iron oxide film (and creates a different ‘surface’ film consisting of 

mackinawite), but also restricts the cathodic reduction of oxygen and the formation of a macro-

cell. Additionally, the influence of [HS-] and time of exposure on the chloride ‘threshold’ value 

were investigated, and for pore solutions with intermediate concentrations of HS- (0.01 M) 

were found to be the most susceptible to chloride-induced corrosion.  

Finally, a user-defined framework for predicting the service-life of steel reinforced AAMs 

(relevant to alkali-activated slags as of now) was developed that investigates diffusion of 

chloride in slag-based binders activated using various activators (NaOH, Na2SiO3, Na2Si2O5, 

Na2CO3 and Na2SO4). The model predicts the chemistry of the concrete cover, and the 

influence of the reaction products on the chloride binding capacity of the binder used, for any 

user defined composition of slag and choice of activator. Based on the calculated chloride 

binding capacity of the binder, the model uses an explicit numerical method to estimate the 

ingress of chloride through the concrete cover as a function of space and time. 
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Chapter 1: Introduction 
 

 

With an annual production of around 4.6 billion tonnes, cement is by far the largest 

manufactured product in the world by mass, equivalent to almost 626 kg per capita – higher 

than average human food consumption [1]. Cement is mixed with water and mineral aggregates 

to produce concrete, one of the most widely used construction materials. On a volumetric basis, 

concrete is the second largest commodity in the world after fresh water [2]. The importance of 

the construction industry in the world economy is not only highlighted by the enormous 

volumes of cement and concrete consumption, but also by the direct and indirect employment 

it generates. The construction industry accounts for almost 10 % of world gross domestic 

product (GDP) (6.4 % of GDP of the United Kingdom in 2014 [3]) and this value is expected 

to rise with rapid industrialisation and urbanisation in the less developed regions of the world 

[4,5]. The development of a particular country is directly correlated to its built infrastructural 

environment, and given that the majority of the worlds’ population resides in the emerging or 

developing economies, the demand for cement and concrete is bound to rise [6]. Figure 1-1 

highlights the correlation between world population and the consumption/production of cement 

in the world. By 2050, only 12-15 % of the population is expected to be residing in the 

developed parts of the world [7], where the demand for the construction industry has saturated 

[8,9]. Therefore, cement consumption and the demand for construction in the following 

decades is going to be dominated by the less developed economies of the world.  
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Figure 1-1: (A) Schematic showing the correlation between world population (subdivided 

into more developed and low developed regions of the world) and total cement 

production/consumption. Projected population figures (2017- 2050) have been used from the 

medium fertility figures of the United Nations population database [7]. Values for cement 

production in 2050 have been used from the studies of IEA and UNEP [1,10]. (B) Evolution 

of cement production across various regions of the world [1].  



23 

 

Of the total cement produced in the world, around 25-30 % is used to make steel-reinforced 

concrete [1]. This value is highly dependent on the extent of urbanisation and development of 

a region, e.g. Brazil and South Africa use approximately 25 % of the cement they manufacture 

in steel-reinforced concrete, whereas it is estimated that in the EU, this figure is around 58 % 

[1]. Steel-reinforced concrete can be described as a composite material, where the weak tensile 

and flexural properties of the concrete are compensated by the inclusion of steel reinforcement, 

to make the system more resilient to cracking due to the action of tensile stresses. The first use 

of reinforced concrete as a technique for building structures dates back to the mid-nineteenth 

century, when French industrialist François Coignet built a house using iron-reinforced 

concrete [11]. ‘Critical’ infrastructure in the modern world, such as transportation (bridges, 

tunnels, roads etc.), marine (dams, offshore platforms etc.), and construction (housing, factories 

etc.), rely heavily on the use of steel reinforced concrete. Owing to such a wide range of 

important applications, the requirement for durable and sustainable infrastructure is critical in 

the functioning of a society and its economy; a true reflection of that can be demonstrated by 

the amounts of money spent on the repair and the maintenance of reinforced concrete 

structures. In the UK, such activities cost the exchequer around half a billion pounds annually, 

whereas this figure surpasses $50bn per annum in the US [12]. In addition, it is important to 

highlight that the indirect costs (traffic delays, loss of productivity etc.) incurred due to these 

activities, are much greater than the official figures reported.  

Structures built out of steel reinforced concrete are subjected to various environmental 

conditions such as extreme cold, marine, industrial and other severe conditions, and therefore, 

it is important to design structures that are durable in such extreme conditions. The performance 

of concrete structures can deteriorate due to various reasons such as freezing-thawing, sulfate 

and acid attack, however one of the most frequent problems encountered with steel reinforced 

concrete structures is premature deterioration due to the corrosion of the steel reinforcement. 

In general, the alkaline environment within concrete allows the embedded steel reinforcement 

to be protected by a thin passive film on the surface of the reinforcement [13]. However, this 

passive film is vulnerable to breakdown when there is a reduction in alkalinity in the concrete 

cover due to carbonation or leaching; and/or due to the ingress of chloride [14]. In the present 

work, chloride-induced corrosion is particularly considered. Steel reinforced concrete can be 

contaminated by chloride stemming from various sources such as raw materials being 

contaminated with chloride, de-icing salts and marine water. In most northern European 

countries and North America, where the majority of the roads and structures are exposed to 

either seawater or the use of de-icing salts is quite prevalent, chloride-induced corrosion of the 
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embedded steel reinforcement is a major concern. In the UK alone, the amount of de-icing salts 

used exceeds 2 million tonnes annually [15], and the consumption is much higher in the United 

States, Canada, Norway and Sweden. The costs on the repair and maintenance of chloride-

induced corroded infrastructure is significant and needs careful consideration. Modern day 

standards such as EN 206 and ACI 318-14, take into account the various issues concerning the 

durability of steel reinforced structures in chloride-rich environments and have prescribed 

various methods to enhance the durability of such structures. However, these standards are only 

valid for Portland cement (PC) based concretes.   

Cement manufacturing has a significant impact on the environment and is responsible for 

around 5-10 % of total anthropogenic CO2 emissions [16]. The manufacturing of modern-day 

PC clinker can be described by the process shown in Figure 1-2. Manufacturing PC is 

intrinsically an energy intensive process and produces approximately 0.8 t CO2/t of PC clinker 

[17]. The majority of this CO2 (around 60 %) is produced from the decomposition of limestone 

during the calcination process. Therefore, in order to reduce the total CO2 emissions from the 

cement industry, it is imperative to minimise the calcination of limestone. Replacing PC clinker 

with supplementary cementitious materials (SCMs) such as ground granulated blast furnace 

slag (GGBS), fly ash, limestone fillers, and calcined clay [18–21], has been an effective way 

of reducing the total CO2-footprint of modern construction materials. According to the Cement 

Sustainability Initiative (CSI) report of the World Business Council for Sustainable 

Development in 2009 [10], the average PC clinker ratio in European nations was found to be 

around 78 %, and is expected go down further.  
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Figure 1-2: A schematic of the cement manufacturing process and the processes that are 

responsible for CO2 emissions, adapted from [22]. The raw materials such as limestone, and 

other mineral species are mined and transported to a cement plant where they are calcined in 

a kiln to temperatures of approximately 1500°C. The clinker from the kiln is then cooled and 

ground, and other mineral additives are incorporated into the mix, making it ready for use. 

 

Another relatively recent technology that has garnered significant academic and industrial 

attention is the sole use of various SCMs with alkaline solutions and avoiding any use of PC 

clinker. These materials are termed as alkali-activated materials (AAMs) and are the products 

of the reaction between an aluminosilicate source (usually industrial by-products such as slags 

from the iron and steel industry, coal fly ashes from thermoelectric plants, among others) and 

an aqueous ‘activator’, which supplies alkaline constituents, usually alkali-metal hydroxide, 

silicate, carbonate or sulfate [23–25]. It is important to mention that the feasibility of AAMs as 

a ‘greener’ alternative to PC depends strongly on the local availability of the precursors 

required for their production. There exist other alternative strategies and roadmaps for the 

development of sustainable construction materials, however they are not discussed here and 

the focus of this thesis is primarily on AAMs.  

Figure 1-3 shows the major influencing factors that determine the service life of steel 

reinforced alkali-activated concrete. In the presence of chloride, the durability of steel 

reinforced alkali-activated materials can be broadly categorised into the transport process, 

which is primarily a function of the chemistry of the hydration products and their ability to 
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bind chloride ions, the pore structure of the cement matrix, the pore solution chemistry and its 

ionic strength; and the breakdown of steel passivity, which is governed by the local 

characteristics of the steel-concrete interface – pore solution chemistry and its pH, the chloride 

concentration and the chemical composition of the passive film [26].  

 

Figure 1-3: A schematic of steel reinforced alkali-activated concrete, highlighting various 

factors that could affect the long-term durability of structures made using AAMs. Adapted 

from [26]. 

 

The development of AAMs as an alternative to PC has seen significant progress in the past 

decades. However, there still remains significant uncertainty regarding their long-term 

performance when used in steel-reinforced structures. Studies concerning durability of AAMs 

in the presence of chlorides have mainly centred on determining transport properties such as 

water and chloride permeability parameters, but the focus of this thesis is based on three much-

less answered questions:  

• how does the chemistry of the AAMs influence the surface of the steel?  
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• what are the conditions required for the onset of chloride-induced steel corrosion in 

AAMs, once the chloride has passed through the cover concrete and begun to 

increase in concentration at the steel-concrete interface (SCI)?  

• and can the service life of steel reinforced alkali-activated concretes be estimated 

using the answers to the first two objectives?  

A thorough discussion of the literature is presented in Chapter 2, with a particular focus on 

the factors that influence the durability of steel reinforced AAMs. The chapter is broadly 

divided into three sections, where the first section is an overview of the chemistry and the 

microstructure of the concrete cover (made out of various AAMs). The second section 

introduces the fundamentals of steel corrosion in concrete and service life of reinforced 

concrete structures. The third section is a detailed description of the two major mechanisms of 

corrosion responsible for the premature failure of steel reinforced concretes.   

Chapter 3 presents an overview of the materials and experimental methods used in this 

thesis. The materials used in this thesis are presented in detail. This chapter also provides the 

reader a brief background of each technique used in this thesis. However, detailed experimental 

parameters used in the thesis are specific to each of the results chapters and are discussed in 

Chapters 4-6.  

Chapter 4 presents an electrochemical investigation into the passivation and chloride-

induced depassivation of steel rebars immersed in varying alkaline environments (0.80 M, 1.12 

M and 1.36 M NaOH solutions), simulating the pore solutions of low-Ca alkali-activated 

concretes (CaO content in the precursor ≤ 10 wt. % [27]). The passive film on the steel rebars 

was complex in chemical makeup, composed of Fe–hydroxides, oxy-hydroxides and oxides. 

An increased degree of passivation of the rebars was observed when exposed to solutions with 

higher hydroxide concentrations. The critical chloride level ([Cl-]/[OH-] ratio) required to 

induce depassivation of steel was strongly dependent on the alkalinity of the pore solution, and 

was found to be 0.90, 1.70 and 2.40 for 0.80 M, 1.12 M and 1.36 M NaOH solutions, 

respectively. These values all correspond to a constant value of [Cl-]/[OH-]3 = 1.25, which is a 

novel relationship to predict the onset of pitting, interlinking chloride concentration and the 

solubility of the passive film.  

Chapter 5 presents an investigation on the passivation and chloride-induced depassivation 

of steel rebars exposed to simulated pore solutions representative of high-Ca alkali-activated 

concretes (CaO content in the precursor ≥ 20 wt. % [27]) such as alkali-activated slags (AAS). 
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The simulated pore solutions of AAS are synthesised using various concentrations of alkalinity 

(0.80 M, 1.12 M and 1.36 M NaOH) and 0.45 M HS-. In addition, a detailed examination on 

the influence of sulfide on the passivity of steel in alkaline solutions was carried out. The 

passive film formed on the steel reinforcement was found to be a complex assemblage of 

Fe(OH)2 and FeIIS1+x, instead of the conventional Fe (III) oxide film formed in low-Ca AAMs, 

as illustrated in Chapter 4. In highly alkaline, sulfide-containing solutions, the critical chloride 

concentration was found to be dependent on the concentration of sulfide in the simulated pore 

solutions (i.e. the reducing capability of the electrolyte), and the time that steel specimens were 

exposed to the electrolyte.  

Chapter 6 presents a comprehensive model to understand the diffusion of chloride in slag-

based binders activated using various activators (NaOH, Na2SiO3, Na2Si2O5, Na2CO3 and 

Na2SO4). Generally speaking, the model incorporates the chemistry of the binder chemistry 

and the resulting diffusion of chloride through such a binder. The model allows the user to 

input data regarding the chemistry of the slag, the kind of activator used, the thickness of the 

concrete cover, and the exposure solution. Thermodynamic modelling of the simulated solid 

phase assemblage and the aqueous chemistry was used to quantify the maximum and minimum 

chloride binding capacity of a particular AAS concrete cover, and to calculate the chloride 

diffusion coefficient. An explicit finite element numerical method was used to estimate the 

concentration of chloride as a function of distance within the concrete cover and time.   

The results and discussions of Chapters 4-6 are summarised in Chapter 7 and a new 

classification of cements is proposed based on the oxidising capability of the binder used. 

Recommendations for future work are also discussed in detail.  
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Chapter 2: Literature review 
 

 

2.1 Alkali-activated materials 

Alkali-activated materials (AAMs) are a group of cementitious materials that have garnered 

significant attention both academically and industrially as alternatives to Portland cements 

(PC), primarily due to their potential in reducing ‘greenhouse’ emissions when compared to 

PC [23,24,26]. AAMs are a product of the reaction between solid aluminosilicate sources 

(commonly referred to as ‘precursors’) and a highly alkaline solution (or ‘activators’) 

[23,24,26]. The aluminosilicate sources are generally industrial by-products such as fly ash, 

and blast furnace slags; and processed clays such as metakaolin [23]. The activators used in the 

production of AAMs have traditionally been concentrated alkali-metal silicate or hydroxide 

solutions. In addition, alkali-carbonate and sulfate solutions have also been used as activators 

[23].  

The reaction mechanism involved in alkali activation of aluminosilicates can be described 

as a process of dissolution, rearrangement, condensation and re-solidification [23,28,29]. 

Naturally, the reaction products formed depend on the aluminosilicate source and the activating 

solution and given the number of variables, the materials classified as AAMs are significantly 

diverse in structure and chemistry. AAMs are, therefore, broadly categorised on the basis of 

the calcium content in the aluminosilicate source. Figure 2-1 provides a detailed schematic of 

the various stages involved in the process of alkali-activation of different aluminosilicate 

sources.  



31 

 

 

Figure 2-1: Process and reaction products of alkaline activation of a solid aluminosilicate 

precursor. High-calcium systems react according to the left-hand (blue) pathway, with the 

nature of secondary products determined by Mg content, whereas low-Ca systems react 

according to the right-hand (green) pathway. For each type of precursor, hydroxide activation 

tends to increase the ratio of crystalline to disordered products compared with silicate 

activation (Adapted from [30]) 

 

2.1.1 Low-Ca alkali-activated materials 

Alkali activation of low-calcium aluminosilicate sources such as fly ash and metakaolin 

results in the formation of a highly cross-linked alkali aluminosilicate N-A-S-H gel [31] or 

‘geopolymeric gel’, where the structural units are chemically similar to aluminosilicate zeolites 

but do not exhibit long range order [23,30]. Secondary reaction products are crystalline zeolites 

such as faujasite-type, chabazite-Na, gismondine-type, and hydrosodalites [30,32]. It can 

therefore be inferred that the local structures of these geopolymeric gels are in some sense 
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similar to the local structures of these zeolites [33]. Studies conducted by Bell et al. [34] and 

Provis et al. [35] using X-ray and neutron scattering techniques have confirmed the above 

theory. Figure 2-2 is an example of the X-ray pair distribution data showing significant local 

ordering in geopolymer binders below the length scale of 10Å, but highly disordered above 

that length scale. Bell et al. [34] also found that heating the material beyond 1100°C resulted 

in crystallisation of the geopolymer to a zeolite-like phase called pollucite, but did not alter the 

local structure below 10Å. According to “Loewenstein’s principle” [36], the local ordering of 

Si and Al is due in part to the fact that Al-O-Al linkages in tetrahedral structures are 

thermodynamically not favourable [23].  

 

 

Figure 2-2: Example of X-ray pair distribution function data for a geopolymer of composition 

Cs2O·Al2O3·4SiO2·nH2O, both as-synthesised (bottom), and heated to temperatures as 

marked at a heating rate of 10°C/min, with no hold time for all samples other than the 

1100°C, 24 h sample. Data from Bell et al [34].  

 

Another key aspect of the structures of low-Ca AAMs is the presence of alkali cations in 

non-framework sites that compensate the net negative framework charge caused by the 
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substitution of tetrahedral Al for Si. These alkali cations are generally bound to the framework 

oxygen atoms, with a higher preference for larger alkali cations. Hence, Na cations are found 

to be more exchangeable than K cations in AAMs produced with a high-water content, raising 

concerns of alkali leaching from these materials [37].   

2.1.2 High-Ca alkali-activated materials 

High calcium alkali-activated systems where the Ca/(Si + Al) ratio is approximately equal 

to 1, such as alkali-activated blast furnace slag (AAS), result in the formation of an aluminium 

substituted calcium silicate hydrate (C-A-S-H) gel possessing a disordered tobermorite-like 

structure [38–40]. The degree of polymerisation and cross-linking between tobermorite chains 

in such gels is much higher than that observed in PC hydration, due to higher substitution of 

Al into tetrahedral sites (presence of Q3 sites). This is consistent with the thermodynamic model 

calculations conducted by Myers et al. [38]. Figure 2-3 shows a schematic of the tobermorite-

like C-A-S-H gel structure, where silicate chains are tetrahedrally coordinated in a dreierketten 

type chain structure [41]. Al substitution in tetrahedral sites generates a net negative charge, 

which is balanced by the some of the interlayer Ca2+ and alkalis [38,41]. In addition to that, the 

interlayer region also contains the water of hydration.  

 

 

Figure 2-3: Tobermorite-like C-A-S-H gel structure. The triangles denote tetrahedral Si sites 

(the red triangle denotes Al substitution into one bridging site), the green rectangles denote 

CaO layers, and the circles denote various interlayer species (Adapted from [38]). 

 

Magnesium present in blast furnace slags cannot be incorporated into the C-A-S-H structure 

due to the lower ionic radius of Mg2+, when compared to Ca2+ [42]. Therefore, Mg is observed 

to react with the Al resulting in secondary hydration products that are hydrotalcite-type 

[30,43,44]. Additional common secondary products include AFm-group layered hydrous 

calcium aluminates [30]. Instead of hydrotalcite, formation of zeolites such as gismondine and 
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garronite is evidenced when the Mg content in ground granulated blast furnace slags (GGBS) 

is low. 

In addition to the different aluminosilicate sources, the type and dosage of alkali activator 

used during the synthesis of AAMs also have an impact on the hydration chemistry and 

microstructure development. Alkali-metal hydroxides and silicates are the most commonly 

used activators. The use of alkali metal carbonates and sulfates has also been reported for 

specific applications, but concerns regarding the degree of reaction and the pH within these 

binders still exist [25].   

2.1.3 Pore network of alkali-activated materials 

Hardened PC and AAMs are porous materials and their microstructure is characterised by a 

complex pore structure that determines its strength, permeability, fluid transport mechanisms 

and durability. Porosity in hardened cement systems can be defined as the spaces occupied by 

evaporable water [45]. When cement is mixed with water, the spaces between cement particles 

are occupied by water, but upon hydration, these spaces are filled with the hydration products 

that reduce the volume of the interconnected pore network [45–48]. The pore network in 

cements exhibit pores with diameters varying from a few nanometres to several millimetres 

and therefore, can be classified into three categories, namely gel pores, capillary pores and 

macroscopic air voids [49]. Gel pores are nm-sized pores (0.5 to 2.5 nm) that can be defined 

as interstices in the hydration products and do not permit the movement of fluid [50,51]. 

Capillary pores vary from several nanometres to several micrometres and are defined as the 

spaces that have not been occupied by solid reaction products. Factors such as water/binder 

(w/b) ratio, degree of hydration, temperature and fineness of the binder play an important role 

in determining the connectivity of the capillary system and therefore, greatly influencing the 

permeability of concrete [47,50,52,53]. Macroscopic pores and air voids, of sizes that can go 

up to several millimetres, are generally dependent on how well the cement systems are 

compacted and can greatly affect the durability of concrete [14,54]. However, for concretes 

that are likely to be freeze-thaw cycled, macroscopic voids are induced intentionally in order 

to account for expansion of water when it freezes.  

In the case of alkali-activated systems, a complete understanding of the pore structure has 

not been established yet, and limited research has been conducted to study key microstructural 

parameters such as tortuosity and extent of percolation. Literature suggests that the pore 

structure of alkali-activated binders depends on a number of factors such as aluminosilicate 
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source, alkali activator-type and dosage, w/b ratio, temperature, and curing time [53,55–65]. In 

general, binders formed by activation with alkali hydroxides tend to have much more porosity 

and less compact microstructures than alkali-silicate-activated ones [55,58]. Smaller pore size 

distribution and lower porosity are generally observed for alkali silicate-activated slag binders 

when compared with alkali silicate-activated fly ash binders [58]. Shi and Day [66] compared 

the porosity and cumulative pore volumes of PC and sodium silicate-activated slag binders 

after 28 days of curing at 25°C using mercury intrusion, and observed not only a lower porosity 

but also a finer pore structure for the latter.  

Provis et al. [67] studied the relationship between the pore structure and the tortuosity of 

alkali-activated binders using X-ray microtomography. With increasing curing time, an inverse 

relationship between segmented porosity and diffusion tortuosity was observed for slag-rich 

and fly ash-rich binders. On comparing slag-rich binders and fly ash-rich binders, the former 

were found to have a much lower segmented porosity and a higher diffusion tortuosity. The 

tortuosity of the pore network has a significant influence on the resistance to diffusion and 

consequentially the durability of alkali-activated binders. Therefore, slag-rich binders with a 

higher tortuosity and a lower porosity than the fly ash-rich binders can therefore be inferred to 

have a much higher resistance to diffusion (of aggressive species, and/or of alkalis) and 

protection of the embedded steel reinforcement.  

Here, it is noteworthy that pore structures and the features mentioned above are a description 

for cement pastes and not concretes. The pore structure of concretes differs considerably from 

cement pastes. This is mainly due to the addition of aggregates and other additives in concrete 

that result in variation of properties at the paste-aggregate interfaces or the interfacial transition 

zone (ITZ) [68]. The ITZ is characterised by a much higher capillary porosity than the bulk 

cement pastes and therefore, can have a drastic influence on the diffusion behaviour of different 

species in the pore solution [50,69–71]. However, several studies have indicated that the net 

influence of the ITZ on chloride diffusivity is small, even though its local porosity and local 

diffusivity are much higher when compared to the bulk cement paste [72,73].  

2.1.4 Pore solution composition 

As mentioned above, the porosity in hardened cement pastes is defined as the space that 

may be occupied by evaporable water. Therefore, water in cement pastes can be categorised 

according to the pore volume it occupies (and the difficulty associated with its removal) into 

capillary water – held in capillaries, interlayer water – held in gel pores, physically adsorbed 
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water – held on the pore walls, chemically bound water – combined with hydration products, 

and water in macro pores and air voids [48,55]. According to Powers [45,47], capillary water 

usually accounts for the greatest proportion of water in hardened Portland cement pastes and 

is primarily responsible for influencing transport properties such as permeability in cement 

systems. In the case of AAMs, larger capillary pores have been observed to be accessible 

through smaller gel pores and therefore, permeability in AAMs depends on both gel pores as 

well the interconnectivity between capillary pores [74]. Like the pore structure, the chemistry 

of the pore solution can also influence the transport properties of AAMs [75] and depends on 

aluminosilicate source, alkali activator type and dosage, w/b ratio, ambient humidity, curing 

conditions, and hydration products.  

Song and Jennings [76] studied the pore solution chemistry of different alkali-activated slag 

pastes and the influence of pH and hydration time on the concentration of different cations 

present in the pore solutions. They found that the concentration of Na+ in NaOH-activated 

pastes remained constant through 56 days of hydration. The pH of the pore solution 

predominantly depends on the concentration of the alkali activator and remained constant 

during the entire course of the study. They observed that an increased pH of the pore solution 

resulted in higher concentrations of Si and Al ions, but decreased levels of Ca and Mg ions 

[76]. The relationship between pH and the dissolution of different ionic species is governed by 

the thermodynamic stability of different species (according to the Gibbs free energy of 

dissolution).  

Puertas et al. [77] investigated the compositions of pore solutions of alkali-activated Spanish 

blast furnace slag pastes activated using NaOH and waterglass solutions at different times. 

Unlike Song and Jennings [76], they found that the concentration of Na+ decreases with 

increasing reaction times for both waterglass and NaOH-activated slags, with a higher degree 

of reduction in the latter. For NaOH-activated slags, the concentration of Na+ decreased from 

2.60 M to 1.80 M, compared to a reduction from 2.10 M to 1.20 M for waterglass-activated 

slags, measured after 3 hours and 7 days of curing respectively [77]. They observed that the 

concentration of Si ions in the pore solutions is related to the type of activator used, and 

therefore, the Si concentration in pore solutions of waterglass-activated slags during the early 

stages of hydration was significantly higher when compared to the NaOH-activated pastes [77]. 

For both activators, the decrease in concentrations of Na+ and Si progresses with time. In the 

case of Al, Song and Jennings [76] found that the concentration of Al decreased with increasing 

reaction time and was less than 0.30 mM after 28 and 56 days of hydration. Puertas et al. [77] 
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observed positive and negative parabolic trends with respect to hydration time, for Al 

concentrations in the pore solutions of Na2SiO3 (minimum: 1.10 mM) and NaOH (maximum: 

8.80 mM) activated slag pastes respectively. 

Gruskovnjak et al. [78] made a detailed comparison between the hydration of sodium 

metasilicate-activated slags and PC, and characterised the chemical evolution of the pore 

solutions over a period of 180 days. They found that the alkali-activated slag systems were 

dominated by a high pH (~13.7) with high concentrations of Na+ (>1 M) and S (~ 0.45 M), and 

relatively low concentrations of K, Al and Si. As in the study of Song and Jennings [76], the 

concentration of Al decreased over time from 7 to 3.20 mM. In contrast to the study conducted 

by Puertas et al., [77] the Si concentration was found to be 30 times lower after 24 hours of 

curing, but a similar decrease in concentration over time was observed. Both studies related the 

decrease in concentrations of Na and Si over time to the precipitation of C-A-S-H.  

Lloyd et al. [79] characterised the pore solutions of different types of inorganic polymer 

cements, such as Na2SiO3-activated fly ash and ground granulated blast furnace slag, extracted 

using the technique defined by Barneyback and Diamond (application of 550 MPa to 250 g 

samples and extraction of pore solution) [48], after 90 days of curing. They observed 

concentrations of alkali cations to be greater than 0.50 M or in some cases, greater than 1 M. 

In the case of alkali-activated ground granulated blast furnace slag pastes, the Na+ 

concentration was found to be 3.617 M and was significantly higher than that observed by 

Gruskovnjak et al. [78] and Puertas et al. [77], mainly due to the higher concentration of the 

activator, indicating an almost linear relationship between the concentration of the activator 

and the concentration of alkali in the pore solution [79]. They also observed that negative 

correlations exist between the alkali concentration in the pore solution and the w/b ratio, and 

dissolved silica in the activating solution. The effect of binder chemistry on the alkali content 

present in the pore solution indicated that with increasing Ca content, there exists a higher 

preference of Ca incorporation into the gel when compared to monovalent cations [79]. The 

concentration of Al and Ca2+ in the pore solution were found to be <1 mM in alkali-activated 

ground granulated blast furnace slag. This was confirmed through thermodynamic calculations 

by Myers et al. [80]. Unlike the studies (Song and Jennings [76], Gruskovnjak et al. [78]) where 

the Al concentration was observed to decrease over time, Lloyd et al. [79] did not observe a 

decreasing trend, and instead found that the Al incorporation into the gel structure increased 

with increasing activator concentration.  
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The chemistry of the pore solution determines its pH, and consequently impacts the 

durability of reinforcement. As literature, e.g. [78], suggests, pore solutions of AAMs have 

higher concentrations of soluble alkalis when compared to that of PC, primarily due to the 

nature of the activator and hydration mechanisms. With concentrations of counter-ion species 

such as aluminate and silicate being low, it can be inferred that the electro-neutrality of the 

pore solution is preserved by the presence of hydroxyl ions, therefore providing the pore 

solution with significant alkalinity to maintain the passivity of the reinforcement [79]. Myers 

et al. [80] calculated the pH of various alkali-activated blast furnace slags to be between 13.5 

and 14.2 based on simulated phase assemblages, and found that an increase in the silica content 

in the precursor from 30 to 40 wt.% leads to a reduction in the pH of the pore solution. 

Figure 2-4 summarises the concentration of various elements in pore solutions of AAS, 

calculated using thermodynamic simulations [81] and measured experimentally [76–79].   

 

 

Figure 2-4: Simulated [81] and experimental concentrations [76–79] of elements in pore 

solutions of AAS. Experimental details regarding each data point from [76–79] can be found 

in [81]. Adapted from [81]. 

 



39 

 

One of the major differences between the pore solutions of low-Ca AAMs and high-Ca 

AAMs (alkali-activated blast furnace slags in particular) arises due to the presence of reduced 

sulfur species in the pore solution of the latter. Blast furnace slag is a by-product of the iron 

making process and retains the reducing nature of the furnace, containing approximately 1 to 

3 wt.% sulfur. The sulfur present in blast furnace slags readily dissolves into various aqueous 

sulfur species, with majority of them being in the reduced state (as HS- or S2- or Sn
2- - depending 

on the pH of the system). In highly alkaline systems such as AAMs, the majority of the sulfur 

is expected to exist primarily as HS- and minor quantities of SO3
2-, SO4

2- and S2O3
2-, giving the 

alkali-activated blast furnace slags a reducing characteristic. Figure 2-5 shows the Eh-pH 

diagram for the sulfur-water system, showing the stability regime of various aqueous sulfur 

species and their relevance in high-Ca AAMs such as alkali-activated slags (denoted by the red 

circle).  
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Figure 2-5: Potential (vs. standard hydrogen electrode (SHE))–pH equilibrium diagram for 

the system sulfur-water at 25°C, 1 atm, showing the dominance of various aqueous sulfur 

species. The region encompassed by the red circle shows the state of sulfur in pore solutions 

of AAS. It is noteworthy to mention that this figure does not show the formation of 

metastable sulfur species such as Sn
2-, SO3

2-, and S2O3
2-. The dashed lines ‘a’ and ‘b’ mark 

the stability range of water. Adapted from [82]. 
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2.2 Fundamentals of steel corrosion 

Corrosion of the reinforcement is one of the primary causes of premature deterioration of 

reinforced concrete structures. The reinforcement in structures is generally mild steel, an alloy 

of iron and carbon with trace quantities of Mn, Cu and Si. The degradation process of the 

reinforcement can be characterised as the oxidation of metallic Fe, in the presence of moisture 

and oxygen, into Fe oxides and hydroxides that are commonly referred to as rust [83,84]. The 

process of reinforcement corrosion is redox in nature and comprises the anodic dissolution of 

iron and the reduction of oxygen. The electrons generated during the oxidation reaction, i.e. 

dissolution of iron, are transported to the cathode, where they are consumed by the electrolyte 

components, forming hydroxyl ions. The combination of iron ions with the hydroxyl ions 

results in the formation of ferrous hydroxide which then converts to rust [85]. Hence, it is 

important to note the pre-requisites for corrosion of steel reinforcement in concrete - (a) anode-

cathode couple, with part of the steel acting as the anode; (b) flow of electric charge; (c) 

presence of oxygen and moisture [50]. The aforementioned redox process can be described by 

the following reactions (Eq. 2.1 to Eq. 2.3): 

Oxidation reaction (anodic dissolution of iron):  

𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−     (Eq.  2.1) 

Reduction reaction (oxygen reduction):          

 𝐻2𝑂 +
1

2
𝑂2 + 2𝑒− → 2𝑂𝐻−    (Eq. 2.2) 

The net redox reaction can be written as a combination of the two half-cell reactions occurring 

at the same rate: 

𝐹𝑒 + 𝐻2𝑂 +
1

2
𝑂2 → 𝐹𝑒(𝑂𝐻)2   (Eq. 2.3) 

In general, the corrosion product Fe(OH)2 further oxidises into Fe3O4 and Fe2O3/Fe(OH)3 

[84]. The damage due to corrosion of the reinforcement is firstly in the form of reduction in the 

cross-sectional area of the reinforcement, which reduces the load bearing capacity of the 

concrete structure [50]. Secondly, the corrosion products formed have a larger volume 

compared to the steel itself, which induces tensile stresses in the concrete, initiating cracks 

parallel to the reinforcement and eventually leading to spalling of the concrete cover [50,86].  
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2.2.1 Electrode potentials 

As corrosion of reinforcement steel is principally an electrochemical process, it is important 

to understand different electrochemical concepts involved.  

When a metal (M) surface comes into contact with a solution, an interfacial phase boundary 

is established that can lead to the dissolution of metallic ions (Mz+) into the electrolyte; and is 

represented by the following reaction (Eq. 2.4):  

𝑀 ↔ 𝑀𝑧+ + 𝑧𝑒−     (Eq. 2.4) 

The electrolyte, forms an electrical double layer or an interfacial region (at the metal surface 

and the aqueous environment) where the positively charged ions are spatially separated from 

the negatively charged ions, creating a non-homogeneous distribution of ions close to the metal 

surface [50,87]. This charge separation creates a potential difference within the layer, and its 

magnitude determines the rate at which reactions and movement of charges across the interface 

occur, thereby affecting the kinetics of corrosion processes.  

For a redox process to occur, a potential difference between the two half-cell reactions, 

namely oxidation and reduction, needs to be present [50]. For a given half-cell reaction, such 

as the one given in Eq. 2.4, the potential can be measured against a given reference electrode. 

When the temperature and pressure are 25 °C and 1 bar respectively, and the metal ions in the 

electrolyte have a concentration of 1 mol/L, the measured potentials are termed as standard 

electrode potentials (denoted as E°M/M 
z+). For conditions deviating from the standard 

conditions (mentioned above), the electrode potentials can be calculated using the Nernst 

equation (Eq. 2.5):  

𝐸𝑀/𝑀𝑧+ = 𝐸𝑀/𝑀𝑧+
° +

𝑅𝑇

𝑧𝐹
ln([𝑀𝑧+])   (Eq. 2.5) 

 

where R is the gas constant, T is the temperature, F is Faraday’s constant, E° is the standard 

electrode potential, [Mz+] is the concentration of M ions in the electrolyte, and z is the number 

of electrons involved in the redox reaction [50,85]. 

2.2.2 Pourbaix diagram and passivation 

As the redox process of corrosion involves the reduction of oxygen to hydroxide ions, it is 

evident that corrosion of the reinforcement depends on the pH of the aqueous environment (in 
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the case of reinforcement, the pore solution). The thermodynamic stability of an 

electrochemical system can therefore be predicted using the Nernst equation and can be 

expressed as a function of electrode potential, pH, and the concentration of metal ions in the 

electrolyte [85]. Pourbaix used electrochemical thermodynamics to graphically represent the 

influence of electrode potentials and pH on electrochemical equilibria (as shown in Figure 2-6, 

for the case of Fe) for various systems [84].  

 

Figure 2-6: Potential (vs. standard hydrogen electrode (SHE))–pH equilibrium diagram for 

the system iron-water at 25°C, 1 atm (considering solid substances as only iron, iron (II, III) 

oxide (Fe3O4) and iron (III) oxide (Fe2O3)). Boundaries between the fields in which iron (Fe) 

and iron (II) (Fe2+) are the most prominent species, and between soluble iron and various 
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solids, are shown as a function of log concentration (marked as numerical values) of soluble 

iron. The dashed lines ‘a’ and ‘b’ mark the stability range of water. Adapted from [84]. 

 

As shown in Figure 2-6, the region below line ‘a’ represents conditions where water may be 

reduced to gaseous hydrogen; whereas the region above line ‘b’ represents conditions where 

water may be oxidised to oxygen [85]. The area between these two lines represents the region 

where water is thermodynamically stable, as both the aforementioned oxidation and reduction 

reactions are disfavoured. The region of thermodynamic stability for metallic iron lies 

completely below the region of stability for water and therefore, irrespective of the pH at 

normal atmospheric conditions (25°C and 1 atm), simultaneous thermodynamic stability of 

iron and water is not possible. Their simultaneous stability at 25°C is only possible when 

pressures are high enough (approximately 725 atm) to suppress line ‘a’ below the equilibrium 

of the Fe-Fe3O4 system and the pH values lie between 10 and 12; or the potentials are low 

enough (i.e. cathodic protection) [84,85,88]. The oxidation of iron can give rise to a number of 

soluble and insoluble products, such as Fe2+, Fe3+, HFeO2
- ; and Fe(OH)2, Fe3O4, Fe2O3 

respectively, depending on pH and electrode potential. The following chemical reactions (Eq. 

2.6 - Eq. 2.12) [84,87] represent different transformations depicted in the Pourbaix diagram 

(Figure 2-7).  

    𝐹𝑒 + 2𝐻+ → 𝐹𝑒2+ + 𝐻2    (Eq. 2.6) 

    𝐹𝑒 + 2𝐻2𝑂 → 𝐹𝑒𝑂2𝐻− + 𝐻+ + 𝐻2   (Eq. 2.7) 

    3𝐹𝑒2+ + 4𝐻2𝑂 → 𝐹𝑒3𝑂4 + 6𝐻+ + 𝐻2  (Eq. 2.8) 

    𝐹𝑒2+ + 2𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)2 + 2𝐻+   (Eq. 2.9) 

    3𝐹𝑒(𝑂𝐻)2 → 𝐹𝑒3𝑂4 + 𝐻2𝑂 + 𝐻2   (Eq. 2.10) 

    𝐹𝑒2+ + 𝑂2 + 10𝐻2𝑂 → 4𝐹𝑒(𝑂𝐻)3 + 8𝐻+  (Eq. 2.11) 

    4𝐹𝑒3𝑂4 + 𝑂2 → 6𝐹𝑒2𝑂3    (Eq. 2.12) 

As seen in the Pourbaix diagram for Fe (Figure 2-7), the stability region for Fe(OH)2 is very 

small and is partially overlapped by the stability region for Fe3O4, and this compound will 

therefore tend to be transformed to the latter (depicted by Eq. 2.10) [85]. The formation of 

insoluble oxides, such as Fe2O3 and Fe3O4, leads to the protection of the underlying metallic 
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iron from further dissolution and iron can be considered to be in the passive state with very low 

corrosion rates. This process of forming dense, thermodynamically stable oxide films of 

nanoscale thickness is called passivation [85]. As shown in in Figure 2-7, the Pourbaix diagram 

for Fe can be theoretically categorised into two major regions – where corrosion is likely (areas 

of corrosion) and regions where corrosion is unlikely (regions of passivation and regions of 

immunity) [85]. In other words, depending on the electrode potentials of the metal and the pH 

of the aqueous solution (and also the presence of other ions such as Cl-), the metal can be in a 

state of localised/pitting corrosion (due to imperfect passivation), or generalised corrosion 

(region of corrosion), or in a state of total protection (regions of immunity and perfect 

passivation).  
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Figure 2-7: 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 (vs. SHE) in reinforced-concretes (in the absence of 

aggressive species) respectively [84,88]. Adapted from [84]. 

 

In addition to the dependence of passivity on the chemistry (including pH) of the concrete 

pore solution, electrode potentials and oxygen contents also play an important role in 

determining the precise nature of the passive film. In hydrated cement pastes, steel is never 

thermodynamically stable, but the alkaline nature of the concrete pore solution (pH values 

typically between 12.5 and 13.8, due to the high amounts of alkalis) has the capability to 

provide protection to the reinforcing steel from corrosive processes by the formation of 

thermodynamically stable passive oxide films (as seen from the passivation domain in the 

Pourbaix diagram – Figure 2-7) that slow down the growth rate of corrosion products. It is to 

be noted that the steel used in the majority of concrete structures around the world is of mild 

steel or carbon steel grade, and not stainless steel. Therefore, the chemistry of the passive film 

and the surface condition of the reinforcement is particularly important, and literature 

pertaining only to mild/carbon steel has been discussed here.   

According to Figure 2-6 and Figure 2-7, the region of passivation is characterised by the 

formation of iron (II, III) oxide (Fe3O4) at conditions of high pH and low electrochemical 

potentials, whereas the formation of iron (III) oxide (Fe2O3) can be witnessed at conditions of 

high pH and high electrochemical potentials. Many authors have argued regarding the 

compositions and structures of passive films formed on the reinforcement when immersed in 

simulated pore solutions as well as when placed in mortars. Glasser and Sagoe-Crentsil [89] 

analysed the microstructure of the passive film formed when steel reinforced concrete is 

exposed to atmospheric conditions. They found that the passive layer possesses a bi-layered 

structure comprising an inner layer made up of a dense spinel Fe3O4/γ–Fe2O3 solid solution, 

and a porous outer layer composed mainly of poorly crystallised α–FeOOH interspersed with 

crystalline nodules of spinel and portlandite. Haupt and Strehblow [90], Ghods et al. [91] and 

Freire et al. [92] found similar results. Joiret et al. [93] confirmed the bi-layered characteristics 

of the passive film and concluded that the inner layer of the passive film was based on the 

three-dimensional spinel structure of magnetite (Fe3O4). They also observed that the outer 

layers were formed as a result of oxidation or reduction depending on the electrode potentials 

and availability of oxygen. Haupt and Strehblow [90] characterised the growth of iron (III) 
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oxide to be linearly correlated with log time and the electrode potential, and this was in 

agreement with the oxide growth model for high fields developed by Deal and Grove [94]. 

Similar conclusions were drawn by Freire et al. [92], who also found that the growth of the 

outer layer was topotactic and was directly proportional to the increase in the electrode 

potential. 

Gouda [95] investigated the corrosion behaviour of reinforcement steel in aerated and de-

aerated lime water, and in NaOH solutions with different pH values, using electrochemical 

techniques, and found that the oxidation processes depended on the dissolved oxygen and were 

characterised by formation of different intermediate oxidation products. In the case of aerated 

solutions, Fe first oxidised to Fe3O4 and this was evidenced by a step in the electrode potential 

vs. time curve. Before oxygen evolution, Fe3O4 was found to further oxidise to Fe (III) oxide, 

characterised by another step. In the case of de-aerated solutions, instead of Fe3O4, Fe(OH)2 

was found to be the intermediate oxidation product, probably due to the hydrolysis of the 

FeO2H
- anion. The second step in the potential vs time curve, before oxygen evolution, was 

characteristic of the oxidation of Fe(OH)2 to Fe(OH)3. For the case of immersion in NaOH 

solutions, similar potential curves were observed. Therefore, the passivation of iron does not 

depend on the cation (Ca or Na) in the aqueous environment; and the chemistry of the 

passivation layer formed on the surface of the steel depends primarily on the availability of 

oxygen and the pH of the aqueous solution. In a subsequent paper, Gouda and Halaka [96] 

investigated the corrosion behaviour of reinforcement steel when embedded in PC based 

concrete mixed with distilled or tap water, and found that passivation followed an oxidation 

procedure that was exactly the same as in the case of steel immersed in aerated lime water [95].  

Several studies have also reported the formation of iron hydroxides in addition to magnetite 

(Fe3O4) and maghemite (Fe2O3). Oranowska and Szklarska-Smialowska [97] measured the 

optical properties of the passivation layer formed on Armco iron in de-aerated saturated 

calcium hydroxide solutions (of pH 12.5) under open circuit conditions and at anodic 

potentials. They observed that the refractive index of the first layer adherent to the metal was 

1.43 under open circuit conditions and 1.7 at anodic potentials. They attributed these refractive 

indices of 1.43 and 1.7 to Fe(OH)2 and to a mixture of FeOOH-Ca(OH)2 respectively, and their 

observations were in agreement with the findings of Glasser and Sagoe-Crentsil [89]. Hugot-

Le Goff et al. [98] used Raman spectroscopy and a rotating slit ring disk electrode to 

characterise the passive film formed on iron exposed to 1 M NaOH solution, and observed the 

formation of iron oxyhydroxides such as goethite (α –FeOOH), lepidocrocite (γ –FeOOH) and 
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akaganeite (β –FeOOH) above protective forms of iron oxides such as magnetite (Fe3O4), 

maghemite (γ –Fe2O3) and hematite (α –Fe2O3). Figure 2-8 represents a simple schematic of 

the passive film formed in PC, with an inner layer of iron (II, III) oxide and an outer layer of a 

hydrated iron (III) oxide or a polymorph of hydrate iron oxyhydroxide.   

 

 

Figure 2-8: A schematic of the complex phase assemblage of the passive film formed on the 

surface of mild steel reinforcement when exposed to alkaline environments (adapted from 

conclusions of Chapter 4) 

 

2.2.3 Service life of reinforced structures 

Tuutti [14] proposed a macroscopic service life model for reinforced concrete structures, taking 

into account exposure to a corrosive environment, and suggested that the service life can be 

subdivided into three stages: an initiation time, the onset of corrosion, and a propagation period 

(as shown in Figure 2-9):  
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Figure 2-9: Service life model for reinforced concrete exposed in a corrosive environment, as 

proposed by Tuutti (adapted from [14,54]). This model depicts the service life of reinforced 

concrete structures when corrosion of the reinforcement is either chloride-induced or due to 

the effects of carbonation of the concrete cover.  

 

• The initiation stage can be regarded as the time taken by aggressive species to penetrate 

the concrete cover and reach the surface of the reinforcement, until a sufficient 

concentration for depassivation/corrosion of steel is attained [14]. The concrete cover 

acts as a physical barrier and provides protection to the embedded reinforcement. The 

initiation stage is an inherent property of the concrete cover that controls the transport 

of aggressive species. The transport mechanisms are a function of the nature of the 

binder and the hydration products, the exposure conditions, extent of saturation, the 

pore network and the pore solution, and age of the concrete. In the case of chloride-

induced corrosion, the initiation stage is the time it takes for the concentration of 

chloride to build up to a critical level at the steel-concrete interface (SCI) [99]. The 

initiation stage for corrosion due to carbonation of the concrete matrix is based on the 

time it takes for the pH of the pore solution at the SCI to drop below approximately 9 

[100].  

 

• The onset of corrosion can be defined as the point in time when the passive layer is 

broken down (depassivation) by the action of aggressive species. The onset of corrosion 

is influenced by the local properties of the SCI, such as the hydration products at the 
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SCI, the alkalinity of the pore solution, the presence of voids, bleed water zones, the 

chemistry of the passive film and the presence of defects on the steel surface. The onset 

of corrosion is characterised by either a drop in the pH at the SCI to approximately 9 

or below, or the formation of a pit. 

 

• Post depassivation, the steel corrodes until failure of serviceability (for a particular 

application) takes place, and this is termed the propagation stage [14]. The propagation 

stage depends on the alkalinity of the pore solution, the availability of oxygen, and the 

relative humidity at the SCI. The temperature also influences the rate at which steel 

corrodes, and therefore could affect the propagation phase. Irrespective of the corrosion 

mechanism, the propagation phase is characterised by the thinning of the steel 

reinforcement and the growth of corrosion products away from the surface of the 

reinforcements, towards the concrete cover, until the appearance of a crack, spalling, or 

structural failure. In addition to the thinning of the reinforcement, growth of pits formed 

due to the action of chloride causes a reduction in the local cross-sectional area of the 

reinforcement. The growth of pits is one of the most dangerous forms of cross-sectional 

thinning, particularly in the case of load-bearing sections in a concrete structure, due to 

the difficulty associated with predicting and locating them.  

 

2.3 Mechanisms of steel corrosion in concrete 

Corrosion of steel in concrete is generally induced through the ingress of chloride ions or the 

action of carbon dioxide on the cement matrix [101]. Chloride ions cause breakdown of the 

passive layer locally, whereas carbon dioxide decreases the alkalinity of the cementitious 

binder and its pore solution, and therefore leads to dissolution of the passive layer over the 

entire surface of the steel reinforcement [50,102]. 

2.3.1 Chloride-induced corrosion 

2.3.1.1 Chloride ingress 

The view of the role of chloride in concrete has changed with time; in the past chloride was 

used to accelerate cement hydration and strength development [13,103], whereas in recent 

times, it is considered to be the primary factor that leads to the breakdown of the protective 

passive film formed on embedded steel [99], and so its use as an addition is now very restricted. 
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The presence of chloride in the concrete cover can be due to several reasons, such as the use of 

de-icing salts, marine environments, and the use of contaminated water, aggregates or 

admixtures. Corrosion induced by the action of chlorides in reinforced structures has been one 

of the most important concerns over the last few decades and has led to significant amount of 

research to understand the complex corrosion processes due to ingress of chloride. The process 

of chloride-induced corrosion can be considered to follow the service life model proposed by 

Tuutti [14], as mentioned above. In simplistic terms, chloride has to penetrate the concrete 

cover in order to reach the concrete/steel interface, where the concentration of chloride needs 

to be above a certain critical value (initiation stage) for local depassivation to occur. Post local 

depassivation, corrosion of the rebar in the local environment (called pitting corrosion) occurs 

until it reaches a certain level when cracking and spalling of the concrete cover are witnessed 

(propagation stage).  

The transport of chloride [13,55,69,104–106] within the concrete cover is not a simple 

phenomenon, but is governed by several mechanisms such as: 

• Diffusion (under the influence of concentration gradients),  

• Capillary suction (capillary action inside capillary pores of the concrete cover),  

• Permeation (due to pressure gradients), and  

• Migration (due to electrical potential gradients).  

Transport of chloride occurs only in the form of aqueous ions in the pore solution and 

therefore, the kinetics of different transport mechanisms are controlled by microstructural 

properties of the concrete (w/b ratio, pore features – pore structure, porosity, interconnectivity 

etc.) and the environmental conditions (humidity, temperature, wet-dry cycles etc.) to which 

the structure is exposed.  

The transport of chloride in PC has been studied thoroughly by many researchers. According 

to the literature, chloride ingress across the depth of the concrete cover is assumed to primarily 

occur due to the action of capillary suction; and due to the influence of a concentration gradient, 

following Fick’s second law (non-steady state) of diffusion [13]. Capillary suction in concrete 

is defined as the uptake of water due to the action of capillary forces (surface tension and 

adhesive forces), without the influence of external forces such as gravity [46]. The rate of 

transport through capillary suction depends predominantly on the amount of capillary pores 

and their interconnectivity in the concrete specimen. The effect of capillary action is clearly 

witnessed by the wetting and drying of concrete, characterised by the uptake of water during 
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the wetting regime, and the partial release of water during the drying regime [46]. Powers et 

al. [45,47] identified that the capillary porosity in the cement matrix directly influences the 

permeability of the concrete and therefore, the rate of water uptake. In water-saturated concrete, 

diffusion is the dominant mechanism controlling chloride transport and therefore, the 

concentration gradient becomes the driving force for movement of oxygen and chloride across 

the depth of the concrete [50]. Under non-steady state conditions (concentration depending on 

time), Fick’s second law of diffusion (Eq. 2.13) can be represented by the following equation 

for one-dimensional ingress [49]:  

𝛿𝐶

𝛿𝑡
= 𝐷

𝛿2𝐶

𝛿2𝑥
      (Eq. 2.13) 

where C is the concentration of the diffusing species and is a function of the distance x from 

the surface, and of time t, and D is the diffusion coefficient (m2/s) which depends on the 

characteristics of the diffusing species, the characteristics of the concrete cover and 

temperature. The most commonly used solution for Eq. 2.13 is obtained by integration, 

assuming:  

• The concentration of the diffusing species at the surface does not vary with time 

and is equal to Cs (C = Cs for x = 0 and t ≥ 0). 

• The concrete cover is homogeneous in nature and the initial chloride content in the 

concrete is zero (C = 0 for x > 0 at t = 0). 

• The diffusion coefficient is constant with respect to time and does not change as a 

function of position within the concrete (D = constant for t ≥ 0 and x ≥ 0).  

The simplest form of the one-dimensional mathematical solution to Fick’s second law of 

diffusion in a semi-infinite medium is represented by an error function (Eq. 2.14):  

𝐶(𝑥, 𝑡) = 𝐶𝑠 (1 − 𝑒𝑟𝑓 (
𝑥

2√𝐷𝑡
))   (Eq. 2.14) 

where,    erf(𝑧) =
2

√𝜋
∫ 𝑒−𝑡2𝑧

0
𝑑𝑡    (Eq. 2.15) 

Eq. 2.14 mathematically describes the transport of chloride to be dominated by the process 

of non-steady state diffusion and does not take into account the effects of chloride binding, or 

the roles of permeation and electric migration (caused by the presence of different charged 

species in the concrete) [13]. Another constraint of Eq. 2.14 is the assumption that the diffusion 

coefficient is constant with respect to time, which is not likely to be the case in reality as the 
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continuous hydration of the cement matrix may lead to changes in its porosity and permeability, 

thereby changing the diffusion coefficient to a time-dependent apparent diffusion coefficient 

(Da(t) instead of D) that primarily depends on the local conditions used [13,69]. Several models 

such as DuraCrete [107], ClinConc [107] and the fib model code [108] have taken into account 

the influence of time dependent diffusion coefficients, chloride binding capacity of PC-based 

concretes, and the interaction between various charged species in the pore solution [109]. In 

general, the movement of chloride across the depth of an unsaturated concrete cover is believed 

to be governed by capillary suction near the surface, whereas diffusion controls transport away 

from the surface of the concrete [110]. For a saturated concrete cover, diffusion is the main 

mode of chloride transport.     

In the case of AAMs and blended cements containing GGBS, such a simple diffusion model 

would not accurately depict chloride transport as it does not take into account the differences 

in hydrate phase assemblage, the chloride binding capacity, the pore solution composition and 

the pore structure between PC and AAMs. Roy et al. [106] studied the effect of slag addition 

to alkali-activated PC systems on the chloride diffusion coefficients estimated using Fick’s first 

law of diffusion, and found that diffusion coefficients for chloride decreased from 50×10-15 

m2/s to approximately 5×10-15 m2/s with slag contents increasing from 0 to 100%. They related 

the decreasing diffusion coefficients to the overall reductions in porosity and decreasing 

permeability with addition of slag in the concrete mix. Similar trends of decreasing diffusion 

coefficient have been shown by studies conducted by others for addition of different 

supplementary cementitious materials [111–113]. Ismail et al. [114] found the diffusion of 

chloride in alkali-activated slags to be much slower than in PC, but in the case of alkali-

activated fly ashes, the diffusion coefficient was found to be much higher than PC. They 

attributed such observations to the higher pore filling capabilities of the C-A-S-H gel (in alkali-

activated slags) than the more porous N-A-S-H gel (in alkali-activated fly ashes and 

metakaolin). Similar observations were made by Tennakoon et al. [115] for alkali-activated 

slag/fly ash blends. Ma et al. [116] reported the chloride diffusion coefficients in alkali-

activated slags to be much lower than PC, and the modulus of the activator and the 

concentration of Na2O were found to have a great influence on the non-steady state diffusion 

coefficient. An increase in the Na2O content in the activating solution has been found to lead 

to a lower porosity, and consequently a lower diffusion coefficient [116]. As mentioned in 

Section 2.1.3, the higher volume of permeable voids in NaOH-activated AAMs when compared 

to waterglass-activated AAMs would lead to faster chloride diffusion [58]. The higher 

alkalinity and the greater ionic strength of the pore solutions in AAMs when compared to the 
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pore solutions of PC could create a potential gradient leading to retardation of the transport of 

chloride [117]. In general, low-Ca AAMs show a lower resistance to chloride transport than 

high-Ca AAMs, and the diffusion coefficients in various cementitious systems can be ranked 

as: low-Ca AAMs > PC > PC-GGBS > high-Ca AAMs [67,118,119].   

During the initiation stage, before the chloride reaches the steel, the chloride can exist in 

several states depending on the chemistry of the binder, the pore solution, the physico-chemical 

properties of each hydration product, and the binding energy. The total chloride content in the 

cement matrix can be expressed as the sum of ‘free chloride’ and ‘bound chloride’, depending 

on the extent of interaction between the chloride and the concrete. Ramachandran [103] 

analysed the different possible states in which chloride can be bound in the cement matrix and 

found that they can exist as being either physisorbed, chemisorbed on the surface; or substituted 

in the lattice of the hydration products.  

Ramachandran [103] suggested that chloride binding through physical adsorption occurs 

through the formation of a surface chloro-complex, with almost all of the chloride leachable 

by water and alcohol. In the case of chemisorption, the chloride can exist either in the form of 

a surface complex or in the interlayers of the hydration products such as C-S-H due to the 

presence of electrostatic and Van der Waals forces, thus reducing the amount of leachable 

chloride [103]. In addition to this, after longer durations of hydration the chloride can also be 

incorporated through an ion exchange mechanism in the lattice of the hydration products. PC 

hydration products are generally characterised by high amounts of Ca, and therefore, the 

chloride binding tendency depends strongly on the dissolution of Ca-rich hydration products 

and their capability to maintain the alkalinity of the pore solution [13]. There is a general 

agreement in the literature that most of the bound chloride in hydrated PC exists in the form of 

a chloride-containing AFm phase called Friedel’s salt (Ca2Al(OH)6(Cl,OH)2·H2O), through the 

reaction between sulfate or carbonate AFm phases, and chloride [13]. Depending on the 

concentrations of different anionic species and the thermodynamic stability, other chloride-

containing AFm phases might also exist. Arya et al. [120] concluded that factors such as source 

of chloride, binder chemistry, hydration time, w/b ratio, chemistry and alkalinity of the pore 

solution, and the curing temperature, all play a major role in determining the degree of chloride 

binding in the cement matrix.  

The chloride binding mechanism in alkali-activated systems is somewhat similar to PC, but 

due to differences in the composition of the binder material and hydration products, and the 

chemistry of the pore solution, dissimilarities in the extent of chloride binding and the 
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chemistry of the bound phases may arise. In alkali-activated fly ash and metakaolin systems, 

where the Ca content is relatively low, chloride binding has not yet been studied extensively, 

but it can be expected that the chloride ion would be physically adsorbed on the surface of the 

N-(A)-S-H gel, primarily due to the increased surface area of the highly porous binding gel  

[114,121]. In addition to the physical adsorption of chloride ions on the N-(A)-S-H gel, the free 

chloride could also react with the alkali metal cations in the pore solution and precipitate as 

halite upon drying/evaporation [114]. In high-Ca systems, where the major reaction product is 

an Al-substituted C-S-H gel, the positive charge on the surface of the C-S-H gel is minimised 

due to the substitution of Si by Al, therefore reducing the electrostatic interaction with chloride 

[122]. Therefore, the chloride binding capacity of the C-(A)-S-H gel might be much lower 

compared to C-S-H.  

High calcium AAM systems are also characterised by the formation of secondary hydration 

products such as hydrotalcite-like (Mg, Al)-layered double hydroxides (LDH), and AFm-type 

(Ca, Al)-LDH, which can have significant roles in terms of chloride binding due to the presence 

of positively charged layers in their structures and their anion exchange property. As in the 

case of PC, AFm phases formed in high-Ca AAMs could convert to Friedel’s salt in the 

presence of chloride through an ion-exchange mechanism. There is significant literature on the 

ion exchange property of hydrotalcite and its effect on protection of different surfaces. Kayali 

et al. [123,124] extensively analysed this behaviour in PC-GGBS concrete, where hydrotalcite 

is one of the key hydration products. They found that increasing the GGBS content in PC-

GGBS bended systems led to a decrease in the ionic conductivity of the pore solution, and 

related lower corrosion rates to a decrease in the chloride ions in the pore solution. They 

attributed this reduction of free chloride to the anion exchange property of hydrotalcite, and 

concluded that increasing quantities of hydrotalcite in hydrated cement mixes lead to increased 

chloride binding capability [123,124]. In a detailed study, Ke et al. [125] reported the chloride 

binding capacity of secondary hydration products in alkali-activated slags to be dependent on 

the alkalinity of the pore solutions, and the free chloride content in the pore solution; the 

dominant mechanism of chloride binding was through surface adsorption rather than a direct 

ion-exchange process (for both hydrotalcite-like Mg-Al-LDH phases and AFm-type (Ca, Al) 

LDH). Though a chloride-containing hydrotalcite phase could exist in the cement matrix, the 

binding capacity of hydrotalcite is limited due to carbonation [125]. As chloride binding in 

hydrotalcite takes place through surface adsorption and ion exchange, the presence of carbonate 

ions in the pore solution (with low pH when compared to un-carbonated pore solutions) could 
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lead to the release of bound chloride ions (both physically adsorbed and chemically bound) and 

the incorporation of carbonate ions instead [125].  

Chloride binding therefore has significant importance when considering chloride transport 

and its influence on the service life of concrete. The interaction of chloride with the cement 

matrix, in conjunction with different conditions of pH, temperature and humidity, may have a 

retarding effect on the diffusivity of chloride and therefore can alter the outcomes of models 

predicting service life. 

2.3.1.2 Chloride-induced pitting 

Unlike general corrosion, where the breakdown of passivity occurs globally, corrosion through 

the action of chloride is localised. Pitting corrosion is characterised by the loss of material 

through formation of cavities or pits, in the presence of aggressive ionic species such as 

chlorides and sulfates. The formation of these pits and associated material losses are considered 

to be more detrimental than general corrosion due to difficulties with their detection and the 

highly aggressive chemical environment within them [126]. In the case of pitting corrosion, 

the corrosion mechanism is determined primarily by the geometry of the pits that control the 

rate of mass transport for different species. Geometrical constraints of the pits make the rate of 

oxygen transport to the pits much slower than the rate of oxygen reduction [126], which results 

in the formation of a macro-cell due to the spatial segregation of the cathodic (surface of the 

metal surrounding the pit) and anodic sites (inside the deaerated pit) [127]. Figure 2-10 shows 

a schematic of the mechanism of chloride-induced pitting in steel reinforced concretes.  
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Figure 2-10: Schematic of chloride-induced pitting corrosion mechanism.  

 

The dissolved iron ions in the pit hydrolyse by reacting with water to create a relatively  

acidic and an anodic environment within the pit and can be represented by the following 

reactions (Eq. 2.16 - Eq. 2.18) [126]:  

𝐹𝑒2+ + 2𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)2 + 2𝐻+   (Eq. 2.16) 

2𝐹𝑒2+ + 3𝐻2𝑂 → 𝐹𝑒2𝑂3 + 6𝐻+ + 2𝑒−  (Eq. 2.17) 

3𝐹𝑒2+ + 4𝐻2𝑂 → 𝐹𝑒3𝑂4 + 8𝐻+ + 2𝑒−  (Eq. 2.18) 

As shown in Figure 2-10, in order to maintain charge neutrality in the pit, anions from the 

surrounding pore solution (such as chloride, sulfate, hydroxide etc.) of the concrete migrate 

inside the pit, whereas the cations (potassium, sodium, calcium, aluminium etc.) migrate in the 

opposite direction. In highly alkaline solutions surrounding the steel, as in the case of alkali-

activated systems, hydroxide ions tend to migrate first in the pit to maintain the pH of the 

system and therefore, acidification occurs only when anionic species other than hydroxide 
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migrate into the pit. However, when the chloride concentration surrounding the pit increases, 

its tendency to migrate into the pit becomes much higher than that of the hydroxide ion and 

hence, an alkaline environment in the pit can no longer be maintained. In addition, the chloride 

ions can react with the dissolved iron ions to form iron chloride complexes that are 

thermodynamically stable in the acidic environment of the pit. However, the high local 

concentration of these species within the pit leads to the diffusion of iron chlorides towards the 

opening of the pit where, due to the high alkalinity, they readily dissolve, releasing iron and 

chloride ions. The chloride ions are released back into the pit enhancing chloride attack, 

whereas the iron ions react with the hydroxide ions at the cathodic sites outside the pit, resulting 

in the formation of various corrosion products composed of iron hydroxides and oxides at the 

cathodic sites next to the pit.  

Several mechanisms have been postulated to describe the breakdown of passivity due to the 

presence of chloride, and Jovancicevic et al. [128] categorised different mechanism models 

into three classes: (i) adsorption-displacement, (ii) chemical-mechanical and (iii) migration-

penetration.  

The adsorption-displacement mechanism suggests that the breakdown of passivity is driven 

by the simultaneous adsorption of Cl- and the displacement of anionic species such as O2- and 

OH- from a passive monolayer, therefore making it an instantaneous process upon the 

adsorption of chloride ions [128]. Such a model explains the concentration dependence of 

breakdown kinetics, but does not take into account the thickness and the compositional changes 

in the passive film. On the other hand, Hoar and Jacob [129] suggested that adsorption of 

chloride on the surface of the passive layer leads to the formation of thermodynamically 

unstable chloride complexes with iron cations, that dissolve readily in solution. Such a process 

would cause localised thinning of the film and a strong local anodic field on the surface, causing 

the diffusion (displacement) of cationic species to the surface, forming chloride complexes that 

dissolve readily, eventually leading to the breakdown of the passive film. The chemical-

mechanical mechanism, proposed by Hoar [130], suggested that upon adsorption of chloride 

ions on the passive layer, repulsive forces acting between charged particles result in the 

lowering of interfacial surface tension between the pore solution and the oxide passivating film. 

When the repulsive forces become sufficiently large, cracks and splits are formed, increasing 

the capability of the system to adsorb more anions, and making the process incessant.  

The theory of migration-penetration mechanisms has also been suggested by several authors 

in the literature. The penetration model, postulated by Kruger [131], considered the 
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incorporation of chloride ions in the passive layer and their subsequent migration to the 

metal/oxide interface. These ion migration models are fundamentally dependant on the 

exchange process via cation and O2- (or OH-) vacancies. Lin et al. [132,133] proposed a point 

defect model to mathematically describe the factors determining the initiation of chloride-

induced corrosion at specific sites, or in other words, the reasons behind pitting corrosion. The 

model considers that the adsorbed chloride on the surface of the passive layer migrates to the 

metal-oxide interface via vacancies formerly occupied by O2-, and the formation of Fe2+/Cl- 

complex leads to enhanced cation diffusion rates. The decreasing oxygen vacancies at the 

film/solution interface, due to occupation by Cl-, lead to the formation of voids at the metal/film 

interface, primarily by the accelerated dissolution of iron in that particular local environment, 

leading to pitting.  

 

2.3.1.3 Chloride threshold value 

The concept of critical chloride content has been developed significantly over the last several 

decades and is one of the major factors considered while designing new and assessing already 

existing structures [99]. According to this concept, in non-carbonated reinforced concrete 

structures, the corrosion/depassivation of the reinforcement can only occur when the chloride 

concentration at the depth of the reinforcement has reached a certain critical value [134]. This 

value is termed the chloride threshold value, often referred to as Ccrit. The critical chloride 

content is closely related to Tuutti’s [14] model for corrosion initiation and propagation, and 

along the time scale can be described as the deterministic point of transition from the initiation 

to the propagation stage. The Ccrit values are generally defined by the total chloride content 

with respect to the weight of cement, but are also quite often reported relating the free chloride 

ion concentration to the pH of the solution ([Cl-]/[OH-]), and this value represents the condition 

where the preference of the free chloride ion to migrate into the pit becomes greater than that 

of the hydroxide [99].  

Numerous works have been published presenting values for Ccrit for reinforced concrete, for 

steel immersed in simulated solutions as well as for steel embedded in concrete, and some of 

these are shown in Table 2-1. Hausmann [135] experimentally reported the value of Ccrit ([Cl-

]/[OH-]) to vary between 0.5 and 1.08, and statistically found the ratio of 0.63 as critical, for 

steel samples immersed in simulated pore solutions of concrete with chloride contamination. 

On the other hand, Gouda [95] related the chloride threshold to the pH of the pore solution and 
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found a linear relationship between the pH and the logarithm of the chloride concentration with 

a slope of 0.83, indicating a relationship based on ([Cl-]0.83/[OH-]), thus implying that the 

chloride threshold value is highly dependent on the concentration of hydroxide ions. A similar 

observation was made by Li and Sagues [136], where the chloride threshold value increased 

with higher pH. As can be seen from Table 2-1 and other works in the literature, the values 

reported for chloride threshold vary not only from study to study, but also depending on the 

experimental conditions. These studies, however, represent the inhibitive property of the 

concrete only through the concentration of hydroxide ions present in the pore solution.  

 

Table 2-1: Published Ccrit values for conditions when steel is immersed in simulated pore 

solutions (assuming only free chloride content) – adapted from [99]. 

Ccrit (Cl-/OH-) Remarks Reference 

0.02-0.13 Aerated solution, pH 12.6 [137] 

0.6 Aerated solution, pH 11.6-13.2 [135] 

0.57; 0.48; 0.29; 

0.27; 0.30 

Solution with pH 11.8; 12.1; 12.6; 13.0; 13.3 

respectively 

[95,138]  

0.25-0.8 Aerated solution, pH 13.8 [139] 

0.26 Solution with pH 13.5 [140] 

0.01-0.04; 0.2-

0.8; 1-2.5 

Solutions with pH 12.6; 13.3; 13.6 respectively [136] 

0.178; 0.313 Solutions with pH 12.5; 13.9 respectively [141] 

 

 

Glass and Buenfeld [142,143] argued that the representation of the chloride threshold value 

in terms of [Cl-]/[OH-] considering only free chloride, does not take into account other factors 

that might play a role in determining the service life of concrete structures. They mainly argued 

that the representation of the chloride threshold value as [Cl-]/[OH-] ignores the fact that a 

percentage of the total chloride bound to the hydration products in the concrete cover could be 
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released back into the pore solution (due to several factors), increasing the concentration of 

chloride locally and therefore posing a higher risk of corrosion. Therefore, the chloride 

threshold value should be represented in the form of total chloride content with respect to the 

weight of binder, and so the consideration of bound chloride is important in determining 

chloride threshold values. They also suggested that other properties such as the buffer capacity 

of the concrete and the SCI (i.e., control of local acidification) may also affect the chloride 

threshold value. Various studies have reported Ccrit as a percentage of the total binder content 

to be between 0.04 wt.% and 8.34 wt.%. Table 2-2 lists various determinations of Ccrit as a 

percentage of the binder content, found in the literature for PC, PC blended concretes and 

mortars exposed to chloride solutions.  

 

Table 2-2: Published Ccrit values (as a percentage of the total binder content) obtained from 

experiments with the steel embedded in cement based material (laboratory conditions) – 

adapted from [99]. PC: Portland cement; FA: Fly ash; SF: Silica fume; GGBS: Ground 

granulated blast furnace slag; SRPC: Sulfate resistant Portland cement; RHPC: Rapid 

hardening Portland cement 

Ccrit (wt. % of binder) Remarks Reference 

0.20 – 0.68 PC, FA, SF, SRPC, RHPC [144] 

0.48 – 2.02  PC, FA, SF, GGBS, SRPC  [145] 

1.50 – 2.50  PC, SRPC [146,147] 

0.50 – 1.80 PC, SF, FA [148] 

0.50 – 1.50 PC, GGBS, FA [149] 

0.25 – 0.75  PC, FA, SF, GGBS, SRPC [150] 

0.25 – 1.25 PC [151] 

0.735 PC, SRPC, FA [152] 

1.00 – 8.34  PC, SRPC, FA [152] 

0.62 SRPC [153] 
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0.04 – 0.24 PC [154] 

0.45 SRPC [154] 

0.40 – 1.30 PC [155,156] 

0.52 – 0.75 PC [157] 

0.05 – 0.15 PC [158] 

0.40 – 0.80 PC [159] 

 

 

An extensive review conducted by Angst et al. [99] listed numerous factors that affect the 

chloride threshold value. The most dominant factors were found to be the SCI, the pH of the 

pore solution and the redox potential of the steel. As mentioned in Section 2.2, pore solutions 

of hydrated cement pastes are highly alkaline and maintain the embedded steel in a passive 

state. Considering the concentration of hydroxide ions as the only major inhibiting factor, the 

chloride threshold value ([Cl-]/[OH-]) has a direct relationship with the pH of the pore solution 

[95,135,136]. A recent review by RILEM TC 262-SCI [54] looked at the various characteristics 

of the SCI that could potentially influence the chloride threshold value (a schematic of all the 

features of the SCI is shown in Figure 2-11). From a metallurgical perspective, the type of steel 

reinforcement used [160,161], the presence of mill scale or pre-existing rust layers [162,163], 

the surface condition of the reinforcement [164], and the chemistry of the passive film [165] 

would possibly affect the susceptibility to chloride-induced corrosion. Microstructural features 

of the concrete cover at the SCI such as presence of air and water filled voids, cracks, and bleed 

water zones have been shown to influence chloride-induced corrosion [54,166,167]. The 

chemistry of the cement paste, the composition of the pore solution and the degree of saturation 

at the SCI impact the corrosion behaviour of the reinforcement [54]. The chloride threshold 

values also depends on the redox potential of the steel and has been found to be higher for 

conditions when the steel potential is more negative [152]. At this point, it would be noteworthy 

to mention that the parameters affecting the chloride threshold value are all interlinked and 

therefore, defining major influencing parameters independently in real structures is extremely 

difficult. Literature on the chloride threshold value for AAMs is very scattered and limited, and 

will be discussed in detail in Chapters 4 and 5.  
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Figure 2-11: An illustration of the SCI and some of its characteristics features that could 

potentially influence the onset of chloride-induced corrosion. Preferential pathways for 

chloride ingress and adsorbed water are represented by red dashed lines and blue spaces, 

respectively. The water contained within cement is not shown here. From [54].  
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2.3.2 Carbonation induced corrosion 

Carbonation of concrete, which is the chemical reaction between atmospheric carbon dioxide 

and the cement matrix, is one of the important degradation processes adversely impacting the 

long term durability of structures [168–170]. The carbonation of PC has been thoroughly 

studied in the literature. Gaseous carbon dioxide from the surrounding environment penetrates 

through the porous concrete structure and dissolves in the pore solution forming weak acidic 

ionic species of HCO3
- and CO3

2- [102]. The dissolution of gaseous carbon dioxide and 

formation of weak acids can be represented by the following reactions (Eq. 2.19 – Eq. 2.21) 

[171]: 

𝐶𝑂2(𝑔) → 𝐶𝑂2(𝑎𝑞)     (Eq. 2.19) 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 → 𝐻+ + 𝐻𝐶𝑂3
−(𝑎𝑞)  (Eq. 2.20) 

𝐻𝐶𝑂3
−(𝑎𝑞) → 𝐻+ + 𝐶𝑂3

2−(𝑎𝑞)   (Eq. 2.21) 

The release of acidic species such as H+ leads to a reduction in the alkalinity of the pore 

solution which causes the dissolution of Ca-rich hydration products such as portlandite, 

calcium silicate hydrate gel, AFm and ettringite [172–174]. The dissolved calcium and 

carbonate ions react to precipitate various polymorphs of CaCO3 – vaterite, aragonite, 

amorphous CaCO3, or calcite (Eq. 2.22) [172].  

𝐶𝑎2+(𝑎𝑞) + 𝐶𝑂3
2− →  𝐶𝑎𝐶𝑂3(𝑠)   (Eq. 2.22) 

The reduction of alkalinity due to carbonation in reinforced structures can result in the 

breakdown of the passive film formed around steel. In the case of chemically bound chloride 

in the form of calcium chloroaluminate hydrates, or bound otherwise [13], carbonation may 

lead to the release of chloride ions in the pore solution, thereby increasing the concentration of 

chloride and the possibility of depassivation.  

The mechanisms of carbonation in AAMs are significantly different from those observed in 

PC due to the differences in the pore solution composition and the hydrate phase assemblage. 

Depending on the calcium content in the binder, carbonation of AAMs can be described by two 

processes: carbonation of the pore solution and carbonation of the solid hydrate phases. In the 

case of high-Ca AAMs such as alkali-activated slags, the carbonation of the pore solution leads 

to the formation of alkali-metal carbonates and bicarbonates depending on the CO2 exposure 

conditions [119]. Under natural exposure to carbon dioxide (0.03 - 0.04 % CO2), natron 
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(Na2CO3) was found to be the major carbonate containing phase formed due to the reaction 

between dissolved alkalis in the pore solution and the carbonate ions [175]. However, exposure 

to CO2 concentrations above 0.2 % led to the formation of nahcolite (NaHCO3) [175]. The 

importance of exposure conditions is highlighted by the role of carbonate/bicarbonate ions on 

the pH of the pore solution. Under ambient conditions of CO2 exposure, the CO3
2-/HCO3

- ratio 

was found to be >1, whereas for elevated CO2 exposure conditions CO3
2-/HCO3

- was observed 

to be <0.1, and the pH of the pore solutions under natural exposure to CO2 was two units higher 

than those exposed to accelerated testing conditions [175]. The concentrations of both of these 

species in the pore solution were in agreement with the nature of the solid phases predicted by 

a thermodynamic model [175]. Under ambient conditions, the pH of the pore solution did not 

fall below 10 [176] and therefore, according to the Pourbaix diagram the loss of steel passivity 

in AAMs seems to be unlikely.  

In addition to carbonation of the pore solution, carbonation of the solid phase in high Ca-

AAMs such as alkali-activated slags proceeds by the decalcification of C-A-S-H gel, resulting 

in an alumina-rich remnant silicate gel and the precipitation of various polymorphs of CaCO3 

[119,177]. Unlike in PC, where carbonation occurs through the reaction of dissolved CO2 with 

portlandite to form CaCO3 followed by reaction with the C-S-H gel, in the case of alkali-

activated slags (which contain no portlandite) carbonation occurs by the direct decalcification 

of C-A-S-H gel [119]. Secondary hydrate products such as the hydrotalcite-type phases in 

alkali-activated slags also influence the rate of carbonation [178]. The formation of 

hydrotalcite-type phases is directly related to the MgO content in the slag [178]. Higher MgO 

contents in the slag were found to give higher carbonate binding capacities and henceforth, 

lead to lower carbonation rates.  

The effect of carbonation on the alkalinity of pore solution is one of the most important 

factors when considering corrosion of the steel reinforcement. In addition, carbonation of 

AAMs has been found to adversely influence the porosity of the cement matrix as well as the 

strength [119,179,180]. However, further work is required to understand the mechanisms 

governing the influence of carbonation on the mechanical properties of AAMs.  

2.3.3 Analysing steel corrosion in concrete – current state of the art 

Various techniques have been used to detect the depassivation/corrosion of steel reinforcement 

in concrete. It is important to note that the methods used for assessing the severity of corrosion 

for structures in-service and the methods used for detecting the conditions/time required for 
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depassivation of the steel reinforcement in the laboratory are very similar. This section covers 

the current state of the art – based on the recommendations of [181] and [182,183] - in analysing 

the data obtained from various techniques, and is primarily valid for PC based concretes; 

applicability in the case of AAMs is discussed in Chapter 7. A detailed description of the 

various techniques used in this thesis can be found in Chapter 3.  

The potential of a corroding steel specimen is much lower than that of passivated steel and 

measuring the steel potential with respect to a reference electrode is the most common 

technique employed to detect depassivation of the steel reinforcement. Figure 2-12A highlights 

the probability of corrosion as a function of the potential for PC based concretes, based on 

[181]. However, a lower potential does not necessarily indicate the corrosion state of the steel 

reinforcement, as this could be due to various factors such as oxygen availability, resistivity of 

the concrete, use of SCMs, and saturation state of the concrete. Therefore, in order to detect 

onset of steel corrosion a clear drop in the potential needs to be observed. The general criterion 

for detecting a transition from the passive to the active state has been experimentally observed 

to be a shift in the steel potential by around -250 mV [184], and this can be effectively used to 

measure the Ccrit. 

Another technique quite frequently used for detecting the onset of corrosion is calculation 

of the instantaneous corrosion current density using the method described by [182,183]. The 

corrosion current density is inversely proportional to the linear polarisation resistance, and can 

be calculated using the Stern-Geary relationship [185]. The Stern-Geary relationship is based 

on the theory put forward by Wagner and Traud [186] on the mixed potentials of electrodes 

subject to uniform corrosion. The Stern-Geary relationship also assumes the oxidation and 

reduction reactions occurring at the electrolyte-electrode interface to be activation controlled. 

Therefore, in the case of chloride-induced corrosion of steel-reinforced concrete, the 

applicability of the Stern-Geary relationship to determine the instantaneous corrosion current 

density or instantaneous corrosion rate has been debated [187]. Figure 2-12B indicates the level 

of corrosion as a function of the corrosion current density for PC based concretes. According 

to empirical observations [182,183], any specimen with an instantaneous corrosion current 

density above 0.1 and 0.2 µA/cm2 can be considered to be actively corroding. The difficulties 

in using this technique to accurately assess the severity of corrosion have been described in 

more detail in Chapter 3. As in the case of analysing the steel potential, only a significant rise 

in the corrosion current density should be assumed to correspond to a transition from the 

passive to the active state of the steel reinforcement. Corresponding classifications have been 
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described for the risk of corrosion as a function of the resistivity of the concrete cover by 

RILEM TC-154 EMC [188].  

 

Figure 2-12: (A) Standard criterion described by [181] for assessing the probability of 

corrosion in steel reinforced concrete structures. The reference potential has been changed 

from Cu/CuSO4 to Ag/AgCl according to ASTM G3 [189]. (B) The severity of corrosion in 

PC-based concretes as a function of the corrosion current density calculated using the Stern-

Geary relationship (adapted from [182,183]).  

 

Gravimetric weight loss is a common technique to assess the corrosion rate of the steel 

reinforcement, where the steel is weighed before and after corrosion is induced. The 

reinforcement needs to be extracted from the concrete and cleaned very carefully, ensuring the 

removal of remnant concrete but also without damaging the corrosion products. However, 

significant corrosion is required to record any noticeable weight loss, and therefore this 

technique is not very useful in detecting the onset of corrosion or pitting and Ccrit.  
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Various other techniques such as electrochemical impedance spectroscopy, galvanostatic 

polarisation, and visual inspection, among others, have been used to detect the onset of steel 

corrosion in concrete.  

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique and has often 

been used to characterise the SCI and in particular to assess the resistance of the passive film 

on the reinforcement to chloride or carbonation induced corrosion. The fundamentals of EIS 

have been discussed in Chapter 3 and can also be found in an extensive review by Chang and 

Park [190]. Several authors have used EIS to quantify the stability of the passive film formed 

on the steel reinforcement by interpreting Nyquist plots (discussed in Chapter 3 in more detail) 

through modelling electrical circuits representative of the SCI [184,191–195]. As illustrated in 

[92,93,193,196], simulating the SCI as an electrical circuit, important information regarding 

the mechanism of passivation and depassivation could be obtained. However, there exist no 

standards or validated recommendations regarding the quantitative assessment of data from 

EIS, to detect depassivation and the severity of steel corrosion. Additionally, EIS has also been 

used to understand the mechanism of cement hydration and the pore structure, but this falls 

outside the scope of this thesis and can be found in [197,198].  

Cyclic voltammetry is a common technique employed to understand the mechanisms of 

passivation of steel in various electrolytes. A detailed description of the technique has been 

highlighted in Chapter 3. The current response of the system upon cyclic polarisation in the 

anodic and the cathodic directions can be used to interpret the redox reactions occurring at the 

electrode-electrolyte interface and the reversible nature of redox reactions can be also be 

detected [199,200]. Cyclic voltammetry is an extremely useful technique to determine the state 

of the steel reinforcement in simulated pore solutions of various cementitious materials and 

therefore, can be used to gain insight into the mechanisms of steel corrosion as a function of 

the surface chemistry within cementitious matrices [194].  

 

2.4 Conclusion 

AAMs are very different from PC, both in chemistry and in microstructure, and this leads 

to differences in their performance. On both aforementioned fronts, there have been significant 

advances in the understanding of AAMs, however there still remains substantial uncertainty 

regarding their long-term durability. In particular, the performance of steel reinforced AAMs 
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in environments of CO2 or chloride exposure is a matter of great concern. There exists very 

limited and inconsistent literature on the long-term durability of these materials.  

In Europe, the degradation of majority of the concrete structures are due to chloride-induced 

corrosion of the embedded steel reinforcement and therefore, this thesis is aimed at 

understanding the long-term performance of various AAMs when exposed to chloride, through 

a simulated pore solution approach. The following chapters provide fundamental insight into 

the influence of the chemistry of the AAMs on the steel surface – and thus the mechanisms 

governing the passivation chemistry of the steel surface in various AAMs. This thesis analyses 

and details the conditions which induce the onset of chloride-induced steel corrosion in AAMs, 

once the chloride has passed through the cover concrete and begun to increase in concentration 

at the SCI. Finally, a model to predict the service life of steel reinforced AAMs when exposed 

to chloride is developed.  
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Chapter 3: Materials and Methods 
 

 

3.1 Materials 

The steel reinforcement bars used in this research were mild steel, conforming to B500 grade 

[201], with chemical composition (measured through X-ray fluorescence (XRF)) as listed in 

Table 3-1. The steel bars (φ = 12 mm) were obtained from a local supplier in Sheffield, UK. 

The rebars were sectioned into small pellets, thickness 5.5 - 6.5 mm, using an abrasive disc. 

Before electrochemical testing, the pellet surfaces were polished using SiC abrasive paper with 

240 to 600 grit sizes and degreased using acetone, ensuring Ra = 0.14 μm (measured using 

ContourGT-X 3D Optical Profiler at the University of Sheffield). Additionally, the Fe 2p3/2 

and S 2p spectra obtained using XPS on bare steel surfaces can be found in Chapter 8.  

Table 3-1: Composition of mild steel rebar measured using XRF (standard deviation = ± 0.03 

wt.%) 

Elements Fe C Cr Ni Cu Si Mn S Mo P 

Wt.% 97.91 0.21 0.13 0.20 0.47 0.23 0.76 0.03 0.02 0.04 

 

3.1.1 Simulated pore solution compositions 

Simulated pore solutions representative of AAMs were formulated primarily based on the work 

of Lloyd et al. [79] and Myers et al. [80,81]. Keeping in mind the variation in the chemistry of 

the aluminosilicate sources, the type and dosage of activators and the curing conditions, data 

from [76–78,202] were taken into account. Reagent grade chemicals: NaOH (Sigma Aldrich) 

and Na2S·9H2O (Alfa-Aesar) were used to synthesise simulated pore solutions representative 

of low-Ca AAMs and high-Ca AAMs. Chloride was introduced in the simulated pore solutions 

as NaCl (Santa Cruz Biotechnology). Simulated pore solutions of low-Ca AAMs were 

synthesised by mixing NaOH pellets of known quantities with 250 ml distilled water. In the 

case of high-Ca AAMs, known quantities of NaOH and Na2S·9H2O were dissolved in 250 ml 

distilled water. Detailed compositions of the simulated pore solutions used in this study can be 

found in Chapters 4 and 5. The pH of all simulated pore solutions were recorded within the 
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corrosion cell using a digital pH meter (Oakton Acorn Series), calibrated with reference 

standard pH buffer solutions of pH 4, 7 and 10. It is to be noted that accuracy of glass electrodes 

used to measure the pH of highly alkaline solutions, as is the case in this study, is questionable 

and is commonly referred to as the “alkaline error” [203]. Additionally, due to instrumental 

constraints the recorded pH values are representative of the bulk solution instead of the pH at 

steel/solution interface.  

3.2   Electrochemical Techniques 

All electrochemical tests were conducted in a 400 mL corrosion cell using a PGSTAT 204 

potentiostat/galvanostat (Metrohm Autolab B.V.). Measurements were conducted using a 

conventional three electrode setup (electrolyte volume 250 mL), comprising a stainless steel 

counter electrode, an Ag/AgCl (saturated 3 M KCl) reference electrode and the steel surface 

(surface area: 0.287 cm2) acting as the working electrode (Figure 3-1). The steel surface acting 

as the working electrode was the cut surface and not the actual (curved) rebar surface, primarily 

due to constraints of the corrosion cell (as shown in Figure 3-1 and Figure 8-1, Chapter 8). The 

reference electrode was positioned near the surface of the working electrode by means of a 

Luggin capillary. All measurements were conducted at room temperature (22 ± 2 °C) at least 

on two samples to ensure reproducibility.  
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Figure 3-1: (A) 400 mL corrosion cell provided by Metrohm Autolab B.V., (B) schematic of 

the three-electrode cell, where RE = reference electrode, CE = counter electrode, WE = 

working electrode, S = sample. The RE is placed next to the sample (WE) by means of a 

Luggin capillary, and (C) schematic of the cell setup used for electrochemical testing. The 

Luggin capillary was positioned in front of the working electrode at a distance of 1-1.5 mm. 
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3.2.1 Open circuit potential 

Open circuit potential (OCP), also commonly referred to as the corrosion potential (Ecorr) or as 

the half-cell potential, can be described as the potential difference between the reference 

electrode and the working electrode in a particular electrolyte, when the cell is disconnected 

[83]. In electrochemical literature, the OCP is generally referred to as the zero-current potential, 

due to the cell being switched off and no external current/voltage being applied. In aqueous 

systems (at a given temperature), the OCP strongly depends on the chemistry of the working 

electrode, the chemistry of the electrolyte, and the nature of the reference electrode (Figure 

3-2). The OCP of any particular system can yield qualitative thermodynamic data (through 

Pourbaix diagrams), where any potential above the OCP would be representative of the 

oxidation reactions occurring at the electrolyte/working electrode interface, and a potential 

lower than OCP would be representative of reducing conditions at the electrolyte/working 

electrode interface. The measurement of OCP is a non-destructive test, and therefore is done 

prior to almost all other electrochemical tests.  

 

 

Figure 3-2: The influence of various aqueous electrolytes, chemistry of the working electrode 

and the reference electrode on the measured OCP values. SHE stands for standard hydrogen 



75 

 

electrode, SCE stands for standard calomel electrode, and sat. indicates a saturated solution. 

The offsets for various reference electrodes were calculated using ASTM C876-15 [181].  

 

In the case of OCP or corrosion potential for steel embedded in concrete, other factors such as 

concrete resistivity, microstructure of the concrete cover, the humidity, oxygen availability and 

positioning of the reference electrode can greatly influence the measurements. Measurement 

of the corrosion potentials and their interpretations for steel embedded in mortar/concrete are 

described in great detail in ASTM C876-15 [181] and in the recommendations of RILEM TC-

154 EMC [204].  

In this study, each sample was allowed to stabilise in the electrolyte for 15 mins inside the 

corrosion cell prior to testing. The OCP was recorded for 30 mins in the beginning of each 

experiment unless the change in potential with time (dV/dt) reached ≤ 1 µV/s before 30 mins. 

The OCP value reported in each case is the mean potential recorded during the last 60 seconds 

of the test.  

 

3.2.2 Electrochemical impedance spectroscopy 

The impedance of a system is defined as the resistance or opposition to the flow of alternating 

current (AC) [190]. Electrochemical impedance spectroscopy (EIS) is conducted by applying 

a sinusoidal potential excitation (typically with an amplitude of 10 mV) at varying frequencies 

and the corresponding current response is recorded (as shown in Figure 3-3) [83,205]. EIS has 

become a very popular technique in characterising and quantifying passivation and 

depassivation of the steel reinforcement in concrete as well as in simulated pore solutions 

[193,194,206,207]. 
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Figure 3-3: Schematic of the applied sinusoidal potential excitation (with an amplitude of 

Vamp) and the current response (amplitude of Iamp) of the system. The current response of the 

system is sinusoidal with the same frequency, but shifted in phase.    

 

The impedance (Z) of the system can be calculated by Eq. 3.1, analogous to Ohm’s law:  

𝑍 =
𝐸𝑡

𝐼𝑡
=

𝐸𝑜 sin(𝜔𝑡)

𝐼𝑜 sin(𝜔𝑡+𝜑)
    (Eq. 3.1) 

where Et is the potential at time t, Eo is the amplitude of the potential signal, It is the 

amplitude of the current at time t, shifted in phase (φ) and different from the applied amplitude 

Io, and ω is the angular frequency and is given by ω=2πf (where f is the frequency in hertz). 

The impedance can be expressed in terms of the magnitude (Zo) and a phase shift (φ), as:   

𝑍 = 𝑍𝑜
sin(𝜔𝑡)

sin(𝜔𝑡+𝜑)
    (Eq. 3.2) 

On applying Euler’s relationship, the impedance can be expressed in the complex plane as:  

𝑍 =
𝐸𝑡

𝐼𝑡
=

𝐸𝑜𝑒𝑖𝜔𝑡

𝐼𝑜𝑒𝑖(𝜔𝑡−𝜑) = 𝑍𝑜𝑒𝑖𝜑 = 𝑍𝑜 (cos 𝜑 + 𝑖 sin 𝜑)  (Eq. 3.3) 

The imaginary and the real parts of impedance from Eq. 3.3 can be used to plot the Nyquist 

plot (complex plane), to determine the electrical properties of the electrolyte/electrode interface 

[83]. Equivalent electrical circuits can be used to model and fit the Nyquist plots, in order to 
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quantify the resistance of the electrolyte, the double layer capacitance and the charge transfer 

resistance [83]. In this study, the Zview2 software was used to fit the Nyquist plots with the 

most appropriate equivalent circuit model.  

EIS can be carried out in two modes, by a small excitation of the potential (potentiostatic) 

or by a small excitation of the current (galvanostatic) [83]. When EIS is conducted in the 

potentiostatic mode, the potential of the working electrode is excited with respect to the OCP 

(with an amplitude of ± 10 mV vs OCP) and the current response is measured. One of the 

limitations of the potentiostatic mode is that the potential of the system needs to be stable (dE/dt 

= 0 V/s) before conducting the test, and this is very difficult to achieve when the steel is 

passivating or corroding. Conversely, the current is fluctuated (with an amplitude of ± 10 µA) 

in the galvanostatic mode, and the net current of the system is maintained at 0.00 A before each 

excitation. The galvanostatic mode can address any variation in the OCP due to the interaction 

of hydroxide or chloride with steel during the course of EIS measurements. Detailed 

descriptions of conducting EIS in concretes and in simulated pore solutions can be found in 

[193,206,208–212]. 

The parameters used for carrying out EIS, and the equivalent circuit models used to fit the 

Nyquist plots, are described in detail within Chapter 4.   

 

3.2.3 Polarisation 

3.2.3.1 Linear polarisation resistance 

Linear polarisation resistance (LPR) is one of the most common non-destructive techniques 

used for measuring the instantaneous corrosion rate of the steel-reinforcement embedded in 

concrete. The fundamentals of LPR are based on the observations of Stern and Geary [185], 

where the potential-current relationships were found to exhibit linearity for a small applied 

polarisation with respect to OCP (5-20 mV vs. OCP). Upon slight polarisation from OCP, the 

polarisation resistance (Rp) of the steel can be described as the ratio between the applied voltage 

(ΔE) and the corresponding current (ΔI), or as the slope of the polarisation curve (E vs. I) at the 

corrosion potential (Eq. 3.4):  

𝑅𝑝 = (
∆𝐸

∆𝐼
)

∆𝐸→0
       (Eq. 3.4) 
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Rp values are generally related to the surface area of the metal exposed to the electrolyte and 

can be expressed with the units Ω.cm2, as the term ΔI is normalised to the surface area. The 

relationship between the corrosion current density (icorr) and Rp can be described by the 

classical Stern-Geary equation [185] (Eq. 3.5): 

𝑖𝑐𝑜𝑟𝑟 =
𝐵

𝑅𝑝
=

𝛽𝑎𝛽𝑐

2.3(𝛽𝑎+𝛽𝑐)
∙

1

𝑅𝑝
    (Eq. 3.5) 

where, βa and βc are the anodic and cathodic Tafel constants, B is the proportionality constant 

derived from the Tafel constants, and icorr has the units A/cm2. In the case of PC and simulated 

pore solutions of PC, the value of B has conventionally been proposed to be 26 mV for 

corroding steel and 52 mV for passive steel [213]. These values of B are not necessarily true in 

the case of AAMs (discussed in Chapter 4 and Chapter 7) [21]. The reader is directed towards 

specific and detailed literature on the Stern-Geary equation [185] and the Tafel equation [83].  

Though LPR is a quick and a non-destructive technique for steel embedded in concrete, 

conclusions about icorr derived from its use in the case of localised corrosion may be 

questionable, particularly for steel embedded in concrete [187]. In most laboratory specimens 

where the surface area of the exposed specimen is known, it is easy to calculate Rp, but for in-

service structures, the surface area of the steel reinforcement is effectively infinite and 

therefore, the Rp and icorr cannot be calculated as a function of the area of the exposed steel. 

Moreover, unlike uniform corrosion where the corroding area is generally the entirety of the 

exposed surface, the corroding area in localised corrosion is generally unknown, smaller in 

area and can vary over time. This leads to both Rp and icorr becoming average values over the 

entire surface area exposed to the electrolyte and therefore, not accurately depicting the 

corrosion rate of the reinforcement. Another drawback of the LPR technique is that the 

technique does not give reliable measurements for submerged concretes (that may be water 

saturated) or where the steel is in the passive state with restricted access to oxygen. As 

mentioned in Chapter 2, the presence of oxygen is a fundamental requirement for localised 

corrosion to occur. Therefore, the absence of oxygen would inhibit the cathodic reaction and 

hence, measurement of Rp and icorr using LPR would be misleading (discussed in detail in 

Chapter 5).  

In this study, LPR was used to measure Rp and icorr for steel reinforcement exposed to 

various pore solutions. Prior to LPR measurements, the open circuit potential was measured 

once again to take into account any change in potential during EIS testing due to changes on 

the steel surface. The potential was varied from -20 mV to +20 mV vs. OCP (scan rate of 0.167 
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mV/s and step potential 0.244 mV) and the current response was recorded. Rp and icorr were 

calculated using Eq. 3.4 and Eq. 3.5 respectively, and the values of B used in this study were 

those proposed in the literature [213,214].  

3.2.3.2 Anodic and cathodic polarisation 

As discussed in Section 2.2, corrosion of steel is a combination of two half-cell reactions: the 

anodic oxidation of the steel (Eq. 2.1) and the cathodic reduction of adsorbed oxygen on the 

surface of the metal (Eq. 2.2). To study the anodic and cathodic reactions occurring at the steel 

surface, the steel is polarised in both the anodic (positive) and the cathodic (negative) directions 

vs. OCP. However, the polarisation (> 20 mV vs. OCP) is much higher than that used in LPR, 

beyond the region where the applied potential and current exhibit linearity.  

In this study, the specimens were polarised in the cathodic direction initially from the OCP 

to -0.25 V vs. the OCP, with the step potential and scan rate set at 0.244 mV and 0.167 mV/s 

respectively, and the corresponding current density was recorded. Upon the completion of 

cathodic polarisation, the steel was allowed to stabilise back to the OCP. Subsequently, the 

steel was polarised from the OCP to + 1.0 V vs. the OCP with the same step potential and scan 

rate, and the corresponding current density was recorded.  

 

3.2.4 Cyclic voltammetry 

Cyclic voltammetry (CV) is one of the most widely used electrochemical techniques to 

decipher reactions occurring at the working electrode/electrolyte interface [83]. The potential 

is linearly swept from a starting potential towards a predetermined potential (also referred to 

as the ‘switching potential’), and then the direction of the scan is reversed until reaching another 

predetermined potential. The corresponding current density is recorded and plotted against the 

applied potential. Figure 3-4 shows a typical schematic of the experimental configuration used 

in cyclic voltammetry, where the potential is linearly swept from the cathodic limit (Eλ,c) to the 

anodic limit (Eλ,a) and reversed back to Eλ,c. The corresponding current density as a function of 

the applied potential yields information about the electrochemical reactions occurring at the 

interface of the working electrode and the electrolyte. The reader is directed towards [83] for 

an in-depth understanding of CV.  
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Figure 3-4: A typical schematic of the experimental configuration (commonly referred to as 

‘potential waveform’) used in cyclic voltammetry. The potential is ramped up from the 

cathodic limit (Eλ,c) to the anodic limit (Eλ,a) and reversed back to Eλ,c, thereby completing 

one cycle. The corresponding current density is recorded to elucidate the oxidation and 

reduction reactions occurring at the working electrode/electrolyte interface.  

 

In this study, CV was used to identify the mechanisms of passivation for steel immersed in 

highly alkaline solutions representative of the pore solutions of low Ca AAMs and high Ca 

AAMs. The reader is directed to Chapter 4 and Chapter 5 for a detailed discussion on the testing 

parameters used to conduct CV.  

 

3.3 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 

analysis (ESCA), is an extremely powerful technique to characterise the surface chemistry of 

a material (in this case, mild steel exposed to simulated pore solutions of AAMs). XPS works 

on the principle of the photoelectric effect where X-rays with a known energy are directed 

towards a specimen, leading to the emission of photoelectrons from the surface. The number 

and kinetic energy of the emitted photoelectrons are measured by a detector and are 
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characteristic of the element from which the photoelectrons originated. Quantification of the 

chemical states of an element within a sample are obtained from the position and the intensity 

of the peaks in an energy spectrum. XPS has been used both qualitatively and quantitatively to 

characterise the surface chemistry of the steel reinforcement in simulated pore solutions of 

concrete [91].   

In most modern XPS instruments, like the one used in this study (Kratos Supra instrument), 

a beam of high energy electrons is directed towards an Al anode generating Al characteristic 

X-rays including the Kα line and other wavelengths, Bremsstrahlung radiation, and satellite X-

rays. Some of these X-rays reach a quartz crystal monochromator, which is curved so that the 

diffracted X-ray beams from a broader area are focussed on a smaller analysis area on the 

surface of the sample. Only the X-rays with the correct wavelength at the chosen incident angle 

are diffracted by quartz, and this effectively filters the incident X-rays so that only the Al Kα 

radiation at 1486.6 eV reaches the sample. This monochromatic X-ray illumination of the 

sample enables high energy resolution of chemical shifts as well as detailed study of line 

profiles and subtle bonding changes evident in the valence band. 

The binding energy (BE) of a photoelectron depends strongly on the chemical state of an 

atom and results in a change in the kinetic energy (KE) measured by the instrument. The BE is 

related to the KE by the following equation (Eq. 3.6):  

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸     (Eq. 3.6) 

where hv is the photon energy. The chemical information about an element (e.g. oxidation 

state, bonding) can be derived from the chemical shift. The test parameters used to characterise 

the surface chemistry of steel exposed to various simulated pore solutions of AAMs through 

XPS can be found in Chapter 5.  

3.4 Modelling 

3.4.1 Thermodynamic modelling of alkali-activated slags 

Thermodynamic modelling has often been used by various researchers to predict the phase 

assemblage and the aqueous chemistry of various cements, and has been experimentally 

validated for hydrated PC, PC with supplementary cementitious materials, and for the case of 

AAS. The reader is directed to [29,80,81,215–219] for an in-depth understanding of the 

thermodynamic modelling of AAS.  
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In this study, the phase assemblage and the aqueous chemistry of the pore solutions of slags 

activated using various alkaline solutions were predicted through simulations carried out in the 

Gibbs Energy Minimization software (GEM-Selektor version 3.2). Thermodynamic data for 

solid, aqueous and gas phases were acquired from the CEMDATA14 database, with the ideal 

solid solution end member models of C-(N-)A-S-H gel [81] and MA-OH-LDH [220]. A 

detailed description of all input parameters used in this study have been outlined in Chapter 6.  

3.4.2 Modelling of chloride diffusion 

As mentioned in Chapter 2, chloride diffusion though concrete cover is often described using 

the analytical solution of Fick’s second law (Eq. 2.14 and Eq. 2.15) that generally provides a 

good fit to the chloride profiles using the empirically derived time-dependent apparent 

diffusion coefficient (Da (t)) function (Eq. 3.7).    

𝐷𝑎(𝑡) = 𝐷𝑜 ∙ (
𝑡𝑜

𝑡
)

𝑛

     (Eq. 3.7) 

where Do is the reference chloride diffusion coefficient at a reference time to, and n is the ageing 

factor that is a constant value defined by parameters such as binder type and w/b ratio. 

However, it is to be noted that the analytical solution of Fick’s second law is based on a constant 

diffusion coefficient, and therefore substituting Eq. 3.7 directly in Eq. 2.14 would be 

mathematically erroneous. Therefore, in this study the use of the analytical solution of the 

Fick’s second law was avoided and instead, an explicit finite difference method was used to 

calculate the chloride profiles in concretes made out of AAS.  

The following paragraphs include the derivation of the explicit finite difference method, 

following [221]. Assuming a space, x (distance) vs. t (time) as shown in Figure 3-5, let the x 

and t coordinates be divided by intervals of the size δx and δt, respectively, allowing the space 

to be viewed as a grid of rectangles, each with dimensions (δx × δt). The coordinates of a 

representative grid point are denoted as (iδx, jδt), where i and j are integers. The concentration 

of a species is given as ci, j at point (iδx, jδt) and the neighbouring values are highlighted in 

Figure 3-5. On expanding Eq. 2.13 into a Taylor’s series in the t-direction and keeping x 

constant,  

𝑐𝑖,𝑗+1 = 𝑐𝑖,𝑗 + 𝛿𝑡 (
𝜕𝑐

𝜕𝑡
)

𝑖,𝑗
+

1

2
(𝛿𝑡)2 (

𝜕2𝑐

𝜕𝑡2)
𝑖,𝑗

+ ⋯     (Eq. 3.8) 

(
𝜕𝑐

𝜕𝑡
)

𝑖,𝑗
=

𝑐𝑖,𝑗+1−𝑐𝑖,𝑗

𝛿𝑡
+ 𝑂(𝛿𝑡)    (Eq. 3.9) 
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where, O(δt) represents the terms that have been neglected and are of the order of δt or 

higher, when both sides of right and left-hand sides of Eq. 3.8 have been divided by δt.  

Similarly, the application of Taylor’s series in the x-direction, and keeping t constant, one 

could write,  

 𝑐𝑖+1,𝑗 = 𝑐𝑖,𝑗 + 𝛿𝑥 (
𝜕𝑐

𝜕𝑥
)

𝑖,𝑗
+

1

2
(𝛿𝑥)2 (

𝜕2𝑐

𝜕𝑥2)
𝑖,𝑗

+ ⋯     (Eq. 3.10) 

𝑐𝑖−1,𝑗 = 𝑐𝑖,𝑗 − 𝛿𝑥 (
𝜕𝑐

𝜕𝑥
)

𝑖,𝑗
+

1

2
(𝛿𝑥)2 (

𝜕2𝑐

𝜕𝑥2)
𝑖,𝑗

+ ⋯     (Eq. 3.11) 

On adding Eq. 3.10 and Eq. 3.11,  

(
𝜕2𝑐

𝜕𝑥2)
𝑖,𝑗

=
𝑐𝑖+1,𝑗−2𝑐𝑖,𝑗+𝑐𝑖−1,𝑗

(𝛿𝑥)2 + 𝑂(𝛿𝑥)2    (Eq. 3.12) 

 

 

 

Figure 3-5: A graphical representation of the explicit finite difference method used to 

characterise the diffusion of chloride through AAMs 

 

Upon neglecting the error terms and substituting Eq. 3.9 and Eq. 3.12 into Eq. 2.13 and 

rearranging, we get,  

  
𝑐𝑖,𝑗+1−𝑐𝑖,𝑗

𝛿𝑡
= 𝐷 ∙

𝑐𝑖+1,𝑗−2𝑐𝑖,𝑗+𝑐𝑖−1,𝑗

(𝛿𝑥)2
    (Eq. 3.13) 

𝑐𝑖,𝑗+1 = 𝑐𝑖,𝑗 + 𝑟(𝑐𝑖+1,𝑗 − 2𝑐𝑖,𝑗 + 𝑐𝑖−1,𝑗)   (Eq. 3.14) 
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where,  𝑟 = 𝐷 ∙
𝛿𝑡

(𝛿𝑥)2        (Eq. 3.15) 

Based on the works of Smith et al. [222], one of the limitations of this method is that the 

value of r needs to be less than 0.5, thereby increasing the number of small time steps (δt) 

required for a given δx. However, in this study, the values of r were always ensured to be < 

0.5. Further details regarding the quantification of parameter representing the chloride diffusion 

coefficient (D) and other considerations have been thoroughly discussed in Chapter 6.  

Finally, a MATLAB script has been developed incorporating the simulated chemistry of the 

concrete cover and the diffusion of chloride for a simulated concrete cover. The MATLAB 

script works on user defined parameters such as slag composition, activator used, and exposure 

solution. A detailed description of the MATLAB script can be found in Chapter 6.  
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Chapter 4: Chloride-induced corrosion of 

steel in low-Ca alkali-activated materials 
 

 

Note: This chapter is primarily based on the paper: Shishir Mundra, Maria Criado, Susan A. 

Bernal, John L. Provis. ‘Chloride-induced corrosion of steel rebars in simulated pore solutions 

of alkali-activated concretes.’ Cement and Concrete Research, 100 (2017), 385-397. The 

published paper represents the experimental work conducted by Shishir Mundra. Maria Criado, 

Susan A. Bernal, John L. Provis reviewed the manuscript prior to publication.  

4.1 Introduction 

As mentioned in Chapter 2, the passive film formed on the surface of steel reinforcement 

embedded in mortars or concretes comprises iron oxides such as α-Fe2O3, γ-Fe2O3, Fe3O4, and 

iron hydroxides and oxy-hydroxides such as Fe(OH)2, Fe(OH)3, α-FeOOH, γ-FeOOH and β-

FeOOH, with a layered microstructure [89–91,93,95,96]. The chemistry of the passive film is 

governed by the oxygen availability, pH and chemistry of the surrounding environment, and 

the redox potential of the steel [89–91,93,95]. In a concrete environment, breakdown of the 

passive film or ‘depassivation’ can be initiated by two common mechanisms: the lowering of 

pH, e.g. due to carbonation, and by the localised attack of aggressive species such as chloride. 

The breakdown of passivation due to the action of chloride is often associated with the concept 

of critical chloride value, or chloride ‘threshold’ value (Ccrit) [99]. The Ccrit value is influenced 

by a large number of factors, including: the chemistry and alkalinity of the pore solution 

[95,139,148,164,165,223–225], chloride binding in the cement hydrates [142,143,226], the 

steel-concrete interface [227], the availability of oxygen at the steel-concrete interface [228] 

and the surface condition and chemical composition of the reinforcement [164,223]. Given the 

number of confounding variables, there exists no general consensus on a precise chloride 

‘threshold’ value [99]. In an extensive review, Angst et al. [99] summarised the Ccrit values 

obtained by several authors to be between 0.04 wt.% to 8.34 wt.% of the binder, and between 

0.01 to 45 when defined in terms of the molar ratio [Cl-]/[OH-]. These values correspond to 

systems based primarily on Portland cement (PC) and were determined through 

electrochemical measurements conducted on in-service structures, simulated pore solutions 

and laboratory specimens.  
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Low-Ca AAMs such as alkali-activated fly-ash/metakaolin are characterised by a poorly 

crystalline three-dimensional alkali-aluminosilicate hydrate (N-A-S-H) gel as the main 

hydration product, and zeolites such as faujasite-type, chabazite-Na, gismondine-type, and 

hydrosodalites as secondary hydration products. In the pore solutions associated with neat PC 

hydrates [202], alkali and hydroxide concentrations are about 0.70 M, while concentrations of 

calcium and sulfate are around 2 mM and 7 mM respectively, with Si and Al each present at 

levels of less than 1 mM [202]. However, this composition would vary with time and 

composition of the precursors. The pore solutions of low-Ca AAMs are more alkaline than 

those of PC pore solutions. Lloyd et al. [79] measured the concentrations of different species 

in pore solutions extracted from alkali-activated fly ashes and observed concentrations of Na+ 

and OH- between 0.60 M and 1.60 M. Sulfate was not detected, and the concentrations of Ca, 

Si and Al were close to 1 mM [79,229]. These differences in the hydration products and pore 

solution of low-Ca AAMs in contact with the reinforcement, compared to PC based concretes, 

could lead to dissimilar mechanisms of passivation (and passivation breakdown) due to the 

ingress of chloride.   

There are limited published data on the chloride-induced corrosion of reinforcement in low-

Ca AAMs. Miranda et al. [230] and Bastidas et al. [231] reported similar passivation 

behaviours for alkali-activated fly ash and PC mortars, however upon addition of chloride (2 

wt.% of binder), increased corrosion current density and lower corrosion resistance were 

observed for alkali-activated fly ash mortars compared to PC mortars. Criado et al. [232] 

indicated that depassivation of carbon steel rebar in alkali-activated fly ash mortars could be 

initiated at a chloride content of around 0.4 wt.% of binder, but this value depended on the 

activator used. However, Monticelli et al. [233] reported Ccrit values for alkali-activated fly ash 

mortars to be about 1 – 1.7 wt.% of binder, much higher than previously reported. With such 

limited and varying data in the literature related to degradation of the reinforcement in AAMs, 

and considering the significant differences from reinforced PC concretes (as shown by Babaee 

and Castel [214]), it is important to gain an understanding of the mechanisms responsible for 

passivation of the reinforcement and its breakdown due to chloride. 

This chapter focusses on the passivation behaviour of steel and the phenomena of localised 

corrosion due to chlorides in highly alkaline electrolyte solutions (0.80 M, 1.12 M and 1.36 M 

NaOH) representing the pore solutions of low-Ca AAMs, with the aim of probing the chloride 

‘threshold’ values for such systems. This was achieved by employing electrochemical 

techniques such as cyclic voltammetry (CV), open circuit potential (OCP), alternating current 
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electrochemical impedance spectroscopy (EIS), linear polarisation resistance (LPR) and anodic 

polarisation.  

 

4.2 Experimental methods 

Mild steel rebars (φ = 12 mm) from a local supplier in Sheffield, UK with specifications and 

chemistry described in Section 3.1, Chapter 3 were used in this study. 

The compositions of the simulated pore solutions were based on the work of Lloyd et al. [79] 

who analysed the pore solution chemistry of alkali-activated fly ashes. The concentrations of 

dissolved Al, Si, Ca and sulfur species in that study were close to or less than 1 mM, therefore 

were not considered here. In addition, preliminary tests with pore solutions containing Al, Si 

and Ca in concentrations of 3 mM, 0.9 mM and 0.45 mM respectively [81], showed negligible 

or no difference in the electrochemical response of the system (shown in Chapter 8). Alkali 

hydroxide solutions were used to simulate the pore solution chemistry of these binders: sodium 

hydroxide solutions with [OH-] concentrations of 0.80 M, 1.12 M and 1.36 M were prepared 

using ACS reagent grade NaOH pellets (Sigma Aldrich). To investigate the effect of chloride 

on corrosion initiation, commercial grade NaCl (EMD Chemicals) was added to the 

representative pore solutions; the molar ratio [Cl-]/[OH-] was varied between 0 and 3 for each 

of the three NaOH concentrations assessed. Table 4-1 lists the aqueous compositions 

considered in this study. 

Table 4-1. Simulated low-Ca AAM pore solutions with varying alkalinity and chloride 

concentrations ([Cl-]/[OH-] ratio). All concentrations in mol/L. 

[NaOH] Molar ratio [Cl-]/[OH-] 

 0 0.25 0.50 0.75 0.80 0.90 1.00 1.50 1.60 1.70 2.00 2.30 2.40 3.00 

 Concentration of chloride, mol/L 

0.80 0 0.20 0.40 0.60 0.64 0.72 0.80 1.20 -- -- 1.60 -- -- 2.40 

1.12 0 0.28 0.56 0.84 -- -- 1.12 1.68 1.79 1.90 2.24 -- -- 3.36 

1.36 0 0.34 0.68 1.02 -- -- 1.36 2.04 -- -- 2.72 3.13 3.26 4.08 
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4.2.1 Electrochemical techniques 

All electrochemical tests were conducted as described in Section 3.2, Chapter 3.  

4.2.1.1 Cyclic voltammetry 

Potentiostatic cyclic voltammetry (CV) was conducted to electrochemically characterise the 

passive film formed on the steel surface when exposed to the three NaOH concentrations 

without chlorides (0.80 M, 1.12 M and 1.36 M NaOH solutions). Before starting each test, the 

steel was maintained at -1.50 V vs. Ag/AgCl (cathodic limit: Eλ,c) in the hydrogen evolution 

region for 10 mins to remove the pre-existing oxide layers on the surface of steel. The 

electrochemical response of the system was recorded when the potential was cycled from -1.50 

V (Eλ,c) to 0.65 V (anodic limit: Eλ,a), at a scan rate of 2.5 mV/s over 10 cycles, taking into 

account hydrogen and oxygen evolution at the cathodic and anodic limits respectively. 

4.2.1.2 Open circuit potential, electrochemical impedance spectroscopy, linear 

polarisation resistance and anodic polarisation 

To investigate the influence of chloride on corrosion initiation, the following electrochemical 

techniques were employed (in the order described) on the same steel specimen, which was 

distinct from the specimen used for CV, in each of the solutions listed in Table 4-1: (i) OCP or 

Ecorr; (ii) EIS; (iii) LPR; and (iv) anodic polarisation. 

Prior to any electrochemical polarisation technique being applied, the OCP of the steel 

specimens were recorded using the parameters mentioned in Section 3.2.1, Chapter 3. 

EIS measurements were conducted for selected specimens in galvanostatic mode, where the 

net current in the system was maintained at zero. The galvanostatic mode was chosen primarily 

to address any variation in the OCP due to the interaction of chloride with steel during the 

course of EIS measurements. The tests were carried out in the frequency range of 105 Hz – 10-

2 Hz, with a logarithmic sweeping frequency of 5 points per decade and a current amplitude of 

10-5 A (RMS), to ensure that the corresponding potential variation did not exceed 10 mV. The 

results were analysed only for impedance measurements in the frequency range of 104 Hz - 10-

2 Hz, to eliminate the effects of the reference electrode and the Luggin capillary, which are 

observed at frequencies between 105 Hz and 104 Hz. The Nyquist plots obtained were 
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normalised to the exposed surface area and fitted with an equivalent electrical circuit using 

Zview2.  

LPR measurements and anodic polarisation on the steel specimens were conducted as described 

in Section 3.2.3.1, Chapter 3.  

4.3 Results and discussion 

4.4 Passivation 

4.4.1 Cyclic voltammetry 

Figure 4-1 shows 10 cyclic voltammetric scans obtained for polished mild steel surfaces 

exposed to simulated pore solutions representative of low-Ca AAMs, as a function of the 

hydroxide concentration in the solution. The initial increase in the potential from Eλ,c to -1.20 

V was characterised by a sharp increase in the current, and the evolution of hydrogen bubbles 

from the steel surface (not shown in Figure 4-1). Moving from the active to the noble direction, 

four anodic current peaks were observed, at approximately -0.94 V (denoted Peak I), -0.89 V 

(Peak II), -0.72 V (Peak III) and -0.67 V (Peak III’). Sweeping in the reverse direction, three 

cathodic current peaks at about -0.96 V (Peak IV’), -1.05 V (Peak IV) and -1.14 V (Peak V) 

were noticeable. Less clearly defined peaks III’ and IV’ were present as broad shoulders on the 

positive potential sides of the asymmetric peaks III and IV, respectively. The potential sweep 

after peak III’ (not shown in Figure 4-1) in the anodic direction up to Eλ,a was characterised by 

a constant anodic current of a relatively low value until 0.55 V, where the current was observed 

to rise sharply due to the oxygen evolution reaction. A similar trend was observed in the 

cathodic direction (not shown in Figure 4-1) in approximately the same potential range after 

which a rise in the cathodic current was witnessed, leading to peaks IV’ and IV. Cathodic and 

anodic peak potentials were approximately the same for all three concentrations of hydroxide 

assessed, and therefore the following discussion applied is general to Figure 4-1A, 1B and 1C. 
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Figure 4-1. Cyclic voltammograms of steel immersed in simulated pore solution with NaOH 

concentrations of: (A) 0.80 M (B) 1.12 M and (C) 1.36 M. Data were collected at a sweep 

rate of 2.5 mV/s. Arrows indicate the current response from scan numbers 1 to 10. Data from 

-1.50 V to -1.13 V in the anodic sweeps are not presented to enable visibility of peak V. 

These cyclic voltammograms do not show the current response due to the oxidation/reduction 

of Cr and Mn, as the concentrations of Cr and Mn in the mild steel used are very low (shown 

in Table 3-1).    

 

Peaks I and II occurred as a single broad peak centred at about -0.94 V in the first scan, 

however, a clear distinction between peak I (centred at -0.94 V) and peak II (centred at -0.89 

V) was observed upon subsequent anodic potential sweeps. The current density of peak I 

increased from scan 1 to scan 10, and this was more pronounced with increasing hydroxide 

concentrations. Current densities for peak II remained fairly constant for all concentrations of 
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hydroxide; however, the overlapping nature of peaks I and II became more distinct at higher 

alkalinity.  

The cyclic voltammograms shown in Figure 4-1 clearly indicate that passivation of the steel 

surface is a complex mechanism involving several oxidation processes, representing a chemical 

gradient in the composition of the passive film. Each current peak represents an individual 

oxidation/reduction process occurring on the surface of the steel. It can be assumed that the 

cathodic treatment of the steel for 10 mins in the hydrogen evolution region at Eλ,c results in 

the removal of the pre-existing oxide scale from the specimen surface, so iron exists in the bare 

Fe0 state prior to sweeping in the forward direction. A minor peak at -1.10 V is primarily 

attributed to the electrochemical displacement of hydrogen adsorbed on the electrode surface. 

The occurrence of anodic peaks I and II likely corresponds to the electro-oxidation of iron from 

Fe0 to Fe2+ [200,234]. The direct dependency of current densities of peaks I and II on the 

alkalinity of the electrolyte, indicates the possible role of [OH-] in the appearance of these 

peaks. Therefore, it is likely that peaks I and II are associated with the formation of Fe(OH)2. 

Such behaviour is expected in alkaline solutions, and several passivation mechanisms have 

been proposed since the early 20th century [235]. One possible reaction route for peaks I and II 

in the electrolytes used in this study, describing the initial formation of Fe2+, could be 

represented by the reactions described in Eqs. 4.1 to 4.4, where the square brackets depict the 

intermediate species, and curly braces indicate species that may undergo changes with time.  

𝐹𝑒 + 𝑂𝐻− = [𝐹𝑒(𝑂𝐻)]𝑎𝑑𝑠 + 𝑒−       Eq. 4.1  

[𝐹𝑒(𝑂𝐻)]𝑎𝑑𝑠 = [𝐹𝑒(𝑂𝐻)]𝑎𝑑𝑠
+ + 𝑒−       Eq. 4.2 

[𝐹𝑒(𝑂𝐻)]𝑎𝑑𝑠
+ + 2𝑂𝐻− = 𝐻𝐹𝑒𝑂2

− + 𝐻2𝑂      Eq. 4.3  

𝐻𝐹𝑒𝑂2
− + 𝐻2𝑂 = {𝐹𝑒(𝑂𝐻)2} + 𝑂𝐻−      Eq. 4.4  

Peak I could therefore be attributed to the adsorption of [Fe(OH)]+
ads on the surface of the 

specimen through a two-step electron transfer process indicated in Eq. 4.1 and Eq. 4.2. 

Kabanov et al. [234] and Schrebler Guzmán et al. [236,237] reported the first stage of 

passivation to be the formation of an electrochemically active adsorbed layer of [Fe(OH)]ads 

through Eq. 4.1. A similar mechanism for the formation of [Fe(OH)]ads was suggested by 

Dražić and Hao [238]. 

The second step is characterised by the formation of [Fe(OH)]+
ads through an electron 

transfer process, occurring predominantly due to the labile nature of [Fe(OH)]ads [234,236–
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239]. The amount of adsorbed species, therefore, depends on the concentration of OH-, and is 

reflected by the increasing anodic current densities corresponding to peak I with increasing 

NaOH concentration. Peak II can be assigned to the formation of Fe(OH)2 by the mechanisms 

indicated in Eq. 4.3 and Eq. 4.4. Thus, the fact that peak II is more distinct from peak I in 1.12 

M (Figure 4-1B) and 1.36 M (Figure 4-1C) NaOH solutions than in 0.80 M (Figure 4-1A) 

NaOH solution could be explained by either the higher amounts of adsorbed [Fe(OH)]+
ads or 

by the increased tendency to form HFeO2
- ions in the potential range of peak II in concentrated 

alkaline solutions where pH > 14. According to the Pourbaix diagram for iron in water [85], it 

is reasonable to assume the formation of HFeO2
- as an intermediate product in highly alkaline 

solutions, as has been reported by several authors [234,237,240]. The subsequent hydrolysis of 

the intermediary species, as indicated in Eq. 4.4, results in the formation of Fe(OH)2. Schrebler 

Guzmán et al. [237] also suggested the existence of a precipitation-dissolution equilibrium 

between Fe(OH)2, HFeO2
- and FeO2

-.  

It is important to note here that several authors [92,194,200] have instead attributed peaks I 

and II to the formation of Fe(OH)2 and Fe3O4 respectively. However, the clear dependency of 

peaks I and II on the hydroxide concentration for the systems assessed in this study indicates 

that a dehydroxylation mechanism is highly unlikely to arise here. In the reverse sweeping 

direction, the broad cathodic current Peak V can be assigned as the reduction couple of peaks 

I and II, indicating the reduction of the Fe(OH)2 to Fe0 through the reversible mechanisms listed 

in Eqs. 4.1 to 4.4. This is supported by the fact that the sum of the anodic charges associated 

with current peaks I and II is approximately equal to the charge associated with current peak 

V, at all concentrations of OH-. Similar observations have been reported by Schrebler Guzmán 

et al. [237]. 

In the case of anodic current peak III and cathodic current peak IV, repeated cycling led to 

an increase in the peak currents in both directions. Similar trends were observed for shoulders 

III’ and IV’. After the first scan, anodic and cathodic current peaks III and IV shifted slightly 

towards more positive and negative potentials respectively and occurred at relatively constant 

potentials during sweeps 2 to 10. The current densities of peaks III, III’, IV and IV’ increase 

with increasing NaOH concentration. Successive potential sweeps did not significantly alter 

the position or the current density of peak V. However, from being a distinct peak during the 

first scan, peak V changed into a less distinct and broader peak during subsequent sweeps. 

These observations are generally aligned with the literature describing the passivation 

behaviour of steel in highly alkaline electrolytes [236,237]. 
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The appearance of peak III indicates the oxidation of the Fe2+ species to a Fe3+ species [235]. 

The current density of peak III during potential sweeps is much higher than those of peaks I 

and II, and could possibly be related to the expansion of the structure of the passivation layer 

arising from the lower densities associated with Fe3+ species when compared to Fe2+ species 

[237]. The oxidation product formed during the anodic current peak III has been argued 

extensively in the literature to be various polymorphs of either FeOOH or Fe2O3 [200,234,241–

243]. The anodic current density associated with peak III at about -0.72 V was observed to rise 

with increasing OH-, and therefore the species formed at peak III due to the oxidation of 

Fe(OH)2 can be assigned to an iron species involving hydroxide. The anodic current 

contribution observed as shoulder III’, located at the positive side of peak III, could possibly 

indicate the formation of a non-equilibrium species at peak III that undergoes either a structural 

transformation or a chemical change at shoulder III’ to a more stable species.  

Kabanov et al. [234] proposed that the passivation of iron is due to an adsorbed layer of 

FeOOH. However Schrebler Guzmán et al. [237] suggested that FeOOH transforms initially 

into Fe2O3·H2O, and upon ageing takes on a structure similar to Fe3O4 or hydrated Fe2O3. 

Similarly, Tschinkel et al. [242] assigned the oxidation product at peak III as α-FeOOH or δ-

FeOOH that later transformed into Fe3O4. Considering the different observations by several 

authors in the literature, the following Eq. 4.5, and then Eq. 4.6 or Eq. 4.7, could be possibly 

assigned to the anodic current peaks III and III’ respectively: 

{𝐹𝑒(𝑂𝐻)2} + 𝑂𝐻− = [𝐹𝑒𝑂𝑂𝐻]𝑎𝑑𝑠 + 𝐻2𝑂 + 𝑒−       Eq. 4.5 

2[𝐹𝑒𝑂𝑂𝐻]𝑎𝑑𝑠 = {𝐹𝑒2𝑂3 ∙ 𝐻2𝑂}       Eq. 4.6 

[𝐹𝑒𝑂𝑂𝐻]𝑎𝑑𝑠 + 𝐻2𝑂 = {𝐹𝑒𝑂𝑂𝐻 ∙ 𝐻2𝑂}      Eq. 4.7 

It is evident that there still is no agreement in the literature on the oxidation reaction 

occurring at peaks III and III’. However, the formation of a hydrated oxide or oxy-hydroxide 

film that can undergo chemical changes upon ageing seems to be a reasonable supposition.  

In the reverse sweep, the cathodic current peaks IV and IV’ can be directly assigned to the 

reduction couples of the oxidation reactions associated to peaks III and III’ respectively. As 

seen from Figure 4-1 the cathodic current contribution from peak IV is similar to that of the 

anodic current peak III, representing reduction of the Fe3+ species formed at peak III to 

Fe(OH)2. This is however not the case for the current contributions in shoulders IV’ and III’, 

and it is rather difficult to accurately characterise the location of IV’. Additionally, the current 
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contribution in the forward sweep remains fairly constant at a relatively small non-zero value 

in the potential range -0.50 V to +0.55 V, which could possibly be due to further chemical 

changes in the oxidation product formed at peak III’. Therefore, on the reverse sweep, the 

cathodic contributions from the broad shoulder spanning from -0.50 V to -1.00 V could 

possibly represent the reduction of all the species formed in the forward sweep from -0.67 V 

(peak III’) to 0.55V. Cyclic voltammograms obtained with different sweep rates (5 mV/s and 

10 mV/s, shown in Chapter 8, Section 8.2) were consistent with the results and interpretations 

presented here.  

 

4.4.2 Open circuit potential, electrochemical impedance spectroscopy, linear 

polarisation resistance and anodic polarisation 

OCP values measured at the start of the experiments were -0.30 V, -0.32 V and -0.32 V (±15 

mV) vs. Ag/AgCl for 0.80 M, 1.12 M and 1.36 M NaOH solutions respectively. According to 

the Pourbaix diagram [85], these potentials lie in the region where the steel is expected to be 

protected by a film containing Fe mainly as iron (III) oxides. 

EIS was used to analyse the electrical properties of the passive film. Figure 4-2 shows the 

Nyquist plot obtained for all three NaOH concentrations considered in this study, and the 

electrical equivalent circuit model used for fitting. From the Nyquist plots, a clear change in 

the electrochemical response of the system with decreasing frequency is evident. The spectra 

are characterised by an incomplete depressed semicircle at higher frequencies (104 Hz to 10-1 

Hz), followed by a linear diffusion tail at lower frequencies (10-1 Hz to 10-2 Hz). Such 

behaviour is similar to that depicted by the classical Randles circuit [196], which was used to 

fit EIS data (Figure 4-2). The equivalent circuit model was composed of: 

• the electrolyte resistance (Re),  

• A constant phase element (CPEdl) representing the imperfect capacitive nature of the 

double layer,  

• A charge transfer resistance (Rct) representing the resistance of the passive film to charge 

transfer, and  

• A semi-infinite Warburg diffusion element (Wo) representing the mass transport 

processes occurring at the passive film/metal interface.  
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The use of a Warburg element in this model is related to the fact that the growth of the 

passive film on a metallic surface is primarily driven by the diffusion of oxygen vacancies from 

the solution/passive film interface to the passive film/metal interface [132,193]. Parameters in 

the high frequency region, Re, Rct and CPEdl, were determined separately without the use of the 

Warburg element, primarily because of the underestimation of these parameters by direct fitting 

of the full electrical equivalent circuit in this range.  

 

Figure 4-2. Nyquist data and fitting plots for steel exposed to simulated pore solutions with 

varying NaOH concentrations. The equivalent circuit fitting model (modified Randles circuit) 

used to generate the fitting curve is also shown. 

 

Table 4-2 shows the fitting parameters obtained for the electrical equivalent circuit model. 

The electrolyte resistance (Re) was found to be between 1.72 and 1.06 Ω.cm2 for the three 

NaOH concentrations, and reduces at increased alkalinity and conductivities of the simulated 

pore solutions. The capacitance values of the CPEdl element were almost independent of NaOH 

concentration, between 76 and 80 µF.cm-2. The parameter α corresponds to CPEdl, and the 

properties of the CPE are determined by the value of α (0 ≤ α ≤ 1) [193]. When α is 1, the 

element is a capacitor, whereas the behaviour is governed by diffusion/mass transfer when α 
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approaches 0.50 [193]. The value of α in this study was 0.93 for all electrolyte concentrations, 

indicating the non-ideal but mainly capacitive nature of the solution/passive film interface. This 

deviation from ideal behaviour can be attributed to the non-homogeneous distribution of ions 

at the solution and the roughness of the electrode surface. 

Table 4-2. Fitting results obtained for equivalent circuit model components related to EIS 

data shown in Figure 4-2. All values are reported after surface area normalisation. The values 

reported in parenthesis are standard deviations. 

[OH-] Re (Ω.cm2) CPEdl (µF.cm-2) α Rct (kΩ.cm2) Yo (µS.sn.cm-2) χ2 

0.80 M 1.72 (0.01) 80.0 (1.17)   0.93 9.51 (0.21) 16.34 (2.40) 0.009 

1.12 M 1.21 (0.05) 78.0 (2.10) 0.93 11.88 (0.12) 0.040 (0.009) 0.013 

1.36 M 1.06 (0.08) 76.7 (1.77) 0.93 12.80 (0.22) 0.003 (0.000) 0.014 

 

The resistance to charge transfer (Rct) of the passive film increased from 9.51 to 12.80 

kΩ.cm2 with a rise in [OH-]. The admittance values (Yo) associated with semi-infinite diffusion 

processes at the passive film/metal interface decreased from 16.34 to 0.003 µS.sn.cm-2, with 

increasing [OH-]. Higher admittance values indicate an increased mass transport through the 

film, as this parameter is directly related to the diffusivity of ionic species through the film 

[244]. Such trends in Rct and Yo can be attributed to the existence of a proportional relationship 

between the concentration of hydroxide in the electrolyte and the protective nature of the 

passive film. Therefore, a rise in the Rct value, and consequently reduction in Yo, with 

increasing alkalinity, is associated with an increased concentration of passivating species on 

the surface of the electrode.  

The Nyquist plots (Figure 4-2) show the non-conventional nature of the diffusion tail, where 

at low frequencies the slope between the imaginary and real components of impedance was 

much lower than 45°. This indicates a slow transition from the capacitive behaviour of the 

solution passive/film interface to the diffusional behaviour of the passive film/metal interface, 

and could be a result of the mass transfer resistance of the passive film and the consequentially 

low diffusivity of ions through the passive film. Therefore, if the frequency domain used in this 

study was extended to even lower frequencies, the appearance of a conventional diffusional 

tail would be anticipated. 
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Rp values calculated from linear polarisation measurements were analogous to the trend for 

Rct observed through EIS, and were found to be 45.5, 67.6 and 88.2 kΩ.cm2 for 0.80 M, 1.12 

M and 1.36 NaOH solutions, respectively. 

Anodic polarisation curves obtained for the three NaOH concentrations are shown in Figure 

4-3. All three polarisation curves follow the same trend with clearly defined active, passive and 

trans-passive regions. On increasing the potential in the positive direction from the OCP, the 

current density was observed to increase steadily until the potential reached about 0.10 V, 

representing the active region where the electrode surface reacts with the electrolyte to form a 

passive film. The current density remained fairly constant when the potential was increased 

from 0.10 V to about 0.55 V, indicating that the steel (electrode) was being protected against 

corrosion by the passive film. A sharp rise in the current density was evidenced when the 

potential was increased from 0.55 V onwards, typical of the oxygen evolution reaction. 

 

Figure 4-3. Anodic polarisation curves obtained for steel rebars immersed in chloride-free 

simulated pore solutions, as a function of the NaOH concentration  

The current densities recorded in the passive region decreased with increasing [OH-] in the 

electrolyte, indicating a direct relationship between the degree of passivation and the alkalinity 
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of the solution. This is consistent with EIS and LPR measurements, where an increased 

alkalinity results in a higher resistance and a reduction in the admittance of the passive film. 

 

4.5 Depassivation 

4.5.1 Open circuit potential 

Figure 4-4 shows the measured open circuit potentials for steel immersed in simulated pore 

solutions with different concentrations of hydroxide (0.80, 1.12 and 1.36 M) and chlorides. In 

the case of 0.80 M NaOH solutions, the steel rebars (working electrode) exhibited fairly 

constant OCP values for chloride additions from zero up to 0.64 M, followed by a sudden drop 

in the potential for chloride concentrations greater than 0.64 M. A similar trend was observed 

for 1.12 M and 1.36 M NaOH solutions, where the sudden drop in OCP values was identified 

at chloride concentrations greater than 1.79 M and 3.13 M, respectively. When expressed in 

terms of [Cl-]/[OH-] ratios, the sharp decrease in OCP was observed when the [Cl-]/[OH-] was 

greater than 0.80, 1.60 and 2.30, for 0.80 M, 1.12 M and 1.36 M NaOH solutions respectively. 
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Figure 4-4: Measured open circuit potential values (V vs. Ag/AgCl) for steel immersed in 

chloride-contaminated NaOH solutions. OCP values are plotted against the ratio [Cl-]/[OH-]. 

 

All of the OCP values shown Figure 4-4 lie in the range of potential values where the steel 

is protected by a passive film [85], with a complex chemical and phase composition that 

includes species containing iron in (II) and (III) oxidation states. However, the notable 

reduction in the potentials at particular concentrations of chloride (which are different for each 

[OH-]) indicates the interaction of chloride with the passive film.  

From the OCP values, it is possible to conclude that depassivation of the steel does not occur 

until the chloride concentration reaches a critical value (Ccrit or [Cl-]/[OH-] ratio) which 

depends on the amount of hydroxide present in the vicinity of the electrode surface. The Ccrit 

value (in terms of chloride concentration) for the assessed steel immersed in a 1.36 M NaOH 

was approximately 1.91 and 3.62 times higher than that detected in rebars immersed in 1.12 M 

and 0.80 M NaOH solutions respectively. In terms of [Cl-]/[OH-] ratios, the above Ccrit values 

can be represented as 0.90, 1.70 and 2.40, for 0.80 M, 1.12 M and 1.36 M NaOH solutions 

respectively. This result is consistent with earlier observations indicating a rise in Ccrit with an 

increase in the pH of the electrolyte [95,164,184,223]. This relationship will be revisited below, 
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with input also from additional characterisation methods to provide deeper insight into the 

factors which control Ccrit. 

4.5.2 Linear polarisation resistance 

Figure 4-5 shows the polarisation resistance (Rp) values obtained via LPR analysis, as a 

function of the [Cl-]/[OH-] ratio. Rp values were determined from the slope of the voltage vs. 

current plot obtained by varying the potential from -20 to +20 mV vs. OCP. The Rp values of 

the steel exhibited a sharp decrease when the chloride concentration was equivalent to the same 

[Cl-]/[OH-] (Ccrit) ratios of 0.90, 1.70 and 2.40 determined via OCP analysis (Figure 4-4), for 

0.80 M, 1.12 M and 1.36 M NaOH solutions, respectively. The findings from LPR 

measurements clearly demonstrate that the passive film on the steel surface remains intact until 

the chloride concentration reaches a critical value to induce depassivation. This critical value 

of chloride required for depassivation depends strongly on the hydroxide concentration in the 

pore solution. Ghods et al. [184] reported a similar trend for Rp values when investigating 

chloride-induced depassivation of black steel reinforcement. 

 

Figure 4-5: Linear polarisation resistance measurements for steel rebars immersed simulated 

pore solutions with different concentrations of NaOH, as a function of the [Cl-]/[OH-] ratios 

Corrosion current densities (icorr) were calculated using the Stern-Geary relationship (Eq. 2) 

and are shown in Figure 4-6, as a function of [Cl-]/[OH-] ratio. Corrosion rate determinations 
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in reinforced PC concretes generally use 26 mV and 52 mV as the values of the proportionality 

constant ‘B’ for active and passive samples, respectively [182]. The applicability of the 

aforementioned ‘B’ values for reinforced low-Ca alkali-activated concretes was assessed by 

Babaee and Castel [214], and were found to diverge significantly from these values. They 

found that B was between 13 mV and 20 mV for passive alkali-activated samples, and between 

45 mV and 58 mV for active samples. Three sets of icorr values were thus calculated in this 

study, using the B values suggested by Andrade et al. [182], and the lower and the upper limits 

from the work of Babaee and Castel [214]. The choice of B values is clearly seen to influence 

the magnitude, but not the trend, of the values obtained. As seen in Figure 4-6, sudden changes 

in the icorr values are observed for the three pore solutions when the chloride concentration 

reaches the same [Cl-]/[OH-] (Ccrit) ratios defined through OCP and Rp measurements, and 

accordingly the active and passive conditions of steel as a function of chloride concentration 

can be defined.  
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Figure 4-6: Variations of icorr (µA/cm2) of steel rebars immersed in simulated pore solutions 

with a [NaOH] of (A) 0.80 M, (B) 1.12 M and (C) 1.36 M, as a function of [Cl-]/[OH-] ratio. 

Legend entries represent the values of B used in the Stern-Geary equation for active and 

passive samples: B = i,j;  where i = value of B for passive samples, and j = value of B for 

active samples. B values taken from [182,214]. Shaded regions shows the region where the 

steel is in a passive state 

 

When the steel is in its passive state, the icorr values remain fairly constant for each set of B 

values, and is lower for solutions with increased alkalinity, consistent with the higher degree 

of passivation of steel in pore solutions with higher [OH-]. In comparison to the current density 

of 0.1 µA/cm2 or lower, proposed by Andrade et al. [182] as the criterion for steel to exhibit a 

passive nature in PC concretes, the calculated icorr values in this study for steel in the passive 

state are 5 – 10 times higher when using the value of B from [182], and 2 – 3 times higher when 

the value of B is taken according to [214]. Even though the icorr values in the passive region are 

much higher than 0.1 µA/cm2, no active corrosion was observed for chloride concentrations 

less than the respective [Cl-]/[OH-] (Ccrit) ratios for these solutions. The differences in the icorr 

values can be attributed to several possible reasons, including the measurements being 

conducted in simulated pore solutions rather than concrete specimens, and the differences in 

the chemistry and alkalinity of the simulated pore solutions for low-Ca alkali-activated binders 

compared to PC. 

When the concentration of chloride is higher than Ccrit for different pore solutions, the values 

of icorr are much higher when compared to those in the passive region, indicative of active 

pitting corrosion. The observations of lower corrosion current densities for solutions with 

increased alkalinity were also true for the active corrosion region (Figure 4-6). In contrast to 

the situation for the passive region, the corrosion current densities of steel calculated using the 

B values accepted for PC systems in the active region are much lower when compared to those 

proposed for low-Ca alkali-activated binders. 

 

4.5.3 Anodic polarisation 

Figure 4-7 shows anodic polarisation curves obtained for steel rebars immersed solutions 

with varying concentrations of NaOH and chloride. In all three NaOH concentrations, the 
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anodic polarisation curves were similar to that observed for steel in its passive state (Figure 

4-3) until chloride concentrations in each electrolyte reaches the corresponding Ccrit values 

identified in Section 4.5.1 and 4.5.2. Such an observation clearly complements the conclusions 

from OCP and LPR measurements as discussed above and signifies the fact that depassivation 

of steel does not initiate unless the concentration of chloride reaches a critical value, which is 

strongly correlated to the alkalinity of the pore solution. Upon reaching the Ccrit concentrations 

for different pore solutions, the anodic polarisation curves presented a smaller passivation 

region, or in some cases did not exhibit a passivation region at all. Instead, on attaining specific 

anodic potentials (the pitting potential, Epit), abrupt increases in the current densities were 

observed, indicative of either pit nucleation, metastable pitting, or stable pit growth.  

It could be reasonably expected that an increase in the concentration of chloride higher than 

Ccrit would result in increased current densities. However, this was not the case at all three 

NaOH concentrations, primarily because of the number of variables (e.g. microstructure and 

surface features of different steel specimens, the presence of defects and inclusions, and the 

location of pitting and the local chemistry of the pore solution around the pit) associated with 

pitting. Therefore, the current densities observed in the anodic polarisation curves cannot be 

used as the sole determining factor in quantitatively ranking the degree of pitting corrosion for 

various steel specimens in the presence of an aggressive species. However, anodic polarisation 

can be successfully employed to predict the chloride concentration required for initiation of 

depassivation and stable pit growth. 

Chloride-induced corrosion initiates through the localised breakdown of the passive film 

(more likely at grain boundaries, or defect sites) and propagates by the nucleation and growth 

of pits [245,246]. The breakdown of the passive film at highly localised sites only occurs when 

the local concentration of chloride reaches a critical value, leading to the formation of a pit. 

Once a pit nucleates, pit growth is only possible when the solution in the pit cavity maintains 

an aggressive environment compared to the bulk electrolyte surrounding it [247]. To fulfil this 

requirement, a sustained anodic dissolution of iron and subsequent hydrolysis of iron ions to 

form H+ inside the pit cavity is essential [141]. Such a process decreases the relative alkalinity 

inside the pit cavity and leads to the growth of pits. The process of stable pit growth ceases 

when the anions in the surrounding environment, such as OH-, migrate into the pit cavity to 

maintain charge neutrality, resulting in the re-passivation of the steel surface [247,248]. The 

migration of anions into the pit cavity is directly dependent on the local availability/reservoir 

of anions and the pit geometry. The mechanism by which some of the nucleated pits fail to 
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achieve stability and re-passivate due to the surrounding chemistry has been termed ‘metastable 

pitting’ [247].  

When the ratio [Cl-]/[OH-] was either 0.90 or 1.00 in 0.80 M NaOH solution (Figure 4-7A), 

apparently random fluctuations (increments and decrements) in the current density were 

observed as the potential increased from 0.22 V or 0.13 V respectively. Given the high 

alkalinity in the electrolytes used in this study, and that this behaviour is only observed at 

chloride concentrations close to Ccrit, this phenomenon can be explained by the formation of 

metastable pits. Therefore, it could be concluded that the amount of chloride required to initiate 

pit nucleation may not necessarily be the same that is required for stable pit growth. For the 

same electrolyte, stable pitting was observed for [Cl-]/[OH-] ratios above 1.00.  

From the anodic polarisation curves for steel immersed in 1.12 M (Figure 4-7B) and 1.36 

M (Figure 4-7C) NaOH solutions, distinct transitions from the passive condition to metastable 

pitting to stable pit growth is not observed for the concentrations of chloride tested. However, 

it could be assumed that such a transition occurs at some [Cl-]/[OH-] ratio lying between 1.60 

and 1.70 when the concentration of OH- is 1.12 M, and between 2.30 and 2.40 when the OH- 

concentration is 1.36 M.  

Similar observations of repassivation have been reported [226,247,249,250] for steel 

embedded in PC concrete, as well as immersed in simulated pore solutions representative of 

PC systems. PC binders are characterised by the formation of large amounts of portlandite 

(Ca(OH)2) during the hydration of calcium silicates [79]. Portlandite present at the steel-

concrete interface plays an important role in determining the mechanism of corrosion initiation 

of the embedded steel, as it acts as a reservoir of soluble Ca2+ and OH- ions [79]. The dissolution 

of portlandite around the pit nucleation site acts as a buffer ensuring sufficient availability of 

OH- to neutralise the aggressive environment in the pit cavity, resulting in repassivation of the 

pit. Once the local reservoir of portlandite has been exhausted, stable pit growth will occur. 

However, unlike PC binders, low-Ca AAMs do not contain any observable portlandite that 

could provide a buffer effect, meaning that repassivation of a nucleated pit in such systems will 

primarily be influenced by other factors such as the diffusivity of hydroxide ions from the bulk 

solution.  
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Figure 4-7: Anodic polarisation curves obtained for steel immersed in (A) 0.80 M, (B) 1.12 

M and (C) 1.36 M NaOH solutions with varying concentrations of chloride. Solid lines (—) 

represent data for passive samples, dashed lines (- - -) represent data collected at the 

respective chloride threshold values for each OH- concentration, and dotted lines (·····) 

represent data for chloride concentrations above the chloride threshold value.  

 

4.5.4 Electrochemical impedance spectroscopy 

Figure 4-8 shows the Nyquist data and fitting plots obtained for steel specimens immersed in 

solutions with varying concentrations of NaOH and chloride. Based on the OCP and LPR 

measurements, EIS analysis was conducted on steel exposed to selected concentrations of 

chloride (with [Cl-]/[OH-] ratios = 0, 1.00, 3.00 and their corresponding Ccrit values). The 
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equivalent circuit model used was similar to the classical Randles circuit, as shown in Figure 

4-2. As discussed in Section 4.4.2, pitting corrosion is primarily driven by the diffusion of 

anionic species inside and outside the pit cavity, so the use of a Warburg diffusion element is 

justified. However, as in the analysis of passivation discussed in Section 4.4.2, the high 

frequency regions were characterised separately without the Warburg element.  

Upon introduction of chloride, the general characteristics of the Nyquist plots did not change 

significantly when compared to steel in passivated conditions, where the higher frequencies 

reflected the non-ideal capacitive nature of the solution/passive film interface, and the lower 

frequencies showed a linear diffusion tail representing semi-infinite diffusion at the passive 

film/metal interface. Table 4-3 shows the fitting parameters obtained for the equivalent circuit 

model in the presence of chloride. 

With increasing ionic strength or increasing chloride concentrations, the electrolyte 

resistance (Re) decreases; this was consistent for all the three NaOH concentrations assessed. 

The capacitance associated with the CPEdl varied only slightly, remaining between 72 and 95 

µF.cm-2, and the value of α was constant at 0.93 ± 0.01 for all solutions, demonstrating minimal 

changes of the double layer at the solution/passive film interface. The charge transfer resistance 

of the passive film (Rct) did not exhibit any specific trend with increasing chloride 

concentrations for all the pore solutions; however, the values are consistent with the 

observations of anodic polarisation. 
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Figure 4-8: Nyquist data and fitting plots for steel exposed to (A) 0.80 M, (B) 1.12 M and (C) 

1.36 M NaOH solutions with varying chloride concentrations. Solid lines such as —●— 

represent the impedance data collected at the respective chloride threshold values for each 

OH- concentration, and dashed lines with the same markers, e.g. --●--, represent the 

corresponding fits.  
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Table 4-3. Fitting results obtained for equivalent circuit model components relating to EIS 

data shown in Figure 4-8. The values reported in parenthesis are standard deviations.  

0.80 M NaOH 

[Cl-]/[OH-] Re (Ω.cm2) CPEdl (µF.cm-2) α Rct (kΩ.cm2) Yo (µS.sn.cm-2) χ2 

0.00 1.72 (0.01) 80.0 (1.17) 0.93 9.5 (0.21) 16.3 (2.40) 0.009 

0.90 1.43 (0.01) 75.9 (2.13) 0.93 9.5 (1.03) 85.9 (5.20) 0.008 

1.00 1.40 (0.03) 72.2 (2.02) 0.93 12.8 (1.27) 263.7 (7.22) 0.013 

3.00 0.95 (0.07)) 89.4 (3.20) 0.93 6.0 (0.57) 5420.3 (121.7) 0.002 

1.12M NaOH 

[Cl-]/[OH-] Re (Ω.cm2) CPEdl (µF.cm-2) α Rct (kΩ.cm2) Yo (µS.sn.cm-2) χ2 

0.00 1.21 (0.05) 78.0 (2.10) 0.93 11.9 (0.12) 0.04 (0.009) 0.013 

1.00 1.00 (0.07) 76.4 (0.12) 0.93 8.9 (1.11) 0.03 (0.005) 0.007 

1.70 0.93 (0.01) 73.8 (2.11) 0.93 8.6 (1.76) 46.3 (4.33) 0.006 

3.00 0.91 (0.02) 95.4 (2.79) 0.93 6.5 (0.37) 4349.5 (321.6) 0.005 

1.36 M NaOH 

[Cl-]/[OH-] Re (Ω.cm2) CPEdl (µF.cm-2) α Rct (kΩ.cm2) Yo (µS.sn.cm-2) χ2 

0.00 1.06 (0.08) 76.7 (1.77) 0.93 12.8 (0.22) 0.003 (0.000) 0.014 

1.00 1.02 (0.03) 92.7 (1.56) 0.93 9.9 (0.02) 0.002 (0.000) 0.011 

2.30 0.95 (0.05) 87.5 (2.11) 0.92 10.9 (0.13) 0.004 (0.000) 0.006 

2.40 0.98 (0.05) 91.7 (1.85) 0.92 7.0 (0.21) 62.07 (3.100) 0.005 

3.00 0.96 (0.02) 80.5 (1.99) 0.92 10.7 (0.30) 3247.5 (55.76) 0.008 
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As seen in Figure 4-7A for 0.80 M NaOH, the current density was much higher for a [Cl-

]/[OH-] ratio of 0.90 than 1.00. Correspondingly, the Rct values mentioned in Table 4-3 were 

lower for [Cl-]/[OH-] ratio of 0.90, than for [Cl-]/[OH-] = 1.00. Similar correlations between 

measured Rct values obtained through EIS and current density determined through anodic 

polarisation could be made in the case of 1.36 M NaOH solutions, when the [Cl-]/[OH-] ratios 

were 2.40 and 3.00. It is important to mention that, although the timescales allowed in this 

study for the passive film to stabilise in the simulated pore solutions were much less than has 

been suggested by other studies [184,251,252], the chemical nature of the film could be 

considered to be representative of what would exist after the suggested stabilisation timescales 

but with a lesser thickness. As shown by several authors [193,194], both the Rct and CPEdl 

parameters of the passive film are related to the time of exposure and are somewhat dependent 

on its physical nature. Therefore, variation in the values of Rct and CPEdl could be expected at 

longer times of exposure, but the electrical properties of the system would remain unaffected. 

A substantial rise in the admittance (Yo), characterising diffusion at the passive film/metal 

interface, was observed when the chloride concentration exceeded the respective Ccrit values 

for the three pore solutions. As in the EIS study of passivation discussed in Section 4.4.2, non-

conventional diffusion tails in the low frequency region were also observed upon addition of 

chloride, for all three NaOH concentrations. However, the slope between the real and 

imaginary components of impedance at lower frequencies approached its conventional 45° for 

all [Cl-]/[OH-] ratios where the steel specimens underwent pitting.  

The admittance can be physically interpreted as the ease of transport of chloride ions through 

the passive film to the metal, and is described as a function of the stability of the passive film. 

When the concentration of chloride is lower than Ccrit, the steel is maintained in its passive state 

and consequently the admittance is fairly constant at a relatively low value, similar to that 

observed for chloride-free solutions. Hence, the diffusion of ions through the passive film to 

the metal surface can be considered to be not rapid enough to be detected at frequencies as low 

as 10-2 Hz, leading to the non-conventional diffusion tail. Breakdown of the passive film by 

the action of chloride would lead to easier transport of ions and a rise in the admittance value 

(Table 4-3). Thus, on increasing the chloride concentrations to Ccrit and above, the diffusivity 

associated with the passive film would significantly increase due to the action of chloride on 

the passive film, and would lead the slope between real and imaginary components of 

impedance to approach 45°. 
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4.6 Observations on passivation and the chloride threshold value 

Several relationships between Ccrit and [OH-] have been reported in studies conducted in 

simulated concrete pore solutions. Hausmann [135] experimentally reported the value of           

[Cl-]/[OH-] ratio to vary between 0.5 and 1.08, and statistically found the ratio of 0.63 as 

critical. Gouda [95] suggested a linear relationship between pH and the logarithm of the critical 

chloride concentration with a slope of 0.83, implying a constant value of [Cl-]0.83/[OH-]. Goni 

and Andrade [139] found a linear relationship between the logarithm of corrosion current 

density and the logarithm of [Cl-]/[OH-], and on assuming the boundary condition for active 

corrosion in the range of 0.1 – 0.2 µA/cm2 suggested a threshold value between 0.25 and 0.8. 

Similar observations have been made in other studies including [165,223], where the critical 

chloride content for depassivation were witnessed to increase with higher pH. 

Measurements from all of the techniques used in this study to analyse chloride-induced 

depassivation of the steel in simulated pore solutions representative of low-Ca AAMs, confirm 

a strong correlation between the concentration of hydroxide and the chloride threshold value. 

The Ccrit values were found to be 0.72 M, 1.90 M and 3.26 M for pore solutions with [OH-] 

concentrations of 0.80 M, 1.12 M and 1.36 M respectively. Contrary to the observation of 

diverging Ccrit values for a particular electrolyte obtained through different techniques in [184], 

the same Ccrit value has been identified through several electrochemical techniques for a given 

electrolyte.  

To develop a relationship between the measured Ccrit values and the OH- concentration of 

the simulated pore solution, Ccrit values were plotted against [OH-], as shown in Figure 4-9. A 

linear correlation between the logarithm of Ccrit and logarithm of [OH-] with a slope of 2.83 

was fitted, implying an increased inhibition effect with an increase in [OH-]. Given the 

heterogeneous nature of the steel-concrete interface (generally due to macroscopic and 

microscopic voids, varying hydration products and pore solution alkalinity, bleed-water zones) 

and the possible carbonation of pore solution, the derived relationship was used to extrapolate 

for values of [OH-] ranging between 0.5 and 1.43 M. The Ccrit values obtained through the 

above-mentioned extrapolation method (as shown in Figure 4-9) show that even a chloride 

concentration as low as about 0.18 M, in regions at the steel-concrete interface where [OH-] is 

0.5 M, could possibly initiate pitting of the embedded steel rebar. Here it is important to 

highlight that this relationship is possibly valid only when the binder does not contain any 

buffering agent (like portlandite in PC based concretes), as is in the case of low-Ca AAMs, and 

the alkalinity of the pore solution is primarily dependent on the concentration of hydroxides 
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present in the pore solution. For example, if the relationship was extrapolated to pH 13 or 10-1 

M [OH-], the resulting Ccrit would be around 10-3 M. This would deviate from the Ccrit values 

already reported in the literature (can be found in the review by Angst et al. [99]).  

 

Figure 4-9: Relationship between Ccrit and [OH-]. Red points and the regression equation 

correspond to the experimental data. Black data points represent extrapolated values 

 

The localised phenomena of depassivation by the action of chloride is primarily governed 

by the dissolution of the passive film, and therefore it can be hypothesised that the onset of 

pitting would be directly proportional to the concentration of chloride and inversely related to 

the solubility of the passive film for a particular electrolyte. For a given composition of the 

passive film, all electrochemical parameters should reflect the onset of pitting at a similar 

values of [Cl-]/[OH-]n, where n is the stoichiometric coefficient of [OH-] in the hydrated outer 

layer of the passive film. According to the results of cyclic voltammetry in Section 4.4.1, the 

passive film is composed of an outer layer of hydrated FeOOH or Fe2O3 for all three 

electrolytes. Therefore, considering a monohydrate layer of Fe(OH)3 as the outer layer of the 
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passive film, the value of n could be taken to be 3; this value is also the nearest integer value 

to the 2.85 fitted above.  

Figure 4-10 shows the variation of different electrochemical parameters (OCP, Rp and icorr) 

as a function of the ratio [Cl-]/[OH-]3, for all three pore solutions assessed. The three parameters 

OCP, Rp and icorr were observed to be close to constant for 0 ≤ [Cl-]/[OH-]3 ≤ 1.25; these values 

of [Cl-]/[OH-]3 correspond to chloride concentrations less than the measured Ccrit values for the 

three pore solutions, and thus not high enough to cause depassivation. Above the value of [Cl-

]/[OH-]3 = 1.25, OCP and Rp showed a sharp decline whereas icorr values increased suddenly, 

indicating active corrosion. The sharp transition from the passive to the active region was found 

to occur very close to [Cl-]/[OH-]3 = 1.25 for all three pore solutions, and the respective Ccrit 

values aligned at this value. This confirms the existence of a hydrated FeOOH or Fe2O3 as the 

outer layer of the passive film on all the steel specimens tested. The relationship thus appears 

to provide a powerful and novel means of characterising the likely onset of steel corrosion in 

low-calcium alkali-activated binders, at least as far as can be predicted through experimental 

work in simulated pore solutions. 
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Figure 4-10: Representation of (A) OCP, (B) Rp and (C) icorr as a function of [Cl-]/[OH]3, for 

steel rebars immersed in simulated pore solutions with varying NaOH concentrations 

 

4.7 Conclusions 

It is demonstrated through the analysis of the anodic and cathodic current peaks from cyclic 

voltammetry, that in highly alkaline solutions the mechanism of passive film formation can be 

hypothesised as: 

Fe → Fe(OH)ads → Fe(OH)+
ads → HFeO2

- → Fe(OH)2 → FeOOH → 

hydrated FeOOH or Fe2O3 

This implies that the passive film is composed of an inner dense layer rich in iron (II) species 

and the outer layer is rich in a less dense iron (III) species. The amounts of passivating species 



115 

 

formed on the surface of the steel specimen are directly proportional to the alkalinity of the 

solution. This is consistent with results of EIS, LPR and anodic polarisation, revealing a higher 

degree of the passivation at increased concentrations of OH- in the pore solution. 

The Ccrit values (in terms of [Cl-]/[OH-] ratios) obtained from OCP, EIS, LPR and anodic 

polarisation are comparable and within 0.90 ± 0.10, 1.70 ± 0.10 and 2.40 ± 0.10 for NaOH 

concentrations of 0.80 M, 1.12 M and 1.36 M, respectively. It is clearly seen that an increased 

concentration of OH- in the system, results in a rise in the chloride threshold value, as a 

consequence of improved passivation of the steel. Given the high alkalinity of the simulated 

pore solutions representative of low-Ca alkali-activated binders, the amounts of chloride at the 

steel-concrete interface required for pit nucleation and the amounts required for sustained pit 

growth might differ, and this led to observations of metastable pitting in some cases. 

A novel relationship of depicting the onset of pitting as a function of the composition of the 

outer layer of the passive film, in terms of the ratio [Cl-]/[OH-]3 was developed, where [Cl-

]/[OH-]3 = 1.25 was found to define the critical chloride concentration Ccrit within the very 

highly alkaline range of solutions assessed. Rather than the simple ratio between chloride and 

hydroxide concentrations that is often used to define Ccrit, this power law relationship provides 

improved descriptive power for solutions representative of the pore solution chemistry of low-

calcium alkali-activated binders. The functional form used, with a third power relationship to 

hydroxide concentration, is also consistent with the passive film being composed of a hydrated 

FeOOH or Fe2O3 outer layer that plays an important part in the initiation of pitting corrosion. 

However, further research related to different passivation products needs to be done to confirm 

such a relationship for pit initiation, and particularly to understand its validity in actual concrete 

specimens, and also in pore solutions which are not as extremely alkaline as those studied here. 
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Chapter 5: Passivation and chloride-

induced corrosion of steel in high-Ca alkali-

activated materials 
 

 

Note: This chapter is primarily based on: Shishir Mundra, John L. Provis. ‘Influence of sulfide 

on the passivation and chloride-induced corrosion of steel in highly alkaline solutions.’ (under 

preparation), and Shishir Mundra, Susan A. Bernal, Maria Criado, Petr Hlaváček, Gino Ebell, 

Steffi Reinemann, Gregor J. G. Gluth, John L. Provis. ‘Steel corrosion in reinforced alkali-

activated materials.’ RILEM Technical Letters, 2 (2017), 33-39. (Invited Publication). Only 

work conducted by Shishir Mundra in the abovementioned manuscripts have been included in 

this Chapter.  

5.1 Introduction 

As mentioned in Chapter 2, high-Ca alkali-activated materials (AAMs) are most commonly 

produced by the reaction between blast furnace slags, a by-product of the iron making process, 

and an alkaline solution [23]. The resulting solid reaction products and the aqueous pore 

solution chemistry are significantly different from Portland cement (PC) binders as well as 

low-Ca AAMs. High-Ca AAMs or alkali-activated slags (AAS) are characterised by a C-(N-

)A-S-H gel as the main reaction product along with secondary reaction products such as 

hydrotalcite-like phases and AFm type phases being formed [30,253]. Depending on the 

composition of the slag and the type of activator used to formulate AAS, additional phases such 

as Ca-heulandite, natrolite, monosulfoaluminate, monocarboaluminate may also precipitate in 

minor or trace quantities [80]. As stated in Chapter 2, one of the major differences in the 

chemistries of low-Ca AAMs and high-Ca AAMs, relevant to the corrosion of steel 

reinforcement, is the composition of the pore solution. The reducing nature of the blast furnace 

is retained by the slag, containing approximately 1-3 wt. % SO3 that readily dissolves when 

mixed with PC and water [78]. Similarly, in the case of AAS, where the slag is the main 

precursor (along with a highly alkaline solution), the sulfur exists primarily in the reduced state 

(HS-) creating a highly reducing environment at the steel-concrete interface that is depleted in 

dissolved oxygen [78,81,254]. The total HS- concentration has been measured to be around 

0.45 M [78], and also estimated be around the same value through thermodynamic simulations 
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of AAS [81]. Owing to the differences in the chemistry of the aqueous and solid phases in low-

Ca and high-Ca AAMs, it is imperative that mechanisms of passivation and chloride induced 

corrosion of the embedded steel reinforcements are thoroughly investigated in the binders.  

As highlighted in Chapter 4, the passive film formed on the steel reinforcement embedded 

in low-Ca AAMs is composed of an inner layer of ferrous hydroxide (Fe(OH)2) that could 

readily oxidise to form magnetite (Fe3O4), and an outer layer composed of Fe(OH)3 or hydrated 

Fe (III) oxide (Fe2O3.nH2O). However, the exact composition of the passive film formed on 

steel reinforcements in alkaline conditions has been a subject of constant debate throughout the 

literature [235] and depends on the environmental conditions such as chemistry and pH of the 

electrolyte, the availability of oxygen and the redox potential of the steel [88]. Unlike low-Ca 

AAMs and PC, where OH- in the pore solution is the major anion influencing the chemistry of 

the passive film formed on the steel reinforcement and the chloride threshold value (as shown 

in Chapter 4), blended cements containing steel slag have shown to influence electrochemical 

nature of the passive film and the chloride threshold value to initiate pitting [14,255,256]. 

Macphee and Cao [254] reported Fe in the passive film to be in the 2+ oxidation state for slag-

PC blends rather than in the commonly observed 3+ oxidation state in plain PC. Based on the 

observations of higher porosity of the Fe (II) oxides in comparison to Fe (III) oxides by Lorenz 

and Heusler [257], Macphee and Cao [254] suggested that cements with replacement of PC 

with slags were incapable of forming a passive film on the steel reinforcement, thus giving 

lower protectiveness to aggressive ions such as Cl. In addition, they [254] showed the release 

of reduced sulfur species in blended cement with 75 and 85 % replacement of PC with slag 

lead to a significant decrease in the electrochemical potential of the steel reinforcement, when 

compared to cements with 50 % slag replacement. Similar results of reduced redox potentials 

of the steel reinforcement were obtained by Angus and Glasser [258] for slag-PC blends with 

> 75 % replacement of PC with slag. A recent study [255] (also highlighted in [254,258,259]), 

shows that the highly reducing nature of the slag results in reduced levels of dissolved oxygen 

and consequently significantly lower electrochemical potentials of the steel reinforcement 

embedded in slag-PC blends when compared to plain PC. In the case of high-Ca AAMs, it 

would be plausible to assume that a highly reducing environment, due to the high concentration 

of HS-, would alter the passivation chemistry and the electrochemical nature of the steel-

concrete interface.  

The chloride threshold value for the corrosion initiation of the steel reinforcement in high-

Ca AAMs such as AAS do not exist in the literature. However, few studies have investigated 
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the chloride threshold values when steel is immersed in simulated pore solutions of slag-PC 

blended systems. The presence of anions such as HS- and S2O3
2- in the pore solution of slag-

PC blends and their influence on the chloride threshold value is important to discuss here as 

they are also likely to be found in the pore solutions of AAS. Published data on the chloride 

threshold values for steel reinforcements embedded in slag-PC bends in comparison to plain 

PC are contradictory and are scattered [99]. Some studies have indicated the chloride threshold 

value to be much higher in the case of slag-PC blends [149,260], whereas some studies have 

reported the contrary [14,96,261]. Oh et al. [262] suggested that the influence of PC 

replacement by slag did not significantly alter the chloride threshold value. A similar scenario 

of mixed conclusions exists for tests conducted in simulated pore solutions of slag-PC bends 

[255,263] as well. In the case of AAMs, Babaee and Castel [264] measured the chloride 

threshold values for Na2SiO3 activated fly ash/slag blends, and found that the chloride threshold 

was the lowest for binders produced with higher amounts of slag. Holloway and Sykes [265] 

investigated the electrochemical behaviour of steel reinforcement in AAS with admixed 

chloride levels of up to 8 wt. % of binder, and observed no pitting for very high levels of 

chloride concentrations. They suggested that the oxidation of HS- present in the pore solution 

of AAS plays a critical role in the mechanisms of passivation/depassivation and the long term-

performance of these binders [265].  

This chapter focusses on the influence of reduced sulfur species on mechanisms of 

passivation of steel and the phenomena of localised corrosion due to chlorides in highly 

alkaline electrolyte solutions (0.80 M, 1.12 M and 1.36 M NaOH) containing varying 

concentrations of HS- (0.01 M, 0.09 M and 0.45 M). The influence of reduced sulfur species 

on the passivity of steel is relevant not only for the durability of steel embedded in AAS/slag-

PC blends, but also in various natural and industrial environments such as the Kraft process 

used for manufacturing pulp from wood chips, geological areas where sulfate reducing bacteria 

are predominant, waste from hydrocarbon processing plants.  
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5.2 Experimental Programme 

5.2.1 Materials  

Mild steel rebars (φ = 12 mm) from a local supplier in Sheffield, UK with specifications and 

chemistry described in Section 3.1, Chapter 3 were used in this study. 

ACS reagent grade NaOH pellets (from Sigma Aldrich), Na2S.9H2O (from Alfa Aesar) and 

commercial grade NaCl (from EMD Chemicals) were used to synthesise alkaline solutions (in 

250 mL distilled water) with specific concentrations of HS-, to understand the influence of 

sulfide on the passivity of steel and the mechanisms of chloride induced corrosion in alkaline 

solutions. It is to be noted that sulfur was assumed to only exist as HS- (aq.) in all the 

synthesised alkaline solutions. Given the high affinity of sulfur to oxidation, it would be 

reasonable to expect minor/trace quantities of sulfur as Sn
2- (aq.), SO3

2- (aq.), S2O3
2- (aq.), and 

SO4
2- (aq.) due to the dissolved oxygen within the electrolyte (as shown in the Pourbaix 

diagram for the system sulfur-water in Figure 2-5). Similar speciation of sulfur is seen in the 

pore solutions of AAS [78]. The precise compositions of the solutions used in this study are 

shown in Sections 5.2.2 and 5.2.3.  

All electrochemical tests were conducted as described in Section 3.2, Chapter 3.  

5.2.2 Passivation 

Table 5-1 gives the detailed chemical composition of each of the electrolytes used to investigate 

the passivation of steel in alkaline sulfide containing solutions. The upper limit of [HS-] was 

set to 0.45 M, to be representative of pore solutions of AAS [78,81].  

Table 5-1: Chemical composition of electrolytes synthesised in this study using NaOH and 

Na2S·9H2O to investigate the influence of HS- on the passivity of mild steel. The 

concentrations of hydroxide [OH-] and sulfide [HS-] are represented in mol/L (M). 

[OH-] (M) [HS-] (M) 

0.80 0 

0.80 0.01 

0.80 0.45 
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1.12 0.01 

1.36 0.01 

 

5.2.2.1 Cyclic voltammetry 

Potentiostatic cyclic voltammetry (CV) was conducted to characterise the passive film formed 

on the steel surface when exposed to solutions containing 0.80 M OH- and varying 

concentration of HS- (0 M, 0.01 M and 0.45 M). Additionally, to understand the influence of 

OH- in sulfide containing electrolytes, CV was also conducted on mild steels exposed to 

solutions with increased concentrations of OH- (1.12 M and 1.36 M) with 0.01 M HS-. Before 

starting each test, the steel was maintained at -1.50 V vs. Ag/AgCl (cathodic limit: Eλ,c) in the 

hydrogen evolution region for 10 mins to ensure electrochemical clean-up of the surface of 

steel. The electrochemical response of the system was recorded when the potential was cycled 

from -1.50 V (Eλ,c) to 0.65 V (anodic limit: Eλ,a), at a scan rate of 2.5 mV/s over 5 cycles, taking 

into account hydrogen and oxygen evolution at the cathodic and anodic limits respectively. 

5.2.2.2 Open circuit potential, Linear polarisation resistance and Anodic polarisation 

Steel specimens were exposed to each of the test solutions (mentioned in Table 5-1) in plastic 

vials in a vacuum desiccator, for 0, 5, 12 and 28 days prior to electrochemical testing. 

Additional sealing of all the plastic vials was done using parafilm. After each of the exposure 

time, the steel specimens were taken out from the vacuum desiccator and immediately 

transferred to the cell for electrochemical testing in fresh electrolytes prepared with a chemical 

composition matching the respective exposure solution.  

The following electrochemical techniques were employed to each of the steel specimens at 

each of the exposure times in the following order: (i) Open circuit potential (OCP), (ii) linear 

polarisation resistance (LPR), and (iii) anodic polarisation.  

Prior to any electrochemical polarisation technique being applied, the OCP of the steel 

specimens were recorded using the parameters mentioned in Section 3.2.1, Chapter 3.  

LPR measurements and anodic polarisation on the steel specimens were conducted as described 

in Section 3.2.3.1, Chapter 3. 
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5.2.2.3 X-ray photoelectron spectroscopy 

Steel specimens were exposed to solutions with compositions 0.80 M OH- + 0.01 M HS-, 0.80 

M, 0.80 M OH- + 0.09 M HS-, and 0.80 M OH- + 0.45 M HS-, in plastic vials and were kept in 

a vacuum desiccator to avoid any interaction of the solution and the steel with air, for 5, 12 and 

28 days. After each of the exposure times considered in this study, the steel specimens were 

taken out of the exposure solutions and dried in a nitrogen atmosphere. Dried specimens were 

then wrapped in parafilm and transferred to an airtight container to transport the specimens to 

the X-ray photoelectron spectroscopy (XPS) facility at the University of Sheffield. The 

specimens were unwrapped, and were mounted onto the sample holder using double sided 

sticky conducting tape, and placed in the fore chamber of the Kratos AXIS Supra spectrometer 

for the measurements to be carried out. Prior to the measurement, the chamber was evacuated 

by creating an ultra-high vacuum environment.  

All measurements were carried out by using an achromatic Al Kα X-ray source and data were 

acquired from three points (each with diameter 800 μm) per specimen. Survey scans were 

collected between the binding energy range: 1200 to 0 eV, with a pass energy of 160 eV, a step 

size of 1 eV, and an acquisition time of 5 minutes for each measurement. High-resolution XPS 

spectra were collected for the following elements: iron (Fe 2p), oxygen (O 1s), carbon (C 1s) 

and sulfur (S 2p), with a pass energy of 20 eV and a step size of 0.1 eV for each measurement 

point over the appropriate energy range. The O 1s and C 1s spectra were collected with 5 

minutes acquisition time, whilst S 2p spectra was collected as two sweeps of 5 minutes each 

and averaged, due to its lower sensitivity. The Fe 2p spectra were also collected as two sweeps 

of 5 minutes each and averaged, due to the broader energy range of this peak. The intensity of 

the acquired data was calibrated using a transmission function characteristic of the 

spectrometer (determined using software from NPL) to ensure the acquired data is instrument 

specific. Casa-XPS software (version 2.3.18PR1.0) was used to deconvolute and curve-fit the 

spectra and the following constraints were employed: 

• All high-resolution spectra were first calibrated to the C 1s signal at 284.8 eV.  

• Optimal spectral basal line and peaks were determined using the Shirley background 

correction algorithm provided within the software [91]. 

• The 2p spectrum of Fe consists of two peaks (a doublet structure) due to multiplets 

splitting, Fe 2p3/2 and Fe 2p1/2, separated by approximately 13.8 eV [91]. Due to the 

occurrence of satellite peaks between the two peaks, only the Fe 2p3/2 peak was 
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deconvoluted and curve fitted. A 80 % Gaussian, 20 % Lorentzian peak model was 

used to fit the Fe 2p3/2 spectra as adopted by [266].  

• The S 2p spectrum also consists of a doublet structure, however, the separation 

between the S 2p3/2 and S 2p1/2 is much smaller (~ 1.18 eV) [267], and therefore, 

both the peaks were analysed in this study. The full width at half maximum (FWHM) 

of the S 2p1/2 peak was constrained to be half of the S 2p3/2 and the position of the S 

2p1/2 peak was constrained to be 1.18 eV greater than the S 2p3/2 peak. Similar to the 

Fe 2p3/2 spectra, the S 2p spectra were analysed by the method adopted by [266,267]. 

 

5.2.3 Depassivation 

A similar exposure scheme as used in Section 5.2.2, was employed to understand the 

mechanism of chloride-induced corrosion in sulfide containing alkaline solutions. Steel 

specimens were exposed to each of the test solutions without chloride (mentioned in Table 5-2) 

in plastic vials in a vacuum desiccator, for 0, 5, 12 and 28 days prior to electrochemical testing. 

After each exposure time, fresh electrolytes with the same composition of the exposure solution 

were prepared and to electrochemically investigate the chloride threshold value, NaCl was 

added in the freshly prepared electrolytes and the molar ratio [Cl-]/[OH-] was varied between 

0 and 4, 0 and 3.5, and 0 and 3.5 for solutions 0.80 M OH-, 1.12 M OH-, and 1.36 M OH-, 

respectively.   

 

Table 5-2: Chemical compositions of electrolytes synthesised using NaOH, Na2S·9H2O and 

NaCl used to investigate the mechanism of chloride induced corrosion in sulfide containing 

alkaline solutions. The concentrations of hydroxide [OH-], sulfide [HS-] and chloride [Cl-] are 

represented in mol/L (M). 

[OH-] 

(M) 

[HS-] 

(M) 

[HS-] 

(M) 

[HS-] 

(M) 

[HS-] 

(M) 

[Cl-]  

(M) 

0.80 0.001 0.01 0.09 0.45 0 to 3.2 

1.12 -- 0.01 -- 0.45 0 to 3.92 

1.36 -- 0.01 -- 0.45 0 to 4.76 
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5.2.3.1 Open circuit potential, Linear polarisation resistance and Anodic polarisation 

The following electrochemical techniques were employed to each of the steel specimens at 

each of the exposure times in the following order: (i) Open circuit potential (OCP), (ii) linear 

polarisation resistance (LPR), and (iii) anodic polarisation.  

Prior to any electrochemical polarisation technique being applied, the OCP of the steel 

specimens were recorded using the parameters mentioned in Section 3.2.1, Chapter 3.  

LPR measurements and anodic polarisation on the steel specimens were conducted as 

described in Section 3.2.3.1, Chapter 3. 

5.3 Results and discussion 

5.3.1 Passivation 

5.3.1.1 Cyclic voltammetry 

Figure 5-1 shows 5 cyclic voltammetry scans obtained for polished mild steel surfaces exposed 

to highly alkaline solutions (0.80 M NaOH), as a function of the sulfide concentration (0 M, 

0.01 M and 0.45 M HS-) in the electrolyte. Data from Eλ,c to -1.20 V in the anodic sweeps are 

not presented to enable visibility of all peaks. An increase in the potential in the positive 

direction from Eλ,c to -1.20 V resulted in significant increase in the current density of the steel 

related to the evolution of hydrogen bubbles at the steel surface and in the solution (not shown 

in Figure 5-1). The passivation mechanism in alkaline solution without HS- (shown in Figure 

5-1A) has already been discussed in Chapter 4, and therefore will only be briefly revisited in 

this Chapter.  
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Figure 5-1: Cyclic voltammograms obtained for mild steel exposed to (A) 0.80 M OH-, (B) 

0.80 M OH- + 0.01 M HS-, and (C) 0.80 M OH- + 0.45 M HS-. Data were collected at a 

sweep rate of 2.5 mV/s. Arrows indicate the current response from scan numbers 1 to 5. Data 

from -1.50 V to -1.20 V in the anodic sweeps are not presented to enable visibility of all 

peaks. The red line indicates the first scan, and subsequent scans are represented by black 

lines. 

 

As mentioned in Chapter 4, in the case of mild steel immersed in alkaline solutions without 

HS- (Figure 5-1A), four anodic current peaks were observed on increasing the potential from -

1.20 V towards Eλ,a, at approximately -0.94 V (denoted Peak I), -0.89 V (Peak II), -0.72 V 

(Peak III) and -0.67 V (Peak III’), and on reversing the potential, cathodic current peaks were 

observed at about -0.96 V, -1.05 V and -1.14 V. The oxidation and reduction reactions 

corresponding to these peaks have already been described in Chapter 4, and the mechanism of 

passivation can be described by the following reaction (Eq. 5.1.): 
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𝐹𝑒 →  𝐹𝑒(𝑂𝐻)𝑎𝑑𝑠  →  𝐹𝑒(𝑂𝐻)𝑎𝑑𝑠
+ →  𝐻𝐹𝑒𝑂2

− →  𝐹𝑒(𝑂𝐻)2  → 𝐹𝑒𝑂𝑂𝐻 →

 ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝐹𝑒𝑂𝑂𝐻 𝑜𝑟 𝐹𝑒2𝑂3        (Eq. 5.1) 

As seen from Figure 5-1, the current response of mild steel in the anodic and cathodic 

directions was observed to be significantly different when the electrolyte contained HS-, in 

comparison to steel immersed in electrolytes without HS-. Similar cyclic voltammograms for 

steel exposed to alkaline solutions containing sulfide have been observed by Shoesmith et al. 

[268]. In the presence of HS- in the electrolyte (Figure 5-1B and Figure 5-1C), the broad anodic 

current peak denoted as peaks I and II observed at -0.94 V and -0.89 V, respectively, in Figure 

5-1A converted to a doublet. Peak I was observed to be shifted to lower potentials of 

approximately -1.00 V when the concentration of HS- in the electrolyte was 0.01 M; and to an 

even lower potential of approximately -1.05 V when [HS-] was 0.45 M. The position of the 

peak I did not change upon subsequent anodic sweeps, however the current density associated 

with the peak was observed to increase in both electrolytes containing HS- (Figure 5-1B and 

Figure 5-1C). Peak II, however, was observed to shift towards more positive potentials with 

increasing anodic sweeps (Peak II was found to be cantered at -0.89 V in the first anodic sweep, 

and at around -0.85 V in the 5th scan) for electrolytes containing HS- (Figure 5-1B and Figure 

5-1C). The current density associated with peak II in Figure 5-1B and Figure 5-1C decreased 

and increased, respectively upon subsequent anodic sweeps and were observed to be of the 

same value after the 5th scan in both the cases.  

With increasing concentration of HS-, the anodic current peaks (Peak III and Peak III’) 

observed at -0.72 V and -0.67 V were found to decrease in peak current in the case of 0.01 M 

HS- containing solutions and completely disappear in the case of steel immersed in electrolytes 

containing 0.45 M HS-. Additionally, in alkaline sulfide containing solutions, an anodic current 

peak (Peak IV) was observed to be present at -0.60 V and -0.63 V in Figure 5-1B and Figure 

5-1C, respectively. As mentioned in Chapter 4, the potential sweep after peak III’ (not shown 

in Figure 5-1A) in the anodic direction up to Eλ,a was characterised by a constant anodic current 

of a relatively low value until 0.55 V, where the current was observed to rise sharply due to the 

oxygen evolution reaction. In sulfide containing electrolytes (Figure 5-1B and Figure 5-1C), 

the current response of the steel-solution interface due to polarisation above -0.40 V was 

significantly different from that observed in alkaline solutions without sulfide, and this will be 

discussed in the following paragraphs in detail.  

In the case of the cathodic (or reverse) sweep from Eλ,a to Eλ,c, the influence of sulfide on 

the current response of the system is much complex than those witnessed in sulfide free alkaline 
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solutions, as in Chapter 4 (and Figure 5-1A) and will be addressed in more detail in the 

following paragraphs and Figure 5-2B and Figure 5-2C. For data presented in Figure 5-1B and 

Figure 5-1C, i.e. the current response of the system for potentials lower than -0.4 V, three 

reduction peaks can be observed. In the case of solutions with 0.01 M HS- (Figure 5-1B), two 

broad reduction peaks are observed at approximately -0.97 V and -1.06 V, and a distinct peak 

is observed at approximately -1.21 V, and upon subsequent cathodic sweeps the broad peaks 

cantered at -0.97 V and -1.06 V become more distinct. When the concentration of HS- is 0.45 

M in the electrolyte (Figure 5-1C), the cathodic sweep is characterised by three broad and 

convoluted peaks cantered at approximately -0.99 V, -1.08 V and -1.23 V. Another major 

difference observed between the current response of the steel in sulfide containing solutions 

and sulfide free solutions is the current density in the cathodic sweep at potentials < -1.25 V, 

being much lower in the former, suggesting a depressed release of hydrogen due to the 

breakdown of water. The nature and the position of these peaks are most probably related to 

the current response of the system at potentials > -0.40 V, and therefore are addressed later.  

Based on the anodic current response of the mild steel in alkaline solutions containing 0.01 

M and 0.45 M HS-, the oxidation reactions occurring at the steel-solution interface can be 

postulated and the nature of the passive film can be determined. One of the major differences 

in the current response of steel in electrolytes with sulfide (Figure 5-1B and Figure 5-1C) and 

in sulfide free electrolytes (Figure 5-1A), is the disappearance or diminishing of anodic peaks 

III and III’ in the former. As mentioned in Chapter 4 and indicated in Eq. 5.1, peaks III and III’ 

are associated with the formation of FeOOH due to the oxidation of Fe(OH)2. This indicates 

the tendency of Fe at the steel-solution interface to be in an oxidation state of 2+ (Fe2+) in the 

presence of HS- in alkaline solutions, rather than conventionally observed Fe3+ state. The lower 

current density of anodic peak III and III’ in Figure 5-1B and its absence in Figure 5-1C suggest 

that the presence of HS- in alkaline electrolytes inhibits the formation of FeOOH and its 

hydrated form Fe(OH)3 or hydrated Fe (III) oxide (Fe2O3·nH2O) on the surface of the steel – 

as is the case in alkaline solutions without HS- - and due to its reducing nature instead forms a 

surface layer composed of Fe2+ species. Similar observations have been made by several 

authors [268–271]. Based on the observation on peaks III and III’, it is highly likely that 

occurrence of peak I at more negative potentials with increasing [HS-] is due to the competitive 

adsorption of OH- and HS- species on the steel surface. Shoesmith et al. [268] also concluded 

that the formation of Fe2+ species instead of Fe3+ oxide species indicate the adsorption of HS-, 

in addition to OH-, on the steel surface. They also associated this phenomenon to the lower 

current density observed in the cathodic current density at potential values where hydrogen is 
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released from the water, during the cathodic sweep [268]. Another possible reason for the shift 

of peak I to more negative potentials could be the increase in the ionic strength of the electrolyte 

[272] with increasing [HS-].  

In the case of the broad anodic peak II, subsequent anodic sweep led to a decrease and 

increase in the current density and the peak potential, respectively when the concentration of 

HS- in the electrolyte was 0.01 M. However, when the concentration of HS- in the electrolyte 

was 0.45 M, both the current density and the peak potential were observed to increase upon 

subsequent anodic sweeps. As the anodic peak II in Figure 5-1B and Figure 5-1C is observed 

to form at the same potential of -0.89 V in the first anodic scan as that seen in sulfide free 

electrolytes (Figure 5-1A), it is most likely that the it is characteristic of the formation of 

Fe(OH)2 species on the steel surface. Additionally, the stabilisation of the peak current and the 

peak potential after the 5th scan in both Figure 5-1B and Figure 5-1C (with dissimilar 

concentrations of [HS-]) to very similar values suggests that the occurrence of peak II is only 

related to the OH- species in the electrolyte. Similar to the reaction route observed in sulfide 

free solutions described in Chapter 4, peaks I and II in the case of sulfide containing alkaline 

solutions can possibly be described as (Eq. 5.2 – 5.7):    

𝐹𝑒 + 𝑂𝐻− = [𝐹𝑒(𝑂𝐻)]𝑎𝑑𝑠 + 𝑒−       (Eq. 5.2)  

[𝐹𝑒(𝑂𝐻)]𝑎𝑑𝑠 = [𝐹𝑒(𝑂𝐻)]𝑎𝑑𝑠
+ + 𝑒−       (Eq. 5.3) 

𝐹𝑒 + 𝐻𝑆− = [𝐹𝑒(𝐻𝑆)]𝑎𝑑𝑠 + 𝑒−       (Eq. 5.4)  

[𝐹𝑒(𝐻𝑆)]𝑎𝑑𝑠 = [𝐹𝑒(𝐻𝑆)]𝑎𝑑𝑠
+ + 𝑒−       (Eq. 5.5) 

[𝐹𝑒(𝑂𝐻)]𝑎𝑑𝑠
+ + 2𝑂𝐻− = 𝐻𝐹𝑒𝑂2

− + 𝐻2𝑂      (Eq. 5.6) 

𝐻𝐹𝑒𝑂2
− + 𝐻2𝑂 = {𝐹𝑒(𝑂𝐻)2} + 𝑂𝐻−      (Eq. 5.7) 

The reactions occurring at peak I can be described by Eq. 5.2 – 5.5, where the competitive 

adsorption of OH- and HS- on the steel surface forming an adsorbed layer of Fe[OH]+
ads and 

Fe[HS]+
ads due to a double electron transfer process is most likely. Based on the evolution of 

current density w.r.t to the anodic sweep, it can be assumed that the amount of Fe[HS]+
ads and 

Fe[OH]+
ads adsorbed on the surface are dependent on the concentration of HS- in the electrolyte 

solution. Upon increasing the concentration of HS- in the electrolyte from 0.01 M to 0.45 M, 

the current density at peak I was observed to slightly decrease, possibly due to an increased 

likelihood of Fe[HS]+
ads adsorbing on the surface. Similar observations have been described by 
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various authors [268,271], where the adsorption of Fe[HS]+
ads is favoured more than Fe[OH]+

ads 

with increasing concentrations of HS-. Therefore, it can be postulated that when the [HS-]/[OH-

] ratio increases, the amounts of Fe[HS]+
ads adsorbed on the surface increased with respect to 

Fe[OH]+
ads. This is also confirmed by the current density at peak I observed for cyclic 

voltammograms obtained for electrolyte with 1.12 M OH- + 0.01 M HS-, and 1.36 M OH- and 

0.01 M HS- (provided in the Chapter 8, Section 8.2). As mentioned earlier and in Chapter 4, 

peak II is primarily related to the [OH-] in the electrolyte, and therefore can be attributed to 

adsorbed Fe[OH]+
ads species to Fe(OH)2 (as indicated by Eq. 5.5 – 5.7) irrespective of whether 

the alkaline solution contains HS- or not (Figure 5-1A, B and C).  

There has been a constant debate in the literature about the designation of peaks I and II and 

several authors have indicated the peaks I and II correspond to the formation of Fe(OH)2 and 

Fe3O4 [200,237,268,269,271], respectively. However, as seen in Figure 5-1B and Figure 5-1C, 

the current density at peaks I depend on the concentration of HS- (and also [OH-], for a given 

concentration of HS-), whereas the current density at peak II depends on OH-, and also 

independent of the concentration of HS- upon subsequent anodic sweeps. Therefore, it is 

reasonable to assume that peak I corresponds to the competitive adsorption of HS- and OH- on 

the steel surface, and peak II corresponds to the formation of Fe(OH)2 via the formation of 

HFeO2
- in these alkaline solutions. In addition, it is highly unlikely that at such alkalinity, the 

dehydroxylation of Fe(OH)2 to yield Fe3O4 would occur.  

As mentioned earlier, the anodic peak III and III’ diminishes and disappears with increasing 

HS- in the electrolyte due to the highly reducing nature of HS-. In the case of alkaline solutions 

without electrolyte (Figure 5-1A), peak III is associated with the formation of FeOOH and peak 

III’ is associated with the hydration of FeOOH (Fe(OH)3) or the formation of a hydrated Fe2O3 

(Fe2O3·nH2O), and the amount of Fe3+ species formed increases with increasing [OH-] in the 

electrolyte (discussed in detail in Chapter 4). In the case of electrolytes containing 0.01 M HS- 

(Figure 5-1B), a smaller current density is recorded at -0.72 V and -0.67 V when compared to 

Figure 5-1A, and like sulfide free electrolytes, the current density of peaks III and III’ in 

electrolytes with 0.01 M HS- was observed to increase with increasing [OH-] in the solution 

(shown in Chapter 8). Therefore, peak III and III’ in Figure 5-1B can be described by the same 

reaction described by Eq. 5.8 – 5.10 (same reactions as Eq. 4.5 – 4.7 in Chapter 4): 

 

{𝐹𝑒(𝑂𝐻)2} + 𝑂𝐻− = [𝐹𝑒𝑂𝑂𝐻]𝑎𝑑𝑠 + 𝐻2𝑂 + 𝑒−       (Eq. 5.8) 
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2[𝐹𝑒𝑂𝑂𝐻]𝑎𝑑𝑠 = {𝐹𝑒2𝑂3 ∙ 𝐻2𝑂}       (Eq. 5.9) 

[𝐹𝑒𝑂𝑂𝐻]𝑎𝑑𝑠 + 𝐻2𝑂 = {𝐹𝑒𝑂𝑂𝐻 ∙ 𝐻2𝑂}      (Eq. 5.10) 

In the case of the relatively broad anodic current peak IV observed in Figure 5-1B and Figure 

5-1C, the current density is observed to increase with increasing [HS-] in the electrolyte, 

however did not change with the alkalinity of the electrolyte (Chapter 8), indicating that its 

occurrence was related to the HS- in the electrolyte. This peak could possibly be related to the 

formation of an Fe-S complex on the steel surface and the following reaction route (Eq. 5.11 

and Eq. 5.12) could be proposed [268,271]: 

 [𝐹𝑒(𝐻𝑆)]𝑎𝑑𝑠
+ + 𝐻𝑆− = {𝐹𝑒(𝐻𝑆)2}𝑎𝑑𝑠      (Eq. 5.11) 

𝐹𝑒(𝐻𝑆)2𝑎𝑑𝑠
+ 𝑂𝐻− = {𝐹𝑒𝑆 𝑐𝑜𝑚𝑝𝑙𝑒𝑥} + 𝐻2𝑂 + 𝑒−    (Eq. 5.12) 

Based on Eq. 5.11 and Eq. 5.12, it could be postulated that the adsorbed [Fe(HS)]+
ads reacts 

with the HS- in the electrolyte to form an adsorbed layer of [Fe(HS)2]ads [268] which then reacts 

with the OH- in the electrolyte resulting in an Fe-S complex [271], which could transform upon 

polarisation. Contrary to the reaction route proposed here for anodic peak IV, Tromans [273] 

suggested that the surface film formed on mild steel in hot alkaline solutions containing sulfide 

was composed of complex γ-Fe3O4 with sulfide substituting for the oxygen in the lattice (γ-

Fe3O4-xSx). Shoesmith et al. [268], on the other hand, proposed the formation of an iron oxide 

film (attributed to peak I in their study), irrespective of the concentration of HS- in the 

electrolyte, and attributed the occurrence of peak IV to the oxidation of HS- to elemental sulfur 

and the deposition of the latter. Similar conclusions about the deposition of elemental sulfur 

have been proposed earlier without conclusive evidence [274]. Shoesmith et al. [268] claimed 

that the growth of iron sulfide (mackinawite) species occurs at more anodic potentials (in 

comparison to peak IV) and at defect sites in the iron oxide film formed, leading to pitting 

corrosion [268,275]. However, the oxidation of HS- to elemental S involves the release of H+, 

which would decrease the pH of the electrolyte. In this study, the pH of the electrolyte before 

and after the occurrence of peak IV was maintained at 13.85, and therefore it is highly unlikely 

that the peak can be attributed to the oxidation of HS- to elemental S and the deposition of the 

latter on the surface. Therefore, in the case of electrolyte containing 0.01 M HS-, the 

identification that peak IV represents the formation of a Fe-S complex on a FeOOH film could 

probably be assumed. However, when the concentration of HS- is 0.45 M, peak IV denotes that 

the surface of the steel is essentially an Fe-S complex on a relatively less stable Fe(OH)2 film, 

and the oxidation of Fe to the 3+ state is not possible. Upon increasing the [HS-] from 0.01 M 
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to 0.45 M, the position of the anodic peak IV was observed at lower potential values of -0.63 

V (Figure 5-1C) instead of at -0.60 V (Figure 5-1B) probably due to higher availability of HS- 

at the steel-solution interface for solutions containing 0.45 M HS- and the much higher 

polarisability of the HS- when compared to OH-, thereby displacing the OH- from the steel-

solution interface. A similar shift has been observed by Shoesmith et al. [268] when the 

electrolyte contained 0.50 M HS-.  

As mentioned earlier, upon moving from the Eλ,a towards Eλ,c in sulfide containing solutions, 

several broad cathodic current peaks were observed (as shown in Figure 5-1B and C) related 

to the reduction reactions occurring at steel-solution interface, and are much complex and 

convoluted than those observed in Figure 5-1A. Prior to attributing the cathodic peaks to 

reduction reactions (shown in Figure 5-1B and Figure 5-1C) it is however necessary to 

understand the anodic response of the steel-solution interface at potentials > -0.40 V in sulfide 

containing solutions and this is highlighted by the 1st cyclic voltammetry scan shown in Figure 

5-2.  

Figure 5-2 shows only the 1st cyclic voltammetry scan obtained for mid steel exposed to 

solutions with chemistries (A) 0.80 M OH-, (B) 0.80 M OH- + 0.01 M HS- and (C) 0.80 M OH 

+ 0.45 M HS-. For the purpose of visibility, data from Eλ,c (-1.50 V vs. Ag/AgCl) to -1.20 V 

have been removed in Figure 5-2. As mentioned earlier, one of the major differences between 

Figure 5-2A, B and C, is the current response of the steel-solution interface at potentials > -

0.40 V. From Figure 5-2A, B and C, it can be clearly seen that at potentials between -0.40 V 

and -0.35 V, the anodic current density is much higher for solutions with a higher [HS-] (~2.2 

× 10-5 A/cm2, ~7.7 × 10-5 A/cm2, and ~1.9 × 10-4 A/cm2 in the case of Figure 5-2A, B and C, 

respectively), thereby indicating a lower extent of passivation in sulfide containing solutions. 

The anodic sweep from -0.35 V towards Eλ,a in Figure 5-2B and Figure 5-2C is characterised 

by a broad peak centred at potentials close to ~ -0.05 V and a sharp rise in the current density 

at ~ 0.30 V, occurring as shoulder at ~ 0.45 V with the anodic peak typical of oxygen evolution 

at 0.55 V. The absence of these peaks at Figure 5-2A, where the electrolyte did not contain any 

HS-, indicates that they are primarily related to the presence of HS- in the electrolyte solution. 

The anodic peaks at -0.05 V and the subsequent shoulder at 0.45 V are therefore, associated to 

the oxidation of soluble HS- in the electrolyte, however, due to the complex nature of sulfide 

oxidation and the broad nature of these anodic current peaks, it is difficult to explicitly identify 

the reactions occurring at these anodic peaks.    
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Figure 5-2: 1st scan obtained using cyclic voltammetry for mild steel exposed to (A) 0.80 M 

OH-, (B) 0.80 M OH- + 0.01 M HS- and (C) 0.80 M OH + 0.45 M HS-, highlighting the 

oxidation reactions associated with anodic peaks at -0.05 V and 0.45 V. 

 

Based on the observations in Figure 5-2B and Figure 5-2C, several oxidation reactions could 

be assumed to be associated with anodic peaks at -0.05 V and 0.45 V and a plausible reaction 

route can be described (Eq. 5.13 – 5.17) [268,276,277]:  

𝑥𝐻𝑆− = 𝑆𝑥
2− + 𝑥𝐻+ + (2𝑥 − 2)𝑒−      (Eq. 5.13) 

𝑆𝑥
2− + 6𝑂𝐻− = 𝑆𝑂3

2− + (𝑥 − 1)𝑆0 + 3𝐻2𝑂 + 6𝑒−    (Eq. 5.14) 

𝑆𝑂3
2− + 𝑂𝐻− + 𝐻𝑆− = 𝑆2𝑂3

2− + 𝐻2𝑂 + 2𝑒−     (Eq. 5.15) 
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𝑆𝑂3
2− + 𝑂𝐻− = 𝑆𝑂4

2− + 2𝑒− + 𝐻+      (Eq. 5.16) 

𝑆2𝑂3
2− + 𝑂𝐻− + 𝐻𝑆− = 𝑆𝑂4

2− + 𝐻2𝑆 + 2𝑒−     (Eq. 5.17) 

The pH of the bulk solution dropped significantly from 13.85 to 12.97 upon moving in the 

anodic direction from -0.35 V towards Eλ,a, possibly due to the formation of hydrogen ions 

during the occurrence of anodic current peaks at -0.05 V and 0.45 V. The formation of 

hydrogen ions in the sulfide containing alkaline solutions, can therefore be likely associated 

with the conversion of HS- to Sx
2-, as given by (Eq. 5.13) [268,278]. The polysulfide ions 

formed in the system are oxidised to SO3
2- and elemental S (Eq. 5.14) [279,280]. Conversely, 

Chen and Morris [276] argued that the conversion of HS- to elemental S and to polysulfide 

species occurs sequentially (HS- → S0 → Sx
2-) and due to slow rates of HS- oxidation to 

elemental S in alkaline solutions with pH > 9, the formation of elemental S and polysulfide in 

these alkaline solutions is rather unlikely. However, Shoesmith et al. [268] showed that the 

current density and the potential of the anodic peak were dependent on the sweep rate and is 

most likely due to the deposition of a film [281], and in this case is due to the deposition of 

elemental sulfur on the steel surface. In alkaline solutions, Avrahami and Golding [280] 

observed that the oxidation of SO3
2- to either thiosulfate (S2O3

2-) (Eq. 5.15) or sulfate (SO4
2-) 

(Eq. 5.16) is almost instantaneous, and the therefore, the rate determining step is the oxidation 

of HS- to SO3
2-. Subsequent oxidation of S2O3

2- to SO4
2-, as described by Eq. 5.17, could also 

occur at potentials prior to oxygen evolution and would be characterised by the evolution of 

H2S. Eq. 5.17 is primarily proposed due to observation of foul odour (due to the evolution of 

H2S) particularly when the potential was increased from 0.40 V to 0.6 V.  

Here it is important to note that the release of H+ ions during the oxidation of HS- (Eq. 5.13) in 

the electrolyte at the steel-solution interface possibly leads to the breakdown of the surface film 

formed due to the oxidation reactions (Eq. 5.2 – Eq. 5.12) discussed for the anodic peaks 

particularly in solutions where concentration of HS- was 0.45 M. Another major difference in 

the cyclic voltammograms of steel immersed in sulfide containing (Figure 5-2B and Figure 

5-2C) and sulfide free solutions (Figure 5-2A) is the current density associated with the 

evolution of oxygen at 0.55 V. The current density observed due to oxygen evolution is 

significantly higher in solutions containing sulfide than that in sulfide free solutions, and is 

proportional to the concentration of HS- in the solution. This is probably due to oxidation of 

reduced sulfur species at the steel-solution interface and the removal of any deposited elemental 

S on the surface of the steel during the evolution of oxygen.  
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In sulfide containing solutions (Figure 5-2B and Figure 5-2C), the cathodic sweep from Eλ,a 

towards Eλ,c is characterised by an unusual current density peak at -0.02 V representing an 

oxidation reaction rather than the usual reduction reactions seen during the cathodic sweep (as 

seen in Chapter 4 and Figure 5-2A). The occurrence of this unusual oxidation peak is probably 

due to the oxidation of HS- at the steel-solution interface as well as in the bulk solution. As 

seen from Figure 5-2B and Figure 5-2C, the occurrence of this peak is primarily influenced by 

the concentration of HS- in the electrolyte. In addition, the pH of the bulk solution measured 

after the occurrence of this peak (particularly in Figure 5-2C) is around 12.4 (much lower than 

that observed during the anodic sweep), indicative of the release of H+ ions in the electrolyte. 

Therefore, in the case of Figure 5-2C, the electrolyte solution is altered during the reverse 

cathodic sweep, and the cathodic current peaks observed in Figure 5-1C, cannot accurately be 

attributed to the corresponding oxidation reactions mentioned in Eq. 5.2 – 5.12. However, in 

the case of electrolytes containing 0.01 M HS- (Figure 5-2B, and Figure 5-1B), where the 

current density of the unusual peak at -0.02 V is almost zero, the cathodic peaks seen in Figure 

5-1B can be attributed the oxidation reactions occurring in the anodic sweep described for 

Figure 5-1B. Therefore, the cathodic peak observed in Figure 5-1B centred at -1.21 V 

corresponds to the reduction of the species formed at peak I (-1.00 V), the reduction peak at -

1.06 V corresponds to the reduction of the species formed at peak II, III and III’ (-0.89 V, 0.72 

V and -0.67 V), and the broad cathodic peak at -0.97 V corresponds to the anodic product 

formed at -0.60 V.  

Based on the above discussion, it is important to highlight that in the case of sulfide 

containing electrolytes and particularly those representing the pore solution of AAS, the 

composition of the surface of the steel can be determined only using the anodic response of the 

1st scan in the cyclic voltammetry test, as the chemistry of the solution alters significantly upon 

the reverse cathodic sweep. Therefore, for steel immersed in simulated pore solutions 

representative of AAS, the high concentration of HS- in the pore solution clearly alters the 

chemistry of the surface film, which in this case is primarily composed of Fe2+ species, with 

the inner layer being Fe(OH)2 (that could potentially oxidise to a hydrated Fe3+ oxide if 

sufficient oxygen is available at later stages) and the outer layer being a Fe-S complex, possibly 

resembling disordered mackinawite. 
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5.3.1.2 Open circuit potential, linear polarisation resistance and anodic polarisation 

Figure 5-3 shows the influence of varying concentrations of HS- in an alkaline solution on the 

evolution of the OCP of mild steel over a period of 28 days. With an increase in the [HS-] in 

the electrolyte solution, the OCP of mild was observed to decrease. In the case of sulfide free 

solution (0.80 M NaOH), the OCP was observed to be around -0.32 V at 0 days and was 

observed to increase to ~ -0.12 V after 12 days of immersion and stabilised around ~ -0.12 V. 

In solutions containing very low concentrations of HS- (0.001 M), the OCP was found to be ~ 

-0.32 V, and stabilised at around ~ -0.22 V after 12 days. The OCP values obtained for solutions 

containing no HS- and 0.001 M HS- are indicative of the development of a passive film 

composed of layer of ferrous hydroxide (Fe(OH)2) that could readily oxidise to form magnetite 

(Fe3O4), and an outer layer composed of Fe(OH)3 or hydrated Fe (III) oxide (Fe2O3·nH2O), as 

described above for Figure 5-1A.  

In the case of steel immersed in solutions containing intermediate (0.01 M and 0.09 M) and 

high concentrations (0.45 M) of HS-, the OCP was observed to be lower than < -0.40 V. As 

shown for PC-slag blends [255,258,282] and alkali-activated fly ash/slag blends [115,264], an 

increase in the amount of total reduced sulfur in the pore solution led to a significant decrease 

in the amount of dissolved oxygen in the electrolyte [255] and the OCP of the steel 

reinforcement. These observations from the literature have been confirmed by the findings of 

this study presented in Figure 5-3. The OCP of mild steel was observed to be around -0.44 V, 

-0.59 V and -0.71 V, when exposed to alkaline solutions containing 0.01 M, 0.09 M and 0.45 

M HS-, respectively, and much lower than those seen for solutions with no and 0.001 M HS-. 

These observations are in line with Figure 5-1 and Figure 5-2, where the formation of a passive 

film based on iron oxides is retarded and inhibited due to the highly reducing nature of HS-, 

and instead the precipitation of a Fe-S complex is promoted. In the case of solutions 

representing the pore solution of AAS (0.80 M OH- + 0.45 M HS-), the OCP was found to be 

very similar to those obtained by studies conducted in steel reinforced AAS mortars 

[265,283,284].  
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Figure 5-3: The evolution of the open circuit potential of steel immersed in alkaline solutions 

(0.80 M OH-) with varying concentrations of HS- (0 M, 0.001 M, 0.01 M, 0.09 M, 0.45 M) 

over a period of 28 days. The pH of the electrolytes was recorded using a digital pH meter 

(Oakton Acorn Series) and has been reported in Table 8-2. 

 

Figure 5-4 shows the influence of sulfide in alkaline solutions on the resistance to polarisation 

(Rp) of mild steel, obtained using the LPR test method as described in Section 5.2. In solutions 

where the passive film on the steel surface is based on a complex assemblage of iron oxides, 

as is the case in solutions with no and 0.001 M HS-, the resistance to polarisation is relatively 

stable between 45 and 60 kΩ·cm2. As seen in Figure 5-4, in the case of solutions containing 

intermediate (0.01 M and 0.09 M) and high concentrations (0.45 M) of HS-, the Rp values were 

observed to be significantly lower. In the case of solutions containing 0.09 M and 0.45 M HS-

, the Rp values stabilise after almost 5 days at around 4 kΩ·cm2 and 2 kΩ·cm2, respectively. It 

can be clearly seen from Figure 5-4, that the resistance to polarisation for mild steel in alkaline 

solutions decreases with an increase in the concentration of HS- in the electrolyte. Based on the 
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modified Stern-Geary equation (described in Chapter 3) and using the value of B of 52 for steel 

in the passive state, the corrosion current density (icorr) would be expected to increase with 

increasing [HS-]. Similar results have been obtained by Scott and Alexander [255], where they 

observed higher corrosion current densities for steel reinforcements immersed in electrolytes 

containing reduced sulfur species (representative of PC-slag blends) compared to their 

counterparts (representative of plain PC). Criado and Provis [283] observed much lower Rp 

values for steel embedded in AAS mortars when compared to those in PC mortars.  

The observation of a lower Rp for mild steel in sulfide containing alkaline solutions is also 

in line with the observations of the cyclic voltammetry results described in Section 5.3.1.1, 

where the current density was found to be much higher for steel exposed to electrolytes with 

HS- when compared to those immersed in solutions without HS-. However, the reason for such 

low Rp values in solutions with high [HS-] could also be related to the aqueous chemistry of 

the electrolyte, and this will be revisited in detail a bit later.  
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Figure 5-4: Resistance to polarisation (Rp) values obtained using the LPR test, for steel 

immersed in an alkaline solution (0.80 M OH-) with varying concentrations of sulfide (0 M, 

0.001 M, 0.01 M, 0.09 M, and 0.45 M) over a period of 28 days. 

 

Figure 5-5 shows the influence of sulfide in alkaline solutions on the anodic behaviour of 

mild steel. As shown in Chapter 4, the anodic polarisation of mild steel in alkaline solutions 

without sulfide and with 0.001 M HS- is characterised by a clear transition from the active to 

the passive and to the trans-passive regions (denoted by the red line in Figure 5-5). Upon an 

increase in the [HS-] in the electrolyte, a clear reduction in the OCP and a significant increase 

in the current density can be observed. This observation is in line with the findings from Figure 

5-3 and Figure 5-4. In addition, for solutions where [HS-] ≥ 0.01 M, the active and the passive 

regions are unidentifiable, and instead, the polarisation of steel in the anodic direction (> OCP) 

resulted in a sharp rise in the current density until an anodic peak around -0.05 V was observed. 

Similar anodic polarisation curves characterised by high current densities were observed by 

Tromans for steel immersed in hot alkaline sulfide solutions [273] but no direct passivation 

was seen in these systems. The presence of the anodic peak at ~ -0.05 V and a subsequent drop 

in the current density at potentials > -0.05 V, confirm the deposition of S (in Figure 5-2B and 

Figure 5-2C) through the reaction pathway described in Eq. 5.13 and Eq. 5.14. 
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Figure 5-5: Influence of sulfide (0 M, 0.001 M, 0.01 M, 0.09 M, and 0.45 M HS-) on the 

anodic polarisation behaviour of obtained mild steel immersed in an alkaline solution (0.80 M 

OH-). 

 

As mentioned in Chapter 2, passivation/corrosion is described by two half-cell reactions: a) 

the anodic dissolution or oxidation of Fe (→ Fe2+/ Fe3+), and b) the cathodic reduction of O2 

(→ OH-), and the formation of a passive film/corrosion products depends on kinetics of both 

the half-cell reactions. In the case of steel in alkaline solutions without sulfide (as shown by 

the red line in Figure 5-5), the anodic polarisation of the steel specimen leads to the anodic 

dissolution of Fe, forming Fe2+, when the potential is increased from the OCP to approximately 

0.15 V (called the active region), and a region of constant current density indicative of the 

formation of an Fe3+ passive film between 0.15 V and 0.55 V (called the passive region). The 

strong similarities between the anodic polarisation of steel in solutions containing [HS-] ≥ 0.01 

M and the current response in the anodic sweep of the 1st cyclic voltammetry scan seen in 

Figure 5-2B and Figure 5-2C at potentials > -0.6 V, indicate that the increase in the current 

density in Figure 5-5 at potentials > OCP is primarily due to the oxidation of HS- species within 
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the electrolyte (as discussed in Section 5.3.1.1). This suggests that the anode in these 

electrochemical systems is the HS- present in the alkaline solutions that could readily oxidise 

due to an applied potential and not Fe, and hence explains the absence of Fe dissolution in the 

anodic polarisation curves. The HS- being the anode in these electrochemical systems is of high 

significance when considering the formation of a macro-cell to initiate chloride-induced 

corrosion of the steel reinforcement, and has been addressed in detail later.  

5.3.1.3 X-ray photoelectron spectroscopy 

Figure 5-6, Figure 5-7, and Figure 5-8 show the chemistry of the steel surface when exposed 

to solutions containing 0.80 M OH- + 0.01 M HS-, 0.80 M OH- + 0.09 M HS-, 0.80 M OH- + 

0.45 M HS- for 5, 12 and 28 days, through deconvoluted Fe 2p3/2 and S 2p spectra obtained 

using high-resolution XPS. Figure 5-6, Figure 5-7, and Figure 5-8 need to be looked in 

conjunction as they represent the exposure time scales of 5, 12 and 28 days respectively. When 

steel is exposed to solutions containing 0.80 M OH- + 0.01 M HS- for 5 days (Figure 5-6B), 

the S 2p spectra is characterised by numerous S 2p3/2 peaks representing Fe2+S, Fe2+S/Fe3+S , 

FeSO3 and FeS2O3 centred at ~160.98 eV, ~162 eV, ~164.6 eV and ~166.4 eV, respectively 

[267,285–288]. However, in the case of steel exposed to 0.80 M OH- + 0.09 M HS- and 0.80 

M OH- + 0.45 M HS- (Figure 5-6D and Figure 5-6F), the S 2p spectra exhibits S 2p3/2 peaks 

centred at ~160.98 eV and ~162 eV indicating the presence of only Fe2+S, and Fe2+S/Fe3+S 

species on the surface of the steel [267,285–288]. This observation is in line with fact that an 

increase in the HS- concentration creates a highly reducing environment (Figure 5-3) around 

the steel surface and due to the extremely low amount of dissolved oxygen at the steel-solution 

interface [255], the presence of any oxidised sulfur species is not observed. Purely based on 

comparing the intensities of the S 2p3/2 peaks associated with Fe2+S and Fe2+S/Fe3+S  in Figure 

5-6B, D and F, one can clearly see that the formation of Fe2+S is much preferred with an 

increase in the HS- concentration in the electrolyte. This confirms the hypothesis made earlier 

from the cyclic voltammograms (presented in Figure 5-1), where the formation of any oxygen 

containing Fe species was proposed to be heavily suppressed by the high concentrations of HS- 

at the steel-solution interface and instead the formation of a Fe-S complex was much likely. 

The formation of Fe2+S/Fe3+S in solutions containing 0.09 M and 0.45 M HS- could possibly 

be due to the oxidation of Fe2+S species during experimentation [267,285–288].  

Upon an increase in the exposure time to 12 days and 28 days, negligible or almost no 

changes were observed in the S 2p3/2 peaks for each of the exposure solutions and Fe2+S was 

found to be stable throughout the duration of exposure in solutions containing 0.09 M and 0.45 
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M HS-. Holloway and Sykes [265] suggested that the oxidation of HS- to elemental sulfur could 

be possible in AAS and its precipitation on the passive film play a major role in inhibiting 

pitting corrosion. However, Figure 5-6F, Figure 5-7F, and Figure 5-8F, provides irrefutable 

evidence that the surface film formed on steel exposed to simulated pore solutions of AAS 

(0.80 M OH- + 0.45 M HS-) contained sulfur only in the form of Fe-S complexes and the 

deposition of elemental sulfur was not observed. This observation is supported by the cyclic 

voltammograms (Figure 5-2C) and the anodic polarisation curves (Figure 5-5), where the 

deposition of sulfur occurs at around -0.05 V vs. Ag/AgCl and not when the OCP of steel is 

between -0.40 and -0.70 V.  

The deconvolution of the Fe 2p3/2 (as shown in Figure 5-6A, C, E; Figure 5-7A, C, E; and 

Figure 5-8A, C, E) yielded in the observation of several peaks characteristic of Fe0, Fe2+S/Fe3+S 

species and FeOOH species for all exposure solutions and for all durations of exposure 

[267,285–288]. The deconvolution of the Fe 2p3/2 peak was much more complex primarily due 

to the broad nature of the Fe 2p3/2 and the very large background observed in these energy 

ranges. Based on the analysis of the S 2p3/2 peaks observed in all electrolytes and the OCP 

values observed in Figure 5-3, the precipitation of FeOOH species in these electrolytes is highly 

unlikely and the occurrence of Fe 2p3/2 associated to FeOOH species is primarily related to the 

oxidation of Fe(OH)2 species during experimentation, and therefore the hypothesis of the inner 

layer of the surface film being comprised of Fe(OH)2 is confirmed. Similar to the observations 

made by the S 2p3/2, Figure 5-6A, C, E; Figure 5-7A, C, E; and Figure 5-8A, C, E, clearly 

shows that on increasing the concentration of HS- in the exposure solution results in the 

precipitation of a stable Fe-S species on the steel surface.  
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Figure 5-6: Fe 2p3/2 and S 2p spectra obtained using XPS on steel specimens exposed to 

alkaline solutions with varying concentrations of HS- for 5 days. (A) and (B), show the Fe 

2p3/2 and S 2p spectra, respectively for steel immersed in 0.80 M OH- + 0.01 M HS-, (C) and 

(D) show the Fe 2p3/2 and S 2p spectra, respectively for steel immersed in 0.80 M OH- + 0.09 

M HS-, and (E) and (F) show the Fe 2p3/2 and S 2p spectra, respectively, for steel immersed in 

0.80 M OH- + 0.45 M HS-. 
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Figure 5-7: Fe 2p3/2 and S 2p spectra obtained using XPS on steel specimens exposed to 

alkaline solutions with varying concentrations of HS- for 12 days. (A) and (B), show the Fe 

2p3/2 and S 2p spectra, respectively for steel immersed in 0.80 M OH- + 0.01 M HS-, (C) and 

(D) show the Fe 2p3/2 and S 2p spectra, respectively for steel immersed in 0.80 M OH- + 0.09 
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M HS-, and (E) and (F) show the Fe 2p3/2 and S 2p spectra, respectively, for steel immersed in 

0.80 M OH- + 0.45 M HS-. 

 

 

Figure 5-8: Fe 2p3/2 and S 2p spectra obtained using XPS on steel specimens exposed to 

alkaline solutions with varying concentrations of HS- for 28 days. (A) and (B), show the Fe 



145 

 

2p3/2 and S 2p spectra, respectively for steel immersed in 0.80 M OH- + 0.01 M HS-, (C) and 

(D) show the Fe 2p3/2 and S 2p spectra, respectively for steel immersed in 0.80 M OH- + 0.09 

M HS-, and (E) and (F) show the Fe 2p3/2 and S 2p spectra, respectively, for steel immersed in 

0.80 M OH- + 0.45 M HS-. 

 

5.3.2 Depassivation 

Based on the OCP and Rp of mild steel exposed to alkaline solutions containing sulfide (as 

shown in Figure 5-3 and Figure 5-4), one would likely interpret the data based on the guidelines 

by ASTM C876-15 [181] and recommendations by [183,213], and come to the conclusion that 

the increase in the HS- concentration in the electrolyte leads to an increased susceptibility (of 

the steel) to chloride-induced corrosion. However, it must be considered that these guidelines 

[181,183,213] are based particularly for PC based concretes and mortars, and more importantly 

are applicable when the electrochemical system does not contain any additional redox active 

species other than Fe2+. It is therefore very important to consider the influence of an additional 

redox active species (HS-) in the electrochemical system on the onset of chloride-induced 

corrosion (commonly described by the chloride threshold value), and this has been addressed 

in detail in the following sections. As mentioned in Section 5.2, the influence of HS- and 

exposure time on the chloride threshold value was investigated by exposing mild steel 

specimens to alkaline solutions (0.80 M OH-) with varying concentrations of HS- (0.001 M, 

0.01 M, 0.09 M and 0.45 M HS-) for 0, 5, 12 and 28 days, prior to electrochemical testing in a 

vacuum desiccator to avoid any interaction with air. After specific durations of exposure, 

electrochemical tests (OCP, LPR, anodic polarisation) were carried out on the steel specimens 

in freshly prepared electrolytes with the same composition of the exposure solution and varying 

chloride concentrations.   

Table 5-3 shows the chloride threshold values of mild steel exposed to alkaline sulfide 

containing solutions for various timescales. As in Chapter 4, the chloride threshold values were 

considered to be the concentration of chloride in the electrolyte that causes a sudden rise in the 

current density upon the anodic polarisation of mild steel from OCP to 1.00 V vs. OCP. As 

seen from Table 5-3, the chloride threshold values for mild steel are dependent on the time of 

exposure as well as the [HS-] in the exposure solution. In the case of mild steel being exposed 

to electrolytes containing 0.80 OH- + 0.001 M HS-, the chloride threshold value (in terms of 

the molar ratio [Cl-]/[OH-]) was observed to increase significantly from 0.70 at 0 days to values 
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> 3.50 (the maximum [Cl-]/[OH-] in the electrolyte considered in this study) with an increase 

in the duration of exposure. When the steel was exposed to electrolytes containing intermediate 

concentrations of HS- (0.01 M and 0.09 M), the chloride threshold values were found to vary 

as a function of time, and no apparent relationship between exposure time and chloride 

threshold value was observed. Interestingly and surprisingly, chloride-induced corrosion or 

pitting was not observed on mild steels exposed to electrolytes contained 0.45 M HS- with [Cl-

]/[OH-] as high as 4, and the exposure time had no influence on the chloride threshold value. 

These observations are not in line with the OCP and Rp values (shown in Figure 5-3 and Figure 

5-4) for steel in solutions containing 0.01 M, 0.09 M and 0.45 M HS- without chloride, as 

conventionally a lower OCP and Rp would indicate a higher susceptibility to corrosion.  

  

Table 5-3: Influence of [HS-] and exposure time on the chloride ‘threshold’ value of mild 

steel determined using anodic polarisation. The chloride threshold values are represented as 

the molar ratio [Cl-]/[OH-]. Cases where chloride-induced corrosion was not observed for 

electrolytes with [Cl-]/[OH-] = 3.5 have been classified as ‘No Pitting’. 

Exposure 

time 

0.80 M OH- + 

0.001 M HS- 

0.80 M OH- 

+ 0.01 M HS- 

1.12 M OH- 

+ 0.01 M HS- 

1.36 M OH- 

+ 0.01 M HS- 

0.80 M OH- 

+ 0.09 M HS- 

0.80 M OH- 

+ 0.45 M HS- 

0 days 0.7 2.5 2.7 2.8 3.1 No Pitting 

5 days No Pitting  3 2.9 3.1 3 No Pitting 

12 days No Pitting 2.8 2.3 2.8 3 No Pitting 

28 days No Pitting 2 2.2 2.6 3.2 No Pitting 

 

Figure 5-9 shows the OCP of mild steel as a function of the HS-, OH-, Cl- in the electrolyte 

and the time of exposure. In line with observations from Figure 5-3, the OCP was observed to 

decrease with an increase in the [HS-]/[OH-], primarily because of the reducing nature of HS-. 

However, the influence of Cl- on the OCP, as is commonly seen in alkaline solutions, was not 

observed in sulfide containing alkaline solutions. In electrolytes containing 0.45 M HS-, OCP 

measurements were found to be fairly constant in the range of -0.537 to -0.706 V, -0.546 to -

0.700 V, and -0.562 to -0.635 V, for solutions with 0.80 M, 1.12 M and 1.36 M OH- (for all 

chloride concentrations and exposure times), respectively. Similarly, in the case of electrolytes 
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with 0.01 M HS-, the OCP of mild steel was found to be fairly constant in the range of -0.396 

to -0.504 V, -0.454 to -0.613 V, and -0.478 to -0.527 V, for solutions with 0.80 M, 1.12 M and 

1.36 M OH- solutions (for all chloride concentrations and exposure times), respectively. In the 

case of solutions with 0.80 M OH- + 0.09 M HS-, the OCP ranged between -0.536 and -0.624 

V. All the OCP values mentioned in the above text are very similar to those observed for steel 

immersed in solutions without chloride, as shown in Figure 5-3, indicating that unlike the 

behaviour of steel in alkaline sulfide free solutions (as seen in Chapter 4) where the OCP was 

observed to exhibit a sudden decrease upon the chloride concentration in the electrolyte 

reaching a threshold value, the chloride concentration in sulfide containing alkaline solutions 

(as shown in Figure 5-9) has negligible influence on the OCP. This is particularly clear from 

the very similar OCP values of steel that exhibit chloride-induced pitting and are passive when 

the [HS-] in the electrolytes were 0.01 M and 0.09 M (shown by the transparent red region in 

Figure 5-9). Similar to observations made in Table 5-3, chloride-induced pitting was observed 

mostly in electrolytes with molar ratios [HS-]/[OH-] in the range of 0.007 and 0.1125, 

representing solutions with the compositions with 0.80 M + 0.01 M HS-, 1.12 M + 0.01 M HS-

, 1.36 M OH- + 0.01 M HS-, and 0.80 M OH- + 0.09 M HS-, and therefore [HS-]/[OH-] in the 

range of 0.007 and 0.1125 has been denoted as the region where the probability of steel 

undergoing chloride-induced pitting is highest among all the electrolytes considered in this 

study.  
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Figure 5-9: OCP of mild steel exposed to highly alkaline solutions (0.80 M, 1.12 M and 1.36 

M OH-), with varying concentrations of HS- (0.001 M, 0.01 M, 0.09 M and 0.45 M) and Cl- 

(0 - 4 in terms of [Cl-]/[OH-]), after 0, 5, 12 and 28 days exposure. The solid symbols denote 

the steel exhibiting no corrosion, whereas the hollow symbols indicate the steel undergoing 

stable/metastable chloride-induced pitting. The transparent red shaded area indicates the 

region in terms of [HS-]/[OH-], where the susceptibility to chloride-induced corrosion is 

highest. This region should not be associated with the OCP data on the y-axis as no apparent 

correlation between the steel in the passive state or actively corroding and the OCP was 

observed in sulfide containing solutions. 

 

Figure 5-10 shows the variation of Rp as a function of HS-, OH-, Cl- in the electrolyte and 

the time of exposure. Similar to the observations of OCP in Figure 5-9, the resistance to 

polarisation of the steel in alkaline sulfide solutions was found to be scattered irrespective of 

the concentrations of HS-, OH-, Cl- and duration of exposure and an apparent correlation 

between the different variables was not observed. Unlike the findings in Chapter 4 (in alkaline 
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sulfide free solutions), the Rp values did not exhibit a sudden drop when the chloride 

concentration in the electrolyte reach a threshold concentration.  

  

 

 

Figure 5-10: The resistance to polarisation (Rp), measured using LPR, of mild steel exposed 

to highly alkaline solutions (0.80 M, 1.12 M and 1.36 M OH-), with varying concentrations of 

HS- (0.001 M, 0.01 M, 0.09 M and 0.45 M) and Cl- (0 - 4 in terms of [Cl-]/[OH-]), after 0, 5, 

12 and 28 days exposure. The solid symbols denote the steel exhibiting no corrosion, whereas 

the hollow symbols indicate the steel undergoing stable/metastable chloride-induced pitting. 

 

Similar observations have been made by several authors for steel embedded in AAS and PC. 

Holloway and Sykes [265] studied the corrosion behaviour of steel in AAS mortars containing 

admixed chloride, and did not observe well-defined trends for either icorr and OCP as a function 

of the chloride concentration. The OCP values in AAS mortars with chloride concentrations as 
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high as 8 wt.% remained as low as those observed in mortars containing no chloride [265]. 

Similar observations were made by Criado et al. [284] for steel-reinforced AAS, where 

immersion of mortar specimens in alkaline solutions with and without chloride made no 

difference to the measured OCP values, which remained around -0.60 V vs Ag/AgCl. Higher 

apparent corrosion rates [116], higher icorr and lower Rp values [115,284], without any visual 

evidence of corrosion have also been reported for steel-reinforced AAS exposed to chloride 

solutions in comparison to those observed in PC. The observation of Rp and icorr being 

independent of the chloride concentration and whether the steel is in the passive and the active 

state, in this study as well as by other authors [115,116,265,283,284,289], indicate that under 

reducing conditions (due to the presence of HS- in the electrolyte) measured values of Rp and 

icorr are highly likely to be related to the aqueous chemistry of the electrolyte at the steel-

solution interface, not necessarily the actual corrosion resistance of the steel. In particular, these 

values correspond mainly to the oxidation of the HS- species in the electrolyte (and not to the 

oxidation/reduction couple of Fe/Fe2+), which takes place because of the potential imposed in 

the electrochemical test procedure used to determine these parameters.  

This has been confirmed by the anodic polarisation behaviour of steel in alkaline sulfide 

containing solutions shown in Figure 5-5, where the anodic polarisation curves were 

characterised by a continuous increase in the current density upon an increase in the potential 

in anodic direction from the OCP. As mentioned in Sections 5.3.1.1 and 5.3.1.2, this rise in the 

current density is primarily because the HS- in the electrolyte, due to its high polarizability, 

become the anode and oxidises upon anodic polarisation, instead of the conventionally 

observed Fe as the anode. This phenomenon is analogous to the action of some bacteria that 

are capable of depleting the oxygen content in the electrolyte and create a highly reducing 

environment around the metal [290,291]. This leads to the suppression of the cathodic 

reduction of oxygen and a slowdown in the dissolution of metal ions; and in such systems the 

bacteria act as the anode [292].  

From the results shown in Figure 5-9, and Figure 5-10 and those observed by 

[115,116,265,283,284,289], it is evident that in HS- containing alkaline solutions the 

mechanisms of chloride-induced corrosion in alkaline solutions containing HS- are much 

complex than those in sulfide free solutions, and the OCP measurements, or Rp values measured 

through LPR or icorr calculated from the modified Stern-Geary equation (Eq. 3.5, Chapter 3), 

do not, in any case, give information about whether the steel is in the passive state or is actively 

undergoing chloride-induced pitting.    
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As shown by Scott and Alexander [255], an increase in the concentration of reduced sulfur 

in the electrolyte leads to a reduction in the amount of dissolved oxygen at the steel-solution 

interface and consequentially a reduction in the OCP (confirmed in Figure 5-3). The presence 

of HS- in the electrolyte would therefore, inhibit or suppress the cathodic reduction of oxygen, 

leading to inhibition or retardation of the development of a passive film based on a complex 

assemblages of iron oxides, as conventionally observed in sulfide free alkaline solutions 

(shown in Sections 5.3.1.1 and 5.3.1.3). As shown in Figure 5-1, the presence of HS- in the 

electrolyte forms a different ‘surface’ film consisting of a Fe-S complex. As mentioned in 

Chapter 2, the process of chloride-induced corrosion of steel or any metal is governed by two 

half-cell reactions (or the formation of a macro-cell), where the anodic reaction proceeds by 

the oxidation of Fe and the cathodic reaction is described the cathodic reduction of oxygen. 

Hence, the suppression of the cathodic reaction due to highly reducing conditions prevailing in 

HS- containing solutions prevents the formation of macro-cell on the surface of the steel, and 

would restrict the onset of chloride induced corrosion. The inhibition of macro-cell formation 

is highly dependent on the concentration of HS- in the electrolyte, and this is evident from the 

results shown above, where, for a given concentration of chloride, the susceptibility to chloride-

induced corrosion is the highest when the molar ratio of [HS-]/[OH-] in the electrolyte is 

between 0.007 and 0.1125 (mildly reducing), and the lowest for electrolytes with molar ratios 

of [HS-]/[OH-] ≥ 0.33 (highly reducing).  

Based on the works of [78,81,202], it would be reasonable to assume the mildly reducing 

electrolytes (molar ratio of [HS-]/[OH-] between 0.007 and 0.1125) considered in this study to 

be representative of pore solutions of PC-slag blends/alkali-activated fly ash-slag blends, and 

highly reducing electrolytes (molar ratios of [HS-]/[OH-] ≥ 0.33) considered in this study to be 

representative of the pore solutions of AAS. The results shown in this chapter elucidate that 

the highly reducing nature of HS- in the pore solutions of AAS does not allow the steel to 

passivate in the conventional way, but also prevents the steel from undergoing chloride-induced 

pitting by suppressing the formation of a macro-cell. However, in the case of PC-slag blends/ 

alkali-activated fly ash-slag blends, the onset of pitting is much likely to occur when compared 

to AAS, due to the imperfect passivation capability of the binder as well as the ability of the 

system to sustain the cathodic reaction of oxygen reduction, leading to the formation of a 

macro-cell. Similar observations have been reported by various authors [255,264], indicating 

a higher susceptibility of steel to chloride-induced corrosion for binders with mildly reducing 

pore solutions when compared to binders with highly oxidising or highly reducing pore 

solutions. This indicates that the onset of chloride-induced corrosion in AAS is highly 
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dependent on the availability of dissolved oxygen at the steel-concrete interface, and the 

likelihood that the binder resists the onset chloride-induced pitting is directly proportional to 

the concentration of dissolved HS- in the pore solutions of AAS and the ability of the binder to 

sustain the reducing environment at the steel-concrete interface (or the diffusion coefficient of 

oxygen). 

 

5.4 Conclusions 

The presence of HS- in alkaline electrolytes alters not only the passivation behaviour of mild 

steel but also the mechanism of chloride-induced corrosion. By means of cyclic voltammetry, 

it has been shown that the in alkaline solutions containing sulfide, the competitive adsorption 

of [OH-] and [HS-] inhibits and retards the formation of a passive film composed of iron oxides, 

and instead forms an Fe-S complex, and in these solutions the mechanism of forming a surface 

film can be described as: 

Fe + OH- + HS- → Fe(OH)ads + Fe(HS)ads → Fe(OH)+
ads + 

Fe(HS)+
ads → Fe(OH)2 + Fe(HS)2,ads → hydrated FeOOH and Fe-S 

complex. 

The likelihood of precipitating a hydrated FeOOH layer is high when the concentration of HS- 

in the electrolyte is ≤ 0.01 M. In the case of solutions containing [HS-] ≥ 0.09 M, the surface 

film is characterised by a stable Fe-S complex. This was confirmed by the Fe 2p3/2 and S 2p 

spectra obtained using XPS for steel immersed in alkaline sulfide containing solutions. 

Therefore, passivation in these electrolytes strongly depends on the availability of dissolved 

oxygen at the steel-solution interface. 

Based on the measured values of OCP, Rp and anodic polarisation chloride induced 

corrosion was observed to occur only for steel exposed to solutions with [HS-]/[OH-] between 

0.007 and 0.1125, representative of pore solutions of binders based on PC-slag blends/alkali-

activated fly ashes/slag blends. In solutions representative of the pore solutions of AAS with 

[HS-]/[OH-] ≥ 0.33, chloride-induced corrosion was not evidenced. This was suggested to be 

due to the highly reducing environments created by the HS- at the steel-solution interface and 

the restriction of the cathodic reaction, thereby inhibiting the formation of macro-cell to initiate 

pitting. Based on the XPS results for steel exposed to alkaline sulfide solutions without 

electrolytes and the OCP values measured for steel in chloride containing alkaline sulfide 



153 

 

solutions, it would be incorrect to say that under such reducing environments the deposition of 

elemental sulfur is responsible for the inhibition of chloride-induced corrosion.  

Additionally, it has been shown that in pore solutions of AAS, the onset of chloride induced 

corrosion cannot be easily detected by the behaviour of the Rp or icorr, as they tend to be highly 

influenced by the high affinity of the HS- in the solution to lose electrons upon the application 

of a potential. Additionally, no apparent correlation between the concentration of chloride ions 

in the solution and the OCP was observed. Therefore, interpreting electrochemical data 

obtained for electrochemical systems containing a highly redox active species of HS- based on 

the guidelines by ASTM C876-15 [181] and recommendations by [183,213] (that are valid 

only when Fe is the redox active species), would lead to misleading conclusions regarding 

whether the steel is in the passive or the active state.   
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Chapter 6: Developing a framework to 

model chloride ingress in alkali-activated 

slags 
 

 

Note: This chapter is primarily based on: Shishir Mundra, Dale P. Prentice, Susan A. Bernal, 

John L. Provis. ‘Developing a framework to model chloride ingress in alkali-activated slags’ 

(under preparation). The framework to estimate the transport of chloride was modelled by 

Shishir Mundra. The ‘GEMS calculated database’ used within the MATLAB framework was 

provided by Dale P. Prentice.  

6.1 Introduction 

Figure 6-1 revisits (from Chapter 2, Section 2.2.3) the classical service life model for steel 

reinforced concrete structures in the presence of chlorides as proposed by Tuutti [14]. The 

model can be broadly categorised into the transport process (initiation phase), which is 

primarily a function of the chemistry of the hydration products and their ability to bind chloride 

ions, the pore structure of the cement matrix, the pore solution chemistry and its ionic strength; 

and the breakdown of steel passivity (onset of corrosion), which is governed by the local 

characteristics of the steel-concrete interface (SCI) – pore solution chemistry and its pH, the 

chloride concentration and the chemical composition of the steel surface. The time between the 

onset of corrosion and the end of serviceability (propagation phase) is determined by the ability 

of the local characteristics of the SCI to sustain stable pit growth and a reduction in the cross 

section of the steel reinforcement. The term ‘acceptable level of deterioration’ (as seen in 

Figure 6-1) characterising the duration of the propagation phase is not a constant, but is 

dissimilar for different application scenarios and depends on various parameters such as the 

load the corroding structure is subjected to, the criticality of the corroding concrete member, 

the location of the corroding structure, among others.   
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Figure 6-1 The service life model of a reinforced concrete structure based on the model 

proposed by Tuutti [14]. Adapted from [54]. 

In the case of Portland cement (PC) based steel-reinforced concretes, a significant amount 

of research has been carried out to gain an understanding of the initiation phase, the onset of 

corrosion and the propagation phase. However, some critical questions regarding the onset of 

corrosion in PC based systems remain unanswered, particularly those pertaining to the 

influence of the SCI [54].  

Alkali-activated slags (AAS) are a much less understood system in comparison to PC, and 

there remains significant uncertainty regarding the long-term performance of AAS when used 

in steel-reinforced concrete structures. The initiation phase, or the time taken for chloride 

ingress through AAS cover, has been observed in some instances to be notably longer than in 

PC based systems, and this has been attributed to the denser microstructures, the higher 

chloride binding capacity and the higher ionic strength of the pore solutions in AAS 

[114,116,293]. The extent of chloride binding in AAS has been found to be highly dependent 

on the chemical composition of slag used, the phase assemblage and the alkalinity of the pore 

solution [125]. The pore solution chemistry in the bulk and at the SCI in AAS is different from 

in PC, and the pore solution is highly reducing due to the reducing nature of the slag. The 

presence of reduced sulfur species in the pore solution of AAS has been observed to alter the 

passivation capability and the surface chemistry of the steel reinforcement (shown in Chapter 

5) from those encountered in PC based concretes. The breakdown of passivity and the 

subsequent propagation of steel corrosion in concrete structures has been associated with the 
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chloride ‘threshold’ value [99] and as is the case for PC, the available data on the chloride 

‘threshold’ value for AAS are very scattered, which makes it very difficult to assertively draw 

conclusions regarding their likely duration of serviceability.  

The various parameters pertaining to the initiation, onset of corrosion and propagation 

phases are highly convoluted and inter-dependent. Therefore, any service life model needs to 

consider the influence of concrete cover on the transport processes as well as the conditions 

prevailing at the SCI for corrosion to initiate and propagate. This study attempts to provide a 

framework that accounts for both of the above discussed points through thermodynamic 

simulations and numerical modelling.  

6.2 Developing a modelling framework 

A MATLAB script was created to develop a framework to model the ingress of chloride in 

AAS based concretes. The MATLAB script incorporates the thermodynamic data generated 

for various chemistries of slags and activators (discussed in detail in Section 2.1), the transport 

and chloride binding properties of AAS (discussed in detail in Section 2.2) and then calculates 

the chloride profiles for a particular AAS concrete for the first 70 years. The script works from 

input data provided by the user regarding the composition of the slag and the activator of 

interest, concentration of the exposure solution, and the concrete cover depth. To investigate 

the application of the proposed model, several slag compositions were selected from the 

literature [253,293] and are shown in Table 6-1.  
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Table 6-1: The chemical composition of various slags considered in this study, expressed as 

wt. % of oxides. Data for M01, M05, M06, and M14 were obtained from [293], and that of 

M08, M11, and M13 were obtained from [253]. 

 M01 M05 M06 M08 M11 M13 M14 

CaO 42.9 42.3 41.3 35.8 34.6 33.4 33.9 

SiO2 31.6 32.3 36 38.2 37.1 36.4 37.4 

Al2O3 14.6 13.3 11.3 12 11.5 11.3 9 

Fe2O3 1.1 0.6 0.3 1.6 1.8 1.4 0.4 

MgO 1.2 5.2 6.5 7.7 10.5 13.2 14.3 

Na2O 0.2 0 0.3 0.41 0.4 0.52 0.4 

K2O 0.3 0.3 0.4 1.2 1.1 1 0.5 

MnO 0.3 0.2 0.3 1.5 1.5 1.4 1 

SO3 2 2.9 0.7 1.4 1.2 0.36 0.7 

6.2.1 Chemistry of the concrete cover 

Thermodynamic modelling simulations conducted in this study for slags activated using 

various activators (NaOH, Na2SiO3, Na2O∙2SiO2, Na2CO3 and Na2SO4) follow very similar 

procedures to those described by Myers et al. [80,81,220]. To set up a look-up database for use 

in further simulations, the masses and volumes of each stable solid phase and the chemical 

compositions of the aqueous solutions simulated by GEMS were tabulated and stored in 

MATLAB (referred as ‘GEMS calculated database’ hereafter) for a large number of slag 

compositions, to be used later for calculating the total chloride binding capacity of the binder 

and evaluating the ingress of chloride through concretes made out of these binders. 

Additionally, the properties of the modelled C-(N-)A-S-H gel such as, chemistry, density and 

molar volume are also included in the dataset. The full modelled dataset is presented in the 

electronic copy as an excel file called ‘Gems calculated database.xlsx’. 

To estimate the chemistry of the concrete cover for a given slag composition and activator, 

the MATLAB script developed in this study works on user defined input parameters. The 

MATLAB script calculates the molar fraction of each of the oxide species present in the slag 

inputted by the user, and normalises the molar fractions of CaO, MgO and Al2O3 ensuring CaO 
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+ MgO + Al2O3 = 1. This information is then used to find an appropriate hydrate phase 

assemblage in the calculated database. 

To ensure that the range of chemistries studied here span those that are relevant to AAS, the 

SiO2 contents within the simulated slags were fixed at 30 and 40 wt.%, and SO3 was fixed at 2 

wt.%. However, the sulfur in the slag was represented as sulfide; the SO3 contained within each 

slag was actually specified as S2- (0.025 mol/kg of slag) and H+ (0.05 mol/kg of slag). The 

minor species Na, K and Mn were neglected, and given the passive nature of Fe within slags 

[294], Fe was excluded from the simulations and the remaining species were specified within 

the pseudo-ternary system CaO-Al2O3-MgO. For fixed quantities of SiO2 and SO3, the molar 

quantities of CaO, Al2O3, and MgO were calculated and normalised to ensure CaO + Al2O3 + 

MgO = 1, and only chemistries relevant to AAS with 0.5 ≤ CaO ≤ 1, 0 ≤ Al2O3 ≤ 0.5, and 0 ≤ 

MgO ≤ 0.5 (molar basis) were considered in the simulation. The step size for each of the 

normalised molar quantities of CaO, MgO and Al2O3 was fixed at 0.02. The simulations were 

carried out using 100 g slag and the extent of reaction was varied from 10 to 60 % with a step 

size of 5 % to ensure coverage of early age and long-term characteristics of AAS. Unreacted 

slag at each extent of reaction was simply considered to be ‘inert’ and so was not included in 

the Gibbs energy minimisation protocol. The w/b ratio (water/solids + anhydrous components 

of activator) was fixed at 0.4, and is typical of AAS. The dosage of the activator was set to 8 g 

activator/100 g slag for Na2CO3 and Na2SO4 activated slags [80,295], 4.75 g activator/100 g 

slag for NaOH activated slags [296], 10.24 g activator/100 g slag for Na2SiO3 (modulus: 

SiO2/Na2O molar ratio = 1.00) activated slags [178], and 13.4 g activator/100 g slag for 

Na2O∙2SiO2 (modulus: SiO2/Na2O molar ratio = 2) activated slags [296]. The activator doses 

for NaOH, Na2SiO3 and Na2O∙2SiO2 activated slags are slightly higher than those used in the 

literature. A predominantly N2 (g) atmosphere was used for the simulations to provide an 

oxygen-depleted environment to prevent sulfur oxidation, representing undamaged concrete.  

Simulations were carried out through the Gibbs energy minimisation software GEM-Selektor 

version 3.2 [216,297] (http://gems.web.psi.ch/), using the CEMDATA14 database [298], with 

the addition of the CNASH_ss model to describe C-(N-)A-S-H chemistry, from ref. [81] 

Thermodynamic data for solid phases used in this study are listed in Table 6-2, and Table 6-3 

and Table 6-4 represent the aqueous species/complexes and gases considered here. The 

aqueous and gas phase models were represented by the Truesdell-Jones version of the extended 

Debye-Hückel equation (Eq. 6.1) and the ideal gas equation of state, respectively. 

𝑙𝑜𝑔10(𝛾𝑗) =
−𝐴𝛾𝑧𝑗

2√𝐼

1+�̇�𝐵𝛾√𝐼
+ 𝑏𝛾𝐼 + 𝑙𝑜𝑔10

𝑥𝑗𝑤

𝑋𝑤
      (Eq. 6.1) 
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where, γj and zj are the activity coefficient and the charge of the jth aqueous species, 

respectively, I is the ionic strength of the aqueous phase, Aγ (kg0.5mol-0.5) and Bγ (kg0.5mol-

0.5cm-1) are electrostatic parameters that depend on the temperature and pressure, and xjw (mol) 

and Xw (mol) are the molar quantities of water and total aqueous phase, respectively. The 

average ionic radius (ȧ, Ȧ) and the parameter for short-range interactions of charged species 

(bγ, kg/mol) were specified according to [299], and set to 3.31 and 0.098 kg/mol respectively, 

thereby representing NaOH-dominated solutions.  

 

Table 6-2: Thermodynamic properties of solid phases at 298.15 K and 1 bar. Cement 

chemistry notation is used: C = CaO; S = SiO2; A = Al2O3; H = H2O; N = Na2O; M = MgO; c 

= CO2; s = SO3. 

Phases V° 

(cm3/mol) 

ΔHf° 

(kJ/mol) 

ΔGf° 

(kJ/mol) 

S°  

(J/mol·K) 

Cp° 

(J/mol·K) 
Reference 

AH3 (microcrystalline) 32.0 −1265 −1148 140 93.1 [300] 

Portlandite, CH 33.1 −985 −897 83.4 87.5 [301] 

SiO2 (amorphous) 29.0 −903 −849 41.3 44.5 [215,302] 

C2AH8 90.1 −5278 −4696 450 521 [300] 

Katoite, (C3AH6) 150 −5537 −5008 422 446 [300] 

C4AH19 382 −1002 −8750 1120 1382 [300] 

CAH10 194 −5288 −4623 610 668 [300] 

Strätlingite, C2ASH8 216 −6360 −5705 546 603 [218] 

Calcium monocarboaluminate 

hydrate, C4AcH11 
262 −8250 −7337 657 881 [218] 

Calcium hemicarboaluminate 

hydrate, C4Ac0.5H12 
285 −8270 −7336 713 906 [218] 

Calcium tricarboaluminate 

hydrate, C6Ac3H32 
650 −16792 −14566 1858 2121 [218] 

Ettringite, C6As3H32 707 −17535 −15206 1900 2174 [303] 

Gypsum, CsH2 74.7 −2023 −1798 194 186 [304,305] 

Anhydrite, Cs 45.9 −1435 −1322 107 99.6 [304,305] 
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Lime, C 16.8 −635 −604 39.7 42.8 [302] 

Brucite, MH 24.6 −923 −832 63.1 77.3 
[302,304,3

05] 

MA-c-LDH, M4AcH9 220 −7374 −6580 551 647 [303] 

C–(N–)A–S–H gel ideal solid solution end-members, ‘CNASH_ss’ [81] 

5CA, C1.25A0.125S1H1.625 57.3 −2491 −2293 163 177 [81] 

INFCA, C1A0.15625S1.1875H1.65625 59.3 −2551 −2343 154 181 [81] 

5CNA, C1.25N0.25A0.125S1H1.375 64.5 −2569 −2382 195 176 [81] 

INFCNA, 

C1N0.34375A0.15625S1.1875H1.3125 
69.3 −2667 −2474 198 180 [81] 

INFCN, C1N0.3125S1.5H1.1875 71.1 −2642 −2452 186 184 [81] 

T2C∗, C1.5S1H2.5
a 80.6 −2721 −2465 167 237 [81] 

T5C∗, C1.25S1.25H2.5
a 79.3 −2780 −2517 160 234 [81] 

TobH∗, C1S1.5H2.5
a 85.0 −2831 −2560 153 231 [81] 

Calcium monosulfoaluminate–hydroxoaluminate hydrate non-ideal solid solution [218] 

Calcium monosulfoaluminate 

hydrate, C4AsH12 
309 −8750 −7779 821 942 [218] 

C4AH13 274 −8300 −7324 700 930 [300] 

MA-OH-LDH ideal solid solution end-members, ‘MA-OH-LDH_ss’ [220] 

M4AH10 219 −7160 −6358 549 648 [306,307] 

M6AH12 305 −9007 −8023 675 803 [220] 

M8AH14 392 −10853 −9687 801 958 [220] 

Carbonates 

Aragonite, Cc 34.2 −1207 −1128 90.2 81.3 [304,305] 

Calcite, Cc 36.9 −1207 −1129 92.7 81.9 [304,305] 

Magnesite, Mc 28.0 −1113 −1029 65.7 75.8 [304,305] 

Zeolites 

Natrolite, 

Na0.4Al0.4Si0.6O2∙0.4H2O 
33.8b −1144 −1063 71.9 60.4 [308] 
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Ca-heulandite, 

Ca0.111Al0.222Si0.778O2∙0.667H2O 
35.2b −1179 −1090 87.1 82.9 [309] 

aThe asterisks for the T2C*, T5C*, and TobH* end-members indicate that these components have slightly modified 

thermodynamic properties [81] but the same chemical compositions as the T2C, T5C and TobH end-members of 

the original downscaled CSH3T thermodynamic model [310].  

 bMolar volumes were taken from Myers et al. [220]. 

 

The thermodynamic dataset for solid phases (as indicated in Table 6-2) considered in this study 

include the ideal solid solutions end member models of C-(N-)A-S-H_ss [81] and MA-OH-

LDH_ss [220]. In addition, zeolites such as natrolite (Na0.4Al0.4Si0.6O2∙0.4H2O) and Ca-

heulandite (Ca0.111Al0.222Si0.778O2∙0.667H2O) have been considered in the thermodynamic 

simulations and are consistent with experimentally determined phase assemblages in AAS. All 

other zeolites mentioned in [220] were supressed as they were not observed in initial trial 

simulations. It must be noted that the additional end-member models and the zeolites created 

in [220] have not been thoroughly assessed to be compatible with the CEMDATA14 database 

used in this study. Regions of phase transition where these phases are dominant may be less 

reliable than phases identified in the CEMDATA14 database, as was explained in [220].  

 

Table 6-3: Thermodynamic properties of the aqueous species used in the thermodynamic 

simulations. The hydration reactions shown in parentheses indicate hydrated 

species/complexes represented by the simulated aqueous species/complexes. 

Species/complex* 
V° 

(cm3/mol) 

ΔHf° 

(kJ/mol) 

ΔGf° 

(kJ/mol) 

S°  

(J/mol·K) 

Cp° 

(J/mol·K) 
Reference 

Al3+ −45.2 −530.6 −483.7 −325.1 −128.7 [311] 

AlO+ (+ H2O = Al(OH)2
+) 0.3 −713.6 −660.4 −113 −125.1 [311] 

AlO2
− (+ 2H2O = Al(OH)4

−) 9.5 −925.6 −827.5 −30.2 −49 [311] 

AlOOHo (+ 2H2O = Al(OH)3
o) 13 −947.1 −864.3 20.9 −209.2 [311] 

AlOH2+ −2.7 −767.3 −692.6 −184.9 56 [311] 

AlHSiO3
2+ (+ 

H2O = AlSiO(OH)3
2+) 

−40.7 −1718 −1541 −304.2 −215.9 [218] 
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AlSiO5
3− (+ 

2H2O = AlSiO3(OH)4
3−) 

-43.6 -2014.2 -1769 -66.3 -292.2 [304,305] 

AlSO4
+ −6.0 −1423 −1250 −172.4 −204.0 [218] 

Al(SO4)2
− 31.1 −2338 −2006 −135.5 −268.4 [218] 

Ca2+ −18.4 −543.1 −552.8 −56.5 −30.9 [311] 

CaOH+ 5.8 −751.6 −717 28 6 [311] 

CaHSiO3
+ (+ 

H2O = CaSiO(OH)3
+) 

−6.7 −1687 −1574 −8.3 137.8 [312] 

CaSiO3
o (+ H2O = CaSiO2(OH)2

o) 15.7 −1668 −1518 −136.7 88.9 [218] 

CaSO4
o 4.7 −1448 −1310 20.9 −104.6 [312] 

CaCO3
o −1.6 −1202 −1099 10.5 −123.9 [312] 

CaHCO3
+ 13.3 −1232 −1146 66.9 233.7 [304,305] 

Na+ −1.2 −240.3 −261.9 58.4 38.1 [311] 

NaOHo 3.5 −470.1 −418.1 44.8 −13.4 [311] 

NaSO4
− 18.6 −1147 −1010 101.8 −30.1 [218] 

NaCO3
− −0.4 −938.6 −797.1 −44.3 −51.3 [304,305] 

NaHCO3
o 32.3 −929.5 −847.4 154.7 200.3 [304,305] 

HSiO3
− (+ H2O = SiO(OH)3

−) 4.5 −1145 −1014 20.9 −87.2 [312] 

SiO2
o (+ 2H2O = Si(OH)4

o) 16.1 −887.9 −833.4 41.3 44.5 [215,313] 

SiO3
2− (+ H2O = SiO2(OH)2

2−) 34.1 −1099 −938.5 −80.2 119.8 [218] 

S2O3
2− 27.6 −649.9 −520.0 66.9 −238.5 [311] 

HSO3
− 33.0 −627.7 −529.1 139.7 −5.4 [311] 

SO3
2− −4.1 −636.9 −487.9 −29.3 −281.0 [311] 

HSO4
− 34.8 −889.2 −755.8 125.5 22.7 [311] 

SO4
2− 12.9 −909.7 −744.5 18.8 −266.1 [311] 

H2So 35.0 −39.0 −27.9 125.5 179.2 [311] 

HS− 20.2 −16.2 12.0 68.2 −93.9 [311] 

S2− 20.2 92.2 120.4 68.2 −93.9 [311] 

Mg2+ −22.0 −465.9 −454.0 −138.1 −21.7 [311] 

https://www.sciencedirect.com/science/article/pii/S0883292715001511#b0200
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MgOH+ 1.6 −690.0 −625.9 −79.9 129.2 [311] 

MgHSiO3
+ (+ 

H2O = MgSiO(OH)3
+) 

−10.9 −1614 −1477 −99.5 158.6 [311] 

MgSO4
o 1.8 −1369 −1212 −50.9 −90.3 

[304,305,3

11] 

MgSiO3
o (+ 

H2O = MgSiO2(OH)2
o) 

12.1 −1597 −1425 −218.3 98.2 [304,305] 

MgCO3
o −16.7 −1132 −999.0 −100.4 −116.5 

[304,305,3

12] 

MgHCO3
+ 9.3 −1154.0 −1047 −12.6 254.4 [304,305] 

CO2
o 32.8 −413.8 −386.0 117.6 243.1 

[304,305,3

13] 

CO3
2− −6.1 −675.3 −528.0 −50.0 −289.3 [311] 

HCO3
− 24.2 −690.0 −586.9 98.5 −34.8 [311] 

CH4
o 37.4 −87.8 −34.4 87.8 277.3 

[304,305,3

14] 

OH− −4.7 −230 −157.3 −10.7 −136.3 [311] 

H+ 0 0 0 0 0 [311] 

H2Oo 18.1 −285.9 −237.2 69.9 75.4 [315] 

H2
o 25.3 −4.0 17.7 57.7 166.9 

[304,305,3

13] 

N2
o 33.4 −10.4 18.2 95.8 234.2 [313] 

O2
o 30.5 −12.2 16.4 109 234.1 [313] 

*Note that nitrogen containing aqueous species were not included in the simulations. This was done to ensure that N2 

(g) remained in the gaseous state.  

Table 6-4: Thermodynamic properties of the gases used in the thermodynamic simulations 

Gases* 
V° 

(cm3/mol) 

ΔHf° 

(kJ/mol) 

ΔGf° 

(kJ/mol) 

S°  

(J/mol·K) 

Cp° 

(J/mol·K) 
Reference 

N2 24790 0 0 191.6 29.1 [316] 

O2 24790 0 0 205.1 29.3 [316] 

H2 24790 0 0 130.7 28.8 [316] 
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CO2 24790 −393.5 −394.4 213.7 37.1 [316] 

CH4 24790 −74.8 −50.7 186.2 35.7 [316] 

H2S 24790 −20.6 −33.8 205.8 34.2 [316] 

*H2O (g) was omitted from the simulations 

 

As mentioned earlier, thermodynamic simulations were conducted for slags either containing 

30 wt. % or 40 wt. % SiO2, and the MATLAB input script selects the type of slag to use from 

the database, initially based on the bulk SiO2 content and the activator type inputted by the 

user. Therefore, slags with composition ≥ 35 wt. % SiO2 were assumed to have similar 

chemistry to the database entries with 40 wt. % SiO2, and slags with < 35 wt. % SiO2 were 

assumed to be similar to those containing 30 wt. % SiO2. Based on the molar fractions of CaO, 

MgO and Al2O3, the SiO2 content and the activator, the MATLAB script pulls out data for the 

hydrate phase assemblage from the tabulated ‘GEMS calculated database’ at the selected 

degree of hydration. The SO3 content of the slag and the w/b ratio used to formulate AAS were 

kept constant, as mentioned above. Figure 6-2 shows the process described above to estimate 

the chemistry of the concrete cover.  
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Figure 6-2: A schematic of the working of the MATLAB script developed to estimate the 

chemistry of the concrete cover based on user defined input parameters pertaining to the 

chemical composition of the precursors (slag and activator). 

 

6.2.2 Chloride binding and diffusion 

The transport of chloride within the concrete cover is not a simple phenomenon but under 

saturated conditions is primarily driven by diffusion (under the influence of concentration 

gradients), as stated in Chapter 2. This study is based solely on the diffusion of chloride through 

concrete cover, and hence other forms of transport such as migration and capillary suction are 
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not considered. Under saturated conditions, the transport of chloride ions [317] can be assumed 

to occur via the total evaporable water (we - dimensionless) in the concrete (considered to be 

the volume of water in the pore solution of the concrete), and so the flux (JCl in kg/m2·s) of 

chloride ions through the concrete cover of depth x can be described by Fick’s first law (Eq. 

6.2):  

𝐽𝐶𝑙 = −𝐷𝐶𝑙
∗ 𝜕𝐶𝑓

𝜕𝑥
= −𝐷𝐶𝑙 ∙ 𝑤𝑒 ∙

𝜕𝐶𝑓

𝜕𝑥
       (Eq. 6.2) 

where DCl (m2/s) is the effective diffusion coefficient when the chloride concentration is 

expressed in terms of kg/m3 of concrete, and DCl
* (m2/s) is the effective diffusion coefficient 

when the chloride concentration is expressed as kg/m3 of pore solution. The free chloride 

concentration is represented by Cf (kg/m3) and the negative sign is indicating the difference 

between the direction of the concentration gradient and the direction of transport. By applying 

mass conservation in saturated concrete, and substituting Eq. 6.2 into Eq. 6.3, the change in the 

total chloride concentration (Ct in kg/m3 of concrete) with respect to time (t) can be expressed 

as a function of the change in free chloride concentration as a function of the distance within 

the concrete cover, and is articulated as Fick’s second law (Eq. 6.4) – similar to the form of Eq. 

2.13 [318]:  

𝜕𝐶𝑡

𝜕𝑡
= −

𝜕𝐽𝐶𝑙

𝜕𝑥
          (Eq. 6.3) 

𝜕𝐶𝑡

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷𝐶𝑙 ∙ 𝑤𝑒 ∙

𝜕𝐶𝑓

𝜕𝑥
) = 𝐷𝐶𝑙 ∙ 𝑤𝑒 ∙

𝜕2𝐶𝑓

𝜕𝑥2       (Eq. 6.4) 

The total chloride concentration can be expressed as a function of the free chloride 

concentration, bound chloride (Cb) and the total evaporable water as (Eq. 6.5) [319]: 

𝐶𝑡 = 𝐶𝑏 + 𝑤𝑒𝐶𝑓         (Eq. 6.5) 

Substitution of Eq. 6.5 into Eq. 6.4 allows consideration of the influence of chloride binding 

on the diffusion of free chloride ions within the concrete matrix, and the modified equation for 

Fick’s second law can be expressed as (Eq. 6.6):  

𝜕𝐶𝑓

𝜕𝑡
= 𝐷𝑎𝑝𝑝,𝐶𝑙 ∙

𝜕2𝐶𝑓

𝜕𝑥2
         (Eq. 6.6) 

and,  

𝐷𝑎𝑝𝑝,𝐶𝑙 =
𝐷𝐶𝑙

1+
1

𝑤𝑒
∙
𝜕𝐶𝑏
𝜕𝐶𝑓

         (Eq. 6.7) 
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where Dapp,Cl is the apparent chloride diffusion coefficient (m2/s) and ∂Cb/∂Cf is the chloride 

binding capacity of the binder in the concrete cover [317]. As highlighted in Eq. 6.7, Dapp,Cl 

can thus be described (shown in Figure 6-3) as function of the chloride binding capacity of the 

binder within the concrete cover. The chloride binding capacity of the binder is dependent on 

the hydrate phase assemblage, which in turn is a function of the chemistry of the precursors; 

and in the case of AAS, the precursors are slag and the activating solution. The evolution of 

pore structure (pore geometry, tortuosity, pore connectivity) of the concrete cover as a function 

of the hydration time can also have a significant influence on Dapp,Cl, but falls out of the scope 

of this study.  

 

 

Figure 6-3: A simple schematic of the factors influencing the effective chloride diffusion 

coefficient in concrete under saturated conditions.   

 

The extent of chloride binding for a particular binder can be described as a function of free 

chloride concentration (via relationships called ‘chloride binding isotherms’ when determined 

at a given temperature) and has been expressed by means of non-linear adsorption isotherms 

such as the Langmuir  [318] and Freundlich isotherms (Eq. 8) [317,320]. Tang and Nilsson 

[319] observed that the use of Langmuir adsorption isotherm was only valid for free chloride 

concentrations less than 0.05 M (representing the formation of a monolayer at such low 

concentrations), however, for free chloride concentrations greater than 0.01 M, the use of a 

Freundlich isotherm would be more appropriate [319]. This is primarily due to the observation 

of binders exhibiting a binding capacity at high free chloride concentrations and the adsorption 

mechanism being more complex than the formation of a single monolayer [319]. Therefore, 

the Freundlich adsorption isotherm was used to fit experimental data [293] in this study, and 

to quantify the binding capacity and apparent chloride diffusion coefficient of AAS (Eq. 6.8, 

Eq. 6.9 and Eq. 6.10); this is revisited later.  
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𝐶𝑏 = 𝛼𝐶𝑓
𝛽

          (Eq. 6.8) 

𝜕𝐶𝑏

𝜕𝐶𝑓
= 𝛼𝛽𝐶𝑓

𝛽−1
          (Eq. 6.9) 

where, α and β are empirical constants and their values depend on the chemistry of the binder. 

On substituting Eq. 6.9 into Eq. 6.7,  

𝐷𝑎𝑝𝑝,𝐶𝑙 =
𝐷𝐶𝑙

1+
1

𝑤𝑒
∙𝛼𝛽𝐶𝑓

𝛽−1         (Eq. 6.10) 

Both long- and short-term tests have been used to quantify chloride ingress within concrete 

structures, however, one of the most accepted methods is the accelerated test called NT Build 

492 [321] or the rapid chloride migration (RCM) test, developed by Tang [322]. The RCM test 

is a short-term test and gives the value of non-steady state migration coefficient (Dnssm or DRCM) 

and details of the test can be found in [321,322]. The DuraCrete guidelines [323,324] use DRCM 

(t) (defined as Da (t) in Eq. 3.7) as an input parameter to define the service life of concrete 

structures, and this therefore should be equivalent to Dapp,Cl values obtained using bulk 

diffusion tests. However, in the case of PC based concretes, several authors [322,325,326] have 

found the value of DRCM to be slightly higher than Dapp,Cl, and one of the primary reasons could 

be that the short-term RCM test underestimates the extent of chloride binding in cement 

matrices. This has been found to be true in the case of AAS as well [114], where the ratio of 

the non-steady state migration and apparent diffusion coefficients (DRCM/Dapp,Cl) was found to 

be approximately 100. Therefore, the value of DCl in Eq. 6.10 in this study was assumed to be 

the mean Dnssm (0.5 × 10-12 m2/s) obtained using the NT Build 492 test on Na2SiO3-activated 

M6 mortars cured for 28 days, measured by [293] and [114]. The value of DCl was assumed to 

be the same for all AAS considered in this study. The experimentally observed Dnssm values for 

AAS mortars [293] were considered to be true for AAS concretes as well, on the assumption 

that the aggregate volume fraction (or the interfacial transition zone (ITZ)) has negligible 

influence on Dapp,Cl [73].    

As mentioned in Chapter 2, AAS binders are characterised by the formation of C-(N-)A-S-H 

gel as the major reaction product, and secondary reaction products such as hydrotalcite-like 

Mg-Al-OH-LDH phases and strätlingite, among others. The total binding capacity of AAS can 

be assumed to be the sum of the individual binding capacities of various hydrate phases formed 

in AAS (Eq. 6.11).  

(
𝜕𝐶𝑏

𝜕𝐶𝑓
)

𝑡𝑜𝑡𝑎𝑙 
𝑏𝑖𝑛𝑑𝑒𝑟

= [(
𝜕𝐶𝑏

𝜕𝐶𝑓
)

𝐶(𝑁)𝐴𝑆𝐻

+ (
𝜕𝐶𝑏

𝜕𝐶𝑓
)

𝑀𝑔𝐴𝑙𝑂𝐻𝐿𝐷𝐻

+ (
𝜕𝐶𝑏

𝜕𝐶𝑓
)

𝑠𝑡𝑟ä𝑡𝑙𝑖𝑛𝑔𝑖𝑡𝑒

+  … ] (Eq. 6.11) 
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According to Eq. 6.11, if the amounts and the individual chloride binding capacity of each of 

the reaction products are known, a theoretical value for the total chloride binding capacity of 

AAS based concretes could be calculated. Ke [293] calculated the individual binding capacities 

of the C-(N-)A-S-H gel, hydrotalcite-like Mg-Al-OH-LDH phase and strätlingite. Substituting 

Eq. 6.11 into Eq. 6.7, Dapp, Cl can be represented as (Eq. 6.12): 

 𝐷𝑎𝑝𝑝,𝐶𝑙 =
𝐷𝐶𝑙

1+
1

𝑤𝑒
∙[(

𝜕𝐶𝑏
𝜕𝐶𝑓

)
𝐶(𝑁)𝐴𝑆𝐻

+(
𝜕𝐶𝑏
𝜕𝐶𝑓

)
𝑀𝑔𝐴𝑙𝑂𝐻𝐿𝐷𝐻

+(
𝜕𝐶𝑏
𝜕𝐶𝑓

)
𝑠𝑡𝑟ä𝑡𝑙𝑖𝑛𝑔𝑖𝑡𝑒

+ … ]

   (Eq. 6.12) 

Based on the individual binding isotherms obtained by Ke [293] (reproduced in Figure 6-4), 

the total chloride binding capacity of all AAS binders in this study were considered to be the 

sum of the individual binding capacity of only the C-(N-)A-S-H gel, hydrotalcite-like Mg-Al-

OH-LDH phase and strätlingite. Additional phases formed in smaller quantities in AAS such 

as monocarboaluminate, monosulfoaluminate, ettringite, Ca-heulandite, natrolite, katoite and 

brucite were assumed to not contribute to chloride binding at all. Various authors have 

calculated the binding isotherms for synthetic monocarboaluminate and monosulfoaluminate 

phases [13,327,328], however, they were not considered in this study primarily because the 

experimental setup used to calculate the binding isotherms could neither represent the alkalinity 

nor the ionic strength of the pore solutions of AAS. The focus of this work was to understand 

the influence of chloride binding on the chloride ingress, and therefore the mechanisms of 

chloride binding are not considered here, and are discussed in a very limited capacity hereafter.  
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Figure 6-4: Chloride binding isotherms for synthetic phases formed in AAS, C-(N-)A-S-H 

gel, hydrotalcite-like Mg-Al-OH-LDH phase and strätlingite obtained by Ke [293] 

(reproduced from data in [293]). 

 

Ke [293] reported the experimental chloride binding capacity of Na2SiO3 and Na2CO3-

activated slag M6 (M6 composition in Table 6-1). In this study, the experimentally determined 

binding isotherm for Na2SiO3-activated M6 [293] was assumed to be true for slag M6 activated 

using NaOH, Na2O·2SiO2, Na2CO3, and Na2SO4 as well, due to the lack of experimental 

binding isotherms in the literature for various AAS. In addition, Ke [293] compared the 

theoretical (calculated according to Eq. 6.11) and the experimental chloride binding isotherms, 

and observed the theoretical values to be 3 to 6 times higher than experimental observation. 

She attributed the overestimation to the higher crystallinity of the synthetic phases used for 

measuring the individual chloride binding isotherms [293]. Based on the quantities of C-(N-

)A-S-H gel, hydrotalcite-like Mg-Al-OH-LDH phase and strätlingite obtained from the 

thermodynamic simulations as described in Section 6.2.1, the total chloride binding isotherms 

for each of activated slag considered in this study were calculated as the sum of the individual 
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chloride binding capacities of each of these phases (as shown in Figure 6-5A) when the extent 

of slag reaction was 60 %. This was followed by scaling down the theoretical binding isotherms 

of activated M6 binders to match the experimentally determined values. The theoretical binding 

isotherms for all other activated slags (M1, M5, M8, M11, M13 and M14) were also scaled 

down by the same factor (as shown in Figure 6-5B).  

 

 

Figure 6-5: (A) Chloride binding isotherms calculated through the use of simulated solid 

phases for all alkali-activated slags considered in this study and the individual binding 

capacity of each of the reaction products; and compared with the experimental data from 

[293]. (B) Schematic of the scaling down of the theoretical chloride binding isotherms to 

match experimental data, used to define the apparent diffusion coefficients as a function of 

the free chloride concentration. 

 

To model the diffusion of chloride in saturated concretes, governed by Eq. 6.7, considering 

Dapp,Cl as a function of Cf, Eq. 6.7 was solved numerically as a space-time problem using the 

explicit finite difference method, in one spatial dimension with time and space steps set to ~1 

day and 1 mm, respectively. In order to take into account the non-linear nature of Dapp,Cl (Cf), 

the value of Dapp,Cl was set to be dependent on the free chloride concentration at the previous 
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space step for any given time step, and was calculated individually at each space-time step 

using the calculated binding parameters of the Freundlich adsorption isotherm for each AAS 

considered in this study. Figure 6-6 shows the modelling setup, based on Eq. 3.14, used in this 

study to estimate the ingress of chloride. It is important to note that the applicability of the 

calculated Freundlich adsorption isotherm, in this study, to estimate a relationship between 

Dapp,Cl and Cf is only validated for the free chloride concentration lower than 0.654 M, as 

binding isotherms [293] for higher free chloride concentrations do not exist in the literature. 

To reduce the computation time, the chloride profiles were calculated up to 70 years. For a 

concrete with thickness L, the initial and boundary conditions used to solve Eq. 6.7 numerically 

are described as (Eq. 6.13):  

For t ≥ 0,   𝐶𝑓 = 𝐶𝑜 at x = L     (Eq. 6.13)  

𝐶𝑓 = 𝐶𝑠 at x = 0  

For t = 0,  𝐶𝑓 = 𝐶𝑜  at x > 0 

where Co is the chloride concentration present in the concrete prior to exposure to a salt solution 

(wt.% of binder), and Cs is the concentration of chloride in the exposure salt solution. The value 

of Co was set to zero, assuming that quantity of admixed chloride is zero and the exposure 

solution is the sole source of chlorides. The thickness (L) of the concrete was set to be 70 mm, 

much larger than the concrete covers recommended in BS 8500 [329] and the chloride 

penetration depth. It must be noted that the surface chloride concentration for each AAS was 

assumed to be constant (0.60 M Cl-) as a function of time, and the influence of leaching [324] 

(or a reduction in the alkalinity) on the chloride binding capacity of various hydrate phase 

assemblage and chloride diffusion was not considered in this study. Based on the total amount 

of evaporable water content in each of the AAS, the surface chloride concentration was 

calculated as a function of the wt.% of binder.  
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Figure 6-6: A schematic of the explicit fine difference method (based on Eq. 3.14) employed 

in this study to estimate the ingress of chloride as a space-time problem. The values of δx and 

δt were set to 1 mm and 0.9125 days (~1 day), respectively, making the grid (x vs. t) size 70 

× 28,000, and representing a cover depth of 70 mm and 70 years of service-life. Eq. 3.14 was 

solved using a loop function over space and time, with the boundary conditions describe in 

Eq. 6.13. Dapp,Cl (or D, as expressed in Eq. 3.14) were calculated based on the Freundlich 

isotherms developed for each of the AAS and expressed as a function of the free chloride 

concentration (ci-1,j+1) of the previous space step i – 1. Based on the values of Dapp,Cl, the free 

chloride concentration (ci,j+1) at time step (j + 1) was calculated on the basis of free chloride 

concentrations (ci,j, ci-1,j, and ci+1,j,) at the previous time step j at spaces i, i - 1 and i + 1. 

 

This study also does not consider the influence of carbonation on the chloride binding capacity 

of AAS. Some authors have shown that the chloride binding capacity of a binder is reduced 

due to carbonation of the binder as some of the bound chloride could be released back into the 
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pore solution [142], which would in turn increase the availability of free chloride to diffuse 

through the concrete matrix. It must be mentioned that portlandite is generally not precipitated 

in AAMs [80], and therefore, unlike PC based binders, these binders do not possess a buffering 

capacity where portlandite could readily dissolve to maintain the pH of the pore solution. It 

could therefore be expected, that in the case of AAS, carbonation would significantly reduce 

the binding capacity of these materials.  However, carbonation effects are beyond the scope of 

this study. 

 

 

 

 

6.3 Results and Discussion 

6.3.1 Chemistry of the concrete cover 

Figure 6-7 shows the simulated evolution of solid phase assemblages for slag with composition 

M6, activated using various solutions. The composition of slag M6 was obtained from the 

literature [293], with the SiO2 and SO3 contents in this slag being 36 wt. % and 0.7 wt. %, 

respectively. As mentioned in Section 6.2.1, the first consideration used by the MATLAB script 

in extracting the simulated phase assemblage data is the SiO2 content within the slag, and for 

any SiO2 content ≥ 35 wt. % the script assumes the SiO2 content in slag to be 40 wt. %. 

Therefore, the data plotted in Figure 6-7 correspond to thermodynamic calculations conducted 

on slag with 40 wt. % SiO2 and 2 wt. % SO3. However, it is it to be noted that the normalised 

CaO-MgO-Al2O3 molar ratios used to simulate the phase assemblages of M6 activated by 

various solutions correspond to the actual slag composition, which was calculated to be 

0.74:0.16:0.10. The following discussion needs to be viewed in combination with Figure 6-8 

which shows the influence of slag MgO content on the simulated solid phase assemblages when 

the extent of slag reaction is 60 % using different activators.    

Irrespective of the kind of activator, the hydration products of AAS are dominated a by C-

(N-)A-S-H gel (as shown in Figure 6-7 and Figure 6-8). The Ca/Si ratio in the C-(N-)A-S-H 

gel for all the activators, when the extent of reaction was 60 %, was estimated to be between 

0.91 and 1.06 - much lower than the Ca-rich C-S-H gel observed in hydrated PC [41]. Similar 
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values have been reported in the literature [29,39,330] for NaOH and waterglass activated 

slags. The Ca/Si ratio was found to be the highest for NaOH-activated slags when compared to 

the other activators, as seen by other workers [29,39]. In the case of Na2CO3-activated M6, the 

Ca/Si ratio in the C-(N-)A-S-H gel was simulated to be around 0.95, within the range of values  

reported by Ke et al. [293]: between 0.8 and 1.6 (with an average value of 1.20 ± 0.02) after 

180 d. In the case of slag M6 activated by NaOH, Na2SiO3 and Na2CO3, the Al/Si ratios were 

found to be 0.13, 0.11 and 0.10, respectively. The Al/Si ratios observed in this study are very 

similar to those simulated by Myers et al. [220], and experimental observations [178,331]. The 

Al/Si ratios in the case of Na2SO4 and Na2O∙2SiO2 activation of M6 were observed to be close 

to a lower value of ~0.08, due to much of the Al being consumed by the secondary hydration 

products in the former case, and the higher Si provided by the activator in the case of the latter.  

Irrespective of the activator used, the bulk MgO content in the slag was found to have a 

significant influence on the chemistry of the simulated C-(N-)A-S-H gel when the extent of 

slag reaction was 60 % (as seen in Figure 6-8). As proposed by Bernal et al. [178], reduced 

bulk MgO contents in slags leads to a higher Al-uptake in the C-(N-)A-S-H gel, and this was 

confirmed for all activators by the simulated results shown in Figure 6-8. In reaction of MgO-

rich slags, much of the Al is consumed in the formation of secondary hydration products such 

as hydrotalcite-like phases [178], therefore resulting in very low Al/Si ratios in C-(N-)A-S-H.  

In NaOH-activated M6, the secondary reaction products were Mg-Al-OH-LDH, katoite 

(C3AH6) and strätlingite (C2ASH8), as shown in Figure 6-7A. The formation of a hydrotalcite-

like Mg-Al-OH-LDH phase in AAS has been confirmed by various authors 

[29,43,125,178,220,332]. The quantity of hydrotalcite-like phase in the solid phase assemblage 

was found to be directly proportional to the extent of slag reaction (Figure 6-7A) and the 

amount of MgO in slag (as shown in Figure 6-8A). At low MgO contents, for example in slags 

M1 and M5, the secondary hydration products are dominated by the formation of katoite and 

strätlingite. However, at higher MgO contents in slags, as in the case of M6, M8, M11, M13 

and M14, hydrotalcite-like Mg-Al-OH-LDH phase dominates the secondary hydration 

products with trace quantities of katoite and strätlingite. As observed in [178,332], reduced 

levels of MgO in slags resulted in a higher Al-uptake within the C-(N-)A-S-H gel. Katoite has 

been reported to be present as a minor secondary reaction product in NaOH-activated slags. 

The presence of katoite in this study was only observed for Ca-rich slags where the bulk C/S ≥ 

1.14 (M1, M5 and M6) and this observation aligns well with those reported in [80,333,334]. 

Strätlingite is also a minor constituent observed in NaOH-activated slags with low MgO 
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contents [332]. The stability of strätlingite in C-(A-)S-H systems at low temperatures (around 

20 °C) was confirmed by Okoronkwo and Glasser [335]. Trace quantities of natrolite 

(Na0.4Al0.4Si0.6O2∙0.4H2O) and brucite (MH) were observed to form in slags containing high 

amounts of MgO; M13 and M14, respectively.  

In Na2SiO3-activated and Na2O∙2SiO2-activated M6 (as shown in Figure 6-7B and Figure 

6-7C, respectively), the secondary hydration products are characterised by the formation of 

hydrotalcite-like phase, natrolite, strätlingite, and brucite. In addition, trace quantities of Ca-

heulandite are also seen to form in the case of Na2O∙2SiO2-activated M6. Hydrotalcite-like Mg-

Al-OH-LDH phase was predicted to be the most dominant secondary reaction product in both 

Na2SiO3 and Na2O∙2SiO2-activated M6, and the quantity of hydrotalcite-like Mg-Al-OH-LDH 

phase formed was strongly dependent on the bulk MgO content in slag (as seen in Figure 6-8B 

and Figure 6-8C). Hydrotalcite-like Mg-Al-OH-LDH phases have often been reported to form 

in these systems in the literature [30]. Trace quantities of strätlingite were observed to 

precipitate in Na2SiO3-activated M6, however were absent in Na2O∙2SiO2-activated M6. The 

stability of strätlingite was found to be much higher in slags containing 30 wt. % SiO2 and low 

MgO contents (M1 and M5) when compared to slags containing 40 wt. % SiO2 (M6 to M14) 

for both activators.  The formation of strätlingite in these systems is in fairly good agreement 

with experimentally determined solid phase assemblages of Na2SiO3 and Na2O∙2SiO2-

activated slags with similar compositions to those discussed here [43,220,330,336].  

Ca-heulandite was predicted to precipitate in trace quantities in Na2O∙2SiO2-activated M6, 

but was absent in the Na2SiO3-activated M6. Ca-heulandite was predicted to only form in slags 

containing 40 wt. % SiO2 and high MgO contents (M6 to M14), and was more pronounced in 

Na2O∙2SiO2-activated slags (Figure 6-8B and Figure 6-8C), due to the higher Si content 

provided by the activator. Natrolite was predicted to form for both activators, with much higher 

quantities being precipitated in Na2O∙2SiO2-activated M6 due to the additional Si provided by 

the activator (Figure 6-7B and Figure 6-7C). The higher stability of natrolite in activation of 

high-SiO2 slags has been reported previously [80], and this can be evidenced in Figure 6-8B 

and Figure 6-8C, where natrolite is only predicted to form in slags simulated with 40 wt. % 

SiO2. The presence of zeolitic phases such as Ca-heulandite and natrolite aligns well with the 

experimental observations of gismondine in AAS activated using Na2SiO3 and Na2O∙2SiO2 

[178].  

Katoite is observed to form in minor and trace quantities only in slags containing 30 wt. % 

SiO2 (M1 and M5) activated using Na2SiO3 and Na2O∙2SiO2, respectively. Brucite is also 
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predicted to form in trace quantities in Na2SiO3 and Na2O∙2SiO2-activated M6 when the extent 

of slag reaction is relatively low. However, in slags containing relatively high amounts of MgO 

(M6 to M14), brucite is found to be more stable at later stages of reaction. The prediction of 

brucite in the solid phase assemblages of slags activated using NaOH, Na2SiO3 and 

Na2O·2SiO2 in this study is in contradiction with all experimental observations for AAS 

[30,39,41,253,296,334,336]. This could possibly be explained by the lack of thermodynamic 

data for MgO-SiO2-H2O (magnesium silicate hydrate or M-S-H) phases in the database. Recent 

experimental observations [42,337,338] indicate that brucite could stabilise in these systems, 

but their compatibility in AAS systems needs to be further understood.  
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Figure 6-7: Simulated solid phase assemblages in slag (M6) activated using (A) NaOH, (B) 

Na2SiO3, (C) Na2O·2SiO2, (D) Na2CO3, and (E) Na2SO4, plotted as a function of the extent of 

slag reaction. The evaporable water in each system is assumed to be the water content within 

the pore solution. 
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Figure 6-8: Influence of bulk MgO content in slags, and the type of activator in the 

simulated solid phases when the extent of slag reacted is 60 %. The values in square [] and 



181 

 

curly brackets {} within the navy-blue background indicate the calculated Ca/Si and Al/Si 

ratios in the C-(N-)A-S-H gel, respectively. 

In Na2CO3-activated M6 (as shown in Figure 6-7D), hydrotalcite-like phase (Mg-Al-OH-

LDH), natrolite, calcium monocarboaluminate hydrate (C4AcH11; AFm structure type, and 

abbreviated Mc) and calcite (CaCO3) were observed to form. Similar to NaOH, Na2SiO3, and 

Na2O·2SiO2-activated M6, the formation of hydrotalcite-like phase was dependent on the 

extent of slag reaction and the bulk MgO content of the slag. As highlighted in [295,339], the 

MgO content within the slag plays a critical role in the kinetics of Na2CO3-activated slags, and 

higher bulk MgO contents lead to a higher rate of reaction and quicker setting times. The 

authors of those studies observed the consumption of aqueous CO3
2- in the pore solution as the 

rate determining step, and higher amounts of hydrotalcite-type phase (capable of consuming 

carbonate species from the pore solution through ion-exchange) formed due to higher amounts 

of MgO is the primary reason for the increased kinetics of the system [295]. Given the high 

concentration of CO3
2- present in the pore solution at the early stages of the reaction and the 

preference of Mg-Al-LDH to be intercalated with CO3
2-, it would be reasonable to assume the 

presence of the carbonate containing hydrotalcite-like phase in Na2CO3-activated M6. 

However, simulated phase assemblages of these binders only indicate the formation of the 

carbonate-free counterpart. This is due to the lower solubility of Mg-Al-OH-LDH than Mg-Al-

CO2-LDH at pH >13, as assessed by the MA-OH-LDH_ss solid solution model [220], however 

more thermodynamic data pertaining to Mg-Al type LDH are required to thoroughly predict 

the stability of the hydrotalcite-like phases in these binders [80]. The occurrence of natrolite in 

Na2CO3-activated M6 is consistent with the presence of zeolite-A in X-ray diffractograms 

[339]. The formation of natrolite was predicted for all slags considered in this study and 

indicates the coexistence of C-(N-)A-S-H and N-A-S-H type gels, as put forward by Provis et 

al. [30].  

The prediction of calcite is in-line with the experimental observations of various CaCO3 

polymorphs (vaterite, calcite, aragonite) in these binders cured for 180 days [339], 20 months 

[340] and aged concretes as well [341]. The thermodynamic stability of various polymorphs of 

CaCO3 is very similar and their precipitation is kinetically controlled. Various authors have 

experimentally observed the formation of gaylussite (Na2Ca(CO3)2·5H2O) in Na2CO3-

activated slags at early ages [295,339], however, this was not observed in the predicted solid 

phase assemblage, and Myers et al. [220] suggested that formation of gaylussite in these 

binders cured at room temperature is due to kinetic factors.  
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Monocarboaluminate is predicted to form in trace quantities for Na2CO3-activated M6, 

similar to what has been observed experimentally [295] and predicted thermodynamically 

[220]. The formation of monocarboaluminate species in Na2CO3-activated slags is closely 

associated with the bulk MgO and SiO2 content in the slag (as seen in Figure 6-8D) and this 

was found to be a major reaction product in slags with lower MgO and lower SiO2 contents 

(M1, M5, or slags where the SiO2 content was assumed to be 30 wt. %). Slags with higher SiO2 

and high MgO content (M6, M8, M11, M13 and M14, or slags where the SiO2 content was 

assumed to be 40 wt. %) were observed to form monocarboaluminate in minor or trace 

quantities, indicative of an inverse relationship between its stability and the bulk SiO2 content 

within the slag. Similar results have been observed in X-ray diffractograms obtained by Ke et 

al. [295], where M1 activated using Na2CO3 contained monocarboaluminate as a significant 

secondary reaction product, whereas for slag M14, hydrotalcite-like phase was the main 

secondary reaction product. For slags with intermediate MgO contents (M6), those authors 

[295] observed the precipitation of a less stable AFm type phase called calcium 

hemicarboaluminate hydrate (C4Ac0.5H12) in conjunction with hydrotalcite-like phase and 

monocarboaluminate. The formation of hemicarboaluminate was not observed in the simulated 

phase assemblage for M6. Additionally (as seen in Figure 6-8D), in slags with high bulk MgO 

content and ~40 wt. % SiO2 (M13 and M14), Ca-heulandite and brucite were predicted to form 

in trace quantities. Unlike NaOH, Na2SiO3 and Na2O∙2SiO2-activated slags, katoite and 

strätlingite were not predicted to form in Na2CO3 activation.  

In Na2SO4-activated M6 (Figure 6-7E), ettringite (C6As3H32) was predicted to be the 

dominant secondary reaction product with minor quantities of hydrotalcite-like phase and trace 

quantities natrolite, brucite and Ca-heulandite. Ettringite has been observed to the major 

secondary reaction product in Na2SO4-activated slags by various authors [342–345], and is 

primarily responsible for the higher solids volume of these binders than other activated slags. 

As seen in Figure 6-7E, and pointed out by Wang and Scrivener [118] and seen in X-ray 

diffractograms of 1 month cured Na2SO4-activated slags [343], the hydration of these binders 

at early stages was initiated by the formation of ettringite along with the C-(N-)A-S-H gel. 

Ettringite was estimated to be stable over the entire range of slags (M1 to M14) studied here 

(as shown in Figure 6-8E), but with a much higher stability for slags with higher bulk SiO2 

content (M6 to M14, or slags where SiO2 content was assumed to be 40 wt. %). In contrast, for 

slags simulated with 30 wt. % SiO2 (M1 and M5), calcium monosulfoaluminate hydrate 

(C4AsH12) and strätlingite were observed to be the most stable secondary reaction products. 

Similar results were seen by Myers et al. [80] and Bernal et al. [345], where the formation of 
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monosulfoaluminate and strätlingite was predicted only for slags with 30 wt. % SiO2 and 

intermediate to high Al2O3 content (M1 and M5). As expected, and seen in Figure 6-8, the 

hydrotalcite-like phase was found to have a much lower stability in slags with low MgO 

contents and with 30 wt. % SiO2 (M1 and M5) when compared to their higher SiO2 and higher 

MgO containing counterparts (M6 to M14). Both natrolite and Ca-heulandite were simulated 

to be formed in minor/trace quantities in the entire domain of extent of slag reaction for 

Na2SO4-activated M6. The presence of both these phases has been confirmed in [80] for slags 

with higher SiO2 and Al2O3 contents, as in M6. Minor amounts of brucite was also predicted 

to form in slags with very high bulk MgO contents (M13 and M14).  

 

6.3.2 Chloride diffusion 

As mentioned in Section 6.2.2, based on the data from the simulated solid and aqueous phase 

assemblages when the extent of slag reaction was 60 %, chloride binding isotherms for each 

AAS were calculated, so they could be utilised to calculate the apparent chloride diffusion 

coefficient as a function of the free chloride concentration, and to estimate the ingress of 

chloride in each of these binders. Given that rate of slag reaction tends to be very slow after 60 

% extent of reaction [220], chloride binding isotherms and chloride diffusion were modelled 

using simulated solid and aqueous phase assemblages when the extent of slag reaction was 60 

%. The degree of slag reaction as a function of time in AAS is not available in the open 

literature and therefore, has not been incorporated in the modelling framework.  

6.3.2.1 Influence of chloride binding 

Figure 6-9 shows a representative example depicting the influence of chloride binding on the 

chloride ingress profiles calculated for concretes made from Na2SiO3-activated M6 at various 

ages of exposure. As mentioned in Section 6.2.2, it must also be noted that the migration 

coefficient (Dnnsm) obtained by [293] was assumed to underestimate chloride binding occurring 

within AAS, and therefore has been considered to be the value to be used when there is no 

chloride binding (as shown in Figure 6-9). Chloride binding significantly retards the transport 

of chloride towards the steel-concrete interface, and its importance can be clearly seen in 

chloride profiles modelled at later stages (Figure 6-9D). As seen by numerous researchers, 

chloride binding decreases the concentration of free chloride ions in the pore solution that are 

available to diffuse through the material [117,322,346]. Therefore, the use of Dnssm as a 
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parameter to characterise the ingress of chloride may significantly underestimate the service 

life of concrete structures based on AAS.  

Figure 6-9 also compares the influence of using a constant value of Dapp,Cl, calculated based on 

the maximum chloride binding capacity of a binder (denoted by a blue dotted line), and the 

Dapp,Cl dependent on the free chloride concentration, calculated based on the Freundlich 

adsorption isotherm (denoted by the red dashed line). As seen in Figure 6-9, using a fixed 

diffusion coefficient and assuming the highest chloride binding capacity (calculated using the 

Freundlich adsorption isotherm) to be true for all concentrations of free chloride and through 

the entire depth of the concrete cover overestimates the extent of chloride binding when the 

free chloride concentration is low, and also overestimates the service life. For example, it can 

be initially assumed, as a case study, that the cover depth and the chloride ‘threshold’ value for 

a steel-reinforced concrete structure based on Na2SiO3-activated M6 are around 20 mm and 0.2 

wt. % of binder, respectively. The influence of chloride binding on the initiation time can be 

evidenced by the time it takes for the chloride concentration at the steel-concrete interface to 

build up to 0.2 wt.% of binder. In the case of no chloride binding and the Dapp,Cl being equal to 

Dnnsm, the initiation time was found to be ~15 years, whereas the initiation time was found to 

be ~70 years in the case of assuming the maximum binding capacity of the binder to be true 

for the entire depth of the concrete cover and using a fixed diffusion coefficient. However, 

when Dapp,Cl was related to the free chloride concentration (according to calculated binding 

isotherms), the initiation time was ~ 50 years. Hence, the most appropriate way of determining 

the ingress of chloride would be to relate the Dapp,Cl to the free chloride concentration by 

experimentally observed chloride binding isotherms. To the authors’ best knowledge, 

experimental chloride profiles for AAS are not present in the literature, and therefore, the direct 

validation of the modelling results with experimental data was not possible.  
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Figure 6-9: Influence of chloride binding on the chloride ingress profiles calculated for 

Na2SiO3-activated M6 at times (A) 1 year, (B) 5 years, (C) 10 years and (D) 50 years. The 

solid lines represent the case of no binding, and the apparent diffusion coefficient was 

assumed to be the value of the migration coefficient obtained from NT Build 492 [293]. The 

red dashed lines represent the case when the apparent diffusion coefficient was calculated 

using the free chloride concentration (based on the Freundlich adsorption isotherm) at the 

preceding space step for any given time step. The dotted blue lines represent the scenario 

when the apparent diffusion coefficient was kept constant and calculated using only the 

maximum chloride binding capacity of the binder.  

 

 

 



186 

 

One of the major advantages of relating the Dapp,Cl to the binding capacity of each of the 

hydrate phases present in a concrete structure, is the avoidance of the mathematically 

‘erroneous’ usage of an empirically derived time-dependent diffusion coefficient (Eq. 3.7) in 

Eq. 2.14 – as is used by many service-life guidelines [323,324].  

Table 6-5 shows the calculated binding constants of the Freundlich adsorption isotherm and 

the thermodynamically estimated evaporable water content expressed as volume % of the total 

binder (i.e., the volume % that is H2O in the pore solution), used to derive a relationship 

between Dapp,Cl and the free chloride concentration for various AAS compositions  when the 

extent of slag reaction is 60 %. The values of α and β Freundlich adsorption isotherm 

parameters obtained by fitting the chloride binding isotherms are only validated for free 

chloride concentrations up to 0.654 M, beyond which experimental data do not exist in the case 

of AAS, so any values at higher concentrations are extrapolations [293]. The binding parameter 

β calculated for all activated slags was greater than 1, which suggests that much of the chloride 

binding in AAS (for free chloride concentrations < 0.654 M) occurs via chemisorption rather 

than physical adsorption [347,348]. However, it can be assumed that at higher free chloride 

concentrations, the extent of binding becomes constant and the value of the β parameter would 

be < 1 [317,328,349]. Such behaviour has been reported in the literature in the case of PC based 

binders, as well as for individual binding capacity of various hydrate phases [13,317,319,325]. 

As stated in Section 6.2.2, the lack of experimental data in the case of AAS above a free 

chloride concentration > 0.654 M, makes the proposed model only applicable to exposure 

solutions < 0.654 M.  
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Table 6-5: Estimated values of binding constants and the evaporable water used to estimate 

the Dapp,Cl as a function of the concentration at each space and time step, for slags with 

varying compositions activated using NaOH, Na2SiO3, Na2O∙2SiO2, Na2CO3 and Na2SO4, 

when the chloride binding isotherms are described by the Freundlich adsorption isotherm (as 

shown in Eq. 6.8). The evaporable water content (volume %) relates to the total H2O content 

in the pore solution of AAS, when the extent of slag reaction is 60 % and is obtained by the 

thermodynamic simulations.  

 

 NaOH Na2SiO3 Na2O∙2SiO2 

 α β 
Evaporable 

water  
α β 

Evaporable 

water  
α β 

Evaporable 

water  

M1 0.29 1.22 36.55 0.85 1.08 32.50 1.32 1.03 30.76 

M5 0.27 1.33 35.53 0.67 1.17 32.63 1.05 1.11 31.31 

M6 0.46 1.28 36.83 0.46 1.28 36.74 0.46 1.28 36.68 

M8 0.56 1.26 35.69 0.44 1.29 35.98 0.45 1.29 35.87 

M11 0.40 1.36 36.46 0.48 1.31 34.99 0.48 1.30 35.04 

M13 0.42 1.37 35.46 0.49 1.32 34.03 0.49 1.32 34.17 

M14 0.41 1.37 35.21 0.51 1.32 33.90 0.47 1.31 34.78 

    Na2CO3 Na2SO4 

   
 α β 

Evaporable 

water 
α β 

Evaporable 

water  

   M1 0.25 1.22 29.83 0.85 1.06 26.41 

   M5 0.36 1.28 30.32 0.61 1.20 26.06 

   M6 0.46 1.28 38.05 0.46 1.28 26.85 

   M8 0.46 1.29 37.79 0.45 1.29 26.08 



188 

 

   M11 0.51 1.31 37.26 0.51 1.30 26.03 

   M13 0.52 1.32 36.32 0.43 1.31 26.26 

   M14 0.53 1.32 36.39 0.36 1.27 27.26 

 

 

6.3.2.2 Influence of slag composition 

Figure 6-10 shows the influence of the slag composition on chloride ingress at 25 years of 

exposure to 3.5 wt.% (or 0.6 M) NaCl solution, calculated for NaOH (Figure 6-10A), Na2SiO3 

(Figure 6-10B), Na2O∙2SiO2 (Figure 6-10C), Na2CO3 (Figure 6-10D)  and Na2SO4 (Figure 

6-10E)  activated M1, M6, M11 and M14.  

In the case of NaOH-activated slags (Figure 6-10A), an increase in the bulk MgO content 

of the slag leads to retardation in the chloride ingress, indicating a higher chloride binding 

capacity for NaOH-activated slags with higher MgO content. In slags with lower MgO content 

and higher CaO content, as in the case of NaOH-activated M1, the chloride binding capacity 

of the binder is primarily governed by the amounts of strätlingite and C-(N-)A-S-H gel formed. 

However, in the case of intermediate and high MgO slags, as in NaOH-activated M6, M11 and 

M14, the precipitation of higher amounts of hydrotalcite-like Mg-Al-OH LDH phase (as 

observed in Figure 6-10A) increases the total chloride binding capacity, thereby retarding the 

ingress of chloride in these binders.  

According to the quantities of each reaction product (Figure 6-8A) and the individual 

binding isotherms of C-(N-)A-S-H gel, hydrotalcite-like Mg-Al-OH LDH phase and 

strätlingite obtained experimentally by Ke [293], as shown in Figure 6-4, at relatively high or 

low concentrations of free chloride, the total binding capacity of the binder would be primarily 

dominated by the C-(N-)A-S-H gel. However, at intermediate concentrations of free chloride, 

much of the chloride binding is due ion-exchange and physical adsorption to the secondary 

reaction products such as hydrotalcite-like Mg-Al-OH LDH phase and strätlingite (Figure 6-4). 

This is true for all the NaOH-activated slags. For constant exposure to 3.5 wt. % NaCl solution, 

the calculated surface concentration was found to only marginally change for all NaOH-

activated slags shown in Figure 6-10A. This is primarily due to the similar amounts of 
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evaporable water calculated (as observed in Figure 6-10A) for each of the binders at 60 % 

extent of slag reaction.  
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Figure 6-10: Influence of the slag composition on chloride ingress profiles calculated for (A) 

NaOH, (B) Na2SiO3, (C) Na2O∙2SiO2, (D) Na2CO3 and (E) Na2SO4 activated M1, M6, M11 

and M14 at 25 years of exposure to 0.6 mol/L or 3.5 % NaCl solution.  
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Unlike NaOH-activated slags, in the case of Na2SiO3 and Na2O∙2SiO2-activated slags 

(Figure 6-10B and Figure 6-10C, respectively) chloride ingress was found to be the slowest in 

the case of slag M1, when compared to M6, M11 and M14. A closer look at Figure 6-10B 

reveals that at high concentrations of free chloride the extent of chloride binding (depending 

on the slope, Δc/Δx, of the chloride ingress profiles) is slightly higher in the case of Na2SiO3-

activated M1 when compared to Na2SiO3-activated M6, M11 and M14, and the inverse being 

true at intermediate and low concentrations of free chloride. However, the binding capacity 

was found to be much higher at all concentrations of free chloride in the case of Na2O∙2SiO2-

activated M1 (Figure 6-10C), when compared to Na2O∙2SiO2-activated M6, M11 and M14. In 

both Na2SiO3 and Na2O∙2SiO2-activated M1, the lower rates of chloride ingress could be 

attributed to the high amounts of secondary reaction product, strätlingite, formed in the binders 

(Figure 6-8B and Figure 6-8C). Therefore, in slags with low MgO content (as is the case in 

slag M1) activated using Na2SiO3 and Na2O·2SiO2, the extent of chloride binding is strongly 

influenced by the chloride ion-exchange and chloride adsorption capabilities of the AFm-type 

structure of strätlingite. Much of the chloride binding in Na2SiO3 and Na2O∙2SiO2-activated 

M1 was due to the C-(N-)A-S-H gel and strätlingite, and only a small percentage of the total 

bound chloride was due to the hydrotalcite-like Mg-Al-OH LDH phase. In the cases of Na2SiO3 

and Na2O∙2SiO2-activated M6, M11 and M14, chloride binding was only due to the presence 

of C-(N-)A-S-H gel and hydrotalcite-like Mg-Al-OH LDH phase, as no strätlingite was formed 

in these binders. Similar to the observations in Figure 6-10A, chloride binding was found to be 

the highest for slags (among M6, M11 and M14) containing higher bulk MgO contents, and 

consequentially slower chloride ingress. The surface chloride concentration was found to be 

much lower for Na2SiO3 and Na2O∙2SiO2-activated M1, when compared to the Na2SiO3 and 

Na2O∙2SiO2-activated M6, M11 and M14, primarily due to the lower volume of evaporable 

water (Figure 6-8B and Figure 6-8C).  

In the case of Na2CO3-activated slags (Figure 6-10D), the extent of chloride binding was 

proportional to the bulk MgO content in the slag and thus the amount of hydrotalcite-like Mg-

Al-OH-LDH phases. Na2CO3-activated M14 exhibited the slowest chloride ingress, followed 

by Na2CO3-activated M11, Na2CO3-activated M6 and Na2CO3-activated M1. In the case of 

Na2CO3-activated slags, chloride binding occurs only due to the presence of the C-(N-)A-S-H 

gel and the hydrotalcite-like Mg-Al-OH LDH phase, as no strätlingite was observed to 

precipitate during Na2CO3 activation of slags (Figure 6-8D). However, in the cases of Na2CO3-

activated M1 and M6, where monocarboaluminate forms as a major and minor reaction product 

(Figure 6-8D) respectively, the total chloride binding capacity could be underestimated in these 
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calculations primarily because the chloride binding capacity of monocarboaluminate was not 

considered. Ke et al. [350] investigated the chloride binding capacity of Na2CO3-activated 

slags, and observed the transformation of monocarboaluminate to two polymorphs of Friedel’s 

salt with structures very similar to rhombohedral and monoclinic hydrocalumite. This 

transformation has been attributed to the partial exchange of interlayer CO3
2- by Cl- in the AFm 

structured monocarboaluminate phase [350–352]. Therefore, chloride binding isotherms for 

monocarboaluminate in simulated pore solutions representative of Na2CO3-activated slags are 

required to accurately predict the chloride ingress in these binders. Additionally, in carbonate-

bearing pore solutions, the binding capacity of the hydrotalcite-like phase Mg-Al-OH-LDH 

phase has been observed to be reduced due to the higher affinity of the hydrotalcite-like phase 

to incorporate divalent ions (CO3
2-) instead of monovalent ions [125,353]. Therefore, in 

Na2CO3-activated slags where the pore solution contains CO3
2-, the extent of chloride binding 

due to hydrotalcite-like Mg-Al-OH LDH phase is partially overestimated in these calculations.  

In the case of Na2SO4-activated slags (Figure 6-10E), the amount of chloride binding 

decreases with increase in bulk MgO content in slag (except for Na2SO4-activated M11) due 

to the decreasing quantities of precipitated hydrotalcite like Mg-Al-OH-LDH phases and C-

(N-)A-S-H gel (Figure 6-8E). Additionally, significant amounts of strätlingite are formed in 

Na2SO4-activated M1 (as seen in Figure 6-8E), that contribute to its higher chloride binding 

capacity when compared to Na2SO4-activated M6 and M14. As mentioned earlier for the case 

of monocarboaluminate, the chloride binding capacities of additional phases formed during 

Na2SO4 activation of slags, such as monosulfoaluminate and ettringite, have not been 

considered. The transformation of monosulfoaluminate to Friedel’s salt in PC based binders is 

well known [13,328], but chloride binding isotherms in simulated pore solutions of AAS do 

not exist in the literature. The ability of ettringite to bind chloride ions has been debated in the 

literature [327,328,354]. Therefore, the calculations of the total chloride binding capacity of 

Na2SO4-activated M1 conducted in this study can be plausibly assumed to be underestimated. 

Na2SO4-activated slag M11 exhibited the slowest chloride ingress among all the Na2SO4-

activated slags due to the higher amounts of hydrotalcite like Mg-Al-OH-LDH phases formed 

in these binders in comparison to Na2SO4-activated slags M1, M6, and M14, and 

consequentially leading to a higher chloride binding capacity. The surface chloride 

concentration in the case of Na2SO4-activated slags in Figure 6-10E is much lower than those 

observed for other activators in Figure 6-10A-D due to the lower amount of evaporable water 

within these binders, because of the precipitation of voluminous ettringite in these binders – as 

seen in Figure 6-8E.  
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6.3.2.3 Influence of activator 

Figure 6-11 shows the influence of various activating solutions (NaOH, Na2SiO3, Na2O∙2SiO2, 

Na2CO3 and Na2SO4) on the chloride ingress profiles calculated for activated (A) M1, (B) M6 

and (C) M14 slags, after 5 years of exposure to 0.6 mol/L (3.5 wt.%) NaCl solution.  

For slag M1 (Figure 6-11A), the use of NaOH as the activator shows the lowest chloride 

binding, whereas Na2O∙2SiO2-activated M1 exhibits the highest chloride binding. Irrespective 

of the activator, only very minor quantities of hydrotalcite-like Mg-Al-OH-LDH is formed for 

slag M1 (relatively very similar quantities with all activators, as this is limited by the Mg 

content of the slag). Therefore, the majority of the chloride binding is due to the physical 

adsorption of chloride on the C-(N-)A-S-H gel and strätlingite, and also due to the 

transformation of strätlingite to various polymorphs of Friedel’s salt. Hence, the extent of 

chloride binding can be described as a function of the amounts of C-(N-)A-S-H gel and 

strätlingite formed.  

The amounts of C-(N-)A-S-H gel formed as a function of the activator follow the following 

trend:  

• Na2O∙2SiO2-activated M1 > Na2SiO3-activated M1 > NaOH-activated M1 > Na2SO4-

activated M1 > Na2CO3-activated M1,  

and for the amounts of strätlingite formed:  

• Na2O∙2SiO2-activated M1 > Na2SiO3-activated M1 > Na2SO4-activated M1 > NaOH-

activated M1 > Na2CO3-activated M1.  

According to the quantities of C-(N-)A-S-H gel and strätlingite formed in NaOH and 

Na2CO3-activated M1, the extent of chloride binding is much lower for the latter and hence, 

the chloride ingress through Na2CO3-activated M1 should be faster. However, the lower 

surface concentration of chloride (due to the lower porosity in the binder – as seen in Figure 

6-8A and Figure 6-8D ) in Na2CO3-activated M1, the concentration of free chloride at any 

given point in space and time, defined on the basis of chloride per binder mass, is always lower 

than in NaOH-activated M1. As mentioned in Section 6.3.2.2, it must be noted that the chloride 

binding capacities for the cases of Na2CO3 and Na2SO4-activated M1 are underestimated, as 

chloride binding due to monocarboaluminate and monosulfoaluminate are not considered in 

this study.  
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In the case of slag M6 (Figure 6-11B), irrespective of the activator used except Na2SO4, very 

similar chloride ingress profiles are obtained. This is primarily due to the assumption made in 

Section 6.2.2 that irrespective of the activator, all activated M6 binders exhibit the same extent 

of chloride binding observed by Ke et al. [350] for Na2SiO3-activated M6. The assumption was 

made primarily due to lack of experimental chloride binding isotherms in the literature for 

various activators used to formulate AAS. Additionally, the amounts of reaction products, that 

were considered to contribute towards chloride binding in this study, formed for slag M6 

activated using different activators were of similar quantities (Figure 6-7) leading to very 

similar chloride binding capacities for activated M6 slags. As seen in Table 6-5, the very minor 

differences in the chloride profiles arise only due to the total evaporable water content of the 

binders. The lower surface chloride concentration calculated for Na2SO4-activated M6 binders 

is the main reason why the observation of chloride ingress is much slower in these, when 

compared to M6 activated using other activators. As mentioned in Section 6.2.2, the chloride 

binding isotherms for Na2CO3-activated M6 obtained by Ke. et al. [350] showed a lower extent 

of binding when compared to their Na2SiO3-activated counterparts (but the chloride binding 

isotherm for Na2CO3-activated M6  from Ke. et al. [350] wasn’t considered in this study), 

therefore in theory, the chloride ingress in Na2CO3-activated M6 should be much faster than 

those calculated in this study.  
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Figure 6-11: Influence of the activator (NaOH, Na2SiO3, Na2O∙2SiO2, Na2CO3 and Na2SO4) 

on the chloride ingress profiles calculated for activated (A) M1, (B) M6 and (C) M14 after 5 

years of exposure. The x-axis in this figure has been reduced to 30 mm for a better indication 

of the differences in the chloride profiles for various activators. The exposure solution is 

assumed to be 0.6 mol/L (3.5 wt.%) NaCl solution.  

 

The observations for M14 (Figure 6-11C) are fairly similar to those observed for slag M6 

(Figure 6-11B), however, the extent of chloride binding primarily depends on the quantities of 

C-(N-)A-S-H gel and hydrotalcite like Mg-Al-OH-LDH phases formed for each of the 

activators. The amounts of C-(N-)A-S-H gel formed as a function of the activator follow the 

following trend:  

• Na2SiO3-activated M14 > Na2O∙2SiO2-activated M14 > NaOH-activated M14 > 

Na2CO3-activated M14 > Na2SO4-activated M14,  
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and for the amounts of hydrotalcite like Mg-Al-OH-LDH phase formed:  

• Na2SiO3-activated M14 > NaOH-activated M14 > Na2CO3-activated M14 > 

Na2O∙2SiO2-activated M14 > Na2SO4-activated M14.  

When the free chloride concentration is intermediate, the chloride binding capacity of 

hydrotalcite like Mg-Al-OH-LDH phases is much higher compared to the C-(N-)A-S-H gel, 

and therefore, the chloride ingress into Na2CO3-activated M14 is slightly slower than its 

Na2O∙2SiO2-activated counterpart.  
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6.4 Conclusion 

The slag chemistry and the type of activator have a significant influence on the chloride binding 

capacity of AAS concretes, and therefore impact the ingress of chloride in these materials. 

Additionally, the results shown in this Chapter successfully demonstrate the influence of 

various reaction products formed in AAS (based on slag and activator chemistry) on the 

chloride binding capacity. Figure 6-12 ranks the chloride ingress in various AAS as a function 

of slag chemistry for each activator. In the case of NaOH-and Na2CO3-activated slags, the rate 

of chloride ingress is correlated to the MgO content and the amounts of Mg-Al-OH LDH type 

phases formed. However, in the case of Na2CO3-activated slags, it must be noted that the 

influence of monocarbonate phases and the presence of minor quantities of CO3
2- (aq.) species 

in the pore solution, have not been considered to contribute to chloride binding. In the case of 

Na2SiO3- and Na2O∙2SiO2-activated slags, M1 and M5 slags were found to have the slowest 

ingress of chloride due to the formation of strätlingite and their chloride binding capability. For 

slags M6-M14, the rate of chloride ingress is determined primarily by the amounts of Mg-Al-

OH LDH phase formed. In Na2O∙2SiO2-activated M11, M13 and M14 the precipitation of Ca-

heulandite and brucite influence the chloride binding capacity of the binder. In Na2SO4 

activated slags, the chloride binding capacities of monosulfate and ettringite haven’t been taken 

into account. The rate of chloride ingress in low MgO containing slags (M1 and M5) is 

primarily influenced by the precipitation of AFm, whereas in slags containing intermediate and 

high MgO (M6-M14), chloride ingress is dependent on the amounts of C-(N-)A-S-H gel and 

Mg-Al-OH LDH formed.  
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Figure 6-12: A schematic summarising the main parameters that influence chloride ingress in 

AAS concretes formulated using a wide range of GGBS and activators. ♣ It must be noted 

that in Na2CO3-activated GGBS, the influence of CO3
2- ions in the pore solution and C4AcH11 

on chloride binding is not considered. ♣♣ In the case of Na2SO4-activated GGBS, chloride 

binding due to the presence of ettringite and C4AsH12 have not been taken into account. 

 

This study provides a modelling framework for potential use in estimating the time to chloride-

induced depassivation in steel-reinforced concrete structures based on AAS. The model allows 

the user to input the composition of the slag and the activator of interest to estimate the 

chemistry of the concrete cover that can be used to estimate the total chloride binding capacity 

of the binder within the concrete, and thus predict the time required for chloride to diffuse to 

the steel-concrete interface (as shown in Figure 6-13). It must be noted that the applicability of 

this model currently only extends to saturated conditions and when the exposure solutions 

contains [Cl-] < 0.654 M, and in its current state is conservative in nature as it does not take 

into account the influence of pore structure on chloride ingress, the time required for onset of 

corrosion and the propagation phase.  
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Figure 6-13: Schematic of the model developed in this study to calculate the ingress of 

chloride in steel-reinforced concrete structures based out of AAS. Additional information 

regarding chloride ‘threshold’ value need to be experimentally determined to estimate the 

service life steel-reinforced AAS concretes. 

 

• The model presented here is a significant step forward in linking AAS chemistry and 

chloride binding to chloride transport, and thus in understanding the influence of 

material characteristics on the likely time to corrosion initiation. However, its extension 

is certainly possible, and several points have been identified where the existing body of 

data and literature require further development, to enable enrichment of the model and 

its use in the accurate prediction of service life for steel-reinforced structures based on 

AAS: The ‘GEMS calculated database’ created in this study only considered slags with 
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either 30 wt. % or 40 wt. % SiO2, a constant SO3 content of 2 wt. %, and fixed w/b 

ratios. However, a larger database for various SiO2 and SO3 contents and variable w/b 

ratio could be created to increase the accuracy in prediction of the chemistry of the 

binder. All parameters used in this study to quantify chloride binding and ingress relate 

to the solid and aqueous phase assemblages when the extent of slag reaction is 60 %. 

In theory, the extent of reaction could be extended from zero to 100 %. 

• A major assumption made in this study was the scaling down of the theoretically 

calculated chloride binding isotherms to match the experimental binding isotherms for 

a particular AAS. The factor used for scaling down the theoretical chloride binding 

isotherms was extended to all slags and activators used. Most likely, this would be 

different for each of the slags, and therefore extensive experimental work needs to be 

carried out to draw empirical correlations between the activator used, the slag 

composition and the binding capacity of mortars/concretes based on AAS.   

• The value of DCl in Eq. 6.7 was assumed to be the same for all AAS binders, and was 

based on the Dnnsm values observed experimentally [293,350]. However, in principle 

these values should vary for each of the slags considered in this study. Therefore, more 

experimental data are required to accurately separate the influence of chloride binding 

capacity and microstructure on the Dapp,Cl (Eq. 6.7).  

• Chloride binding isotherms for synthetic phases such as monocarboaluminate, 

monosulfoaluminate, ettringite and Friedel’s salt need to be experimentally determined 

in simulated pore solutions representative of AAS, to ensure that the contributions of 

all phases identified in AAS towards chloride binding are considered. 

• Additionally, experimental chloride binding isotherms for various AAS need to be 

determined for free chloride concentrations much higher than 0.654 M, allowing an 

accurate description of chloride binding within these materials using the Freundlich 

adsorption isotherm. This would ensure the applicability of this model over a wider 

range of chloride concentrations in the exposure solution.  

• In the case of Na2CO3-activated slags, the influence of carbonate ions in the pore 

solution on the binding capacity of individual hydrate phases needs to be systematically 

understood.  
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• The alkalinity in this study was assumed to be constant with respect to space and time, 

and therefore the influence of carbonation and leaching were not considered. 

Experimental data is required to empirically draw a relationship between the chloride 

binding capacity and a reduction in pH of the pore solution due to carbonation and 

leaching.  

• To extend the modelling framework to actually predict the service-life of steel-

reinforced AAS structures, the MATLAB script needs to take into account (currently 

not present) the concentration of chloride required for depassivation of the steel 

reinforcement or the chloride ‘threshold’ value. Chloride ‘threshold’ values for steel-

reinforced AAS mortars/concretes have not been reported in the open literature and, 

therefore, it is imperative that research concerning the durability of steel-reinforced 

AAS in chloride environments be focussed on measuring the chloride ‘threshold’ value, 

to ensure an understanding of the long-term durability of these materials.  

• Finally, the chloride ingress profiles obtained using this modelling framework need to 

be validated by comparing with field data or laboratory data.       
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Chapter 7: Conclusion and Future Work  
  

 

This thesis presents a comprehensive understanding of the three less answered questions 

pertaining to long-term durability of alkali-activated materials (AAMs), as highlighted in 

Chapter 1:  

• How does the chemistry of the AAMs influence the surface of the steel?  

• What are the conditions required for the onset of chloride-induced steel corrosion in 

AAMs, once the chloride has passed through the cover concrete and begun to increase 

in concentration at the steel-concrete interface (SCI)?, and 

• Can the service life of steel reinforced alkali-activated concretes be estimated using the 

answers to the first two objectives? 

Steel embedded in binders based on low-Ca AAMs (alkali-activated fly ash or metakaolin) 

appears to follow similar passivation mechanisms to that observed in PC, due to the similar 

oxidising capabilities of the pore solutions in these cements. The passive film on the steel 

reinforcement in PC and in alkali-activated fly ash or metakaolin can be described as a complex 

assemblage of iron oxides, with the inner layer being a dense Fe(II, III) oxide, surrounded by 

an outer layer of a hydrated Fe(III) oxide. The mechanism of passivation in low-Ca AAMs can 

be given by the following reaction pathway:  

Fe → Fe(OH)ads → Fe(OH)+
ads → HFeO2

- → Fe(OH)2 → FeOOH → hydrated FeOOH or 

Fe2O3 

Based on the electrochemical observation, the alkalinity of the pore solution in low-Ca 

AAMs was found to have a significant influence on the chloride ‘threshold’ value – very similar 

to observations in pore solutions of PC, but with observed initiation only at much higher [Cl-

]/[OH-] ratios in these highly alkaline simulated pore solutions. It is important to mention that 

unlike PC, alkali-activated binders in general do not form Ca(OH)2 that can act as a pH buffer, 

and so any loss in alkalinity due to leaching or carbonation cannot be compensated by any of 

the reaction products formed in these binders. Therefore, the onset of pitting depends strongly 

on the ability to retain the alkalinity of the pore solution at the SCI (through curing to achieve 

a refined pore structure, and formulation to minimise porosity), as well as the local chloride 

concentration. It was determined in Chapter 4 that the onset of pitting in these highly alkaline 
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binders can be predicted by a relationship involving [Cl-]/[OH-]3 rather than the simple ratio 

between chloride and hydroxide concentrations that is often used to define Ccrit, where a value 

of [Cl-]/[OH-]3 < 1.25 at the SCI would enable the steel reinforcement to be in the passive state 

while immersed in highly concentrated NaOH, while any value above 1.25 would indicate 

pitting (stable or metastable) of the steel. This functional form, with a third power relationship 

to hydroxide concentration, provides an improved descriptive power for solutions 

representative of the pore solution chemistry of low-calcium alkali-activated binders, and also 

confirms the passive film being composed of a hydrated FeOOH or Fe2O3 outer layer that plays 

an important part in the initiation of pitting corrosion. Once pitting has initiated and a local 

acidification has occurred, repassivation of the pit in the absence of Ca(OH)2 would be solely 

reliant on the concentration of [OH-] around the pit. However, further research related to 

different passivation products needs to be done to confirm such a relationship for pit initiation, 

and particularly to understand its validity in actual concrete specimens, and also in pore 

solutions which are not as extremely alkaline as those studied here. 

In alkali-activated fly ashes, Babaee and Castel [214] showed that the proportionality 

constant B, used in the modified Stern-Geary equation to calculate the corrosion rates, deviates 

significantly from those used in PC-based concretes. It was observed [214] that using 

conventional values [213] of B=52 (passive state) and B=26 (active state) for steel-reinforced 

alkali-activated fly ash concretes yields an overestimation of the corrosion current density in 

the passive state, but an underestimation in the active state. This was consistent with the 

calculation of icorr values for steel immersed in simulated pore solutions of low-Ca AAMs 

(Chapter 4). Therefore, further attention must be paid to the validation of appropriate B values 

for these binders, to avoid discrepancies in predicting their service life. Similarly, analysing 

Ecorr and icorr values according to recommendations or classifications set for PC based concretes 

(ASTM C876-15 [181] and [183]) to characterise the passive or the active state would be 

misleading in the case of these low-Ca AAM binders, as the ionic strength, diffusivity and pore 

solution composition are very different from the conditions prevailing inside PC.  

In the case of high-Ca AAMs such as alkali-activated slags, the chemistry of the steel surface 

is very different to that observed in low-Ca AAMs, primarily due to the presence of reduced 

sulfur species (HS-) dissolved in the pore solution during the activation of slags. In the presence 

of HS- in pore solutions of AAS, competitive adsorption between [OH-] and [HS-] results in 

the inhibition and retardation in the formation of a passive film composed of iron oxides, and 
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instead the steel surface is composed of a Fe-S complex. In these solutions, the mechanism of 

forming a surface film can be described as: 

Fe + OH- + HS- → Fe(OH)ads + Fe(HS)ads → Fe(OH)+
ads + Fe(HS)+

ads → Fe(OH)2 + 

Fe(HS)2,ads → hydrated FeOOH and Fe-S complex. 

Similar to the findings of Chapter 5, higher corrosion rates [116], higher icorr and lower Rp 

values [115,284] have been reported for steel-reinforced AAS exposed to chloride solutions in 

comparison to those observed in PC. However, visual examination of the steel rebars in each 

of these studies found that the extent of corrosion for steel embedded in AAS was much lower 

than those in PC. For instance, no evidence of corrosion was observed by Criado et al. [284], 

which contrasts strongly with the electrochemical observations. The high icorr and low Rp values 

are therefore likely to be related to the aqueous chemistry of the pore solution at the SCI, not 

necessarily the actual corrosion resistance of the steel. In particular, these values correspond 

mainly to the oxidation of the HS- species in the pore solution (and not to the 

oxidation/reduction couple of Fe/Fe2+), which takes place because of the potential imposed in 

the electrochemical test procedure used to determine these parameters.  

This was confirmed by the anodic polarisation curves shown in Chapter 5 for steel immersed 

in alkaline sulfide solutions. As shown in Chapter 5, even though passivation of steel by an 

iron oxide film is not seen in AAS, the formation of a macro-cell or chloride-induced pitting is 

inhibited until the concentration of dissolved oxygen at the steel-concrete interface (SCI) is 

low. In the case of AAMs with a reducing environment such as AAS, the role of HS- at the SCI 

is of significant importance. The high concentration of HS- in the pore solution not only creates 

a highly reducing environment around the SCI and hinders the development of passive iron 

oxide film (and creates a different ‘surface’ film consisting of mackinawite), but also restricts 

the cathodic reduction of oxygen and the formation of a macro-cell. The high icorr values 

generally observed for AAS are predominantly due to the loss of electrons from HS- in the 

aqueous environment, and therefore, leading to misrepresentative conclusions on the corrosion 

resistance of the steel reinforcement if electrochemical test results are interpreted from the 

assumption that all redox processes taking place in the material involve the steel itself. 

In the light of such major differences in the mechanisms of passivation and corrosion between 

various steel-reinforced AAMs and PC, analysis of electrochemical properties through 

classifications or standards recommended for PC would be misleading in the case of AAMs. 

Instead, the influence of the chemistry of various AAMs on the steel reinforcement and the SCI 

needs to be studied in greater detail, and a larger database of experimental results is required 
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to accurately characterise the electrochemical behaviour of the steel reinforcement in these 

binders. Given the various aqueous environments that can be encountered at the SCI of AAMs, 

and the strong influence of the presence or absence of reducing elements in the pore solution 

(depending on the nature of the precursor used for production of AAMs) on the mechanisms 

of passivation and the onset of pitting, AAMs need to be classified on the basis of internal 

redox conditions when considering durability in chloride-rich environments, as illustrated in 

Figure 7-1.  

 

 

Figure 7-1: Overview of the proposed classification of cements, particularly of AAMs, based 

on internal redox conditions, and the parameters influencing the onset of steel pitting and the 

service-life of these binders. AAFA = alkali-activated fly ashes, AAMK = alkali-activated 

metakaolin. 

 

Finally, a framework to estimate the ingress of chloride in steel-reinforced concrete structures 

based on AAS has been developed and implemented in MATLAB. The model allows the user 

to input the composition of the slag and the activator of interest to estimate the chemistry of 
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the concrete cover that can be used to estimate the total chloride binding capacity of the binder 

within the concrete, and thus model the concentration of chloride at the steel-concrete interface 

at any given time.  The framework developed in this study presents a different approach and a 

significant advancement in the currently used models to predict the ingress of chloride in 

concretes. This framework negates the need to use a mathematically ‘incorrect’ solution to 

Fick’s second law, with a varying diffusion coefficient (Dapp (t)) and the empirically derived 

age exponent. However, it would be necessary to point out that the model in its current state is 

conservative in nature (and only applicable for submerged structures) and several areas 

requiring more attention have been identified to enable using the framework as a tool to 

estimate service life, as discussed in Chapter 6. Areas for further research can be broadly 

categorised as:  

• GEMS database – A larger database of simulated solid and aqueous phase assemblages 

can be considered with varying SiO2 and SO3 contents, and w/b ratios; and the extent 

of slag reaction can be taken up to 100 %, although the rate of slag reaction is very slow 

above 60 %. Currently, the framework is restricted to high-Ca AAMs, as no quantitative 

chloride binding data exists for low-Ca AAMs.  

• Chloride binding and diffusion – A broader set of experimental values for DCl, obtained 

using NT Build 492, and experimental chloride binding isotherms for various slags and 

activators needs to be stablished. Currently the model extrapolates from data obtained 

for Na2SiO3-activated M6 slag. The model also assumes only three reaction products 

(C-(N-)A-S-H gel, Mg-Al-OH LDH phase and strätlingite) to contribute towards 

chloride binding, however, in reality other reaction products formed in AAS may bind 

chlorides and therefore, the chloride binding capacity of each of the individual reaction 

products formed in AAS need to be assessed in simulated pore solutions of AAS. 

Additionally, the framework would benefit if the tortuosity of the of various AAMs 

could be identified. 

• Ccrit – Currently, there exists no data in the literature quantifying the concentration of 

chloride or Ccrit that causes initiates corrosion in AAS. The Ccrit is an important input 

parameter that would allow the framework to predict the onset of corrosion in steel-

reinforced AAS concretes. It must be noted that this framework does not take into 

account the propagation period of steel corrosion in concrete structures.   
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• Experimental validation – The rate of chloride ingress in AAS concretes need to 

validated experimentally through field exposure.  

As mentioned in Chapter 2, the durability of a steel-reinforced concrete structure can be divided 

into the initiation phase, the onset of corrosion, and the propagation phase. Based on the results 

presented in this thesis and various literature [264,355,356] concerning durability of AAMs, it 

would be reasonable to compare the initiation phase and the onset of corrosion in AAMs to that 

observed in PC-based binders. Based on the diffusion coefficient obtained by [264,355,356], 

the duration of the initiation phase (or time for chloride to move from the exterior to the SCI 

until depassivation of the steel reinforcement due to the presence of chlorides above a threshold 

concentration) in concretes made of various materials can be ranked as: High-Ca AAMs (alkali-

activated slags) > PC-slag blends > PC > Low-Ca AAMs (alkali-activated fly 

ashes/metakaolin), indicating the rate of chloride ingress being slowest in alkali-activated slags 

and the fastest in alkali-activated fly ashes/metakaolin. However, the onset of corrosion or the 

Ccrit for depassivation to start follows a different trend and depends on the exposure conditions. 

In submerged structures or saturated concretes, however, the Ccrit as a function of the binder 

type can ranked as follows: High-Ca AAMs (alkali-activated slags) > Low-Ca AAMs (alkali-

activated fly ashes/metakaolin) > PC > PC-slag blends. As shown in Chapter 5, the probability 

of corrosion or formation of a macrocell in high-Ca AAMs (AAS) would depend primarily on 

the availability of oxygen at the SCI, and therefore ranking the Ccrit as a function of the binder 

type under partially saturated conditions would not be possible at this stage. Further research 

is required to understand passivation and chloride-induced corrosion in partially saturated high-

Ca AAMs.   
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Chapter 8: Appendix 

 

8.1 Supplementary information of Chapter 3 

Figure 8-1 shows images of the reinforcement used in this study, the steel pellets (as mentioned 

in Chapter 3) used in electrochemical tests, and steel undergoing severe chloride-induced 

pitting corrosion when exposed to a solution containing 0.80 M NaOH and 2.40 M NaCl. 

 

 

Figure 8-1: (A) Steel reinforcement bars used in this research, conforming to B500 grade (φ = 

12 mm),  (B) Small pellets obtained cut from mild steel rebars, thickness 5.5 - 6.5 mm, using 

an abrasive disc and the pellet surfaces were polished using SiC abrasive paper with 240 to 

600 grit sizes and degreased using acetone, and (C) an image of chloride-induced pitting 

corrosion on the surface of steel pellets after exposure to a solution containing 0.80 M NaOH 

and 2.40 M NaCl  
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Figure 8-2 shows the Fe 2p3/2 and S 2p spectra obtained using XPS on steel specimens prior to 

exposure to an alkaline medium. The Fe 2p3/2 was analysed using the same parameters as 

mentioned in Chapter 5, Section 5.2.2.3. Several peaks were observed in the Fe 2p3/2 spectra 

confirming the presence of various Fe2+ and Fe3+ species on the surface of the steel 

reinforcement. Almost no sulfur was detected on the surface of the steel.  

 

 

Figure 8-2: Fe 2p3/2 and S 2p spectra obtained using XPS on steel specimens prior to 

exposure to an alkaline medium. 

 

8.2 Supplementary information of Chapter 4 

Table 8-1 shows the pH of electrolytes recorded using a digital pH meter (Oakton Acorn 

Series). In alkaline chloride containing solutions, the pH of the bulk electrolytes measured 

before and after electrochemical tests showed negligible difference.  
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Table 8-1: pH of bulk electrolytes used in Chapter 4 recorded before and after conducting 

electrochemical tests. The values in parenthesis indicate the standard deviation. 

 0.80 M NaOH 1.12 M NaOH 1.36 M NaOH 

[Cl-]/ 

[OH-] 
Before After Before After Before After 

0.00 13.95 (0.05) 13.94 (0.02) 14.12 (0.10) 14.10 (0.07) 14.20 (0.07) 14.16 (0.01) 

0.25 13.96 (0.02) 13.96 (0.03) 14.09 (0.05) 14.06 (0.09) 14.19 (0.10) 14.21 (0.11) 

0.50 13.91 (0.02) 13.92 (0.06) 14.06 (0.12) 14.08 (0.02) 14.22 (0.11) 14.17 (0.10) 

0.75 13.88 (0.04) 13.90 (0.01) 14.03 (0.00) 14.09 (0.10) 14.27 (0.13) 14.27 (0.07) 

0.80 13.99 (0.03) 13.99 (0.02) -- -- -- -- 

0.90 13.97 (0.02) 13.94 (0.07) -- -- -- -- 

1.00 13.96 (0.03) 13.95 (0.01) 14.02 (0.00) 14.03 (0.01) 14.19 (0.15) 14.20 (0.13) 

1.50 13.92 (0.01) 13.95 (0.04) 14.16 (0.03) 14.11 (0.07) 14.23 (0.00) 14.09 (0.06) 

1.60 -- -- 14.07 (0.06) 14.00 (0.03) -- -- 

1.70 -- -- 14.07 (0.09) 13.96 (0.01) -- -- 

2.00 13.94 (0.06) 13.92 (0.00) 14.10 (0.05) 14.00 (0.02) 14.19 (0.07) 14.23 (0.15) 

2.30 -- -- -- -- 14.13 (0.11) 14.13 (0.07) 

2.40 -- -- -- -- 14.25 (0.09) 14.21 (0.03) 

3.00 13.96 (0.10) 13.90 (0.05) 14.09 (0.06) 14.11 (0.07) 14.16 (0.02) 14.16 (0.00) 

 

 

Figure 8-3 shows preliminary electrochemical results obtained for steel when exposed to 

solutions containing only 0.80 M OH- (as used in this study) and solutions containing 0.80 M 

OH-, 3 mM Al, 0.45 mM Ca and 0.9 mM Si. The electrochemical response (OCP and Rp) of 

steel in both the solutions clearly show that influence of Al, Si and Ca is negligible and the use 

of simple solutions containing OH- to study mechanisms of steel passivation and chloride 

induced corrosion is justified.  
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Figure 8-3: OCP and Rp obtained for steel when exposed to solutions containing only 0.80 M 

OH- and to solutions containing 0.80 M OH-, 3 mM Al, 0.45 mM Ca and 0.9 mM Si. 

Figure 8-4 and Figure 8-5 show the cyclic voltammograms of steel immersed in simulated pore 

solution with NaOH concentrations of: (A) 0.80 M (B) 1.12 M and (C) 1.36 M, with sweep 

rates 5 mV/s and 10 mV/s, respectively.  
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Figure 8-4: Cyclic voltammograms of steel immersed in simulated pore solution with NaOH 

concentrations of: (A) 0.80 M (B) 1.12 M and (C) 1.36 M. Data were collected at a sweep 

rate of 5 mV/s. Arrows indicate the current response from scan numbers 1 to 4. Data from -

1.50 V to -1.13 V in the anodic sweeps are not presented to enable visibility of peak V. 



214 

 

 

Figure 8-5: Cyclic voltammograms of steel immersed in simulated pore solution with NaOH 

concentrations of: (A) 0.80 M (B) 1.12 M and (C) 1.36 M. Data were collected at a sweep 

rate of 10 mV/s. Arrows indicate the current response from scan numbers 1 to 4. Data from -

1.50 V to -1.13 V in the anodic sweeps are not presented to enable visibility of peak V.  
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8.3 Supplementary information of Chapter 5 

Figure 8-6 shows the first 5 scans of cyclic voltammetry conducted on mild steel exposed to 

(A) 1.12 M OH- + 0.01 M HS-, and (B) 1.36 M OH- + 0.45 M HS-. On comparing with Figure 

5-1B, the current density associated with anodic peaks I, II, III and III’ were observed to 

increase with an increase in the [OH-] in the electrolyte. The higher current densities (observed 

in Figure 8-6) associated with peak I are primarily due to increased competitive adsorption 

between [OH-] and [HS-] on the steel surface. As mentioned in Peaks II, III and III’ are related 

to the formation of iron oxides and hydroxides, and the current densities at the peaks was 

observed to increase with an increase in the [OH-] in the electrolyte (as shown in Figure 8-6A 

and B and Figure 5-1B). This is line with the conclusion of Chapter 4, where an increased 

alkalinity in the electrolyte leads to a higher degree of passivation on the steel surface.   
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Figure 8-6: Cyclic voltammograms obtained for mild steel exposed to (A) 1.12 M OH- + 0.01 

M HS-, and (B) 1.36 M OH- + 0.45 M HS-. Data were collected at a sweep rate of 2.5 mV/s. 

Arrows indicate the current response from scan numbers 1 to 5. Data from -1.50 V to -1.20 V 

in the anodic sweeps are not presented to enable visibility of all peaks. The red line indicates 

the first scan, and subsequent scans are represented by black lines. 

Table 8-2 shows the evolution of pH of alkaline solutions (0.80 M OH-) with varying 

concentrations of HS- (0 M, 0.001 M, 0.01 M, 0.09 M, 0.45 M) over a period of 28 days. The 

pH values correspond to the solutions to which mild steel was exposed to prior to 

electrochemical tests.  
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Table 8-2: The evolution of pH of alkaline solutions (0.80 M OH-) with varying 

concentrations of HS- (0 M, 0.001 M, 0.01 M, 0.09 M, 0.45 M) over a period of 28 days. The 

pH values reported correspond to the solutions to which mild steel was exposed to prior to 

electrochemical tests. Values in parenthesis are the standard deviations.  

Time 

(d) 

0.80 M OH- + 

0 M HS- 

0.80 M OH- + 

0.001 M HS- 

0.80 M OH- 

+ 0.01 M HS- 

0.80 M OH- 

+ 0.09 M HS- 

0.80 M OH- + 

0.45 M HS- 

0 13.95 (0.02) 13.96 (0.00) 13.90 (0.03) 13.90 (0.06) 13.85 (0.01) 

5 13.96 (0.03) 13.96 (0.04) 13.91 (0.01) 13.90 (0.00) 13.84 (0.03) 

12 13.99 (0.06) 13.95 (0.03) 13.92 (0.02) 13.90 (0.03) 13.87 (0.01) 

28 13.94 (0.05) 13.95 (0.07) 13.91 (0.00) 13.90 (0.02) 13.86 (0.02) 

 

 

 

8.4 Supplementary information of Chapter 6 

As mentioned in Chapter 6, the ‘Gems calculated database’ can be provided only as an 

electronic version, and therefore has been supplied in the electronic submission of the thesis.  
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