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Abstract 

 

 

Most concrete is produced using calcium (alkali) aluminosilicate hydrate (C-(N-)A-

S-H)-based cement. However, the chemistry of this phase in many cement-based 

materials is still not fully understood. This thesis presents a structural and 

thermodynamic investigation of C-(N-)A-S-H and C-(N-)A-S-H-based cements to 

provide insight into the chemistry of these materials.  

 

A mixed cross-linked and non-cross-linked tobermorite-like structural model for C-

(N)-A-S-H is developed (the CSTM), which more appropriately describes the 

spectroscopic information available for this phase. Application of the CSTM to a 

Na2SiO3-activated slag cement cured for 56 and 180 days indicates the presence of a 

poorly-crystalline zeolite-like phase. The role of Al in cross-linking of C-(N-)A-S-H 

is also studied, which provides a more advanced description of the chemistry and 

structure of C-(N-)A-S-H than previously reported.  

 

A thermodynamic model for C-(N-)A-S-H (CNASH_ss) is derived, which greatly 

advances the utility of thermodynamic modelling of C-(N-)A-S-H-based cements by 

explicitly defining Al and alkali uptake in this phase. The chemistry of alkali-

activated slag (AAS)-based cements is simulated using CNASH_ss and an ideal solid 

solution thermodynamic model for MgAl-OH-LDH that is also developed in the 

thesis. This analysis provides a good description of Na2SiO3-activated slag cement 

chemistry and accurately predicts chemical shrinkage in this material. Phase 

diagrams for NaOH, Na2SiO3, Na2Si2O5 and Na2CO3-activated slag-based cements 

are also simulated. These results can be used to design the chemistry of AAS-based 

materials. 
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A detailed analysis of C-(N-)A-S-H solubility is presented, for Ca, Al, Si and alkali 

concentrations most relevant to C-(N-)A-S-H-based cements and at temperatures of 

7-80°C. Solubility products for alkali-free C-(N-)A-S-H change slightly between 7°C 

and 80°C and as a function of Al/Si ratio. However, less soluble C-(N-)A-S-H is 

formed at higher Ca and alkali content. These results are important for understanding 

the stability of C-(N-)A-S-H in the majority of cement-based materials used 

worldwide. 
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or are currently in preparation for submission to peer-reviewed journals, which have 

been reformatted and revised for improved cohesion. Therefore, each results and 

discussion chapter (Chapters 4-9) contains a conclusions section, with an additional 

conclusions chapter (Chapter 10) and recommendations for future work (Chapter 11) 

provided to unify the thesis as a whole. The literature review includes additional 

discussion of thermodynamics, and structural and thermodynamic models that are not 

included in the publications from the thesis. Most of the experimental details are 

provided in the materials and methods chapter (Chapter 3), although some 

information is provided separately in the results and discussion chapters for 

improved clarity and flow, such as the thermodynamic data used to describe solid 

phases.  

 

The work presented in the thesis was conducted at three different institutions. 

Chapters 4 and 5 were completed at the University of Melbourne and the University 

of Sheffield: scanning electron microscopy results were measured by Rackel San 
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Susan A. Bernal with assistance from John D. Gehman. Chapters 6 and 7 were 

completed at the University of Sheffield. Work on Chapters 8 and 9 was conducted 

at the Laboratory for Concrete and Construction Chemistry, EMPA, in collaboration 

with Barbara Lothenbach and Emilie LôHôpital, with assistance from Salaheddine 

Alahrache and Daniel Rensch for the nuclear magnetic resonance experiments, Luigi 

Brunetti and Boris Ingold for assistance in the laboratory, X-ray diffraction and 
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b
sc

 Neutron scattering length 
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Pressure-dependent electrostatic parameter in the extended Debye-

Hückel equation 

bɔ 
Short-range interaction parameter in the extended Debye-Hückel 

equation 

c Charge of the charge-balancing interlayer cation 
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-
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Interlayer Ca

2+
 content per cross-linked tobermorite unit in  

C-(N-)A-S-H 
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i,ns

 
Effective mole fraction of end-member k containing species i in 

sublattice site ns 

ɕ Stoichiometric coefficient of the s
th
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Introduction  

 

 

Concrete is by far the most widely used construction material. On a per volume 

basis, concrete is the second most used commodity after fresh water (Aē↓tcin, 2000). 

Concrete is comprised of at least three key ingredients: coarse and fine aggregates 

e.g. crushed rocks and sand; water; and cement. Cement, the integral component of 

concrete that gives the material its binding properties when hydrated, is also used in 

vast amounts: 4 Gt of cement were produced in 2013 (U.S. Geological Survey, 2014) 

(Figure 1.1), which is equivalent to ~1.5 kilograms/person/day at current world 

population levels. Cement production is projected to increase greatly over the 

forthcoming decades, due mostly to the continued industrialisation of developing 

countries e.g. India (Taylor et al., 2006).  

 

 
Figure 1.1. Global cement production from 1994 to 2013, showing the top nine 

cement producing countries and the rest of the world (other). Data from U.S. 

Geological Survey (2014). 
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The enormous quantities of cement and concrete used are reflected in the ubiquity 

and importance of the construction industry to the world economy, which accounts 

for approximately 5-10% of global employment and gross value added (Choy, 2011; 

Ng et al., 2009). The impact of the construction industry on the environment is also 

significant, with 5-8% of all anthropogenic CO2 emissions attributable to the 

manufacture of cement alone (Olivier et al., 2012; Worrell et al., 2001). Improving 

the sustainability of the construction industry is a key driver in the development of 

modern construction materials.  

 

Cement and concrete were developed approximately 2000 years ago by Romans, and 

these cements were principally produced using a mixture of volcanic ash, lime and 

water (Jackson et al., 2013). However, today, the great majority of cements used are 

Portland cement (PC)-based. PC is made by firing a mixture of limestone, clay and 

similar minerals to ~1450°C to produce clinker (Figure 1.2), which is then mixed 

with additives such as gypsum and finely ground to a powder (Taylor, 1997). Modern 

reinforced concrete structures made from PC-based materials have low embodied 

CO2 content relative to other construction materials in heavy load applications 

(Purnell, 2012), despite the large CO2-footprint of the global construction industry.  

 

Approximately half of the CO2 emissions from PC manufacture are produced from 

the calcination of limestone (CaCO3) added as raw feed in the clinker production 

process (Figure 1.2). This CO2 is intrinsic to the production of PC clinker; the 

embodied CO2 content of modern PC-based materials varies between 0.73 and 0.99 t 

CO2/t cement depending largely on the amount of PC clinker used in the cement 

formulation (Bernstein et al., 2007). The CO2-footprint of the construction industry 

can therefore be reduced by replacing PC clinker with supplementary cementitious 

materials (SCMs) that contain lower embodied CO2 content, do not require 

additional energy and CO2-intensive processing, but have some cementitious value. 

These materials are called blended cements or blended PC-based materials.  
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Figure 1.2. Schematic representation of the PC production process, adapted from 

(Habert et al., 2010). The thicknesses of the arrows correspond to the typical amount 

of material used. SCMs are supplementary cementitious materials and GBFS is 

ground granulated blast furnace slag (see text). 

 

In 2011, the average PC clinker to cement ratio reported by the World Business 

Council for Sustainable Development (2012) was ~76% (representing ~20% of the 

global cement production capacity, although the data are mostly from Europe, North 

and Central America, and Brazil), reflecting the success of this strategy in the 

development of modern construction materials. The efficiency of the clinker 

manufacturing process is also important, but reducing the PC clinker to cement ratio 

is the most effective way to reduce the CO2-footprint of the construction industry 

unless expensive and untried carbon capture and storage technology is adopted 

(Schneider et al., 2011).  

 

An additional benefit of replacing PC clinker with SCMs is the utilisation of 

industrial by-products (Figure 1.2). Two of the most commonly used SCMs are 

ground granulated blast furnace slag (GBFS), which is a by-product from pig iron 

production, and fly ash, which is a by-product from coal-fired power generation. 

Metakaolin, which is a type of calcined clay, is another widely used SCM. The 

performance of hydrated PC-based materials can be improved substantially if the PC 
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clinker to cement ratio is designed correctly for the intended application, because 

SCMs are typically less reactive than PC clinker (Lothenbach et al., 2011). This 

reduced reactivity limits the extent to which SCMs can be used in high performance 

PC-based materials (Snellings et al., 2012), but can be overcome for some SCMs if 

an additional source of alkalinity is added. This additional alkaline source is called 

an activator. Activators can be present in solid or aqueous form, but water is essential 

to form a hardened solid binder.  

 

Blended PC-based cements reacted with an activator (in addition to water) are called 

óhybridô alkali-activated cements (Figure 1.3). Alkali-activated cements are the class 

of cementitious materials formed from the reaction between an activator, water (if an 

anhydrous activator is used) and one or more solid precursors excluding PC, which 

are typically fly ash (FA), GBFS and metakaolin (MK) (Provis and Bernal, 2014), i.e. 

the same SCMs as used in blended PC-based materials. The increased alkalinity of 

these materials generally means that a greater variety of precursors can be used 

relative to the selection of SCMs available in hydrated PC-based materials, such as 

metallurgical slags with poorer hydraulic reactivity than GBFS (Shi and Qian, 2000). 

Alkali -activated cements can also offer substantial CO2 savings relative to plain PC 

materials by avoiding the energy and CO2-intensive PC clinkering process, but the 

savings depend greatly on the local availability of activators and precursor materials 

(McLellan et al., 2011). There are other important alternative cements with lower 

embodied CO2 content relative to neat PC materials (Juenger et al., 2011), but these 

are not discussed further here.  
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Figure 1.3. Flow diagram representing the materials used to produce blended PC, 

hybrid alkali-activated cements and alkali-activated cements, and reaction products 

in alkali-activated cements, adapted from (Provis and Bernal, 2014). 
À
 Blended PC 

typically contains SCMs not specifically mentioned here (e.g. gypsum). 

 

The lower availability of SCMs and other precursors for alkali-activated cements, 

relative to the enormous quantities required by the construction industry, is a key 

limitation for their use. This limitation is apparent in the European context, as many 

European countries achieved 90-100% utilisation rates of fly ash more than two 

decades ago (Manz, 1997). Other countries have much lower fly ash utilisation rates 

(Bhattacharjee and Kandpal, 2002), although development of more CO2 and energy-

efficient industrial processes will likely further constrain the availability of the most 

commonly used SCMs in the future (Scrivener and Kirkpatrick, 2008). However, the 

widespread and continued use of SCMs in blended PC-based materials and the 
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development of alternative construction materials with lower embodied CO2 content, 

such as alkali-activated cements, mean that the complexity and number of different 

cement formulations will continue to increase in the future. This demonstrates an 

essential and growing need to more fully understand the fundamental chemistry of 

cement-based materials, because their mechanical strength and durability properties 

can change greatly as a function of the cement formulation (Jennings and Bullard, 

2011), and because cement chemistry is intrinsically linked to cement and concrete 

durability (van Deventer et al., 2012).  

 

Therefore, this thesis aims to develop a deeper understanding of the chemistry of 

modern cementitious materials, with a particular focus on alkali-activated cements, 

although the work is also relevant to some hybrid alkali-activated cements and 

blended PC-based materials. This work is presented in three stages in addition to the 

literature review presented in Chapter 2. Chapters 4-5 discuss the nanostructure and 

chemical composition of calcium (alkali) aluminosilicate hydrate (C-(N-)A-S-H), 

which is the dominant reaction product in many modern cements, and is thus a key 

contributor to cement and concrete performance. This insight is used to develop and 

apply a thermodynamic model for C-(N-)A-S-H in Chapters 6-7, with the aim of 

advancing the utility of thermodynamic modelling in simulating the chemistry of 

modern cementitious materials. Chapters 8-9 provide additional analysis of C-(N-)A-

S-H solubility, chemical composition and nanostructure, which is important for 

future development of thermodynamic models for this phase. The underlying 

thermodynamic principles used in the thesis provide a broadly-applicable theoretical 

framework from which the chemistry, and therefore durability, of modern 

cementitious materials can be better understood. 

 

The literature review presented in Chapter 2 includes a detailed discussion of 

hydrated PC-based and alkali-activated slag (AAS)-based cement chemistry (i.e. 

alkali-activated cements derived from metallurgical slag precursors), with a 

particular focus on the C-(N-)A-S-H phase, although secondary and minor products 

are also discussed. A critical overview of the existing structural models for C-(N-)A-
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S-H is presented, which is referred to later in the discussion of thermodynamic 

models for this phase. A discussion of some important thermodynamic concepts is 

provided to assist in the discussion of thermodynamic models for C-(N-)A-S-H and 

other cement phases, and thermodynamic databases.  

 

Chapter 3 presents an overview of the materials and methods used in the thesis, 

including details of the thermodynamic modelling approach applied here. Detailed 

descriptions of the materials used in the thesis, GBFS and laboratory-synthesised C-

S-H, C-(A-)S-H and C-(N-)A-S-H,
1
 are presented. The experimental details and brief 

descriptions of the experimental techniques used in the thesis are also discussed.  

 

A structural model for mixed cross-linked/non-cross-linked tobermorite-like C-(N-

)A-S-H is proposed in Chapter 4; the óCross-linked Substituted Tobermorite Modelô 

(CSTM). The CSTM is formulated to allow calculation of C-(N-)A-S-H structural 

parameters such as the mean chain length (MCL) and cross-linked phase fraction, 

and chemical composition information such as Al/Si and Ca/Si ratios, from 
29

Si 

magic angle spinning nuclear magnetic resonance (MAS NMR) spectral 

deconvolution results. This structural model is shown to greatly advance the detail in 

which C-(N-)A-S-H chemistry can be analysed by correct application of structural 

constraints to deconvolutions of 
29

Si MAS NMR spectra. 

 

In Chapter 5, the role of Al in the nanostructural development of C-(N-)A-S-H in a 

Na2SiO3-activated slag cement is analysed by X-ray diffraction (XRD), and 
27

Al and 

                                                 

1
 The C-S-H, C-A-S-H, C-(A-)S-H and C-(N-)A-S-H notation describes calcium silicate 

hydrate type solid phases with similar nanostructure but with different overall chemical 

composition, in cement chemistry notation: C is CaO, S is SiO2, H is H2O, A is Al2O3 and N 

is Na2O (although N refers more generally to oxides of alkali elements, typically Na2O and 

K2O, that are not intrinsic structural components of this solid phase, as identified by the 

parentheses). The hyphens indicate that the chemical compositions of these solid phases are 

variable and non-stoichiometric. This notation strictly implies that C-S-H contains only Ca, 

Si, H and O, and C-A-S-H contains these elements and additionally Al, but this distinction is 

not always needed because these phases form part of the same C-(N-)A-S-H solid solution. 

Therefore, the most general notation possible is used to describe C-S-H, C-A-S-H and C-(N-

)A-S-H in the thesis unless the distinction between these phases is important. 
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29
Si MAS NMR up to 180 days of curing. Additional 

27
Al MAS NMR spectra for 

samples cured for 2 years are also analysed. Application of the CSTM to the 
29

Si 

MAS NMR spectral deconvolution results demonstrates the advanced structural 

description of C-(N-)A-S-H provided by the model. 

 

A thermodynamic model for C-(N-)A-S-H, CNASH_ss, is developed in Chapter 6. 

The discussion of C-(N-)A-S-H nanostructure presented in Chapters 4-5 is used to 

guide development of the structural component of this thermodynamic model, which 

is formulated in terms of tobermorite-like phases. This structural definition is 

applicable to AAS cements and hybrid alkali-activated cements and blended PC-

based materials with bulk Ca/Si Ò 1.5. The thermodynamic model is validated 

against a large set of solubility data in the CaO-(Na2O,Al2O3)-SiO2-H2O and AAS 

cement systems, chemical composition data for C-A-S-H, and the volumetric 

properties of C-(N-)A-S-H in AAS cements.  

 

The CNASH_ss thermodynamic model is applied in Chapter 7 to simulate the 

chemistry and volumetric properties of AAS-based cements. An ideal solid solution 

model for MgAl-OH-LDH is also presented and applied. Thermodynamic modelling 

of the experimental Na2SiO3-activated slag cement studied in Chapters 4-5 is 

performed, and the results are compared to the experimentally-determined chemistry 

of this material. Additional thermodynamic modelling is performed for Na2SiO3-

activated slag cements over a range of CaO, MgO and Al2O3 slag chemical 

compositions, and a Na2CO3-activated slag cement, and compared to the available 

information for these materials in the literature. Phase diagrams for the relevant 

range of CaO-Al 2O3-MgO compositions in AAS-based cements are simulated, 

showing the composition envelope where zeolites and C-(N-)A-S-H are both stable. 

These results are important for the design of high-performance AAS-based materials.  

 

Chapter 8 provides an analysis of the solubility, chemical composition and 

nanostructure of C-A-S-H as a function of temperature between 7 and 80°C, and Al 

content under equilibrium conditions. The results are important for further 
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development of thermodynamic models for this phase and for understanding the 

stability of C-A-S-H in cementitious materials.  

 

C-(N-)A-S-H samples are synthesised similarly in Chapter 9, although the analysis of 

chemical composition nanostructure and solubility is performed at 50°C and in the 

presence of alkali. The results are compared with the solubility products for the end-

members of the CNASH_ss thermodynamic model, and show important trends in the 

stability and nanostructure of C-(N-)A-S-H products as functions of Al, Ca and alkali 

concentrations. 

 

The results from each Chapter 4-9 are then summarised in Chapter 10. Therefore, 

this chapter describes the improved utility of the thermodynamic modelling 

technique and the advanced chemical understanding of C-(N-)A-S-H-based 

cementitious materials, particularly AAS-based cements, resulting from the work 

undertaken in the thesis.  

  



10   1. Introduction 

 

 

 

  



  

 

11 

 

2 

Literature Review 

 

 

2.1 Cement Chemistry 

 

2.1.1 Portland Cement-Based Materials  

 

Most cementitious binders used in the construction industry are produced from 

Portland cement (PC), which is a material that dates back nearly two hundred years 

(Moir, 2003). The main reaction product that results from the hydration of plain PC 

is a Ca-rich (1.5 Ò Ca/Si Ò 2) calcium silicate hydrate (C-S-H) (Taylor, 1997), which 

is thought to be comprised of non-cross-linked tobermorite-like structures with Ca-

OH linkages (Chen et al., 2004; Grangeon et al., 2013; Richardson, 2008). Although 

the chemistry of hydrated plain PC materials is now relatively well established, most 

modern cements are comprised of PC blended with Al-containing supplementary 

cementitious materials (SCMs), which react to form binders containing calcium 

aluminosilicate hydrate (C-A-S-H) with significantly lower Ca content (Ca/Si Ò 1.5) 

as the dominant reaction product (Lothenbach et al., 2011; Richardson and Groves, 

1992a). This phase plays an influential role in the performance of these materials 

(Jennings and Bullard, 2011) and contains relatively low Al content (Al/Si < 0.1 

(Gallucci et al., 2013; Richardson and Groves, 1993a; Skibsted and Andersen, 

2013)). 

 

The most typical SCMs are ground granulated blast furnace slag (GBFS), metakaolin 

(MK), fly ash (FA) and silica fume (SF) (Lothenbach et al., 2011; Snellings et al., 

2012). The solid phase assemblages in binders produced from blended cements vary 

greatly as a function of the SCMs used (Lothenbach et al., 2011), but the nature of 

the C-A-S-H products formed show a broad similarity to C-S-H in PC binders 
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(Richardson, 2004). The main secondary products formed in these materials are 

portlandite (Ca(OH)2), óaluminoferrite-monoô (AFm) type phases such as calcium 

monosulfoaluminate hydrate (C4AS̄H12) and óaluminoferrite-triô (AFt) type phases 

such as ettringite (C6AS̄3H32) (Lothenbach et al., 2011), Figure 2.1. 

 

 
Figure 2.1. Modelled solid phase assemblage and pH of hydrated blended SF/PC 

pastes, assuming thermodynamic equilibrium and complete reaction of the PC, and 

representing C-(A-)S-H as a solid solution of jennite-like and tobermorite-like 

constituents. Reproduced from Lothenbach et al. (2011). 

 

2.1.2 Alkali -Activated Slag (AAS) Cement  

 

Most SCMs react slower than PC clinker phases during cement hydration 

(Lothenbach et al., 2011), but high-performance binders can be produced from the 

reaction between SCMs and a concentrated alkaline solution (called an alkali 

activator). GBFS is a SCM with ólatent hydraulicityô, i.e. it reacts with water at a 

much slower rate than PC (Snellings et al., 2012), that can be used to produce high 

performance construction materials when reacted with an alkali activator; these 

materials are called alkali-activated slag (AAS). AAS has been developed and 

commercialised in many parts of the world as a high-performance alternative to PC 
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(Provis and Bernal, 2014), and durable concretes made using AAS binders have been 

used in structural applications for decades (Xu et al., 2008). 

 

The level of Ca in alkali-activated slag cements is lower than in hydrated PC-based 

materials, which are formed through the reaction between GBFS and a highly 

alkaline solution, most commonly NaOH, KOH or Na2OĀmSiO2ĀxH2O. These 

materials are typically Na-based, although the products of activation with alternative 

alkalis such as K are generally similar (Provis and Bernal, 2014). The compositions 

of the C-A-S-H products formed in these materials (denoted C-(N-)A-S-H to reflect 

the increased alkali content in addition to the high levels of Al incorporated into this 

phase) vary depending on the activation conditions, but are typically poorer in Ca 

(Ca/Si å 1 (Shi et al., 2006)) and richer in Al (Al/Si > 0.1 (Le Saoût et al., 2011; 

Myers et al., 2013; Richardson et al., 1994)) than the C-S-H products formed in PC-

based binders (Taylor et al., 2010). C-(N-)A-S-H is the main strength-giving phase in 

AAS (Chen and Brouwers, 2007; Shi et al., 2006). AAS materials are a particularly 

relevant model system for the analysis of C-(N-)A-S-H chemistry in general because 

GBFS is a widely used replacement material in modern cements (Juenger et al., 

2011), the chemical compositions of AAS cements sit within the compositional 

region which forms C-(N-)A-S-H (Lothenbach et al., 2011), and AAS chemistry is 

relatively well understood (Shi et al., 2006). 

 

A detailed chemical-level understanding of AAS materials is a prerequisite for 

developing and increasing the commercial uptake of AAS technology in modern civil 

infrastructure, but this information has not yet been fully elucidated. This is due 

largely to the low crystallinity and complex chemistry of C-(N-)A-S-H, which varies 

in AAS according to:  

i) the activator type and concentration (Ben Haha et al., 2011a; Schneider et 

al., 2001);  

ii)  the composition and reactivity of the GBFS precursor (Ben Haha et al., 

2011b; 2012);  
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iii)  the curing conditions to which the material is subjected (Schneider et al., 

2001).  

 

Secondary reaction products are intimately mixed with C-(N-)A-S-H in AAS 

cements, because the bulk composition of these materials generally falls outside the 

domain of stability of phase-pure C-(N-)A-S-H (García-Lodeiro et al., 2011; 

Lothenbach et al., 2011) (Figure 2.2). These products can include Mg-Al layered 

double hydroxide (LDH) phases (Richardson et al., 1994; Wang and Scrivener, 

1995), AFm type phases including strätlingite (C2ASH8) (Ben Haha et al., 2012), and 

calcium monocarboaluminate hydrate (C4AcH11) in alkali carbonate-activated slag 

cement (Shi et al., 2006), katoite (C3AH6) (Bonk et al., 2003), which is an end-

member of the hydrogarnet solid solution series (Ca3Al 2(SiO4)3-y(OH)4y; 0 Ò y Ò 3) 

(Passaglia and Rinaldi, 1984), zeolites including gismondine and heulandite (Bernal 

et al., 2015; Bernal et al., 2011b), and the third aluminate hydrate (TAH) (Andersen 

et al., 2006), which is described as a poorly ordered Al(OH)3 phase (Taylor et al., 

2010).  
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Figure 2.2. Projection of the chemical compositions of a typical slag (pink circle), 

proposed composition envelope of phase-pure C-(N-)A-S-H (grey shaded area), and 

synthetic samples and phase mixtures representing C-(N-)A-S-H and alkali 

aluminosilicate (hydrate) (N-A-S(-H))-based cements (small symbols and text) onto 

the CaO-SiO2-Al 2O3 ternary system. Adapted from García-Lodeiro et al. (2011). 

 

2.1.3 Calcium (Alkali) Aluminosilicate Hydrate (C -(N-)A-S-H)  

 

C-(N-)A-S-H chemistry has been studied for more than half a century (Kalousek, 

1957), and the key solid product in this system is generally described as being similar 

in structure to the calcium silicate hydrate phase C-S-H(I) (Shi et al., 2006; Taylor, 

1997). The structure of this phase is comprised of ódreierkettenô units, which are 

repeating sets of three silicate tetrahedra (Figure 2.3). C-S-H(I) is described to be a 

poorly ordered form of 14 Å tobermorite (Bonaccorsi et al., 2005). The tobermorite 

mineral group contains various structures differentiated by their basal spacing (14 Å, 

11 Å or 9 Å) (McConnell, 1954), and 11 Å tobermorites can contain Si-O-Si cross-

links between adjacent silicate chains while 14 Å and 9 Å tobermorites do not 

(Bonaccorsi et al., 2005; Merlino et al., 2000; 2001). Hydrated 14 Å tobermorite 
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(plombierite) has a bound water to Si ratio (H2O/Si) of 7/6 and 0.5 atoms of 

interlayer Ca per dreierketten unit, giving an overall formula of 

Ca5Si6O16(OH)2·7H2O (Bonaccorsi et al., 2005), although small variations in 

chemical composition can exist (Taylor, 1997). There are two types of 11 Å 

tobermorite; those that shrink during dehydration and contain interlayer Ca are 

termed ónormalô, while those that do not shrink during dehydration and contain no 

interlayer Ca are called óanomalousô (Merlino et al., 2001). The bound water content 

also varies, with a reduction in bound water content associated with a decrease in the 

interlayer spacing (Merlino et al., 1999). Merlino et al. (2001) elucidated the 

structures of normal and anomalous 11 Å tobermorites, and found that anomalous 11 

Å tobermorite has H2O/Si = 5/6 and no interlayer Ca (Ca4Si6O15(OH)2Ͻ5H2O), 

whereas normal 11 Å tobermorite also has H2O/Si = 5/6 but an interlayer Ca content 

of 0.25 atoms per dreierketten unit (Ca4.5Si6O16(OH)Ͻ5H2O). In an earlier study, 

Merlino et al. (2000) also analysed 9 Å tobermorite (riversideite), finding no bound 

water and an interlayer Ca content of 0.5 atoms per dreierketten unit, corresponding 

to a crystal chemical formula of Ca5Si6O16(OH)2. 

 

A simplified representation of these tobermorites, shown in terms of sublattice sites, 

is provided in Figure 2.3, with complete descriptions provided in contributions by 

Merlino and co-workers (Bonaccorsi et al., 2005; Merlino et al., 1999; 2000; 2001). 

Representation of these structures in terms of ósublattice sitesô is clearer from a 

modelling perspective, and has been used throughout the thesis to construct 

structurally relevant formulae for these tobermorite phases, which can then be used 

to develop fully descriptive models for C-(N-)A-S-H chemistry. 
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Figure 2.3. Schematic sublattice representations of A) 14 Å tobermorite; B) 

anomalous 11 Å tobermorite; C) normal 11 Å tobermorite; D) 9 Å tobermorite, all 

with óinfiniteô chain length (no Si site vacancies). Paired and bridging tetrahedra are 

represented by blue and green triangles respectively, intra-layer Ca by the red 

oblongs, interlayer species associated with bridging tetrahedra by the orange circles, 

and interlayer species associated with the rest of the structure by purple squares. The 

specific size, location and number of these symbols are approximate; readers are 

referred to (Bonaccorsi et al., 2005; Merlino et al., 1999; 2000; 2001) for 

crystallographic structures. The combined bridging site is illustrated here to clarify 

its use in cross-linked C-(N-)A-S-H sublattice formulae. A dreierketten unit (three 

kinked repeating tetrahedra) is marked in A), and the interlayer spacing is also 

marked. 
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C-(N-)A-S-H contains finite chain length (alumino)silicate chains flanked on either 

side by an óinterlayerô comprised of H2O and aqueous species (e.g. Ca
2+

, H
+
, Na

+
 and 

K
+
), and a Ca-O sheet, analogous to the óinfiniteô chain length tobermorites shown in 

Figure 2.3 but with the chains disrupted by vacancies. The chains are comprised of 

Al -substituted ódreierkettenô units with vacancies located in the bridging sites 

(Richardson et al., 1993). The C-(N-)A-S-H structure, in common with almost all 

tetrahedral aluminosilicate structures, is believed to exclude Al-O-Al bonding 

(Loewenstein, 1954). Al substitution is only significant in the bridging sites, not in 

the paired sites (Pegado et al., 2014). The mean chain length (MCL) is defined 

throughout the thesis as the number of silicate and aluminate tetrahedra per chain; 

the MCL and the Ca/Si ratio are known to have a significant effect on the mechanical 

properties of 14 Å tobermorite (Manzano et al., 2009a).  

 

Studies analysing laboratory-synthesised C-(N-)A-S-H specimens have identified 

that phase-purity decreases as the Al/Si and Ca/(Al+Si) molar ratios of the solid 

phase increase, suggesting that a ósoftô upper bound on the Al content of C-(N-)A-S-

H exists in the composition range relevant to hydrated cements of Al/Si å 0.2 

(L'Hôpital et al.; Pardal et al., 2009; Sun et al., 2006). Laboratory-synthesised solids 

containing approximately phase-pure C-(N-)A-S-H have typically shown chemical 

compositions of 0.5 < Ca/(Al+Si) Ò 1 and Al/Si Ò 0.20 (Faucon et al., 1999a; Pardal 

et al., 2009; Sun et al., 2006), although the maximum theoretical Al/Si ratio of this 

phase is 0.5 (Richardson and Groves, 1993b). 

 

Bound water is present in variable amounts in the interlayer spacing in C-(N-)A-S-H, 

with H2O/Si ratios between 1.3-1.7 excluding adsorbed water (Jennings, 2008). MCL 

values for C-(N-)A-S-H in AAS cements produced using KOH or NaOH activators 

are typically between 4 and 8 (Bonk et al., 2003; Puertas et al., 2011; Richardson et 

al., 1993; Richardson et al., 1994) using a non-cross-linked tobermorite 

representation of this phase (Richardson and Groves, 1993b), compared with 8-10 

for C-(N-)A-S-H derived from slag reacted with Na2SiO3 activators (Le Saoût et al., 

2011). MCL values of C-(N-)A-S-H in hydrated blended cements depend on the 
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curing conditions and the type and amount of SCMs used, and can vary from ~2 in 

hydrated PC (Dai et al., 2014; Gallucci et al., 2013) to ~15 in hydrated blended 

cements with Ó50% replacement of PC with SCMs (Taylor et al., 2010). 

 

C-(N-)A-S-H can incorporate large amounts of alkalis, up to 20% of the amount of 

Na or K added (Hong and Glasser, 1999), and alkali uptake increases as a direct 

function of the Ca/Si ratio (Hong and Glasser, 1999; 2002). A good understanding of 

C-(N-)A-S-H solubility currently exists up to bulk Na concentrations of 0.8 M NaOH 

(Hong and Glasser, 1999; Kalousek, 1944; L'Hôpital et al.; Lognot et al., 1998; 

Macphee et al., 1989; Way and Shayan, 1992), which represents the pH range 

relevant to most cement-based materials (pH Ò 13.5), but fewer solubility data are 

available for this phase at bulk K concentrations up to 0.8 M KOH (Hong and 

Glasser, 1999; Macphee et al., 1989; Nieto and Zanni, 1997; Stade, 1989). These 

data are important for understanding the long-term stability of C-(N-)A-S-H and 

developing thermodynamic models for this phase, to simulate the chemistry of 

cement-based materials in service (Lothenbach et al., 2012a). The Ca-O sheets, 

interlayer regions and aluminosilicate chains in C-(N-)A-S-H are thought to stack 

together such that the chain structures form the external surfaces (Labbez et al., 

2011) (Figure 2.4).  

 

The variable molecular structure of C-(N-)A-S-H, as well as the nanoparticulate 

nature of the gel formed through agglomeration of structural units around several 

nanometres in size (Allen et al., 2007; Skinner et al., 2010), results in a structure 

with limited long-range ordering. Elucidation of the gel structure in AAS and 

hydrated blended SCM/PC materials is challenging when using conventional 

analytical techniques such as X-ray diffraction (XRD) because of this high level of 

structural disorder, and also because C-(N-)A-S-H almost always coexists with 

unreacted remnant precursor particles and secondary or minor reaction products. 
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Figure 2.4. Schematic representation of infinite chain length non-cross-linked C-(N-

)A-S-H as a structural analogue of 14 Å tobermorite (Bonaccorsi et al., 2005), with 

stacked layers to show alkali species adsorbed on the external surface and in the 

interlayer region of this phase. The red diamonds are Ca atoms in the Ca-O sheet, 

and the blue and green triangles are tetrahedral aluminate or silicate units in paired 

and bridging sites respectively, within the dreierketten chains. The yellow circles and 

purple squares represent positively-charged species that charge-neutralise the 

bridging sites and the rest of the layered structure respectively (typically H
+
, Ca

2+
 

and/or alkali cations such as K
+
 or Na

+
). The orange hexagons are diffuse layer 

anions (e.g. OH
-
 and Cl

-
) that compensate the excess positive charge supplied by 

adsorbed cations (Labbez et al., 2011). The pink square is an additional diffuse layer 

cation (e.g. Ca
2+

, Na
+
). The positive and negative symbols represent the local 

distribution of charge in the structure. The size, number and location of the symbols 

are schematic rather than crystallographically exact, and different types of hydrated 

alkali complexes are not distinguished. 

 

As a consequence of the complexity of this multi-phase system, elucidation of the 

structure of C-(N-)A-S-H has not yet been achieved. Important questions remain 

about its molecular chemistry, including:  

i) the possibility of Al substitution into paired tetrahedra (Faucon et al., 

1999a; Manzano et al., 2009b; Pardal et al., 2012; Pegado et al., 2014);  

ii)  the mechanism and selectivity of alkali uptake in C-(N-)A-S-H;  
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iii)  the presence of cross-linked chains, for example in Na2SiO3-activated 

slag cements (Brough and Atkinson, 2002; Fernández-Jiménez et al., 

2003; Le Saoût et al., 2011; Puertas et al., 2011); and 

iv) the role and importance of five and six-coordinated Al (denoted Al[5] and 

Al[6]) (Andersen et al., 2006; Renaudin et al., 2009a; Sun et al., 2006). 

 

Al substitution is widely considered to occur exclusively in bridging sites in C-(N-

)A-S-H, consistent with the nearest-neighbour Al avoidance rule described by 

Loewenstein (Loewenstein, 1954), and the (3n-1) chain length rule (Richardson, 

2004). Although some authors have proposed Al substitution in paired sites (Faucon 

et al., 1999a; Pardal et al., 2012), published 
29

Si magic angle spinning nuclear 

magnetic resonance (MAS NMR) spectra show little or no contribution from the 

Q
1
(1Al), Q

2
(2Al) and Q

3
(2Al) units that would be expected in systems with Al 

substituted into paired tetrahedra (Richardson et al., 1993; Skibsted and Andersen, 

2013; Sun et al., 2006; Taylor et al., 2010). Atomistic simulations of C-(N-)A-S-H 

have also shown that Al is bound in these chains in the bridging sites with great 

preference over the paired sites (Abdolhosseini Qomi et al., 2012; Manzano et al., 

2009b; Pegado et al., 2014). 

 

Incorporation of alkali species into the interlayer region and adsorption onto the 

external surfaces of C-(N-)A-S-H is thought to occur via a charge-compensation 

mechanism (Bach et al., 2013; Labbez et al., 2011; Renaudin et al., 2009a; Skibsted 

and Andersen, 2013; Viallis et al., 1999) (Figure 2.4), although no consensus exists 

regarding the exact mechanism of alkali uptake in this phase. This is corroborated by 

the large variation in existing results reported for Na and K uptake as a function of 

Al content in C-(N-)A-S-H: direct correlations (Hong and Glasser, 2002; Skibsted 

and Andersen, 2013), an inverse correlation (Stade, 1989), and the apparent absence 

of a direct relationship (Bach et al., 2013; Chappex and Scrivener, 2012) between the 

two parameters have been reported. There is also a lack of consensus on the 

selectivity of C-(N-)A-S-H for Na or K species, with existing publications reporting 
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no significant difference between uptake of these two alkali types (Hong and Glasser, 

1999; 2002; Stade, 1989) or preferential selectivity for K over Na (Bach et al., 2013).  

 

It is thought that the aluminosilicate chains in C-(N-)A-S-H products in low-Ca 

cements (bulk Ca/Si Ò 1) can cross-link under ambient conditions to form disordered 

analogues of ódouble chainô calcium silicate minerals, e.g. 11¡ tobermorite (Merlino 

et al., 2001). Recent experimental results support a partially cross-linked structure for 

C-(N-)A-S-H formed in Na2SiO3 and Na2CO3-activated slag cements: Q
3
 type 

species have been identified in deconvolutions of 
29

Si MAS NMR spectra of these 

materials (Fernández-Jiménez et al., 2003) and in laboratory-synthesised specimens 

(Pardal et al., 2012; Sun et al., 2006). A mixed cross-linked/non-cross-linked 

structural model was also needed to describe the mechanical properties of hydroxide 

and Na2SiO3-activated slag cements (Puertas et al., 2011). Schematic representations 

of cross-linked and non-cross-linked tobermorite-like C-(N-)A-S-H products are 

shown in Figure 2.5. 

 

 
Figure 2.5. Schematic representation of finite chain length A) cross-linked and B) 

non-cross-linked C-(N-)A-S-H products as structural analogues of double chain 11 Å 

tobermorite (Merlino et al., 2001) and 14 Å tobermorite (Bonaccorsi et al., 2005) 

respectively. The grey diamonds are Ca atoms in the Ca-O sheet, and red and blue 

triangles are aluminosilicate units in paired and bridging sites respectively. The green 

circles and yellow squares represent sites which can be occupied by hydrated species 

that charge-neutralise the structure as a whole (typically H
+
, Ca

2+
 and/or alkali 

cations such as K
+
 or Na

+
). 
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It is thought that Al[5] can act as an interlayer charge-balancing species, although 

there is no consensus regarding the location of Al[6] uptake by C-(N-)A-S-H; it is 

not yet clear whether this can be located only on surfaces, or additionally in the 

interlayer (Andersen et al., 2006; Renaudin et al., 2009a; Sun et al., 2006).  

 

2.1.4 Structural Models for C-(N-)A-S-H 

 

The key value of a structural model is that the chemical composition and 

nanostructural parameters (e.g. MCL) of C-(N-)A-S-H can be directly calculated 

from experimental data such as 
29

Si MAS NMR spectral deconvolutions, and it can 

be validated by relating its predictions to independent experimental results.  

 

Bernal and coauthors 

The first tobermorite-like structural models for C-S-H were proposed by Bernal et al. 

(1952) based on powder XRD measurements that showed the same dreierketten-

based structures in C-S-H and riversideite (9 Å tobermorite). Bernal et al. (1952) 

considered two types of dreierketten-based C-S-H phases: they described a solid 

solution between CSHx and C3S2Hy as CSH(I), and C2SHx as CSH(II), with both C-

S-H types partly crystalline and closely structurally related.  

 

Stade and Wieker 

Stade and Wieker (1980) proposed a structural C-S-H model based on a dimeric 

tobermorite-like structure, with charge-balancing of silanol groups by interlayer Ca
2+

 

and H
+
 species following the constraints: 0.4 Ò y Ò 2 with x > z for y < 1 and x Ò 2 

for y Ó 1 in eq.(2.1): 

 

 ( )( )
2

4 2 7 21
2

·xy z
Ca HO H Si O nH O+ +

  (2.1) 
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Glasser et al. (1987) used this model to develop a thermodynamic model for C-S-H, 

although additionally attributed no specific structural assignment to the Ca(OH)2 

component of the model. 

 

Taylor 

The C-S-H structural model proposed by Taylor (1986) represents this phase as a 

mixture of jennite-like and 14 Å tobermorite-like phases, with chain vacancies 

present in bridging sites only. The structural model also allows substitution of Al for 

Si in bridging sites only (Figure 2.4). Taylorôs model precedes the óGeneral Modelô 

(GM) (Richardson and Groves, 1992b) and the óSubstituted General Modelô (SGM) 

(Richardson and Groves, 1993b); a detailed discussion of the similarities between 

these models is available in published comments by Richardson, Groves and Taylor 

(Richardson and Groves, 1993c; Taylor, 1993).  

 

Richardson and Groves: the óSubstituted General Modelô (SGM) 

The SGM (Richardson and Groves, 1993b) is widely used in the cement chemistry 

literature (Skibsted and Andersen, 2013; Taylor et al., 2010), and describes a mixture 

of 14 Å tobermorite-like, jennite-like and Ca(OH)2 structures (eq.(2.2)): 

 

 
( ) ( )( )

( ) ( ) ( )
( )000

26 2 9 21 23 13 1
· · ·a

c

c

X an X na nn
Ca H Si R O I zCa OH mH O+

- -- --

  (2.2) 

 

Here, R is a trivalent cation in tetrahedral coordination in the bridging sites (usually 

Al
3+

), I is a charge-balancing interlayer cation for the bridging sites (such as Ca
2+

 or 

an alkali metal) with a positive charge of c, m defines the amount of bound interlayer 

water, n is the number of dreierketten units per 14 Å tobermorite chain, and a0 is the 

extent of substitution of I into the structure (Figure 2.6).  
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Figure 2.6. Schematic representation of the 14 Å tobermorite-like structures 

represented by the SGM. Yellow spheres are Na, light blue tetrahedra are Al and 

dark blue tetrahedra are Si. Adapted from Richardson (2004). 

 

The parameters X, z, a0 and n are defined in terms of w (the degree of protonation of 

the chain units) and y (the amount of Ca(OH)2 in the model), according to eq.(2.3) 

(Richardson and Groves, 1993b): 
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The MCL and Al/Si ratio can then be calculated, using the assumption that C-(N-)A-

S-H and 14 Å tobermorite are structurally similar, and the Ca/Si ratio can be 

determined from eqs.(2.2-2.3), leading to eqs.(2.4-2.6) (Richardson et al., 1994): 
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where [NC] denotes non-cross-linked C-(N-)A-S-H structures.  

 

The SGM is more generalised than the GM because it allows for structural 

incorporation of trivalent cations in bridging sites (e.g. Al
3+

) and uptake of charge-

balancing anions for these sites (e.g. Na
+
), whereas the GM does not. The structural 

model of Taylor (1986) is less generalised than the GM and SGM: Taylor (1986) 

assumed that óchain-endô Si-O groups (Figure 2.5) are protonated only, whereas the 

SGM allows bonding of óchain-endô Si-O units to H
+
 and Ca

2+ 
(Richardson and 

Groves, 1993b); and although Taylorôs model and the SGM both represent C-(N-)A-

S-H in terms of tobermorite-like/jennite-like structures, the SGM additionally 

describes mixtures of tobermorite-like/ósolid solution Ca(OH)2ô.  

 

The SGM has replicated experimental (electron microscopic) observations of C-(N-

)A-S-H chemical compositions in hydroxide-activated AAS paste (Richardson, 

1999) and hydrated blended PC (Taylor et al., 2010) using 
29

Si MAS NMR results. 

Many of the preexisting structural models are based on a mixture of non-cross-linked 

tobermorite-like, jennite-like and Ca(OH)2 structures that can describe C-S-H 

chemical compositions and structure (described above and by Richardson (2008)), 

but none are as flexible as the SGM (Richardson, 2004; 2008). The key limitation of 

the SGM is that it does not describe cross-linked C-(N-)A-S-H structures; 

Richardson (2014) proposed an extension of the SGM that includes fully cross-

linked or non-cross-linked tobermorite-like structures only, i.e. without considering 

the mixed cross-linked/non-cross-linked structures found in C-(N-)A-S-H and 

addressed in Chapters 4-6 and 8-9 of this thesis in the formulation and application of 

a more generalised structural C-(N-)A-S-H model. The SGM is also limited by the 
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lack of a specific structural description attributed to the ósolid solution Ca(OH)2ô 

component of the model, although this is only important for Ca/Si ratios > 1.5.  

 

Chen and coauthors 

Chen et al. (2004) formed their structural and compositional model from a 

comprehensive analysis of C-S-H solubility, and described C-S-H as a mixture of 

tobermorite-like and jennite-like structures, with different C-S-H solubility curves 

assigned to different structural configurations of Ca-OH bonds. This structural 

representation of C-S-H is equivalent to the GM (Richardson and Groves, 1992b).  

 

Sun and coauthors 

Sun et al. (2006) synthesised a series of C-(N-)A-S-H products with chemical 

compositions of 0.86 Ò bulk Ca/(Al+Si) Ò 1.4 and 0 Ò bulk Al/(Al+Si)  Ò 0.30, 

characterised the samples using X-ray fluorescence (XRF), 
29

Si and 
27

Al MAS NMR, 

and XRD, and developed a structural model from the results. Their structural model 

describes C-(N-)A-S-H in terms of tobermorite-like structures over the range of bulk 

chemical compositions studied.  

 

Structural incorporation of Al[4] was only allowed in bridging sites (Figure 2.5) in 

the model, with structural Al[5] and Al[6] assigned to cross-linked Al[4]-O-Al[5,6]-

O-Al[4] sites. Sun et al. (2006) used these Al[4]-O-Al[5,6]-O-Al[4] sites to explain 

the much higher basal spacings found for their synthesised C-(N-)A-S-H products 

(up to 16.4 Å) relative to tobermorite (up to 14 Å, Figure 2.3). While Al-O-Al 

bonding is strongly energetically disfavoured in tetrahedral T-O-T (T = Si, Al) 

configurations in aluminosilicates (Loewenstein, 1954; Provis et al., 2005a), 

energetically favourable Al[4]-O-Al[6] -O-Al[4] configurations are observed in some 

minerals e.g. phlogopite (Langner et al., 2012), meaning that the assignment of cross-

linked Al[4]-O-Al[5,6]-O-Al[4] sites in C-(N-)A-S-H may be possible.  The 

structural model also includes Al[5] and Al[6] interlayer species without precluding 

incorporation of these units on C-(N-)A-S-H surfaces. Although 
27

Al MAS NMR 



28  2. Literature Review 

 

 

 

and transmission electron microscopy (TEM) with energy-dispersive X-ray 

spectroscopy (EDS) analysis (Andersen et al., 2006) and 
27

Al{
1
H}  HETCOR NMR 

spectra (Rawal et al., 2010) of hydrated white Portland cement (wPc) pastes do not 

support Al[6] uptake in C-A-S-H interlayers, the same analysis has not been applied 

to lower Ca/Si C-(N-)A-S-H such as the tobermorite-like phases described by this 

structural model (Sun et al., 2006), meaning that the assignment of interlayer Al[6] is 

potentially plausible. Na
+
 is also considered to be both loosely-bound on C-(N-)A-S-

H surfaces and rigidly-bound in the interlayer, and Ca
2+

 and H
+
 are additionally 

described as being interlayer charge-balancing species. Many of these assignments 

are discussed further in this thesis, particularly in Chapters 8-9. 

 

Pellenq and coauthors 

The atomistic model of C-S-H by Pellenq et al. (2009) is based on extensive 

modifications of the 11 Å non-cross-linked tobermorite structure proposed by Hamid 

(1981), although later applications of the model also considered cross-linking and 

structural incorporation of Al (Abdolhosseini Qomi et al., 2012). The model 

describes finite chain length C-S-H at Ca/Si > 1, with structural Si monomers 

defined as intrinsic components of this phase at Ca/Si > 1.5 (and so the model does 

not follow the 3n-1 chain length rule in this chemical composition range). The 

limited Ca/Si ratio range described by the model (Ca/Si Ó 1) precludes its application 

to many alkali-activated materials and other C-(N-)A-S-H-based cements with lower 

bulk Ca content. The combinatorial approach used in formulation of the model 

means that C-S-H structural parameters cannot be calculated from independent 

experimental input additional to the data used in model derivation, but does allow the 

prediction of important chemical-structural parameters e.g. Gibbs free energy and 

bulk modulus (Abdolhosseini Qomi et al., 2014). 

 

The main criticism of the C-S-H model derived by Pellenq et al. (2009) is that the 

bonding environments of some of the atoms present are unrealistic when compared 

to calcium silicate hydrate phases such as tobermorite (Richardson, 2013a). For 

example, the model contains Ca atoms with Ca-O bond lengths <2 Å, which is much 
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shorter than the known Ca-O bond lengths of 2.26-2.74 Å in 14 Å tobermorite 

(Bonaccorsi et al., 2005), 2.31-3.19 Å  in non-cross-linked 11 Å tobermorite (Hamid, 

1981) and 2.24-2.89 Å in cross-linked 11 Å tobermorite (Merlino et al., 2001). There 

also are three, four, five and nine-coordinated Ca atoms in the model, whereas 

coordination states of six and seven are typical of calcium silicate hydrate minerals 

(Bonaccorsi et al., 2005; Bonaccorsi et al., 2004; Hamid, 1981; Merlino et al., 2001). 

Further criticism of the model is incurred by the cross-linked C-A-S-H structures 

assigned in later development of the model (Abdolhosseini Qomi et al., 2012): Q
3
-

type (alumino)silicate units are not experimentally observed in C-A-S-H with Ca/Si 

> 1 at ambient or slightly elevated temperatures (Chen et al., 2004; Cong and 

Kirkpatrick, 1996a; Gallucci et al., 2013; Taylor et al., 2010), which contradicts the 

inclusion of these structures in the model. In addition, hydrated Si monomers are not 

always identified in 
29

Si MAS NMR spectra of C-S-H (Chen et al., 2004) and 

hydrated wPc materials (Dai et al., 2014), which casts doubt on the inclusion of these 

units as intrinsic structural components of Ca/Si > 1.5 C-S-H. 

 

Puertas and coauthors 

Puertas et al. (2011) proposed a structural and compositional model for C-(N-)A-S-H 

in AAS cements, described as a mixture of jennite-like, and Al-containing 14 Å and 

11 Å tobermorite-like phases with chain lengths Ò 14. This model was validated 

against mechanical and compositional properties of AAS cement pastes determined 

by scanning electron microscopy (SEM)-EDS, 
29

Si MAS NMR and nanoindentation 

measurements, although no formulae for calculating MCLs and chemical 

compositions were provided. A key limitation of the Puertas et al. (2011) model is its 

lack of flexibility in describing C-(N-)A-S-H structure and chemical composition. 

 

2.1.5 Secondary and Minor Cement Hydrate Phases  

 

Some of the most common secondary and minor reaction products in hydrated PC-

based materials and AAS cements are discussed in this section. 
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Portlandite 

Portlandite contains layers of octahedrally-coordinated Ca bound to tetrahedrally-

coordinated O atoms (Taylor, 1997), and has a trigonal crystal structure. The 

solubility of portlandite decreases with increasing pH (Duchesne and Reardon, 

1995), and it is a typical reaction product in hydrated PC-based materials 

(Lothenbach and Winnefeld, 2006), as the Ca/Si ratio of PC clinker (Ca/Si > 2.5) is 

much higher than that which can be accommodated in C-S-H type phases. 

 

Mg-Al layered double hydroxide (LDH) 

Mg-Al LDH is a minor reaction product in hydrated PC (Lothenbach and Winnefeld, 

2006) but is the main secondary product in AAS cements (Brough and Atkinson, 

2002). The majority of Mg incorporated into the solid binder in AAS (Wang and 

Scrivener, 1995) and hydrated PC-based materials (Taylor et al., 2010) is bound in 

Mg-Al LDH phases, and the solubility of Mg is very low in these cements 

(Gruskovnjak et al., 2006; Lothenbach and Winnefeld, 2006; Puertas et al., 2004; 

Song and Jennings, 1999). The primary layer of this phase contains partially Al-

substituted brucite-like sheets (brucite is structurally-similar to portlandite but has a 

chemical formula of Mg(OH)2). These Al atoms are randomly substituted at low Al 

content (MacKenzie et al., 1993), but form an ordered distribution at high Al content 

(Taylor, 1997). The secondary layer contains H2O and dissolved anions (typically 

CO3
2-

 and OH
-
 in cements, although a variety of other species are possible (Allada et 

al., 2005b)), that balance the positively-charged brucite-like layers.  

 

AFm/AFt 

AFm and AFt phases also contain LDH type structures, but the positively-charged 

main layers are derived from portlandite rather than brucite. These sheets are 

typically substituted by Al
3+

 or Fe
3+

 cations, and the excess positive charge is 

balanced by an interlayer containing negatively-charged dissolved species and H2O. 

The typical negatively-charged species are OH
- 
(C4AHx, where x depends on the 

relative humidity (Taylor, 1997) and occurs naturally as the mineral hydrocalumite 
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(Tilley et al., 1934)), SO4
2-

 (C4AS̄H12 and ettringite), CO3
2-

 (C4AcH11 and C6Ac3H32) 

and AlSi(OH)8
-
 (strätlingite). The aluminosilicate species in the interlayer of 

strätlingite can be represented by the more general formula 

[(V,T)4(OH,O)8·0.25H2O]
-
, where V is a vacancy and T is Si or Al; around 45% of 

the T sites are vacant in strätlingite (Rinaldi et al., 1990). The type of AFm/AFt 

phases formed in hydrated cements depends greatly on the bulk chemical 

composition; for example, cements with high bulk SO3/Al 2O3 ratios tend to form AFt 

phases such as ettringite rather than AFm phases such as C4AS̄H12 (Matschei et al., 

2007a). Temperature also greatly affects the stability of AFm/AFt phases, for 

example C4AHx decomposes to C3AH6 and portlandite at 25°C and 1 bar in systems 

with high OH
-
 and low SO3 and CO2 content (Matschei et al., 2007a), but is 

thermodynamically stable below 8°C at high OH
-
 content and low SO3 and CO2 

concentrations (Matschei and Glasser, 2010) (Figure 2.7).  

 

 
Figure 2.7. Stable phase assemblage in the CaO-CO2-Al 2O3-H2O system at 

portlandite saturation (1 bar pressure). Adapted from Matschei and Glasser (2010). 
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Hydrogarnet 

The Al-Fe hydrogarnet solid solution series, (Ca)3(Al xFe1-x)2(SiO4)3-y(OH)4y 0 Ò x Ò 1 

and 0 Ò y Ò 3, contains the end-members grossular (C3AS3), andradite (C3FS3), 

katoite (C3AH6) and Fe-katoite (C3FH6). Fe-katoite is a stable phase in hydrated PC-

based materials (Dilnesa et al., 2014) and katoite has been identified in AAS cement 

(Bonk et al., 2003), although these phases are only typically present in minor 

amounts. The anhydrous and hydrous garnets are structurally similar, containing 

eight (A), six (B), and fourfold coordinated (C) atoms, and an anionic species (D, 

typically O
2-

), so may also be represented by the formula (A)3(B)2(C)3(D)12 (Locock, 

2008). Substitution of Si
4+

 for 4H
+
 and a fraction of site vacancies occurs in the C 

site (related to the y parameter in the chemical formula above), and causes expansion 

of the site and unit cell volume (Lager et al., 1987).  

 

Third aluminate hydrate (TAH) 

It was shown by Andersen et al. (2006) that an amorphous aluminium hydrate (the 

óthird aluminate hydrateô, TAH) is observable in 
27

Al MAS NMR spectra of hydrated 

wPc pastes at ŭiso = 5.0 ppm. This phase decomposes upon heating to 70-90°C 

(Andersen et al., 2006). Andersen et al. (2006) described TAH as a separate 

precipitate, or a precipitate on C-(N-)A-S-H surfaces, because their NMR results 

could not be reconciled with chemical analysis from TEM-EDS measurements of C-

(N-)A-S-H in hydrated PC. This phase is described as a poorly-ordered Al(OH)3-type 

phase intimately mixed with other hydrate phases in hydrated PC/GBFS materials 

(Taylor et al., 2010), and has also been identified in AAS cement (Bernal et al., 

2014b). 

 

Zeolites 

Zeolites (e.g. heulandite, CAS7H1.7) are formed in minor amounts at very high bulk 

Al content in laboratory-synthesised C-(N-)A-S-H samples (Sun et al., 2006), and 

can be identified in AAS cements in synchrotron-resolution XRD patterns (e.g. 

gismondine, CAS2H4) (Bernal et al., 2011b). Zeolites are more commonly produced 
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in hydrated cements with lower Ca content, such as alkali-activated 

metakaolin/GBFS cements (Bernal et al., 2011b), as these phases are structural 

analogues of the alkali aluminosilicate (hydrate) (N-A-S(-H)) gels formed through 

alkali-activation of low-Ca precursors such as metakaolin and fly ash (Provis et al., 

2005b).  

 

2.2 Thermodynamic Modelling 

 

2.2.1 Applications in Cementitious Systems 

 

The increasing complexity and number of modern cement formulations in 

development and use in the construction industry (Scrivener and Kirkpatrick, 2008), 

means that there is now, more than ever, an urgent need to develop general predictive 

methods for the durability of cement-based materials in service using design 

parameters such as the cement type and curing conditions. Thermodynamic 

modelling is a computationally inexpensive and theoretically rigorous technique that 

can be used to predict the chemistry, and thus important durability-related properties, 

of hydrated cement-based materials under the assumption of thermodynamic 

equilibrium. Metastable equilibrium constraints are normally employed to more 

realistically represent cement phases over the typical design life of engineered 

structures; for example, C-(N-)A-S-H is a poorly-crystalline material in cements 

cured under ambient conditions for years (Richardson et al., 1994) or even decades 

(Taylor et al., 2010), but has been observed to crystallise to Al -rich tobermorite in 

Roman concrete exposed to seawater for over 2000 years (Jackson et al., 2013), and 

so is normally described as a metastable phase in thermodynamic modelling of 

cement-based materials.  

 

This approach has been validated for hydrated PC and some blended SCM/PC 

materials using the CEMDATA thermodynamic database (Kulik and Kersten, 2001; 

2002; Lothenbach et al., 2008b; Lothenbach and Winnefeld, 2006; Matschei et al., 

2007b; Möschner et al., 2008; Möschner et al., 2009; Schmidt et al., 2008), but has 
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been used to describe these materials with other thermodynamic databases for more 

than two decades (Atkins et al., 1992a). CEMDATA has also been applied to 

perform thermodynamic modelling of AAS cements (Lothenbach and Gruskovnjak, 

2007), however the thermodynamic model (Kulik and Kersten, 2001) used to 

describe C-(N-)A-S-H in that study does not explicitly define the uptake of Al and 

Na into this phase. Explicit definition of Al chemistry in a thermodynamic model for 

AAS is essential because many of the reaction products formed in this material 

contain Al; this is also the case for many hydrated SCM/PC blends, and hybrid 

alkali-activated SCM/PC materials. The inclusion of alkalis as a key component in 

these models is important to correctly describe the solubility relationships of C-(N-

)A-S-H under the pH conditions (>12) and alkali concentrations (tens to hundreds of 

mmol/L) relevant to the majority of cementitious materials. Therefore, the lack of a 

C-(N-)A-S-H thermodynamic model (formulated explicitly with Al uptake) that 

accurately represents this phase under pH > 12 conditions is the main limitation in 

applying thermodynamic modelling to describe the chemistry of a greater variety of 

hydrated cement types.  

 

2.2.2 General Concepts 

 

Thermodynamic modelling of cements is primarily concerned with the minimisation 

of free energy during hydration (or activation) of a cementitious precursor with water 

(or an activator) to form a hardened binder that typically contains several solid 

constituents (e.g. C-(N-)A-S-H). This is illustrated here by considering the chemical 

reaction shown in eq.(2.7): 

 

 aA bB cC dD+ +   (2.7) 

 

where A and B are reactants, C and D are products, and a, b, c, d are the respective 

stoichiometric coefficients. The equilibrium constant (K) for this reaction is shown in 

eq.(2.8): 
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C D
K

A B
=   (2.8) 

 

where curly brackets denote activity and the value of K indicates whether the forward 

reaction (K > 1) or backward reaction (K < 1) is energetically favoured. A system is 

defined to be at equilibrium when there are no internal driving forces for change, i.e. 

when the Gibbs free energy function (G) is minimal. Local and global minima for G 

are denoted ómetastableô and óstableô equilibrium states respectively (Figure 2.8).  

 

 
Figure 2.8. The different states of equilibrium represented by balls on a surface, 

where the height represents the Gibbs free energy function. 

 

The equilibrium constant is related to the standard Gibbs free energy change of 

reaction (ȹrG°) by eq.(2.9): 

 

 ( ) ()lno o

r j f j

j

G G RT KzD = D =-ä   (2.9) 

 

where R is the universal gas constant (8.3145 J.mol
-1

.K
-1

), T is temperature (K), and 

ɕj and ȹfGj° are the stoichiometric coefficients (negative for reactants, positive for 
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products) and standard Gibbs free energies of formation for the j
th
 species 

participating in the reaction, respectively. Eq.(2.9) is extremely useful because it 

allows equilibrium constants for many reactions to be calculated from a much 

smaller set of known ȹfGj° values, and thus allows the determination of standard 

thermodynamic functions: Gibbs free energy (G°); enthalpy (H°); and entropy (S°), 

from solubility experiments and known thermochemical data. The thermodynamic 

functions are related by eq.(2.10): 

 

 G H TS= -   (2.10) 

 

where H and S are enthalpy and entropy functions, respectively. The standard Gibbs 

free energy change of reaction for the reaction defined by eq.(2.7) can be written as 

shown in eq.(2.11) because G is a state function, i.e. it depends only on the state of a 

system and is independent of the way in which a system changes from one state to 

another. 

 

 .(2.7) ( ) ( )o o o o o

r eq f C f D f A f BG c G d G a G b GD = D + D - D + D  (2.11) 

 

In the special case when a reaction is written for the dissolution of a pure solid phase 

or a solid solution of constant composition the equilibrium constant is called the 

solubility product (Ks or Kso). The subscript óoô indicates zero ionic strength. The 

solubility product is a particularly useful parameter in thermodynamic modelling of 

cement-based materials because it can be determined experimentally for individual 

solid phases and then used to provide information about the stability of these phases 

in different cement formulations. For example, the solubility product for portlandite 

(Ca(OH)2) can be expressed by eq.(2.13), which corresponds to the reaction shown in 

eq.(2.12): 

 

  
2

2( ) ( ) ( )( ) 2s aq aqCa OH Ca OH+ -+   (2.12) 
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, ( ) ( )so Ca OH Ca OHK Ca OH IAP+ -= =   (2.13) 

 

where the activity of (pure) Ca(OH)2(s) is set equal to 1 by definition. The ion activity 

product (IAP) is defined similarly to the expression for Kso, but is also for 

disequilibrium (eq.(2.13)). 

 

2.2.3 Solid Solutions 

 

Several of the solid phases discussed in this thesis, including C-(N-)A-S-H, are 

described as (sublattice) solid solutions. The chemical formula of a solid solution 

phase with mixing on two sublattice sites can be represented in the form 

Q
*
[A,B]

1
[C,D]

2
, which can have any of the following end-members: Q

*
[A]

1
[C]

2
, 

Q
*
[A]

1
[D]

2
, Q

*
[B]

1
[C]

2
 or Q

*
[B]

1
[D]

2
. Each of the two sublattice sites (identified by 

the square brackets) can accommodate two possible sublattice species; A or B can be 

present in the first site (denoted by the superscript 1), and C or D in the second 

(superscript 2). The sublattice species A, B, C and D partition into the sublattice sites, 

while component Q
*
 represents the common component(s). Sublattice solid solutions 

are not limited to two sublattices or sublattice species, however the mathematical 

complexity of the related thermodynamic functions increases dramatically beyond 

such cases. 

 

The Gibbs free energy of mixing (Gm) of a solid solution phase can be conceptualised 

in terms of three main contributions: mixing of simple components to the solid 

solution phase (analogous to Raoultôs law); effects of atoms substituting in different 

configurations in the structure of the solid solution phase; and an (excess) non-ideal 

mixing component. These contributions are emphasised in the expression for Gm 

shown by eq.(2.14) (Hillert and Staffansson, 1970): 

 

 
mech id E

m m mG G TS G= - +  (2.14) 

 



38  2. Literature Review 

 

 

 

where G
mech

 is the Gibbs free energy of a compositionally-equivalent ómechanical 

mixtureô of simple components to the solid solution phase, Sm
id
 is the difference in 

entropy between an ideal solid solution and its pure end-member components (i.e. 

the configurational entropy), and Gm
E
 is the excess Gibbs free energy of the solid 

solution. óSimple ideal mixingô or a ómechanical mixtureô is defined as Gm = G
mech

, 

i.e. for solid solutions with Sm
id
 and Gm

E
 terms equal to 0. The configurational 

entropy term is expressed by Sm
id
 = -RɆj[yjln(yj)], where yj is the site fraction of 

species j if the species in each sublattice mix randomly. If each sublattice species is 

only allowed to enter into one sublattice site (i.e. ósimple random mixingô) then the 

configurational entropy term can be expressed as Sm
id
 = -RɆj[ɢjln(ɢj)], where ɢj is the 

mole fraction of species j. The Gm
E
 term represents the deviation of the solid solution 

from ideality and is commonly expressed in the form of a óGuggenheim expansion 

seriesô to describe mixing in solid solutions (Glynn and Reardon, 1990), which is 

shown in eq.(2.15) for a binary solution solution Q
*
[A,B]: 
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where A0 and A1 are Guggenheim interaction parameters. The Redlich-Kister form of 

the Guggenheim expansion series is another commonly used expression for Gm
E
 

(Glynn, 1991), and is similar but contains dimensionless interaction parameters (a0, 

a1), eq.(2.16): 
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Real systems can generally be described quite closely by using the first two terms on 

the RHS of eqs.(2.15-2.16) only; this simplification makes these expressions 

functionally equivalent to the ósubregularô or ótwo-parameterô asymmetric Margules 

equation. Therefore the interaction parameters A0, A1, a0, and a1 are related to 
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Margules parameters and may be conceptualised in terms of describing the 

interactions between atoms or components in the solid solution phase.   

 

2.2.4 Thermodynamic Models for C-A-S-H 

 

Only one C-A-S-H thermodynamic model had been published (Haas et al., 2011; 

2012) prior to the commencement of this thesis. 

 

Haas and coauthors 

The thermodynamic model of Haas et al. is based on C-A-S-H solubility data at bulk 

Ca/Si ratios of 0.66, 0.8 and 0.95 at various bulk Al concentrations (Haas and Nonat, 

2015; Haas et al., 2011; 2012; Pardal et al., 2009). It is presumed that the 

thermodynamic model is formulated as a mechanical mixture or set of independent 

C-(A-)S-H phases because Haas et al. provide no information about the mixing rules 

used in their model. Solubility product values are specified in this thermodynamic 

model by fitting equilibrium constants for a set of aluminosilicate chain 

condensation/surface reactions, and Al(OH)
2+

/Ca
2+

 complexation reactions and 

protonation reactions with internal and surface silanol groups, to C-(A-)S-H 

solubility data (Haas et al., 2011; 2012; Pardal et al., 2009). Optimised solubility 

products of the C-(N-)A-S-H phases described by the thermodynamic model were 

reported by (Haas and Nonat, 2015). The relatively low pH and Ca/Si ratios of the 

data set described by the model (pH Ò 12.2 and 0.66 Ò Ca/Si Ò 0.95) suggests that it 

may not accurately represent the solubility of C-(N-)A-S-H in most hydrated PC-

based materials and alkali-activated cements. 

 

2.2.5 Thermodynamic Models for C-S-H 

 

A substantial amount of research has been devoted to understanding the solubility of 

C-S-H (Atkins et al., 1992b; Atkinson et al., 1989; Chen et al., 2004; Cong and 

Kirkpatrick, 1996a; Flint and Wells, 1934; Fujii and Kondo, 1981; Glasser et al., 

1999; Greenberg and Chang, 1965; Grutzeck et al., 1989; Harris et al., 2002; 
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Jennings, 1986; Roller and Ervin, 1940; Suzuki et al., 1985; Taylor, 1950; Walker et 

al., 2007), and development of solubility-based thermodynamic models for this phase 

has been ongoing over several decades (Atkins et al., 1992a; Berner, 1992; Flint and 

Wells, 1934; Gisby et al., 2007; Glasser et al., 1987; Greenberg and Chang, 1965; 

Kulik and Kersten, 2001; Reardon, 1990; Suzuki et al., 1985; Walker et al., 2007). 

The majority of published C-S-H solubility data have been identified to collapse onto 

several distinct solubility curves (Chen et al., 2004; Jennings, 1986), indicating that 

an important and complex structure-solubility relationship exists for this phase 

(Figure 2.9).  

 

 
Figure 2.9. C-S-H solubility data compiled by Chen et al. (2004), with curves A, B, 

C, Cô and Cò representing C-S-H with different structural configurations of Ca-OH 

bonds. Numbers are Ca/Si ratios of the solids analysed. Numbers in parentheses 

indicate the Ca/Si ratios of solids containing Ca(OH)2. Adapted from (Chen et al., 

2004). 
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Kulik, Lothenbach and coauthors 

The Kulik and Kersten (2001) C-S-H thermodynamic model contains two ideal solid 

solutions (i.e. the excess Gibbs free energy (G
EX

) = 0) describing mechanical 

mixtures of i) tobermorite-like and jennite-like C-S-H structures of the type modelled 

by Taylor (1986) between 0.83 Ò Ca/Si Ò 1.67; and ii) a Ca/Si = 0.83 tobermorite-

like phase and amorphous SiO2 at lower Ca content. End-member solubility products 

were selected to fit the solubility data published by Greenberg and Chang (1965) in 

the original version of the thermodynamic model, but were later refitted to match a 

much more comprehensive set of C-S-H solubility data compiled by Lothenbach et 

al. (2008b). Lothenbach et al. (2008b) also adjusted the enthalpies of formation 

(ȹfH
o
) and standard entropies (S

o
) of the tobermorite-like and jennite-like end-

members to fit published C-S-H solubility data between 20 and 80°C. This 

thermodynamic model has been applied extensively to accurately predict hydrated 

PC solid phase assemblages and pore solution compositions as functions of bulk 

solid binder chemical compositions (Lothenbach, 2010; Lothenbach and Winnefeld, 

2006) (Figure 2.10). 

 

 
Figure 2.10. Predicted phase assemblage of hydrated PC as a function of the time of 

curing, assuming thermodynamic equilibrium. C4AF, C3A, C2S and C3S are PC 

clinker phases. Adapted from (Lothenbach, 2010). 
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More recently, Kulik (2011) developed two thermodynamic models for C-S-H based 

on the GM (Richardson and Groves, 1992b), which are therefore more structurally-

consistent than the existing formulation of Kulik and Kersten (2001), using a much 

larger set of solubility data in the CaO-SiO2-H2O system at ambient conditions 

(Figure 2.11): the downscaled CSHQ and CSH3T models. The downscaled CSH3T 

model is formulated as an ideal (G
EX

 = 0) sublattice solution model with ósimple 

random mixingô to define the configurational entropy component, and describes a 

solid solution of tobermorite-like phases between 0.67 Ò Ca/Si Ò 1.5. The 

downscaled CSHQ model is defined in terms of an ideal (G
EX

 = 0) mechanical 

mixture model describing a solid solution of mixed tobermorite-like/jennite-like 

phases between 0.67 Ò Ca/Si Ò 2.25. The downscaled CSHQ model has been used in 

a recent publication to describe the hydration and long-term chemistry of a PC/SF-

based shotcrete cement (Lothenbach et al., 2014). 
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Figure 2.11. Predicted C-S-H solubility curves (traces) using the downscaled (A, B) 

CSHQ and (C, D) CSH3T thermodynamic models compared to reported solubility 

data for this phase (points). Data from Chen et al. (2004) are represented by large 

squares, diamonds and circles. Adapted from Kulik (2011).  

 

Walker and coauthors 

Walker et al. (2007) developed a C-S-H thermodynamic model to describe the total 

solubility of this phase for Ca/Si ratios Ó 1. The thermodynamic model describes a 

non-ideal subregular binary solid solution, formulated using CSH and Ca(OH)2 end-

members, with activity coefficients calculated from Guggenheim interaction 

parameters used to describe the excess Gibbs free energy term. Thermodynamic 

modelling was performed to calculate óstoichiometric saturationô (Glynn and 

Reardon, 1990) solubility products for CSH and Ca(OH)2 using a comprehensive 

solubility dataset in the CaO-SiO2-H2O system that was also determined by Walker 
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et al. (2007). The lower Ca boundary of the CSH-CH miscibility gap was determined 

from Fourier transform infrared spectroscopy (FTIR) and XRD results (Walker et al., 

2007) to fall at Ca/Si = 1.64, and least squares fitting of the Guggenheim parameters 

was performed to best match the solubility data to obtain the upper Ca miscibility 

gap boundary (Ca/Si = 12.2). 

 

Atkins, Glasser and coauthors 

Thermodynamic models for C-S-H were developed by Atkins, Glasser and coauthors 

over a period of several years (Atkins et al., 1992a; Glasser et al., 1999), which were 

primarily utilised to predict the pore solution chemistry of hydrated blended PC-

based cements in radioactive waste disposal applications (Atkins and Glasser, 1992; 

Glasser and Atkins, 1994). Two of the early models developed by Atkins, Glasser 

and coauthors were called the ópartialô and ófullô crystallisation models (Atkins et al., 

1994), which were intended for use at temperatures <80°C and between 80 and 90°C 

respectively. Both models described C-S-H as a set of phase mixtures or single 

phases in discrete Ca/Si intervals between 0.8 and 1.5, with solubility products 

specified for each solid phase to best match the model to C-S-H solubility data 

obtained between 25 and 85ÁC. For example, the ópartialô crystallisation model 

contained: 

i) C5S6H5 (tobermorite) between Ca/Si = 0.8 and 0.85;  

ii)  C5S6H5 and CSH between Ca/Si = 0.85 and 1;  

iii)  CSH and C3S2H3 (afwillite) between Ca/Si = 1 and 1.5; and 

iv) C3S2H3 and Ca(OH)2 for Ca/Si > 1.5.  

 

Later development of the model expanded this composition range from Ca/Si = 0.85 

to >2, increased the number of phase mixtures/single phases (Ca/Si intervals of 0.85-

1, 1-1.2, 1.2-1.6, 1.6-2, >2), and adapted the solubility products for each phase to 

improve the fit of the model to a larger C-S-H solubility dataset. 
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Davies, Gisby and coauthors 

The C-S-H solubility data at temperatures between 25 and 85°C used to parameterise 

the thermodynamic models of Atkins, Glasser and coauthors (Atkins et al., 1992a; 

Glasser et al., 1999) were used in the development of a non-ideal sublattice solid 

solution model by Davies, Gisby and coauthors (Davies et al., 2014; Gisby et al., 

2007). This thermodynamic model describes C-S-H in terms of two solid solutions: a 

low Ca/Si ratio (Ò1.11) solid solution for óSiO2 gelô and a higher Ca/Si ratio (0.78 Ò 

Ca/Si Ò 1.67) solid solution for C-S-H. Mixing in the C-S-H solid solution model is 

specified using five sublattice sites and four C-S-H end-members, and is based on the 

compound energy model (Hillert, 1998).  The Gibbs free energies of the C-S-H end-

members were adjusted to fit a large set of solubility data for C-S-H at ~25°C. The 

thermodynamic model generally predicts lower Si concentrations than shown by the 

C-S-H solubility dataset used for model validation at Ca/Si ratios > 1.3 and does not 

match the concentrations of Ca measured in C-S-H solubility experiments performed 

by Glasser et al. (2005) at Ca/Si ratios > 1.5 and temperatures from 25-85°C. The 

thermodynamic model was extended to include mixing of UO3, NaOH and KOH 

species in the C-S-H interlayer. No thermodynamic data for the óC-S-Hô or óSiO2 gelô 

solid solution models were provided.  

 

Thomas and Jennings 

The thermodynamic model developed by Thomas and Jennings (1998) describes C-

S-H as a solid solution with five sublattice sites: a paired site (SiO2), a bridging site 

containing a vacancy represented by 2(OH
-
) or H2SiO4

2-
, a Ca-O layer site (CaO), a 

site for interlayer charge-balancing species (Ca
2+

 or 2H
+
), and an interlayer H2O site, 

to describe an overall composition range of 0.78 Ò Ca/Si Ò 1.67. Four end-members 

were selected from this definition (i.e. all possible combinations of species in the 

bridging site and the site for interlayer charge-balancing species were allowed), and 

the mixing rules for the sublattice solid solution model were defined as a mechanical 

mixture with a subregular Redlich-Kister (Guggenheim) type excess Gibbs free 

energy term (Glynn and Reardon, 1990), but without mention of the configurational 

entropy. The Gibbs free energies of the end-members and excess interaction 
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parameters were fitted to best match the C-S-H solubility data measured by Cong and 

Kirkpatrick (1996a).  

 

Berner 

The C-S-H thermodynamic model formulated by Berner (1992) describes a mixture 

of a SiO2 end-member (Ca/Si = 0) with ideal (G
EX

 = 0) solid solutions of SiO2-

CaH2SiO4 between 0 < C/S Ò 1, Ca(OH)2-CaH2SiO4 between 1 < C/S Ò 2.5, and 

CaH2SiO4-Ca(OH)2 for C/S > 2.5. The solid solutions are described as mechanical 

mixtures. Solubility products were specified for each of the end-members as 

constants or as functions of the Ca/Si ratio of the C-S-H phase. The thermodynamic 

model was applied to predict the pore solution chemical composition of hydrated PC, 

including a hydrated PC/(Ca-Si-)uranium oxide matrix, under thousands of 

groundwater exchange cycles, to simulate the long-term leaching behavior of these 

materials in a radioactive waste repository. 

 

Reardon 

Reardon (1990) developed a thermodynamic model for C-S-H using the Pitzer 

interaction model (Pitzer, 1991) to calculate ion activity coefficients in the aqueous 

phase. The model defined the C-S-H solubility product as an empirical function of 

the Ca/Si ratio of this phase, which was selected to match the low-Si solubility curve 

of Jennings (1986). Solid phase assemblages and aqueous phase chemical 

compostions were calculated to describe the reaction between sulfuric acid and a 

hypothetical mixture of C-S-H, Ca(OH)2 and C4AH13 as a preliminary demonstration 

of the thermodynamic model. 

 

2.2.6 Thermodynamic Data for Secondary and Minor Cement Phases 

 

Thermodynamic models have also been developed for secondary and minor cement 

phases such as Fe-Al hydrogarnet (Dilnesa et al., 2014) and C4AcH11-C4AÓӶH12 

(Matschei et al., 2007b). These models, thermodynamic models for C-(N-)A-S-H, 
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and thermodynamic data for pure secondary and minor cement phases are compiled 

in thermodynamic databases. Several thermodynamic databases for cement phases 

have been developed (Atkins et al., 1992a; Blanc et al., 2010a; 2010b; Lothenbach 

and Winnefeld, 2006; Savage et al., 2011), although the most widely used 

thermodynamic database in the cement chemistry literature is CEMDATA (Kulik 

and Kersten, 2001; 2002; Lothenbach et al., 2008b; Lothenbach and Winnefeld, 

2006; Matschei et al., 2007b; Möschner et al., 2008; Möschner et al., 2009; Schmidt 

et al., 2008). Development of this database has been ongoing for nearly a decade. 

However, the thermodynamic model for C-(N-)A-S-H in CEMDATA is based on the 

C-S-H model of Kulik and Kersten (2001), so does not describe structural 

incorporation of Al in this phase. Consequently, the utility of CEMDATA is 

generally limited to relatively low-Al cement-based materials such as hydrated PC. 

 

2.3 Conclusions 

 

The main hydration product in hydrated PC-based materials and AAS is C-(N-)A-S-

H. The chemistry of this phase has been studied for decades, although its exact 

structure is not fully understood. It is generally thought that C-(N-)A-S-H resembles 

a solid solution of poorly-crystalline tobermorite-like phases over a large range of 

Ca-Al -Si compositions: the theoretical composition envelope is 0.67 Ò Ca/(Al+Si) Ò 

2.5 and Al/Si Ò 0.5, although the Ca and Al-content of this phase is greatly limited by 

secondary and minor cement phases at high Ca and Al concentrations, so maximum 

Al/Si ratios of ~0.2 are typically obtained in phase-pure samples. Cross-linking of 

aluminosilicate chains in C-(N-)A-S-H is possible in low-Ca (Ca/Si Ò 1) materials 

such as Na2SiO3 and Na2CO3-activated slag cements. Al is generally thought to be 

structurally incorporated only in bridging sites in C-(N-)A-S-H, in accordance with 

the Al-O-Al avoidance principle of Loewenstein. Al may also be present as 

positively-charged aqueous species in the interlayer of C-(N-)A-S-H in five-fold 

coordination, although there is no consensus on the location of Al[6] incorporation 

into this phase. Other dissolved interlayer and surface complexes bound to C-(N-)A-
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S-H include Ca
2+

 and alkalis, although the exact mechanism of alkali uptake in this 

phase is not fully understood. 

 

Many structural models have been developed for C-(N-)A-S-H, but none are as 

flexible for determining chemical compositions and structural parameters as the 

SGM. The major limitation of this structural model is that it does not contain a 

description of cross-linked C-(N-)A-S-H phases. The SGM is also limited by its non-

specific structural description of ósolid solution Ca(OH)2ô.  

 

The secondary and minor phases formed in hydrated cements depend greatly on the 

cement formulation and curing conditions; however, portlandite and AFm/AFt 

phases typically form in hydrated PC-based materials, and Mg-Al LDH and AFm 

phases are common precipitates in AAS cements. Thermodynamic modelling 

exploits this link between phase formation, cement formulation and curing 

conditions, which makes it a key technique in the development of a general 

framework to understand the durability of modern cement-based materials. Many 

thermodynamic models for C-S-H are available, although none have been developed 

for C-(N-)A-S-H that include structural incorporation of Al at pH conditions >12.5, 

which is the pH range of interest for most hydrated PC materials and AAS. This has 

limited the utility of the thermodynamic modelling technique to describe the 

chemistry of these materials in the past. Therefore, the development of a 

thermodynamic model for C-(N-)A-S-H, formulated with a description of Al 

structurally incorporated into this phase and parameterised to more accurately 

describe the solubility of cement-based materials at pH > 12.5, would represent a 

major step towards being able to predict the chemistry, and durability properties, of 

many more cement-based materials in service.  
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3 

Materials and Methods 

 

 

3.1 Introduction  

 

Chapter 3 describes the materials, experimental techniques and the thermodynamic 

modelling approach used in the thesis. The chemistry of AAS cements and the 

constituent solid reaction products formed in these materials are analysed using X-

ray diffraction (XRD), scanning electron microscopy with energy-dispersive X-ray 

spectroscopy (SEM-EDS), and 
27

Al and 
29

Si magic angle spinning nuclear magnetic 

resonance (MAS NMR). Laboratory-synthesised C-S-H, C-A-S-H and C-(N-)A-S-H 

products are analysed by XRD with Rietveld analysis, 
29

Si MAS NMR, 

thermogravimetric analysis (TGA), ion chromatography (IC), pH analysis and 

thermodynamic modelling. The contributions of co-workers (i.e. other than Rupert J. 

Myers) to the thesis, in particular to the experimental program, are listed at the start 

of Chapters 4-9.  

 

3.2 Materials 

 

3.2.1 Alkali -Activated Slag (AAS) Cement 

 

The AAS cement studied here was synthesised using GBFS supplied by Zeobond Pty 

Ltd. (Australia), with chemical composition given in Table 3.1 (measured by the 

Analytical X-ray Unit, Latrobe University, Australia). This GBFS has a specific 

gravity of 2800 kg/m
3
, a Blaine fineness of 410 m

2
/kg, a particle size range of 0.1-74 

m˃ as determined through laser granulometry, and a d50 of 15 ˃ m. 
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Table 3.1. Chemical composition of the GBFS used in this work as determined by X-

ray fluorescence. LOI is loss on ignition at 1000°C. 

Component (mass % as oxide) 

SiO2 33.8 

Al 2O3 13.7 

Fe2O3 0.4 

CaO 42.6 

MgO 5.3 

Na2O 0.1 

K2O 0.4 

Others 1.9 

LOI 1.8 

 

The alkali activator was prepared by dissolution of solid NaOH pellets (Sigma-

Aldrich, Australia) into D grade (PQ, Australia) sodium silicate, to reach a modulus 

(SiO2/Na2O molar ratio) of 1.0. The AAS cements were activated using this solution, 

added at a ratio of 8g Na2SiO3/100g GBFS. Water was added to achieve a 

water/binder (w/b) ratio of 0.40, and the activator was allowed to cool to room 

temperature prior to preparation of the specimens. The AAS cements were cured in 

sealed bags at 23°C until testing, and were crushed by hand before analysis. 

 

3.2.2 Laboratory -Synthesised C-(N-)A-S-H 

 

C-(N-)A-S-H samples were prepared by mixing Milli-Q water (Merck Millipore), 

SiO2 (Aerosil 200, Evonik), CaO (obtained by burning CaCO3 (Merck Millipore) at 

1000°C for 12 hours), CaO·Al2O3 and 0 to 1 M solutions of NaOH and/or KOH 

(Merck Millipore) at a solution/solid ratio of 45 in an N2-filled glovebox to obtain 

the bulk molar Al/Si ratios (Al/Si*) and bulk molar Ca/Si ratios (Ca/Si*) investigated 

in this thesis (Al/Si* Ò 0.15 and 0.6 Ò Ca/Si* Ò 1.6). The CaO·Al2O3 (99.1 wt.% 

determined by XRD with Rietveld analysis) was made from CaCO3 and Al2O3 

(Sigma Aldrich) by heating for 1 hour at 800°C, 4 hours at 1000°C and 8 hours at 

1400°C in a Carbolite HTF 1700 furnace (the heating rate to 800°C and between 

each subsequent temperature was 300°C/hour), then cooled at 600°C/hour under 
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laboratory atmosphere and ground with a Retsch PM100 ball mill to a Blaine surface 

area of 3790 cm
2
/g (Lothenbach et al., 2012b).  

 

Samples were equilibrated at 7°C, 20°C and 50°C in polyethylene vessels and at 

80°C in teflon vessels. The 7°C, 50°C and 80°C samples were shaken twice per week 

and the 20°C samples were shaken continuously at 100 rpm. Once equilibrium was 

approached (1 year at 7°C, 182 days at 20°C, and 56 days at 50°C and 80°C), the 

samples were vacuum filtered with 0.45 µm nylon filters in a N2-filled glovebox. 

Equilibration times were selected following the study of C-(A-)S-H kinetics at 20°C 

in (L'Hôpital et al.), which showed approximately constant supernatant compositions 

after 182 days; additional analysis generally showed small differences (< ±25%) in 

dissolved Si, Al and Ca concentrations between 91 days and 1 year for the 7°C 

samples and 56 and 91 days for the 50°C samples. The filtered solids were washed 

with a 50% v/v water-ethanol solution, followed by a >94 vol.% ethanol solution, 

and then freeze-dried for 7 days. The dried solids were stored in N2-filled desiccators 

with humidity and CO2 traps made from saturated CaCl2 solutions (~30% relative 

humidity, RH) and solid NaOH pellets, until analysis. 

 

3.3 Experimental Techniques 

 

3.3.1 X-ray Diffraction (XRD) and Rietveld Analysis 

 

XRD describes the phenomenon that occurs when an X-ray beam is diffracted by a 

surface. When the diffraction surface is approximately flat relative to the incident 

beam (e.g. ordered crystal planes), the diffracted X-rays that undergo constructive 

interference can be described by Braggôs law (eq.(3.1)): 

 

 2 sin( )n dl q=   (3.1) 

 

where n is an integer, ɚ is the wavelength of the incident X-rays, d is the depth 

between diffraction surfaces and ɗ is the scattering angle between the incident X-rays 
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and the diffraction surface. Constructive interference typically occurs at multiple 

scattering angles, rather than at a single value of ɗ. The measured intensity of the 

diffracted X-rays, typically plotted as a function of ɗ, yields a diffraction pattern. 

Identification of solid phases from diffraction patterns is possible because each 

crystalline phase has its own unique diffraction pattern; individual phases can be 

identified in materials containing more than one crystalline solid phase with XRD. 

XRD is a powerful characterisation tool for cements because the solid binders in 

these materials typically contain several (semi-)crystalline solid reaction products. 

 

AAS Cement 

Powder XRD analyses of AAS cement specimen were conducted using a Bruker D8 

Advance instrument with Cu KŬ radiation and a nickel filter. The tests were 

conducted with a step size of 0.020Á, for a 2ɗ range of 5Á to 70Á. Solid phases were 

identified by comparison with reference cards in the Powder Diffraction File (PDF) 

as noted in Chapters 4-5. 

 

Laboratory-Synthesised C-(N-)A-S-H 

Powder XRD patterns of laboratory-synthesised C-(N-)A-S-H samples were recorded 

on a PANalytical XôPert Pro MDF diffractometer equipped with a Ge(111) 

Johansson monochromator for Cu KŬ radiation, and an XôCelerator detector, and a 

step size of 0.017Á 2ɗ. An external CaF2 standard was used for Rietveld analysis, 

enabling quantification of the amount of C-(N-)A-S-H in each sample (O'Connor and 

Raven, 1988). Average basal (d(002)) spacings of the C-(N-)A-S-H products were 

determined by visual inspection. Rietveld analysis was performed in PANalytical 

HighScore Plus software. The PDF reference cards used to identify the solid phases 

present in the samples are provided in Chapters 8-9. 
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3.3.2 Scanning Electron Microscopy (SEM) 

 

Energy-dispersive X-ray spectroscopy (EDS) is used to determine the (near-)surface 

elemental composition of a sample imaged by a scanning electron microscope 

(SEM). This technique is referred to as SEM-EDS. In a SEM, a high energy electron 

beam of specified energy and cross-sectional area is fired at the surface of a sample 

in a vacuum-sealed chamber. On impact with the sample, the electrons release energy 

in an impact volume in the vicinity of the impact spot (the typical impact volume for 

SEM-EDS analysis of cements is ~1 m˃
3
). Some electrons in the incident electron 

beam impact and eject inner-shell electrons residing in atoms within the impact 

volume, to create electron holes. These electron holes are filled with higher-energy 

outer-shell electrons, which generate characteristic X-rays that can be counted with a 

detector. Characteristic X-rays have energies that are equivalent in magnitude to the 

energetic differences between the inner and outer-shells of the excited atoms. The 

identity of the excited atoms can be determined because the energy levels of electron 

shells in each element are unique. For SEM-EDS analysis of materials containing 

multiple elements, characteristic X-rays can be classified according to their energy 

and counted to determine the relative amount of each element (chemical 

composition) in the impact volume.  

 

AAS Cement 

An FEI Quanta environmental SEM with a 15 kV accelerating voltage and a working 

distance of 10 mm was used to analyse AAS cement specimen. Polished, uncoated, 

samples were evaluated in low vacuum mode using a backscatter detector. A Link-

Isis (Oxford Instruments) energy dispersive X-ray detector was used to determine 

chemical compositions. An average of approximately 30 data points were collected 

for elemental analysis at each time of curing studied. 
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3.3.3 
29

Si Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 

 

Nuclear magnetic resonance (NMR) spectrometers are used to probe the interactions 

between nuclei with intrinsic magnetic moments (non-zero spin) and applied 

magnetic fields to resolve the local chemical environment of nuclei such as 
29

Si. In 

an NMR experiment, relaxation of spinning nuclei back to thermal equilibrium in an 

applied static field (B0), after perturbation by radiofrequency (rf) radiation, generates 

voltage in a coil surrounding the sample. The voltage response is time-dependent, is 

called the free induction decay (FID), and is recorded by the NMR spectrometer. 

Fourier transformation of a FID results in an NMR spectrum, which is a plot of the 

amount of resonating nuclei as a function of frequency, or more commonly chemical 

shift (ŭ). 

 

The FID generated by a NMR experiment is intrinsically linked to the total nuclear 

spin Hamiltonian, which represents the total energy of a non-zero spin atomic 

nucleus and consists of several components: the dipolar and chemical shift 

Hamiltonian components are important for resolving the total spin Hamiltonian of 

29
Si nuclei (spin = 1/2). The time-averaged value of the dipolar Hamiltonian is equal 

to 0 and chemical shift anisotropy is removed when a sample is spun rapidly at the 

magic angle spinning (MAS) condition, i.e. at an angle of cos
2
(ɗMAS) = 1/3 (ɗMAS å 

54.74°) with respect to the static magnetic field (B0). Therefore, local chemical 

environments for 
29

Si nuclei can be represented in terms of the isotropic chemical 

shift (ŭiso, the average chemical shift) in MAS NMR spectra. Solid-state 
29

Si MAS 

NMR spectra are referenced to an external standard, typically tetramethylsilane 

(TMS), so that local chemical environments can be determined from known isotropic 

chemical shift assignments reported in the literature. NMR spectra for samples that 

are not spun sufficiently rapidly contain spinning sidebands, which are separated 

from each other and the central transition by the spinning frequency and can 

complicate this analysis. The Q
n
(mAl) notation is used to describe 

29
Si site 

environments, as shown in Figure 3.1. 
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Figure 3.1. Q

n
(mAl) notation and 

29
Si shift range for the Q

n
(mAl) sites discussed in 

the thesis, adapted from (Engelhardt and Michel, 1987). 

 

AAS Cement 

Solid-state 
29

Si MAS NMR spectra for the AAS cement specimen were collected at 

119.1 MHz on a Varian VNMRS-600 (14.1 T) spectrometer using a probe for 4 mm 
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o.d. zirconia (PSZ) rotors and a spinning speed (ɜR) of 10.0 kHz. The 
29

Si MAS 

experiments employed a pulse width of 4 µs, a relaxation delay of 20 s, and 4096 

scans. 
29

Si chemical shifts are referenced to external TMS. 

 

Deconvolutions of the 
29

Si MAS NMR spectra for these samples are performed using 

the minimum number of component peaks needed to describe the spectra. These 

spectra were manually fitted with Gaussian functions, with the full width at half 

height (FWHH) of each component peak constrained to <10 ppm and assigned to 

connectivity states based on information available in the literature for cements 

(Richardson et al., 1993; Skibsted and Andersen, 2013), zeolites (Engelhardt and 

Michel, 1987), and silicate-activated slag cements (Bernal et al., 2013c). Peak 

positions and widths for each identified species were held constant throughout the 

deconvolution process. The component peaks assigned to the remnant anhydrous slag 

are rescaled vertically by a single factor in each spectrum, to provide the appropriate 

lineshape in the corresponding regions of the spectra and determine the slag reaction 

extent. A recent study (Le Saoût et al., 2011) showed that 
29

Si MAS NMR spectra of 

AAS cements can be appropriately quantified in this way. 

 

Quantification of the Q
4
(4Al) component in the 

29
Si MAS NMR spectral 

deconvolutions for the AAS cement specimens is performed using eq.(3.2) assuming 

that the only Q
4
 units are Q

4
(4Al) and Q

4
(3Al), and that these sites are present in a 

separate Al-rich phase additional to the C-(N-)A-S-H gel: 
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*3
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-

è ø
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  (3.2) 

 

where 4 (3 )Q Al
I is the relative intensity of the Q

4
(3Al) component determined from 

deconvolution analysis of the experimental 
29

Si MAS NMR spectra, 4

*

(4 )Q Al
I  is the 

calculated relative intensity of Q
4
(4Al) components and (Si/Al)

*
 is the assumed Si/Al 

ratio of the Q
4
-containing phase. An Si/Al ratio of 1.2 is used here, which is 
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consistent with the composition of N-A-S(-H) (geopolymer) gels determined from 

MAS NMR (Duxson et al., 2005) and statistical thermodynamic model predictions 

(Provis et al., 2005a).  

 

Laboratory-Synthesised C-(N-)A-S-H 

Solid-state 
29

Si MAS NMR spectra for the laboratory-synthesised C-(N-)A-S-H 

samples were collected at 79.49 MHz on a Bruker Avance 400 MHz NMR 

spectrometer with a 7 mm CP/MAS probe. The measurements were recorded using a 

4500 Hz spinning rate, 9216 scans, ˊ/3 pulses of 2.5 ɛs, and 20 s relaxation delays. 

29
Si chemical shifts were referenced to external TMS. Spectral deconvolutions are 

carried out using component peaks with a Lorentzian/Gaussian ratio of 0.5, full 

width at half height Ò 3 ppm, constant chemical shifts for each peak, and constrained 

peak amplitudes. These constraints are for tobermorite-like nanostructures with 

nearest-neighbour Al-O-Al avoidance (Loewenstein, 1954) and are required for 

consistency with ódreierketten-typeô (3n-1) chain structures (Richardson, 2004). A 

ratio of Q
2
p/Q

2
b = 2 is specified for the non-cross-linked C-(N-)A-S-H products. The 

following additional constraints are specified for the cross-linked C-(N-)A-S-H 

products (Myers et al., 2013):  

i) Q
2
(1Al) Ó 2Q

3
(1Al);  

ii)  Q
2 
+ Q

2
(1Al) Ó 2(Q

3
 + 2Q

3
(1Al));  

iii)  Q
2
p* Ó 0;  

iv) Q
2
(1Al)* Ó 0; and 

v) Q
2
p*/Q

2
b = 2 

where Q
2
p* = Q

2
p ï 2(Q

3
 + Q

3
(1Al)) and Q

2
(1Al)* = Q

2
(1Al) ï 2Q

3
(1Al). 

 

3.3.4 
27

Al MAS NMR  

 

The principles of 
27

Al and 
29

Si MAS NMR are similar, except the quadrupolar 

interaction Hamiltonian is non-zero for 
27

Al nuclei (spin = 5/2). High magnetic field 

strengths are used in NMR analysis of 
27

Al because this reduces second-order 

quadrupolar effects, which are inversely proportional to the magnetic field strength 
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(first-order quadrupolar effects can be removed by spinning at the magic angle). 

Chemical shifts for 
27

Al are typically referenced to an external standard such as 

Al (H2O)6
3+

(aq). 
27

Al site environments are referenced using the q
n
 notation, where this 

notation for Al sites is equivalent to the Q
n
 notation for Si sites (Harris et al., 1997).  

 

AAS Cement 

Solid-state 
27

Al MAS NMR spectra were acquired at 156.3 MHz on a Varian 

VNMRS-600 (14.1 T) for AAS cement specimen cured for 1-180 days, with a pulse 

width of 0.5 µs, a relaxation delay of 2 s, and at least 1000 scans. All spectra were 

collected with a tip angle of 51°. Additional 
27

Al MAS NMR spectra were acquired 

at 104.2 MHz on a Varian VNMRS 400 (9.4 T) spectrometer for the anhydrous slag 

precursor and the sample cured for 2 years with ɜR = 14 kHz, a pulse duration of 1 

ɛs, recycle delay of 0.2 s and 7000 repetitions. 
27

Al chemical shifts are referenced to 

external 1.0 M aqueous Al(NO3)3 via internal referencing using the hydrotalcite peak 

at ŭiso = 9.68 ppm, using the parameters CQ = 1.2 MHz and ɖQ = 0.8 as determined 

for a pure hydrotalcite sample (S.A. Walling and S.A. Bernal, unpublished data) and 

the calculation method reported in (Engelhardt and Koller, 1991). 

 

27
Al MAS NMR spectra are deconvoluted manually using the Dmfit software 

(Massiot et al., 2002) and the (Czjzek) Gaussian Isotropic Model (Neuville et al., 

2004) (exponent of the standard deviation of the Gaussian distribution for each 

component = 5) to model quadrupolar peak shapes. Secondary reaction products 

identified from the XRD data are quantified in the spectra using component peaks 

matched to coordination and connectivity states that are consistent with the literature 

(Andersen et al., 2006; Sideris et al., 2012). Quadrupolar coupling parameters (CQ) 

used to define the peak shapes for these secondary products are taken from the 

literature, as shown in Chapters 4-5. The component peaks of the remnant anhydrous 

slag and the C-(N-)A-S-H gel are defined using quadrupolar coupling parameters that 

provided a good fit to the experimental spectra and are consistent with the 

established values for aluminosilicates such as zeolites (Klinowski, 1984). The first 

order spinning sidebands in the spectra for the samples cured up to 180 days (ɜR = 10 
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kHz) were fitted using symmetric quadrupolar lineshapes around the central 

transitions for the Al[4] and Al[6] components, and were taken into account in the 

quantification of deconvoluted spectra. It has been shown that the manifold of 

spinning sidebands in MAS NMR spectra of quadrupolar nuclei can be relatively 

accurately approximated by symmetric first-order contributions (Skibsted et al., 

1991), which supports the methodology applied here. 

 

The Al[4] component of the remnant anhydrous slag is rescaled by the same factors 

used in analysis of the 
29

Si MAS NMR spectra, assuming congruent dissolution of 

the slag and corrected to exclude silica supplied by the activator, so that the extent of 

reaction of the slag is identical in both sets of spectra at each time of curing. The 

Al[6] component of the anhydrous slag peak is excluded from the rescaling 

procedure because only <4% of the total spectral intensity remained in this region 

after subtracting contributions from the Al[4] spinning sidebands overlapping in the 

Al[6] region. The assumption of full incorporation of Si present in the activator into 

the solid binder leads to eq.(3.3): 

 

 
1

1 2 2100

1

(1 )( )
Y

X X X
R

X

- + -
=   (3.3) 

 

where R is the fraction of Si in the slag that has reacted, Y1 is the percentage of the 

total Si added to the mix that has not reacted (i.e. the percentage of the óanhydrous 

Q
0
ô peak in the deconvoluted 

29
Si MAS NMR spectra), X1 is the number of moles of 

Si in the slag and X2 is the number of moles of Si in the activator. The fraction of Al 

in the slag that has reacted is then defined as Rô, thus the fraction of Al in the slag 

that has not reacted is 1 - Rô. Hence, the congruent slag dissolution assumption can 

be applied to eq.(3.3) to yield eq.(3.4): 

 

 
1

1 2 2100

1

(1 )( )
1 ' 1
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The lineshape of the Al[4] component of the anhydrous slag (determined through 

analysis of 
27

Al MAS NMR spectra for the anhydrous slag) is rescaled using eq.(3.4) 

in fitting of 
27

Al MAS NMR spectra to determine the fraction of Al in the slag 

remaining in the mix at each time of curing. 

 

Component widths were unchanged and peak positions were held approximately 

constant (maximum variation of ŭobs ± 0.5 ppm) in the deconvolution process. 

Simulated line broadening of LB = 50 ppm is performed using Gaussian LB for the 

reaction products and Lorentzian LB for the anhydrous slag. Isotropic chemical shifts 

(ŭiso) were calculated for the peaks in the deconvoluted spectra using the method 

described in (Andersen et al., 2006), using the observed chemical shift (ŭobs) values 

determined here. 
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3.3.5 Thermogravimetric Analysis (TGA) 

 

TGA is the study of how materials change in mass as a function of temperature. TGA 

of cements is typically performed up to ~1000°C to measure mass losses due to 

release of H2O and CO2 from constituent phases in the solid binder. This technique is 

used for phase characterisation because the chemistry and mass loss temperatures of 

a solid phase are related. Phase characterisation is typically performed using the first 

derivatives of TGA traces, where the temperatures at which mass losses occur are 

more apparent. 

 

Laboratory-Synthesised C-(N-)A-S-H 

Thermogravimetric analysis (TGA) data were recorded on a Mettler Toledo 

TGA/SDTA851
e
 at a heating rate of 20°C/min under an N2 atmosphere. Mass losses 

between 30°C and 550°C were assigned to the combined dehydration and 

dehydroxylation effects of C-(N-)A-S-H, katoite, Al(OH)3, strätlingite and 

portlandite products during heating; mass losses assigned to portlandite were 

measured between 400°C and 520°C. 

 

3.3.6 Ion Chromatography (IC) and pH Analysis 

 

An IC experiment separates aqueous species based on their affinity to bond to an ion 

exchange bed; those with greater affinity for the ion exchange bed are eluted slower 

than those with lower affinity. The eluted species are counted and classified in terms 

of residence time. Therefore, element concentrations in aqueous solutions can be 

determined using IC.  

 

A pH meter measures the potential over a pH-sensitive glass membrane of a pH 

electrode that is referenced to an electrode with constant potential. Temperature 

probes are also commonly integrated into pH meters. Calibration of the pH electrode 

and conversion of measured potentials to pH values is performed via the Nernst 

equation (eq.(3.5)): 
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where E is the potential difference, E0 is the standard electrode potential, R is the 

universal gas constant (8.3145 J.mol
-1

.K
-1

), T is temperature (K), n is the 

stoichiometric amount of electrons transferred in the electrochemical reaction (mol), 

F is the Faraday constant (96485.34 C/mol) and pH is defined by eq.(3.6): 

 

 { }10logpH H+=-   (3.6) 

 

where the curly brackets denote activity. 

 

Laboratory-Synthesised C-(N-)A-S-H 

A Dionex DP ICS-3000 ion chromatograph was used to determine Ca, Si and Al 

concentrations in the filtrates (relative measurement error ±10% in the concentration 

range of interest and detection limit of 0.1 ppm). Si was detected using a sodium 

carbonate/bicarbonate eluent and a postcolumn reagent of sodium molybdate/sodium 

lauryl sulphate in metasulfonic acid. Al was measured using a HCl eluent and a 

Tiron/ammonium acetate postcolumn reagent. Aqueous hydroxide concentrations 

were determined at ~23°C with a Knick pH meter (pH-Meter 766) equipped with a 

Knick SE100 electrode that was calibrated against KOH solutions of known 

concentrations. 

 

3.4 Thermodynamic Modelling 

 

3.4.1 Modelling Method 

 

Thermodynamic modelling is performed in GEM Selektor v.3 software 

(http://gems.web.psi.ch/) (Kulik et al., 2013; Wagner et al., 2012) using the 
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PSI/Nagra 12/07 thermodynamic database (Thoenen et al., 2013), which is updated 

from (Hummel et al., 2002) via the inclusion of two additional aqueous 

(alumino)silicate species, and the CEMDATA07 thermodynamic database (Kulik 

and Kersten, 2001; 2002; Lothenbach et al., 2008b; Lothenbach and Winnefeld, 

2006; Matschei et al., 2007b; Möschner et al., 2008; Möschner et al., 2009; Schmidt 

et al., 2008) updated to include recently published data for Al(OH)3 and hydrogarnet 

phases (Dilnesa et al., 2014; Lothenbach et al., 2012b), and C-(N-)A-S-H, MgAl-

OH-LDH, zeolites and alkali carbonate minerals as described in Chapters 6-9 of this 

thesis. The thermodynamic properties of the gases and aqueous species used in these 

calculations are shown in Tables 3.2-3.3, with full details of the solid phases used 

described in each thermodynamic modelling chapter (Chapters 6-9). 

 

The ideal gas equation of state is used to describe the gases and the Truesdell-Jones 

form of the extended Debye-Hückel equation, eq.(3.7) (Helgeson et al., 1981), is 

used to describe the aqueous species. 
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  (3.7) 

 

Here, ɔj and zj are the activity coefficient and charge of the j
th
 aqueous species 

respectively, Aɔ and Bɔ are temperature and pressure-dependent electrostatic 

parameters, I is the ionic strength of the aqueous electrolyte phase, Ҋ is the ion size 

parameter, bɔ is a parameter that describes short-range interactions between charged 

aqueous species in an electrolyte solution (representing the predominant electrolyte 

in the system), xjw is the molar quantity of water, and Xw is the total molar amount of 

the aqueous phase. Constant values of Ҋ (3.31 Å) and bɔ (0.098 kg/mol) are taken to 

represent the average ion size and common short-range interactions of charged 

aqueous species in a NaOH-dominated solution (Helgeson et al., 1981) in Chapters 

6-7. Ion size and extended term parameters for KOH (Ҋ = 3.67 Å and bɔ = 0.123 

kg/mol) (Helgeson et al., 1981) are used in Chapters 8-9. The water activity is 

calculated from the osmotic coefficient (Helgeson et al., 1981). 
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Table 3.2. Thermodynamic properties of the gases used in the thermodynamic modelling simulations. The reference state is 298.15 K and 1 bar. 

Gas 
V° 

(cm
3
/mol) 

ȹfH° 

(kJ/mol) 

ȹfG° 

(kJ/mol) 

S° 

(J/(mol.K)) 

Cp° 

(J/(mol.K)) 
Reference 

N2 24790 0 0 191.6 29.1 (Wagman et al., 1982) 

O2 24790 0 0 205.1 29.3 (Wagman et al., 1982) 

H2 24790 0 0 130.7 28.8 (Wagman et al., 1982) 

 

Table 3.3. Thermodynamic properties of the aqueous species used in the thermodynamic modelling simulations. The reference state is unit 

activity in a hypothetical one molal solution referenced to infinite dilution at any temperature and pressure for aqueous species (Helgeson et al., 

1981). 

Species 
V° 

(cm
3
/mol) 

ȹfH° 

(kJ/mol) 

ȹfG° 

(kJ/mol) 

S° 

(J/(mol.K)) 

Cp° 

(J/(mol.K)) 
Reference 

Al
3+

 -45.2 -530.6 -483.7 -325.1 -128.7 (Shock et al., 1997) 

AlO
+
 (+ H2O = Al(OH)2

+
) 0.3 -713.6 -660.4 -113 -125.1 (Shock et al., 1997) 

AlO2
-
 (+ 2H2O = Al(OH)4

-
) 9.5 -925.6 -827.5 -30.2 -49 (Shock et al., 1997) 

AlOOH
o
 (+ 2H2O = Al(OH)3

o
) 13 -947.1 -864.3 20.9 -209.2 (Shock et al., 1997) 

AlOH
2+

 -2.7 -767.3 -692.6 -184.9 56 (Shock et al., 1997) 

AlHSiO3
2+

 (+ H2O = AlSiO(OH)3
2+

) -40.7 -1718 -1541 -304.2 -215.9 (Matschei et al., 2007b) 

AlSiO4
-
 (+ 3H2O = AlSiO(OH)6

-
) 25.5 -1834 -1681 11.1 -4.6 (Matschei et al., 2007b) 

AlSO4
+
 -6.0 -1423 -1250 -172.4 -204.0 (Matschei et al., 2007b) 

Al(SO4)2
-
 31.1 -2338 -2006 -135.5 -268.4 (Matschei et al., 2007b) 

Ca
2+

 -18.4 -543.1 -552.8 -56.5 -30.9 (Shock et al., 1997) 

CaOH
+
 5.8 -751.6 -717 28 6 (Shock et al., 1997) 

Ca(HSiO3)
+
 (+ H2O = CaSiO(OH)3

+
) -6.7 -1687 -1574 -8.3 137.8 (Sverjensky et al., 1997) 
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Table 3.3. Continued. 

Species 
V° 

(cm
3
/mol) 

ȹfH° 

(kJ/mol) 

ȹfG° 

(kJ/mol) 

S° 

(J/(mol.K)) 

Cp° 

(J/(mol.K)) 
Reference 

CaSiO3
o
 (+ H2O = CaSiO2(OH)2

o
) 15.7 -1668 -1518 -136.7 88.9 (Matschei et al., 2007b) 

CaSO4
o
 4.7 -1448 -1310 20.9 -104.6 (Sverjensky et al., 1997) 

K
+
 9.0 -252.1 -282.5 101 8.4 (Shock et al., 1997) 

KOH
o
 15 -474.1 -437.1 108.4 -85 (Shock et al., 1997) 

KSO4
-
 27.5 -1159 -1032 146.4 -45.1 (Sverjensky et al., 1997) 

Na
+
 -1.2 -240.3 -261.9 58.4 38.1 (Shock et al., 1997) 

NaOH
o
 3.5 -470.1 -418.1 44.8 -13.4 (Shock et al., 1997) 

NaSO4
-
 18.6 -1147 -1010 101.8 -30.1 (Matschei et al., 2007b) 

HSiO3
-
 (+ H2O = SiO(OH)3

-
) 4.5 -1145 -1014 20.9 -87.2 (Sverjensky et al., 1997) 

SiO2
o
 16.1 -887.9 -833.4 41.3 44.5 (Kulik and Kersten, 2001; Shock et al., 1989) 

SiO3
2-
 (+ H2O = SiO2(OH)2

2-
) 34.1 -1099 -938.5 -80.2 119.8 (Matschei et al., 2007b) 

S2O3
2-
 27.6 -649.9 -520.0 66.9 -238.5 (Shock et al., 1997) 

HSO3
-
 33.0 -627.7 -529.1 139.7 -5.4 (Shock et al., 1997) 

SO3
2-
 -4.1 -636.9 -487.9 -29.3 -281.0 (Shock et al., 1997) 

HSO4
-
 34.8 -889.2 -755.8 125.5 22.7 (Shock et al., 1997) 

SO4
2-
 12.9 -909.7 -744.5 18.8 -266.1 (Shock et al., 1997) 

H2S
o
 35.0 -39.0 -27.9 125.5 179.2 (Shock et al., 1989) 

HS
-
 20.2 -16.2 12.0 68.2 -93.9 (Shock et al., 1997) 

S
2-
 20.2 92.2 120.4 68.2 -93.9 (Hummel et al., 2002) 

Mg
2+

 -22.0 -465.9 -454.0 -138.1 -21.7 (Shock et al., 1997) 

MgOH
+
 1.6 -690.0 -625.9 -79.9 129.2 (Shock et al., 1997) 

MgHSiO3
+
 (+ H2O = 

MgSiO(OH)3
+
) 

-10.9 -1614 -1477 -99.5 158.6 (Shock et al., 1997) 

MgSO4
o
 1.8 -1369 -1212 -50.9 -90.3 (Hummel et al., 2002; Shock et al., 1997) 
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Table 3.3. Continued. 

Species 
V° 

(cm
3
/mol) 

ȹfH° 

(kJ/mol) 

ȹfG° 

(kJ/mol) 

S° 

(J/(mol.K)) 

Cp° 

(J/(mol.K)) 
Reference 

MgSiO3
o
 (+ H2O = MgSiO2(OH)2

o
) 12.1 -1597 -1425 -218.3 98.2 (Hummel et al., 2002) 

OH
-
 -4.7 -230 -157.3 -10.7 -136.3 (Shock et al., 1997) 

H
+
 0 0 0 0 0 (Shock et al., 1997) 

H2O
o
 18.1 -285.9 -237.2 69.9 75.4 (Johnson et al., 1992) 

N2
o
 33.4 -10.4 18.2 95.8 234.2 (Shock et al., 1989) 

O2
o
 30.5 -12.2 16.4 109 234.1 (Shock et al., 1989) 
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The extended Debye-Hückel equation is accurate to moderate ionic strengths (up to ~ 

1 molal) (Helgeson et al., 1981), so is appropriate for the laboratory-synthesised C-

(N-)A-S-H products (Chapters 8-9), but this limit is lower than the ionic strength in 

AAS pore solutions (~1-3 mol/kg in sodium silicate activated slag cements, e.g. 

(Gruskovnjak et al., 2006)). This equation is chosen for thermodynamic modelling of 

AAS cements (Chapters 6-7) because it is directly encoded in GEM-Selektor and this 

thesis presents the first step in the development of a thermodynamic model for C-(N-

)A-S-H in these materials.  

 

Laboratory-Synthesised C-(N-)A-S-H 

Solubility products for laboratory-synthesised C-(N-)A-S-H products are calculated 

from experimental data obtained in the thesis using the reaction represented by 

eq.(3.8): 
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  (3.8) 

 

where a, b, c , d, e and f are the respective stoichiometric coefficients for CaO, SiO2, 

Al 2O3, Na2O, K2O and H2O in C-(N-)A-S-H. This reaction implies the following 

relationships for Ks (eq.(3.9)):  
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Activities of Ca
2+

(aq), SiO3
2-

(aq), AlO2
-
(aq), Na

+
(aq), K

+
(aq), OH

-
(aq) and H2O(l) species 

were determined in GEM-Selektor v.3 (Kulik et al., 2013; Wagner et al., 2012). The 

OH
-
 concentration is matched to the measured pH values in these calculations in 
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Chapter 8, and the measured concentrations of Ca, Si, Al, Na, K and OH
-
 in the 

supernatants were used in Chapter 9. 

 

Effective saturation indices (SI* ) are calculated from solubility and ion activity 

products using eq.(3.10), which indicates whether a solid phase is likely to 

precipitate from an aqueous solution at equilibrium:  

 

 10

,

1
* log i

i

i so i

IAP
SI

n K

å õ
= æ öæ ö

ç ÷
  (3.10) 

 

where IAPi and Kso,i refer to the dissolution reaction defined for solid i and ni is the 

total number of species in the i
th
 dissolution reaction. These calculations define 

effective supersaturation (SIi*  > 0, precipitation), saturation (SIi*  = 0) and 

undersaturation (SIi*  < 0, dissolution) states with respect to solid i at equilibrium. At 

equilibrium, solid phases may form from supersaturated or saturated aqueous 

solutions but not from undersaturated aqueous solutions. 

 



 
 

 

69 

 

4 

Cross-L inked Substituted Tobermorite 

Model (CSTM) 

 

 

This chapter is based on the paper óGeneralized Structural Description of Calcium-

Sodium Aluminosilicate Hydrate Gels: The Cross-Linked Substituted Tobermorite 

Modelô, published in Langmuir 2013, 29, 5294-5306. AAS cement samples were 

prepared by Susan A. Bernal and Rackel San Nicolas. The SEM-EDS measurements 

were carried out by Rackel San Nicolas with assistance from Roger Curtain (Bio21 

Institute, University of Melbourne). The 
27

Al and 
29

Si MAS NMR experiments were 

performed by Susan A. Bernal with assistance from John Gehman (Bio21 Institute, 

School of Chemistry, University of Melbourne). 

 

 

4.1 Introduction  

 

While the Substituted General Model (SGM) developed by Richardson and Groves 

(1993b) (section 2.1.4) provides good descriptions of the nanostructure and chemical 

composition of C-(N-)A-S-H in alkali hydroxide-activated slag cements and PC-

based materials (Richardson, 2004; Taylor et al., 2010), and some sodium silicate-

activated slag cements (Le Saoût et al., 2011), recent experimental results for sodium 

silicate-activated slag cements have supported alternative C-(N-)A-S-H 

nanostructures not described by that structural model. The SGM represents C-(N-)A-

S-H as a mixture of non-cross-linked tobermorite-like nanostructures if the ósolid 

solutionô Ca(OH)2 component of the model is deactivated (Richardson, 2004), which 

corresponds to the chemical composition of C-(N-)A-S-H in cementitious materials 

with bulk Ca/Si Ò 1.5, such as alkali-activated cements. 
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Evidence supporting alternative C-(N-)A-S-H nanostructures in Ca/Si compositions 

Ò1.5 is found in high resolution 
29

Si MAS NMR results of sodium silicate-activated 

slag cements (Bernal et al., 2013c; Brough and Atkinson, 2002; Puertas et al., 2011), 

sodium carbonate-activated slag cements (Fernández-Jiménez et al., 2003), and 

laboratory-synthesised C-A-S-H products (Pardal et al., 2012), where the formation 

of cross-linked Si sites (Q
3
 and/or Q

3
(1Al)) has been identified. Q

3
 type silica 

bonding environments can only be explained in tobermorite-like structural models by 

cross-linking between bridging sites in the silicate chains (e.g. as displayed in Figure 

2.5 for cross-linking in the c direction). Therefore, the small but non-zero 

concentration of Q
3
 units found in C-(N-)A-S-H supports the description of this 

phase as a mixture of cross-linked and non-cross-linked tobermorite-like structures.  

 

It was also shown by Oh et al. (2012) that the model structure of 14Å tobermorite 

could only describe the mechanical properties of C-S-H(I) in the a-b plane (parallel 

to the Ca-O sheets); the response to compression in the c direction (perpendicular to 

the Ca-O sheets) was significantly different. This result indicates that the species 

present in the interlayer spacing between the silicate chains of 14Å tobermorite and 

C-S-H(I) are significantly different, meaning that alternative C-(N-)A-S-H structural 

models to those based on 14Å tobermorite-like nanostructures are needed to describe 

the observed mechanical properties. A structural model that can describe C-(N-)A-S-

H using a flexible definition of nanostructure and chemical composition would 

enable a greater understanding of the mechanical behaviour of modern cement-based 

materials. Therefore, it is both appropriate and necessary to conceptualise and model 

C-(N-)A-S-H nanostructures in an alternative way, generalising from the SGM of 

Richardson and Groves (1993b).  

 

The aim of this investigation is to derive a structural model formulated in terms of 

9Å, 11Å and 14Å tobermorite-like structures, and develop rigorous analytical 

methods using this model for the calculation of structural and chemical parameters 

such as Ca/Si, Al/Si and mean chain length (MCL). The structural model is validated 



4. Cross-Linked Substituted Tobermorite Model (CSTM) 71 

 

 

by comparison with experimental SEM-EDS, and 
27

Al and 
29

Si MAS NMR data for 

an Na2SiO3-activated slag cement cured for 7, 28 and 56 days.  

 

4.2 Derivation of a Generalised Structural M odel for  

C-(N-)A-S-H 

 

4.2.2 Non-Cross-Linked Tobermorite -Like Structural Model  

 

The structural model for non-cross-linked tobermorite-like C-(N-)A-S-H is derived 

from eq.(2.2) (section 2.1.4) but rewritten in terms of sublattice sites. This is shown 

in eq.(4.1) by limiting substitution in the chain structures to bridging sites, and 

selection of Al as the tetrahedrally coordinated trivalent cation (R) and Na as the 

charge-balancing interlayer cation (I): 

 

( )( ) ( ) ( )( )
( ) ( )( )

2

2 3.5 2 21 12 2 1 1  
4 22

· · · · ·u y a ua a u
Ca OH CaSiO Si Al O Na Ca H mH O

n
n

+

- +
+ -å õ - - å õ

-æ ö -æ öç ÷ ç ÷

è øå õè ø
è øé ùæ öé ùê ú æ öé ùê ú ç ÷ê ú

 (4.1) 

 

where a is the extent of substitution in bridging sites; ɜ = 1/n (0 Ò ɜ Ò 1), the ratio of 

chains to dreierketten units (a measure of chain site vacancies); and u = w/n, the 

amount of hydroxyl water (or equivalently the number of protons) per dreierketten 

unit. All other symbols have the same definitions as provided for eq.(2.2).  

 

9Å tobermorite consists of non-cross-linked silicate chains, which means that its 

structure can be represented according to the same formulation (eqs.(2.2-2.6, 4.1)) 

used to describe 14Å tobermorite in the SGM (Richardson et al., 1994). The extent 

of protonation (u) is specified to maintain charge balance in eq.(4.1). Further 

derivation of the non-cross-linked structural model replaces the u parameter with a 

measure of the concentration of Ca cations in the interlayer region, ű, with ű = 1 - 

u/2 (0 Ò ű Ò 1). This is more consistent with the important role that the interlayer Ca 

content has on the way that the layer spacing of tobermorite minerals change as a 
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function of temperature (Merlino et al., 2000). It must also be noted that this 

substitution is possible because tobermorite contains no ósolid solutionô Ca(OH)2, i.e. 

u + y = 2 (Richardson, 2004; Richardson and Groves, 1993b), thus u is not an 

independent parameter in eq.(4.1) for tobermorite-like structures. This relationship (u 

+ y = 2) is also now specified for consistency with tobermorite-like structures. 

 

The MCL and Al/Si relationships are the same for C-(N-)A-S-H with non-cross-

linked 9Å or 14Å tobermorite-like nanostructures (eqs.(2.4-2.5). Eq.(4.1) is 

reformulated with these changes and also written in terms of one dreierketten unit, 

leading to eqs.(4.2-4.3): 

 

 ( ) ( )( )
( )

( )( )
2

3.5 2 21 2 12
1

· · · ·a aa
CaSiO Si Al O Na Ca H mH Oj j

n

+- +

- -
-

è øè øè øè øê úé ùê úê úê ú
  (4.2) 

 

 ( )
( )( )[ ]

2
/

2 1 1NC
Ca Si

a

j

n

+
=
+ - -

  (4.3) 

 

where [NC] denotes non-cross-linked C-(N-)A-S-H. The Ca/(Si+Al) ratio is then: 

 

 
( )

[ ]

2
/ ( )

2 1
NCCa Si Al

j

n

+
+ =

+ -
  (4.4) 

 

Eq.(4.2) reduces to the chemical formula for non-substituted infinite chain length 9Å 

tobermorite, Ca5Si6O16(OH)2 (Merlino et al., 2000), when ű, a, ɜ and H2O/Si are 0.5, 

0, 0, and 0 respectively. The formula for non-substituted infinite chain length 14Å 

tobermorite, Ca5Si6O16(OH)2Ͻ7H2O (Bonaccorsi et al., 2005), is similarly recovered 

from eq.(4.2) when ű, a, ɜ and H2O/Si are 0.5, 0, 0, and 7/6 respectively. 

 

The parameters ɜ and a can be determined from eqs.(4.5-4.6) using the relationships 

for the Al/Si ratio and MCL of non-cross-linked tobermorite (eqs.(2.4-2.5)): 
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  (4.6) 

 

4.2.1 Cross-Linked Tobermorite -Like Structural Model  

 

The derivation of a cross-linked tobermorite-like structural model begins by defining 

a cross-linked tobermorite unit (including 2 bridging and 4 paired aluminosilicate 

tetrahedra), as shown for anomalous and normal 11Å tobermorite in Figure 2.3. This 

structural model excludes Al -O-Al bonding in bridging sites for consistency with the 

Al -avoidance principle of Loewenstein (1954), and leads to the relationships shown 

in eq.(4.7-4.8) for the Al/Si ratio and MCL of cross-linked C-(N-)A-S-H. These 

relationships can be solved directly using 
29

Si MAS NMR spectral deconvolution 

results. 

 

 
( ) ( )( )1 2 2 3 3

[ ] 1

4 1 2 1
C

Q Q Q Al Q Q Al
MCL

Q

+ + + +
=   (4.7) 

 

 ( )
( ) ( )

3

1 2 2 3 3[ ]

(1 )
/

1 1C

Q Al
Al Si

Q Q Q Al Q Q Al
=

+ + + +
  (4.8) 

 

where [C] denotes cross-linked C-(N-)A-S-H. 

 

The Ca content of cross-linked tobermorite-like C-(N-)A-S-H is defined in the 

structural model by grouping the cross-linked bridging tetrahedra together to form a 

ócombined bridging siteô (Figure 2.3) and using Na as the alkali charge-balancing 

species (I in eq.(2.2)). The chemical formula for a cross-linked C-(N-)A-S-H, shown 
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in terms of one cross-linked tobermorite unit, can be expressed according to eq.(4.9) 

(equivalent to eq.(4.2) for the non-cross-linked case): 
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( )
( )( ) ( )( )
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  (4.9) 

 

where a is the fraction of Al substitution in cross-linked C-(N-)A-S-H gel, ŭ = 1/(ů + 

1) is the fraction of combined bridging site vacancies per cross-linked tobermorite 

unit, ů is the number of cross-linked tobermorite units per C-(N-)A-S-H chain, ɤ = 1 

- u/2 (0 Ò ɤ Ò 1 + ŭ) is the interlayer Ca content per cross-linked tobermorite unit, 

and all other parameters have the same definitions as in eqs.(4.1).  

 

Eq.(4.9) is now rewritten using 2u y+ =  for consistency with tobermorite-like 

structures, leading to eq.(4.10) as a charge-balanced formula in terms of one 

dreierketten unit:  
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  (4.10) 

 

Giving: 
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4
/

4 1 (2 )C
Ca Si

w
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  (4.11) 
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Eq.(4.10) reduces to the chemical formula for non-substituted infinite chain length 

normal 11Å tobermorite, Ca4.5Si6O16(OH)Ͻ5H2O (Merlino et al., 2001), when ɤ, Ŭ, ŭ 

and H2O/Si are 0.5, 0, 0, and 5/6 respectively. The formula for non-substituted 

infinite chain length anomalous 11Å tobermorite, Ca4Si6O15(OH)2Ͻ5H2O (Merlino et 

al., 2001), is similarly obtained from eq.(4.10) when ɤ, Ŭ, ŭ and H2O/Si are 0, 0, 0, 

and 5/6 respectively.  

 

While non-substituted normal 11Å tobermorite was identified by Merlino et al. 

(2001) to contain 0.25 interlayer Ca atoms per dreierketten unit, it is reasonable to 

suggest that the interlayer Ca content is non-constant in C-(N-)A-S-H. The ŭ 

parameter has therefore been left variable in eq.(4.10). The parameters ŭ and Ŭ can 

then be determined from eqs.(4.13-4.14) using the relationships for the Al/Si ratio 

and MCL for cross-linked C-(N-)A-S-H (eqs.(4.7-4.8)): 

 

 
[ ]

6

2CMCL
d=

+
  (4.13) 

 

 
[ ][ ]

[ ]
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( / ) +1 (1- )
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d
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d

³
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  (4.14) 

 

These formulae, eqs.(2.3-2.4, 4.2-4.14), are suitable for structural modelling of 

mixed cross-linked/non-cross-linked C-(N-)A-S-H, and can be solved using 

structural parameters obtained from 
29

Si MAS NMR spectral deconvolutions, as will 

be demonstrated in detail in section 4.3.  
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4.2.3  óCross-Linked Substituted Tobermorite Modelô (CSTM) 

 

It is reasonable to expect that C-(N-)A-S-H in AAS cements can be represented as a 

mixture of 14Å, 11Å and 9Å tobermorite-like components, as discussed in sections 

2.1.3 and 4.1 (Bernal et al., 2013b; Brough and Atkinson, 2002; Fernández-Jiménez 

et al., 2003; Oh et al., 2012; Pardal et al., 2012; Puertas et al., 2011). Here a simple 

and flexible structural model is proposed, the óCross-linked Substituted Tobermorite 

Modelô (CSTM), which can be used to determine the relative contributions of non-

cross-linked and cross-linked tobermorite-like components, and the chemical 

compositions and MCL of a particular C-(N-)A-S-H gel. The CSTM only allows for 

Al substitution in bridging sites (Richardson et al., 1993), and does not include Al-O-

Al bonding (Loewenstein, 1954), single tetrahedron vacancies in the combined 

bridging site, or incorporation of Q
0
 or Q

1
(1Al) species into C-(N-)A-S-H 

(Richardson et al., 1993).  

 

Single vacancies in the combined bridging site are not allowed in the CSTM to 

circumvent an explicit description of the two-coordinated bridging Si (Q
2
B) sites, and 

is possible because the aluminosilicate chains in C-(N-)A-S-H can be represented as 

a mixture of non-cross-linked and cross-linked structures. This is illustrated in Figure 

4.1, which shows that a realistic section of C-(N-)A-S-H with cross-linked structure 

containing a single bridging site vacancy is conceptually equivalent to a mixture of 

non-cross-linked and cross-linked tobermorite-like components in the CSTM 

formulation. 

 

 
Figure 4.1. An illustration of how the CSTM represents single bridging site 

vacancies in C-(N-)A-S-H. 
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The CSTM is derived using the following structural constraints: i) there are twice as 

many (Q
2
+Q

2
(1Al)) silicate species as there are (Q

3
+Q

3
(1Al)+Al[4]) silicate species 

in cross-linked tobermorite; ii) the fraction of Al substitution into Q
3
 type sites is 

equivalent to the ratio of Q
2
(1Al) to Q

2
 sites in cross-linked tobermorite, because Al 

is only substituted into bridging sites; and iii) the substitution of one Al[4] species 

into cross-linked tobermorite introduces one Q
3
(1Al) and two Q

2
(1Al) Si species. 

These assumptions and structural constraints are shown in Figure 4.2. 

 

 
Figure 4.2. An illustration of the structural constraints and assumptions included in 

the CSTM. 

 

These structural constraints lead to eqs.(4.15-4.17):  

 

 ( )( ) ( )( )3 3 2 2

[[ ] [ ][ ] [ ]]2 1 [4] 1C C CC C
Q Q Al Al Q Q Al+ + = +   (4.15) 
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 ( )[ [ ]

3

][4] 1C C
Al Q Al=   (4.17) 

 

where [C] denotes that the coordinated aluminate or silicate species are present in 

cross-linked C-(N-)A-S-H gel. Eqs.(4.15-4.17) are solved to obtain eq.(4.18): 
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Eq.(4.18) is then used together with eqs.(4.19-4.22) to calculate the MCL and Al/Si 

molar ratios for non-cross-linked and cross-linked C-(N-)A-S-H (eqs.(4.25-4.26)): 

 

 
3 3

[ ]C totalQ Q=   (4.19) 

 

 ( )3

[ ]

3(1 1) C total
Q Q AlAl =   (4.20) 

 

 
1 1

[ ] totalCQ Qh=   (4.21) 

 

 [ ] [ ]

i i i

C total CNQ Q Q= -   (4.22) 

 

where [NC] denotes that the silicate species is present in non-cross-linked C-(N-)A-

S-H gel, ɖ (0 < ɖ < 1) is a parameter describing the partitioning of Q
1
 species into 

non-cross-linked and cross-linked C-(N-)A-S-H, adjusted to satisfy the structural 

constraints of this phase for the calculated Al-substitution extents (eqs.(4.6, 4.14)) 

and match experimentally observed chemical compositions, and i (0 Ò i Ò 4) denotes 

the connectedness of silicate tetrahedra in C-(N-)A-S-H. The Al/Si and MCL values 

for non-cross-linked and cross-linked tobermorites can be calculated from eqs.(2.4-

2.5) and eqs.(4.7-4.8) respectively, leading to eqs.(4.23-4.26), the relationships that 

describe the total amount of Al and Si present, and average Al/Si and MCL values 

for the entire C-(N-)A-S-H phase: 

 

 ()1 2 23
[ ] [ ] [ ] [ ]2

( ) (1 )C C CN N NCNAl Si Q Q Al Q+ = + +   (4.23) 
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Eqs.(4.25-4.26) are derived from the fractional concentrations of Si and Al in 9Å, 

11Å and 14Å tobermorite chains, i.e. Al/Si = (1 - Si)/Si. The Ca/Si and Ca/(Al+Si) 

ratios are calculated similarly, but vary depending on the level of interlayer Ca and 

the extent of protonation of the C-(N-)A-S-H chains: 
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where (Ca/Si)[NC] is given by eq.(4.3) and (Ca/Si)[C] can be calculated from eq.(4.11). 

Eqs.(4.27-4.28) give the overall Ca/Si and Al/Si ratios for the C-(N-)A-S-H phase as 

calculated by the structural model. The CSTM also describes the more general case 

where the chemical compositions can be specified separately for 9Å, anomalous 
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11Å, normal 11Å and 14Å tobermorites, but the corresponding Ca/Si and Ca/(Al+Si) 

relationships are considerably more complicated than eqs.(4.27-4.28) (Myers et al., 

2013). 

 

The following sections of the chapter present the application of the CSTM to a series 

of Na2SiO3-activated slag cements, as well as a discussion of the implications of the 

model results. 

 

4.3 Application of the CSTM 

 

4.3.1 Characterisation of an Alkali-Activated Slag (AAS) Cement 

 

A complete description of the experimental details for this investigation is given in 

Chapter 3. Figures 4.3-4.4 show the SEM-EDS results, and the 
29

Si MAS NMR 

spectra and associated deconvolution results are shown in Figure 4.5 and Table 4.1 

respectively. The 
27

Al MAS NMR spectra are shown in Figure 4.6 with 

corresponding spectral deconvolutions presented in Table 4.2.  

 

The solid binder chemical composition data in Figures 4.3-4.4 show that C-(N-)A-S-

H coexists with at least one additional solid phase. Hydrotalcite has been identified 

through XRD in Na2SiO3-activated slag cements produced using similar raw 

materials to those used here (Bernal et al., 2013c), consistent with Figures 4.3-4.4. 

However, the existence of additional Ca, Al  and/or Si-containing solid phases cannot 

be discounted purely on the basis of a good correlation between the observed 

chemistry of the AAS cement and a mixture of C-(N-)A-S-H and hydrotalcite, as 

phases such as hydrogarnet and AFm are sometimes observable by XRD in aged 

AAS cements (Bernal et al., 2012a).  

 

  



4. Cross-Linked Substituted Tobermorite Model (CSTM) 81 

 

 

 

 

 
Figure 4.3. Molar ratios of the solid binder in the Na2SiO3-activated slag cement 

measured through SEM-EDS, as a function of curing time. Lines in the figures 

plotting Mg/Si vs Al/Si are provided as eye guides only. 

 

The Al/Si molar ratios of the C-(N-)A-S-H gel, which can be viewed as the trendline 

x-axis intercepts in Figure 4.3 for the AAS cements studied here because the 

amounts of Mg-free secondary products are low (2% of the total Al intensity for each 

sample), are in the range 0.19 Ò Al/Si Ò 0.26; Ca/Si molar ratios vary from 

approximately 0.8 Ò Ca/Si Ò 1.2 with the exception of the 7 day sample where Ca/Si 

ratios up to 1.4 are observed. The trendlines drawn in Figure 4.3 do not preclude very 
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low levels of Mg-Ca substitution in the C-(N-)A-S-H gel. These measured chemical 

compositions correlate well with existing AAS studies where chemical compositions 

of 0.20 < Al/Si < 0.25 and 0.8 < Ca/Si < 1.2 are consistently reported for AAS 

cements produced from GBFS with moderate Al  (12-14 wt.%) and Mg (7-9 wt.%) 

content (Ben Haha et al., 2011a; Ben Haha et al., 2011b; 2012; Brough and 

Atkinson, 2002; Pardal et al., 2009; Richardson et al., 1994; Wang and Scrivener, 

1995).  

 

 
Figure 4.4. Projection of AAS chemistry onto the ternary CaO-SiO2-Al 2O3 system, 

showing elemental compositions of the Na2SiO3-activated slag cements measured by 

SEM-EDS at different times of curing, along with the compositions of some model 

phases. The average solid binder chemical composition is marked, assuming 

congruent slag dissolution, complete incorporation of the silica supplied by the 

activator into the solid binder, and without distinction between product phases. 
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Figure 4.5. 

29
Si MAS NMR spectra (14.1 T, nR = 10 kHz) of the Na2SiO3-activated 

slag cement and the anhydrous slag: A) as a function of curing time; and 

deconvoluted spectra for the B) 7 days, C) 28 days and D) 56 day cured samples, 

with Q
n
(mAl) sites shown in D). The dark grey band represents the contribution of 

the remnant anhydrous slag.  

 

The 
27

Al MAS NMR spectra in Figure 4.6 corroborate the formation of secondary 

phases in addition to C-(N-)A-S-H gel in the AAS cement, as there are significant 

contributions from six-coordinated Al  (Al [6]). The presence of Al[6] in the interlayer 

and structural incorporation of these species into C-(N-)A-S-H has been 

hypothesised by some authors (Abdolhosseini Qomi et al., 2012; Faucon et al., 

1999a; Rawal et al., 2010; Stade and Müller, 1987), but Al[6] is not considered in 

the CSTM. In a recent study (Rawal et al., 2010), associations in solid-state 2D 

27
Al{

1
H}  HETCOR NMR spectra were only observed for bands of narrow line width 

(which were assigned to AFt/AFm type products and TAH) in the Al[6] region of 
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27
Al MAS NMR spectra. From these data, and from the discussion presented by 

Andersen et al. (2006), it can be tentatively concluded that not much Al[6] 

substitutes for Ca in the interlayer of C-(N-)A-S-H.  

 

  
Figure 4.6. 

27
Al MAS NMR spectra (14.1 T, nR = 10 kHz) of the Na2SiO3-activated 

slag cement and anhydrous slag: A) as a function of curing time; and deconvoluted 

spectra for the B) 7 days, C) 28 days and D) 56 day cured samples, with q
n
 sites 

shown in D). In D), the green sub-peaks are spinning sidebands, the blue traces are 

the deconvoluted sub-peaks, and the red line is the sum of the deconvoluted 

components of the spectrum. 
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Figure 4.6. Continued. 
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Table 4.1. Summary of Q
n
 environments identified in 

29
Si MAS NMR spectra of the Na2SiO3-activated slag cement as a function of curing time. 

Estimated uncertainty in site percentages is ±2%, based on the influence of the signal/noise ratio of the spectra on the deconvolution procedures. 

Age Unreacted slag 

Reaction products 

Q
0
 Q

1
(I) Q

1
(II)  Q

2
(1Al) Q

2
 Q

3
(1Al) Q

4
(4Al) Q

4
(3Al) 

-74 ppm -78 ppm -80 ppm -83 ppm -86 ppm -89 ppm 
a
 -89 ppm 

a
 -93 ppm 

Unreacted 100 - - - - - - - - 

7 days 39 4 14 11 18 11 4 - - 

28 days 24 7 18 13 22 12 5 - - 

56 days 21 10 18 11 19 13 5 2 1 
a
 A single peak at -89 ppm is used to describe both Q

3
(1Al) and Q

4
(4Al) components as discussed in the text 
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Table 4.2. Summary of Al coordination environments identified in 
27

Al MAS NMR spectra of the Na2SiO3-activated slag cement as a function of 

curing time. Estimated uncertainty in site percentages is ±3%, based on the influence of the signal/noise ratio of the spectra on the deconvolution 

procedures. HT represents hydrotalcite. 

Assignment 
Al[4] in 

unreacted slag 
q

2
(I)  q

2
(II)  q

3
 
a
 Al[5]  HT(I)  HT(II)  TAH  

Isotropic chemical shift, ŭiso (ppm) 
f
 65 75 68 62 38 9.68 

b
 9.1 4.6 

CQ (MHz) and reference 6.7 
c
 1.1 

c
 2.0 

c
 3.0 

c
  4.0 

c
 1.2 

b
 3.55 

d
  1.13 

e
  

Age         

Unreacted 100 - - - - - - - 

7 days 44 9 27 3 1 11 3 2 

28 days 26 9 32 7 6 8 10 2 

56 days 23 9 37 10 5 8 5 2 
a
 It is likely that the q

3
 site contains contributions from q

4
 aluminate species, but attempts to resolve this site into two separate sub-peaks led to an 

underconstrained deconvolution process. 
b
 Values determined through analysis of a pure hydrotalcite sample; S.A. Walling and S.A. Bernal, unpublished data. 

c
 (Klinowski, 1984) 

d
 (Sideris et al., 2012) 

e
 (Andersen et al., 2006) 

f
 Isotropic chemical shifts were calculated using an additional 

27
Al MAS NMR spectra acquired at 104.2MHz, ɜR = 14 kHz, for the Na2SiO3-

activated slag cement cured for 2 years. 
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The secondary products containing Al[6] are hydrotalcite (Bernal et al., 2013c; 

Schilling et al., 1994b; Wang and Scrivener, 1995) and TAH (Andersen et al., 2006). 

The spectral deconvolutions (Table 4.2) also show significant contributions from q
3
 

Al  (where the q
n
 notation for Al sites is equivalent to the Q

n
 notation for Si sites 

(Harris et al., 1997)), suggesting a high degree of cross-linking. Broad contributions 

from q
2
 units indicate significant local disorder in these sites, as Al in C-(N-)A-S-H 

can coordinate with various positively-charged species in the interlayer region.  

 

The 
29

Si MAS NMR spectra (Figure 4.5) show small but distinct contributions from 

Q
3
(1Al) sites, in addition to Q

1
, Q

2
 and Q

2
(1Al) silicate species, indicating high 

levels of Al  substitution in C-(N-)A-S-H. The band at -74 ppm is tentatively assigned 

to Q
0
 sites, without precluding some intensity in this peak also from Q

1
(1Al) or Q

1
 

species (due to the various charge-balancing cations present in the system). This peak 

has previously been identified in deconvoluted 
29

Si MAS NMR spectra of sodium 

silicate-activated slag cements (Le Saoût et al., 2011), but no definitive assignment 

for this band has been established to date. Although the absolute concentrations of 

Q
3
(1Al) sites are low, the structural constraints of cross-linked tobermorite (Figure 

4.2 and eqs.(4.15-4.18)) lead to the calculation of highly cross-linked C-(N-)A-S-H, 

as will be discussed in detail below. The 
29

Si MAS NMR spectra also show non-zero 

levels of intensity at chemical shifts of approximately -93 ppm, indicating the 

presence of Q
4
(3Al) units in the solid binder. This assignment necessitates 

contributions from at least one additional four-connected silicate unit (Q
4
 type) in the 

experimental spectra (Provis et al., 2005a). Therefore, it is assumed that Q
4
(4Al) 

sites are present the 
29

Si MAS NMR spectra, which is consistent with the significant 

levels of intensity in the low-ppm range (52-62 ppm) for four-coordinated Al species 

as observed by 
27

Al MAS NMR, statistical thermodynamic model predictions (Provis 

et al., 2005a) and experimental NMR data (Duxson et al., 2005) for Al-rich 

metakaolin-based geopolymers.  

 

Assignment of the peak located at a chemical shift of -93 ppm to Q
4
(3Al) species is 

justified because this is the only plausible assignment consistent with a mixed cross-
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linked/non-cross-linked tobermorite-like C-(N-)A-S-H gel for the spectral 

deconvolution results found in this work. The only possible alternative silicate 

coordination environment that is located at approximately -93 ppm and is consistent 

with the established nature of AAS cements are Q
3
 units (Engelhardt and Michel, 

1987). Hypothetical deconvolution of the 
29

Si MAS NMR spectra to exclusively 

assign the peak at -93 ppm to Q
3
 units yields the results shown in Table 4.3.  

 

It is readily observed in Table 4.3 that the hypothetical spectral deconvolution for the 

56 days sample is inconsistent with the structural definition of mixed cross-

linked/non-cross-linked C-(N-)A-S-H gels, as described by the structural constraints 

of the CSTM (Figure 4.2). This is because there are not enough Q
2
 units to account 

for the amount of Q
3
(1Al) and Q

3
 units identified in the hypothetical deconvolution 

for the 56 days sample, i.e. 2(Q
3
(1Al)+Q

3
) > Q

2
. Therefore, the only remaining 

possibility is to attribute the peak located at -93 ppm to Q
4
(3Al) species. 

 

4.3.2 An Additional Aluminosilicate Reaction Product? 

 

The CSTM, when applied to the 
29

Si MAS NMR spectral deconvolution data 

presented in Table 4.1, yields the results shown in Table 4.4. 
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Table 4.3. Summary of hypothetical Q
n
 environments in 

29
Si MAS NMR spectra of the Na2SiO3-activated slag cement as a function of curing 

time, given that the assignment of the peak located at a chemical shift of -93 ppm corresponds exclusively to Q
3
 units. 

Age Unreacted slag 

Reaction products 

Q
0
 Q

1
(I) Q

1
(II)  Q

2
(1Al) Q

2
 Q

3
(1Al) Q

3
 

-74 ppm -78 ppm -80 ppm -83 ppm -86 ppm -89 ppm -93 ppm 

Unreacted 100 - - - - - - - 

7 days 39 4 14 11 18 11 4 - 

28 days 24 7 18 13 22 12 5 - 

56 days 21 10 18 11 19 13 7 1 
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Table 4.4. The calculated output of the CSTM from the 
29

Si MAS NMR spectral deconvonlution results in Table 4.1. A constant interlayer Ca 

content of ű = and maximum partitioning of Q 0.25 = ‫
1
 sites into the cross-linked C-(N-)A-S-H component (i.e. maximising ɖ) is specified. 

Curing time Component Q
1
 Q

2
(1Al) Q

2
 Q

3
(1Al) MCL  Al/Si Ca/Si Ca/(Al+Si) 

7 days 

non- 

cross-linked 
0.098 0.1 0.033 0 5.8 0.22 1.1 0.88 

cross-linked 0.15 0.074 0.074 0.037 10 0.11 0.94 0.85 

28 days 

non- 

cross-linked 
0.085 0.11 0.016 0 6.2 0.26 1.1 0.87 

cross-linked 0.22 0.11 0.11 0.054 10 0.11 0.94 0.85 

56 days 

non- 

cross-linked 
0.092 0.086 0.035 0 5.6 0.2 1.1 0.88 

cross-linked 0.2 0.099 0.099 0.049 10 0.11 0.94 0.85 

Bulk C-(N-)A-S-H gel properties 

Curing time ɖ MCL  Al/Si Ca/Si Ca/(Al+Si) 

7 days 0.6 7.6 0.15 1 0.86 

28 days 0.72 8.3 0.16 0.99 0.86 

56 days 0.68 7.9 0.14 0.98 0.86 

 



92  4. Cross-Linked Substituted Tobermorite Model (CSTM) 

 

 

 

The calculated chemical compositions of the C-(N-)A-S-H gel (Table 4.4) agree well 

with the chemistry of laboratory-synthesised C-(N-)A-S-H products, where the molar 

Al/Si ratio of phase-pure C-(N-)A-S-H has generally been found to be less than or 

equal to 0.20 for relevant Ca/(Al+Si) molar ratios in AAS cements (0.7 Ò Ca/(Al+Si) 

Ò 1.3) (Faucon et al., 1999a; Pardal et al., 2012; Pardal et al., 2009; Sun et al., 2006). 

The formation of strätlingite (an AFm phase) is typically observed in AAS cements if 

the Al/Si molar ratio is higher than this (Sun et al., 2006). This must then be 

contrasted with the results presented in Table 4.4, which show that the CSTM can 

reproduce the experimentally observed Ca/Si ratios, but does not agree with the Al/Si 

molar ratios for the Mg-free C-(N-)A-S-H gels and the experimental AAS cements as 

identified by SEM-EDS (Figure 4.3). In all cases the Al content of the C-(N-)A-S-H 

gel is significantly underestimated by the assumption that all of the tetrahedral Al is 

contained within tobermorite-type phases.  

 

This disagreement is also corroborated by the average chemical compositions of the 

solid binders calculated using the experimentally determined GBFS reaction extents 

in these samples (as determined from the 
29

Si MAS NMR spectral deconvolutions, 

Table 4.1), of overall Al/Si molar ratios of 0.396, 0.413 and 0.415 for the solid 

binders in the 7, 28 and 56 day samples respectively (Figure 4.4). These calculations 

are performed using the elemental compositions of the mix formulations assuming 

congruent slag dissolution and full incorporation of the silica supplied by the 

activator into the binder, but without distinction between Al in C-(N-)A-S-H or 

secondary phases. 

 

However, secondary phases are evident in the 
27

Al MAS NMR spectra (Figure 4.6), 

which show that Al  present in secondary products corresponds to 15-20% of the total 

Al in the AAS cements. The 
27

Al MAS NMR spectral deconvolutions also show that 

hydrotalcite is always the dominant secondary phase in these systems, contributing 

Ó87% of the Al[6] present in the samples (Table 4.2). Hydrotalcite can therefore be 

expected to account for up to 18-24% of the Al  in the solid binder (i.e. excluding 

contributions from remnant GBFS particles). Using this information to correct the 



4. Cross-Linked Substituted Tobermorite Model (CSTM) 93 

 

 

Al/Si molar ratios predicted by the CSTM to account for the presence of hydrotalcite 

gives Al/Si molar ratios of 0.21, 0.21 and 0.18 for the sum of the C-(N-)A-S-H and 

hydrotalcite components of the solid binder after 7, 28 and 56 days respectively. 

Incorporation of five-coordinated Al  (Al [5]) and Al in the TAH phase (assuming that 

the TAH phase is not Si-bearing), which are minor (Ò8% of total Al intensity for 

each sample), would give a slight further increase in the calculated Al/Si molar 

ratios, but the variable or unknown chemistry of each of these phases prevents their 

use in direct calculations at this time.  

 

In any case, it is unlikely that inclusion of these phases in the calculations would be 

sufficient to increase the Al/Si molar ratio of the solid binder, compared to the 

predictions based on combinations of C-(N-)A-S-H and hydrotalcite phases, to a 

large enough extent to reconcile the difference between the average chemical 

composition of the solid binder as determined by SEM-EDS and the calculated 

chemical composition from the CSTM (Figure 4.3 and Table 4.4). Possible 

explanations for this discrepancy, given that recent developments in the literature 

strongly support the presence of cross-linked C-(N-)A-S-H gels in AAS cements 

(Bernal et al., 2013c; Brough and Atkinson, 2002; Fernández-Jiménez et al., 2003; 

Puertas et al., 2011), include:  

i.) significant, non-zero amounts of four-coordinated Al  (Al [4]) species 

substituting into paired sites in C-(N-)A-S-H gel;  

ii.) the interlayer region containing significant amounts of Al ; or 

iii.)  the presence of an Al -rich gel that is more cross-linked than C-(N-)A-S-

H, but is poorly ordered and is present in sufficiently low quantities so as 

to be not readily identifiable through XRD, SEM-EDS, 
27

Al MAS NMR 

or 
29

Si MAS NMR experiments. 

 

The possibility that Al[4] can substitute into paired sites in C-(N-)A-S-H has been 

previously explored in the literature (Manzano et al., 2008; Pegado et al., 2014); 

inclusion of these species in the CSTM would lead to an increase in the calculated 

Al/Si molar ratio of the C-(N-)A-S-H gel because cross-linked structures that include 
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Al  substitution in paired sites can accommodate much higher concentrations of Al . 

However, the presence of Al[4] in paired sites is believed to be strongly disfavored in 

C-(N-)A-S-H chains (Pegado et al., 2014; Richardson et al., 1993). Using atomistic 

simulations, Manzano et al. (2008) concluded that Al[4] substitution in paired sites 

in C-(N-)A-S-H was possible, depending on the Al content of this phase, but only 

reaching significant concentrations at Al contents notably higher than those which 

are generally observed in C-(N-)A-S-H in experimental studies. Other atomistic 

simulations of Al  substitution into silicate chains have identified a thermodynamic 

preference for the bridging site over the paired site in isolated pentameric chains 

(Manzano et al., 2009b), in pentameric chains confined within an environment 

representative of 14Å tobermorite (Abdolhosseini Qomi et al., 2012), and in a single 

sheet (on the a-b plane, i.e. one Ca-O layer) of tobermorite (Pegado et al., 2014), 

indicating that it is unlikely that Al in paired sites will be a major contributor to the 

chemistry of AAS cements. Substitution of a small amount of Al into a fraction of 

the paired sites cannot be entirely discounted, but it is unlikely that these species 

could solely account for the significant differences between calculated and 

experimental Al/Si ratios found here. 

 

The possibility that Al can act as a charge-balancing species in the interlayer region 

of C-(N-)A-S-H has been discussed in the literature (Andersen et al., 2006; Faucon et 

al., 1999a; Sun et al., 2006), but is not included in the CSTM. Interlayer Al  has been 

hypothesised to exist as Al[5] (Andersen et al., 2006; Sun et al., 2006) because Al[4] 

is anionic and thus cannot act as a charge-balancer for anionic chain sites. Al[6] has 

been proposed to be present in the interlayer (Abdolhosseini Qomi et al., 2012; 

Rawal et al., 2010) but is not considered in the CSTM, as discussed above. The 

potential contributions of these species to the chemical composition of the solid 

binder can thus be determined from the 
27

Al MAS NMR spectral deconvolutions, 

particularly in the Al[5] region of the spectra. However, it is evident that inclusion of 

interlayer Al  species will not resolve the significant discrepancies between the 

modelled and experimentally measured chemical compositions of the AAS cement, 

as this difference is founded in the Al[4] concentrations alone. 
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Having eliminated the other possible Al-containing phases from consideration, it is 

therefore proposed that an additional Al -containing activation product must be 

present. This phase must be long-range disordered, and probably has a characteristic 

size on the order of nanometers so as to not be observable by SEM-EDS or XRD. 

This product is also not readily detectable in 
27

Al or 
29

Si MAS NMR spectra, most 

likely due to its presence at a low concentration with peaks overlapping those 

assigned to the established silicate and aluminate species in C-(N-)A-S-H. The most 

likely answer is that some part of the intensity in the 
29

Si bands at -89 ppm and -93 

ppm is actually representing Q
4
(4Al) or Q

4
(3Al) silicate species in this additional 

phase, and that a fraction of the 
27

Al peak assigned to the q
3
 aluminate species is also 

related to this product. An obvious candidate for such an assignment would be a 

disordered nanoparticulate zeolite-like product with Si/Al ratio close to 1, similar to 

the conceptual structural model which has been proposed for gels formed through 

alkali-activation of low-Ca aluminosilicate precursors (Provis et al., 2005b). Such an 

assignment would be consistent with the fact that crystalline zeolites are sometimes 

observed in AAS cements, particularly in systems where there is insufficient Mg to 

form hydrotalcite (Bernal et al., 2011b; Talling and Krivenko, 1997). This strongly 

supports the inclusion of Q
4
(3Al) and Q

4
(4Al) species in the deconvolution results 

for the 56 days sample (Table 4.1). 

 

However, the assignment of some of the Q
3
(1Al) (or Q

3
) intensity in the 

29
Si MAS 

NMR spectra to a phase other than C-(N-)A-S-H would indicate that cross-linking 

between aluminosilicate chains in the C-(N-)A-S-H gel may occur to a lower extent 

than would be predicted based on complete assignment of Q
3
, Q

3
(1Al) and q

3
 silicate 

and aluminate species to this phase. This is actually to some extent consistent with 

the observations of low or zero concentrations of Q
3
 and Q

3
(1Al) silicate species in 

some hydroxide-activated slag cements (Richardson et al., 1993), because the 

chemistry of these cements can be well explained by existing non-cross-linked 

tobermorite structural models (Richardson and Groves, 1993b). Contributions 

assigned to q
3
, Q

3
 and Q

3
(1Al) species are typically observed in 

27
Al MAS NMR and 
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29
Si MAS NMR spectra of AAS cements activated by alkali silicate solutions (Bernal 

et al., 2013c; Brough and Atkinson, 2002; Fernández-Jiménez et al., 2003; Puertas et 

al., 2011), but non-zero intensities for silicate and aluminate species in cross-linked 

sites have also been observed in laboratory-synthesised and hydroxide-activated slag 

pastes (Palacios and Puertas, 2006; Pardal et al., 2012; Renaudin et al., 2009a; Sun et 

al., 2006). The increased intensity of the bands in the regions traditionally assigned to 

cross-linked C-(N-)A-S-H suggest that this additional Al-rich, potentially zeolite-like 

phase will be more prevalent in silicate-activated AAS cements.  

 

Therefore, the application of the CSTM to the analysis of experimental NMR data 

does provide a strong indication of the presence of an Al-rich phase distinct from the 

C-(N-)A-S-H gel in silicate-activated slag cements, because the structure of cross-

linked tobermorite-like chains is unable to accommodate as much Al as is supplied 

by the slag precursor in this system. This means that the model predictions of the 

degree of cross-linking between chains in AAS should be viewed as an upper bound, 

rather than as an exact value. However, it is clear that a mixture of cross-linked and 

non-cross-linked tobermorite-like structures provides a more readily generalised 

view of C-(N-)A-S-H chemistry than the previous models based solely on the non-

cross-linked silicate chain structure. This is likely to be useful in application to some 

blended PC-based materials in addition to the alkali-activated slag cement systems 

discussed here. 

 

4.4 Conclusions 

 

This chapter has presented a generalised structural model for tobermorite-like C-(N-

)A-S-H, incorporating the possibility of cross-linking between tobermorite chains to 

better describe the chemistry of high-Al  cements. The model is named the óCross-

linked Substituted Tobermorite Modelô, CSTM. The structures modeled in the 

CSTM are consistent with Loewensteinôs rule of Al-O-Al avoidance, and exclude Al  

substitution into paired tetrahedra. The partitioning of Al into secondary phases such 
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as hydrotalcite is considered through the use of 
27

Al MAS NMR spectra to identify 

the concentrations of Al in different coordination states. 

 

The CSTM differs from previous structural models for the C-(N-)A-S-H phase, 

which are primarily based on non-cross-linked tobermorite-like structures, and so is 

more consistent with recent developments regarding the density and nanostructure of 

C-(N-)A-S-H in AAS cements. The CSTM is the first structural model that enables 

mixed non-cross-linked/cross-linked C-(N-)A-S-H to be studied over the full range 

of chemical compositions observed in AAS cements. The CSTM supports 

aluminosilicate chain cross-linking in C-(N-)A-S-H formed in AAS cements, but 

also indicates the presence of an additional Al -containing activation product in 

Na2SiO3-activated slag cements. Therefore, this study provides a profoundly deeper 

and more detailed description of sodium silicate-activated slag cement chemistry 

when compared with the existing literature in this area, and is more readily 

reconciled with the recent developments in the literature.  
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5 

Nanostructural Analysis of Na2SiO3-

Activated Slag Cement 

 

 

This chapter is based on the paper óThe Role of Al in Cross-Linking of Alkali -

Activated Slag Cementsô, published in Journal of the American Ceramic Society, 

2015, DOI: 10.1111/jace.13360. AAS cement samples were prepared, and XRD, and 

27
Al and 

29
Si MAS NMR experiments, were performed by Susan A. Bernal. The 

27
Al 

MAS NMR data for the pure hydrotalcite sample were obtained by Sam A. Walling 

and Susan A. Bernal (University of Sheffield). 

 

 

5.1 Introduction  

 

AAS cements are particularly relevant systems for studying the chemistry of C-(N-

)A-S-H because they are produced by the reaction between an alkali source and 

GBFS, which is one of the most common replacement materials used in modern 

cements. These materials have also been studied for over half a century (Juenger et 

al., 2011; Provis and Bernal, 2014; Purdon, 1940; Roy, 1999) with a view toward the 

production of concretes with high mechanical performance, low life cycle CO2 

emissions relative to PC, and good durability (Bernal and Provis, 2014; Juenger et 

al., 2011). Understanding the durability of modern concretes remains the primary 

scientific challenge in the development of this technology, because durability is 

closely related to the chemistry and the pore network geometry of the binding phase 

in these systems (Provis et al., 2012). Therefore, elucidation of the chemistry of the 

cement binder, and in particular the C-(N-)A-S-H gel which is the key space-filling 

and strength-giving component, is essential. Work in this area has been ongoing for 
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more than two decades (Richardson and Groves, 1992a; Roy, 1999), but the 

chemistry and structural details of the binding phases in these systems are not yet 

fully understood.  

 

Various studies applying 
29

Si MAS NMR and 
27

Al MAS NMR spectroscopy to 

silicate-activated slag cements have been published (Bonk et al., 2003; Puertas et al., 

2011; Wang and Scrivener, 2003), but where deconvolution of the spectra has been 

undertaken, the contribution of unreacted slag is not always distinguished and 

quadrupolar lineshapes are not always used in deconvolutions of 
27

Al MAS NMR 

spectra, which greatly affects the calculated contributions of the different identifiable 

site environments. 

 

Therefore, this study presents 
29

Si and 
27

Al MAS NMR analysis of a sodium silicate-

activated slag cement as a function of the time of curing, to clarify the complex 

relationship that exists between the chemical composition and nanostructure of C-

(N-)A-S-H, and the solid phase assemblage in these materials. The spectra are 

deconvoluted with consideration of remnant unreacted slag particles and quadrupolar 

coupling effects, enabling quantification of the chemistry of the reaction products, 

with secondary phases identified by XRD. Application of a model that represents C-

(N-)A-S-H as a mixture of non-cross-linked/cross-linked tobermorite-like structures 

(Myers et al., 2013) to the 
29

Si MAS NMR deconvolution results provides 

information regarding the structure and chemical composition of this phase.  

 

5.2 Experimental 

 

The AAS sample studied was synthesised in sealed bags at 23°C using a Na2SiO3 

activator at a dose of 8 g Na2SiO3/100g slag and a w/b = 0.40. Tests were conducted 

at room temperature on the unreacted GBFS and on the AAS paste at 1, 3 7, 28, 56, 

90 and 180 days using XRD, and 
27

Al and 
29

Si MAS NMR. A complete description 

of the experimental details for this investigation is given in Chapter 3. 



 

 

 
5. Nanostructural Analysis of Na2SiO3-Activated Slag Cement 101 

 

5.3 Results and Discussion 

 

5.3.1 X-ray Diffraction  

 

The XRD results are presented in Figure 5.1. There is a small quantity of åkermanite 

(Ca2MgSi2O7, PDF#00-035-0592) in the remnant slag (Bernal et al., 2013c). Peaks 

corresponding to a poorly crystalline tobermorite-like C-S-H type gel are observed 

(similar to Ca5(Si6O16)(OH2), PDF#01-089-6458), consistent with the literature for 

sodium silicate-activated slag cements (Bernal et al., 2013c; Fernández-Jiménez and 

Puertas, 2003; Wang and Scrivener, 1995). Hydrotalcite (Mg6Al 2(CO3)(OH)16Ā4H2O, 

PDF#00-041-1428) is also identified as a reaction product, which is consistent with 

other studies of AAS with significant magnesium content (Ben Haha et al., 2011b; 

Bernal et al., 2013c; Bernal et al., 2014b; Fernández-Jiménez et al., 2003; 

Richardson et al., 1994; Wang and Scrivener, 1995). The increase in intensity of the 

main hydrotalcite peak (11.4° 2ɗ) with increasing time of curing, and similarly the 

peak of the C-S-H type gel at 29.5° 2ɗ, are consistent with the activation reaction 

continuing with age.  

 

 
Figure 5.1. Cu Ka diffractograms of the Na2SiO3-activated slag cement as a function 

of curing time. 
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Minor traces of calcite (PDF#01-083-0577) and vaterite (PDF#01-074-1867), along 

with thermonatrite (Na2CO3·H2O, PDF#01-072-0578), are associated with slight 

atmospheric carbonation of the specimens during sample preparation and analysis.  

 

5.3.2 
29

Si MAS NMR 

 

The 
29

Si MAS NMR spectrum of the unreacted slag (Figure 5.2) is in good 

agreement with results for a melilite-type glass (Kirkpatrick, 1988), consistent with 

the identification of åkermanite by XRD in the slag used in this study. The activation 

of the slag precursor results in the formation of at least three intense bands at -80 

ppm, -83 ppm and -86 ppm in the 
29

Si MAS NMR spectra (Figure 5.2), which are 

assigned to Q
1
, Q

2
(1Al) and Q

2
 sites respectively in C-(N-)A-S-H (Bernal et al., 

2013c; Brough and Atkinson, 2002; Richardson et al., 1993; Schneider et al., 2001; 

Wang and Scrivener, 2003).  

 

 
Figure 5.2. 

29
Si MAS NMR spectra of the Na2SiO3-activated slag cement as a 

function of curing time. 
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A reduction in the intensity of the band corresponding to the remnant slag is 

observed, which is attributed to the progress of the activation reaction. A Q
0
 site at -

74 ppm and an additional Q
1
 site at -78 ppm (Figure 5.3), distinct from the site at -80 

ppm, were assigned because the lineshapes of the experimental spectra in the less 

negative chemical shift region (> -80 ppm) could not all be matched using a single 

peak attributed to the remnant slag, or to any two out of the three aforementioned 

components, under the deconvolution constraints applied here.  

 

  
Figure 5.3. Deconvoluted 

29
Si MAS NMR spectra (14.1 T, nR = 10 kHz) of Na2SiO3-

activated slag cement cured for A) 1 day, B) 3 days, C) 7 days, D) 28 days, E) 45 

days, F) 56 days and G) 180 days, with Q
n
(mAl) sites shown in G). The dark grey 

band represents the contribution of the remnant slag, which is directly scaled from 

the spectrum collected for the unreacted slag. 
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Figure 5.3. Continued. 

 

The identification of two non-equivalent Q
1
 environments in the binder is consistent 

with molecular dynamics studies of non-isolated C-S-H gels, which identified 

significant differences between the shielding behavior (and hence chemical shifts) of 

Q
1
 sites charge-balanced by Ca

2+
 or H

+
 (Figure 5.4) (Rejmak et al., 2012). Charge-

balancing by Na
+
 is also likely in the systems studied here. There are many possible 

combinations of potential charge-balancing species for Q
1
 sites; these are represented 

in the deconvolutions by two Gaussian peaks as this is the smallest number of peaks 

which can adequately represent this region of the spectra, while acknowledging that 

there are in fact many more chemically distinct sites than this within the material. For 

the purposes of the analysis, these peaks are labelled Q
1
(I) and Q

1
(II), where it is 
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likely that Q
1
(I) at -78 ppm corresponds generally to sites connected to charge-

balancing atoms (e.g. H
+
, Na

+
) with less strong positive charges than those associated 

with Q
1
(II)  at -80 ppm (e.g. Ca

2+
). It is also noted that the differences in calculated 

chemical shift values for Q
2
 units as a function of charge-balancing species are much 

less pronounced (Rejmak et al., 2012), supporting the assignment of a single site for 

structurally-similar Q
2
 species in the deconvolutions. The site environments marked 

in Figure 5.3 are shown in Figure 5.5. 

 

 
Figure 5.4. Illustration of the variety of charge-balancing species which can bind to a 

Q
1
 site in C-(N-)A-S-H, leading to multiple peaks in the spectra. The Ca species are 

located in the Ca-O sheets.  

 

 
Figure 5.5. Schematic representation of cross-linked and non-cross-linked chain 

structures which represent the generalised structure of C-(N-)A-S-H. The red and 

white tetrahedra are aluminate and silicate species respectively. 
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Significant non-zero intensity at approximately -91 ppm becomes apparent at 56 and 

180 days of curing (Figure 5.3). This signal is assigned in part to Q
4
(3Al) and 

Q
4
(4Al) in a disordered aluminosilicate product, tentatively proposed here to 

resemble an alkali aluminosilicate (hydrate) (N-A-S(-H)) gel, and in part to Q
3
(1Al) 

units in C-(N-)A-S-H. In the deconvolutions here, a combined band for 

Q
4
(4Al)/Q

3
(1Al) and a peak for Q

4
(3Al) are positioned at -89 ppm and -93 ppm 

respectively, consistent with a recent structural model and interpretation of 
29

Si MAS 

NMR results (Myers et al., 2013), without precluding the presence of a small 

concentration of Q
3
 units that could also be present at approximately -93 ppm in 

AAS cements (Pardal et al., 2012; Puertas et al., 2011). These assignments are also 

chosen because this is the minimum number of peaks that can satisfactorily fit the 

lineshape of the spectra in this chemical shift range. 

 

In Chapter 4 (Myers et al., 2013), a generalised model for Al -substituted, alkali 

charge-balanced cross-linked and non-cross-linked tobermorite-like structures, the 

óCross-linked Substituted Tobermorite Modelô (CSTM), was developed and applied 

to describe C-(N-)A-S-H in AAS cements. It was found that a mixture of cross-

linked and non-cross-linked tobermorite-like C-(N-)A-S-H and established secondary 

product phases could not fully explain the chemistry of the sodium-silicate activated 

slag binder alone, due to the inherent structural constraints of C-(N-)A-S-H gels, 

suggesting the presence of an additional Al -containing activation product. If this 

product contains aluminosilicate species contributing to the intensity of the -89 ppm 

and -93 ppm bands in 
29

Si MAS NMR spectra, these are most likely Q
4
(4Al) and 

Q
4
(3Al) units respectively and the additional product is probably a N-A-S(-H) gel 

with Si/Al Ò 1.2 (Provis et al., 2005a). Therefore, the assignment of the -93 ppm 

peak to Q
4
(3Al) in a N-A-S(-H) gel, rather than Q

3
 in C-(N-)A-S-H, is necessary to 

satisfy the structural constraints of mixed non-cross-linked/cross-linked tobermorite-

like C-(N-)A-S-H gels (Myers et al., 2013).  

 

The small band at -89 ppm (Figure 5.3) increases slightly in intensity with curing 

time. This peak is attributed to cross-linked Q
3
(1Al) silicate sites in C-(N-)A-S-H, as 
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well as Q
4
(4Al) in N-A-S(-H) gel, which is again consistent with the structural model 

and interpretation of 
29

Si MAS NMR results recently proposed by Myers et al. (2013) 

and with previous studies on sodium silicate-activated and sodium carbonate-

activated slag cements (Bernal et al., 2013c; Brough and Atkinson, 2002; Fernández-

Jiménez et al., 2003; Palacios and Puertas, 2006). It is necessary here to attribute part 

of this band to Q
4
(4Al), because the inclusion of Q

4
(3Al) sites into the 

29
Si MAS 

NMR spectral deconvolution results requires the presence of additional Q
4
 type 

units; there is no aluminosilicate gel which consists solely of Q
4
(3Al) sites (Provis et 

al., 2005a). It was previously shown (Provis et al., 2005a) that Al-rich (Si/Al Ò 1.2) 

geopolymers contain almost exclusively Q
4
(3Al) and Q

4
(4Al) units. This strongly 

supports the inclusion of Q
4
(3Al) and Q

4
(4Al) into the 

29
Si MAS NMR spectral 

deconvolutions here, and indicates that AAS cements may contain disordered 

nanoparticulate, possibly zeolite-like, products similar to the N-A-S(-H) gels formed 

through activation of low-calcium aluminosilicate precursors (Bell et al., 2008; 

Provis et al., 2005b). This assignment is also consistent with the observation of 

zeolites in some AAS cements after extended curing periods (Bernal et al., 2011a; 

Bernal et al., 2013a; Provis and Bernal, 2014). The assigned Q
4
(3Al) and Q

4
(4Al) 

peaks may alternatively be attributed to Q
4
(mAl)-containing aluminosilicate gels 

formed through degradation of C-(N-)A-S-H during superficial carbonation of the 

specimen (Bernal et al., 2013c), however the XRD results (Figure 5.1) do not show 

the systematic increase in carbonation with curing time needed for full consistency 

with this assignment (Q
4
(mAl) sites are only apparent at 56 and 180 days here).  

 

Quantification of 
29

Si sites, determined through deconvolution of the 
29

Si MAS 

NMR spectra as a function of curing duration, is reported in Table 5.1. As much as 

54% of the slag is seen to have reacted within the first day of curing, and 77% after 

56 days, assuming congruent dissolution of the slag and complete uptake of the silica 

supplied by the activator into the solid binder The reaction extent of the slag 

identified by this method is greater than was determined by SEM image analysis for 

slag particles (of unspecified fineness) reacted with a Na2SiO3·5H2O activator (~3 g 

Na2O equivalent/100 g slag) at w/b = 0.40 and 23°C (Le Saoût et al., 2011), which 
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gave hydration degrees of approximately 40% at 1 day and 55% at 56 days. Similar 

or lower extents of reaction have been observed for AAS cements activated at 20°C 

using sodium silicate and NaOH solutions (~3 g Na2O equivalent/100 g slag) (Ben 

Haha et al., 2011a), and in water-activated blended slag/PC materials (Kocaba et al., 

2012), suggesting that the slag precursor used here is more reactive under alkaline 

activation conditions compared to the slags used in those studies.  
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Table 5.1. Results of deconvolution of 
29

Si MAS NMR spectra of the Na2SiO3-activated slag pastes as a function of curing time. The estimated 

uncertainty in absolute site percentages is ± 2%. 

Age 

Total 

unreacted 

slag (%) 

Reaction products 

Q
0
 Q

1
(I) Q

1
(II)  Q

2
(1Al) Q

2
 Q

3
(1Al) Q

4
(4Al) Q

4
(3Al) 

-74 ppm -78 ppm -80 ppm -83 ppm -86 ppm -89 ppm* -89 ppm* -93 ppm 

Unreacted 100 - - - - - - - - 

1 day 41 5 12 10 17 10 5 0 0 

3 days 39 4 14 9 18 11 5 0 0 

7 days 39 4 14 11 18 11 4 0 0 

28 days 24 7 18 13 22 12 5 0 0 

45 days 23 9 20 13 18 13 5 0 0 

56 days 21 10 18 11 19 13 5 2 1 

180 days 21 10 19 13 17 12 4 2 1 

* A single peak at -89 ppm is used to describe both Q
3
(1Al) and Q

4
(4Al) components, and distributed among these two site types based on the 

concentration of the Q
4
(3Al) site, as discussed in the text. 
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A single band was fitted for Q
2
 sites despite the known ~2 ppm difference between 

Si present in paired (Q
2
p) environments relative to bridging (Q

2
b) sites within C-S-H 

gels (Pardal et al., 2012), because assigning peaks for both Q
2
b and Q

2
p sites would 

lead to an unconstrained deconvolution procedure.  

 

Significant amounts of Q
2
(1Al) are present, indicating high levels of Al substitution 

in the C-(N-)A-S-H gel. The presence of Q
3
(1Al) units also shows that the C-(N-)A-

S-H gel is significantly cross-linked. Constant non-zero quantities of Q
4
(3Al) and 

Q
4
(4Al) sites are resolved at 56 and 180 days of curing. Quantification of the 

Q
4
(4Al) site was performed assuming that the additional N-A-S(-H) gel only 

contains Q
4
(3Al) and Q

4
(4Al) units at an Si/Al ratio of 1.2, and the remainder of the 

intensity of the peak at -89 ppm was assigned to Q
3
(1Al). This Si/Al ratio was 

selected as it is at the upper end of the range in which an aluminosilicate gel would 

be comprised almost entirely of Q
4
(3Al) and Q

4
(4Al) units (Duxson et al., 2005; 

Provis et al., 2005a); a higher Si/Al ratio would also require the presence of Q
4
(2Al) 

sites, and these are not evident in the spectra here.  

 

The evolving structure of the C-(N-)A-S-H gel is represented in Figure 5.6, by 

normalising the contributions of reaction products to sum to 100%. 
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Figure 5.6.  Deconvolution results of the 

29
Si MAS NMR spectra, normalised to the 

total intensity of the reaction products. 

 

The normalised 
29

Si MAS NMR spectral deconvolutions (Figure 5.6) show that the 

relative concentrations of the Q
1
(II) and Q

2
 sites do not vary greatly from 1 to 180 

days of curing. An increasing trend in the relative concentrations of Q
0
 and Q

1
(I) 

sites, and a decreasing trend in the relative concentrations of Q
2
(1Al) and Q

3
(1Al) 

sites, are observed over the entire range of curing ages studied. The increasing 

prevalence of Q
1
(I) sites, and the corresponding reduction in the concentrations of 

Q
2
(1Al) and Q

3
(1Al) units, are associated with the gradual transformation of the C-

(N-)A-S-H gel to structures with lower mean chain length (MCL; see section 5.3.4) 

and increasing secondary product formation (Figure 5.1 and section 5.3.3) as the time 

of curing increases. This reduction in MCL can also potentially be reconciled with 

the relative increase in percentage of the bands at -74 ppm (tentatively assigned to Q
0
 

here) if these peaks represent surface-bound Q
0
 units, as increasing the relative 

surface area of C-(N-)A-S-H gel can be consistent with a reduction in MCL. The 

decreasing trend in the concentration of Q
3
(1Al) sites (in cross-linked C-(N-)A-S-H) 

is also consistent with the observed decreasing relative percentage of Q
2
(1Al) sites, 

because a reduction in Q
3
(1Al) necessitates a lower concentration of Q

2
(1Al) (Figure 

5.5). Therefore, these results indicate that the degree of cross-linking of the C-(N-)A-
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S-H gel decreases over time, which is to some extent a counterintuitive result, and 

which will be explored in more detail in section 5.3.4 below. 

 

The Q
0
 site at -74 ppm is assigned to partially hydrated silicate monomers or Q

0
 

components of the remnant slag that have not reacted congruently without precluding 

the possibility that Q
1
(1Al) species contribute to a small fraction of this peak. The 

presence of Q
1
(1Al) in the 

29
Si MAS NMR spectra would imply Al substitution in 

paired tetrahedral sites in C-(N-)A-S-H, given that tetrahedral site vacancies only 

occur in the bridging position (as described by 3n-1 chain length models for C-(N-

)A-S-H (Richardson, 2004)). Al substitution into paired sites is not expected because 

atomistic simulations of Al-substituted pentameric chains in environments 

representative of 14 Å tobermorite (Abdolhosseini Qomi et al., 2012), in sheets 

representing 14 Å tobermorite (Pegado et al., 2014), and in isolated chains (Manzano 

et al., 2009b), have shown significant energetic preferences for Al substitution in 

bridging sites instead. Deconvolutions of the 
29

Si MAS NMR spectra have also been 

performed without including Q
n
 components related to Al substitution into paired 

sites, because Q
1
(1Al) units are not often observed in published 

29
Si MAS NMR 

spectra of calcium silicate hydrate-based gels (Brough and Atkinson, 2002; 

Richardson et al., 1993; Schilling et al., 1994a; Sun et al., 2006; Wang and 

Scrivener, 2003), and also because inclusion of these additional Q
n
 components 

(Q
1
(1Al), Q

2
(2Al) and Q

3
(2Al) species) would lead to an underconstrained 

deconvolution procedure. This band at -74 ppm has been observed previously in 

sodium silicate-activated slag cements (Le Saoût et al., 2011), where (similar to the 

conclusion reached here) it was assigned to Q
0
 units, but no strongly established 

assignment for this peak to a specific site environment within the AAS cement phase 

assemblage currently exists. 

 

5.3.3 
27

Al MAS NMR 

 

Three distinct Al environments (Al[4], Al[5] and Al[6]) are observed in the 
27

Al 

MAS NMR spectra (Figure 5.7), at ŭobs = 52-80 ppm (i.e. the observed chemical 
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shift), 30-40 ppm and 0-20 ppm, respectively (Engelhardt and Michel, 1987). The 

profiles of the experimental spectra remain similar as the duration of curing 

increases, but some variation in all three environments is observed between 1-180 

days, including:  

i) formation of two distinct Al[4] sites at ŭobs = 74 ppm and 68 ppm, which 

is consistent with the dissolution of the slag and the formation of 

aluminosilicate reaction products;  

ii)  an increase in the concentration of Al[5] sites, and a sharpening of the 

peaks corresponding to Al[5] with increasing curing time; and 

iii)  the increased sharpness and intensity of the Al[6] peak at ŭobs = 4 ppm.    

 

 
Figure 5.7. 

27
Al MAS NMR spectra of the Na2SiO3-activated slag paste up to 180 

days of curing (14.1 T, nR=10 kHz) and the spectrum for the sample cured for 2 years 

(9.4 T, nR=14 kHz). 

 

The four-coordinated Al environments are assigned to the remnant slag particles in 

the AAS cement, according to the spectrum of the unreacted slag, and also to C-(N-

)A-S-H. Three distinct Al sites in C-(N-)A-S-H are identified at ŭobs = 74 ppm, 68 

ppm and 62 ppm (ŭiso = 75 ppm, 68 ppm and 62 ppm respectively), in agreement 
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with the literature (Faucon et al., 1999a; Pardal et al., 2012; Sun et al., 2006). The 

peaks present in the Al[6] region are assigned to hydrotalcite at ŭobs = 9.3 ppm and 

5.9 ppm (ŭiso = 9.68 ppm and 9.1 ppm respectively) (Sideris et al., 2012; Vyalikh et 

al., 2009), which is consistent with the observation of this phase in the XRD results 

(Figure 5.1), as well as the third aluminate hydrate (TAH) at ŭobs = 3.9 ppm (ŭiso = 

4.6 ppm). Contributions from TAH are evident because the sharp lineshape of the 

ŭobs å 4 ppm peak cannot be described as hydrotalcite alone.  

 

The quadrupolar coupling parameters used to describe the component peak shapes 

for the reaction products in the 
27

Al MAS NMR deconvoluted spectra and the 

quantified site fractions for these phases are illustrated in Figures 5.8-5.9 and 

reported in Table 5.2. Accurate descriptions of the quadrupolar coupling effects 

(dôEspinose de Lacaillerie et al., 2008) in these phases are typically absent in the 

alkali-activated cement chemistry literature (where Gaussian/Lorentzian peak shapes 

are often assumed, even for quadrupolar nuclei), despite the importance of the 

quadrupolar coupling parameter in determining the component peak shapes and 

hence intensities, although quadrupolar effects have been accounted for in analysis of 

27
Al MAS NMR spectra for hydrated PC-based materials (Bach et al., 2012; 

dôEspinose de Lacaillerie et al., 2008) and laboratory synthesised C-A-S-H (Pardal et 

al., 2012). It is therefore noteworthy that the 
27

Al MAS NMR spectral 

deconvolutions presented here provide a greatly enhanced description of the 

experimental spectra. The proposed peak assignments (where the q
n
 notation for Al 

sites is equivalent to the Q
n
 notation for Si sites (Harris et al., 1997)) are also 

consistent with the phases identified through XRD (Figure 5.1). 
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Figure 5.8. Deconvoluted 

27
Al MAS NMR spectra (14.1 T, nR=10 kHz) of the A) 

anhydrous slag and sodium silicate-activated slag cured for B) 1 day, C) 3 days, D) 7 

days, E) 28 days, F) 45 days, G) 56 days and H) 180 days, with q
n
 sites shown in H). 

The contribution of the remnant slag is directly scaled according to the extent of 

reaction defined from the 
29

Si MAS NMR spectra. The bold orange traces represent 

the contribution of the remnant anhydrous slag, the green sub-peaks are spinning 

sidebands, the blue traces represent product phase and the red line is the sum of the 

deconvoluted components of the spectrum. 
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Figure 5.8. Continued. 

 

 












































































































































































































































































































































































































































































































