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ABSTRACT 

 

This work contributes to the design and production of alkali-activated materials (AAMs) of 

lower environmental impact than Portland cement (PC) products. AAM binders result from 

the reaction of an activator and a precursor. They do not require clinkering and can be 

produced at ambient temperature using waste precursors as the principal constituent. Hence, 

they reduce energy consumption, CO2 emissions, and the use of unrenewable resources for 

their production. 

Aluminosilicate precursors not investigated to date such as Saudi Arabian red mud (RM) 

and bauxite are studied. Their particle size, specific surface area, water demand, carbon 

content, composition and amorphousness are studied, and their reactivity measured with the 

Chapelle test, setting times, conductivity, mechanical index and microscopy. The quality 

and durability of AAMs made with these, FA and GGBS precursors, activated with NaOH 

and Na2SiO3 are investigated to optimize the mix design for a given precursor.  

All the precursors are pozzolanic and successfully activate with alkali solutions forming 

AAMs. The FA and GGBS comply with standard requirements for use as PC replacement.  

GGBS has excellent quality being highly reactive, basic (CaO+MgO/SiO2=1.56) and 

amorphous, with ratios (CaO/SiO2=1.41; SiO2/Al2O3=0.34) suitable for alkali activation.  

The RM is reactive due to its layered phases of high surface area (gibbsite and boehmite 

inherited from the parent bauxite), and its zeolite/feldepathoid phases (cancrinite, chantalite 

and sodalite) formed during the refining (Bayer) process. It is suitable for the production of 

AA and pozzolanic materials. It has high SiO2 and high alkalinity, the chloride and carbon 

contents are low and contains no toxic elements. The RM sintered at 300-400°C sets the 

fastest, combines the most lime and reaches the greatest strength. The RM’s activity is 

mainly due to the reaction of feldspathoid cancrinite and formation of zeolitic/feldspathoid-

based hydrates. 

 

The bauxite is highly reactive due to the layered atomic structures of its main components 

gibbsite, boehmite and kaolinite, which provide high specific surfaces and active hydroxyls 

that enhance dissolution and subsequent geopolymerization. Calcination, even at 300°C, 

dehydroxylates kaolinite increasing reactivity. The 550°C bauxite (highest surface area) is 
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the most active initially (hours-2 days) but at later ages, the 700°C -800°C bauxites (highest 

amorphous alumina content) are the most reactive reaching the greatest strengths.  

Some of the AAMs are fit for structural purposes, having strengths and durability superior 

to their CEM II equivalents at a much lower environmental impact.  

In AA GGBS materials, the right activator procured similar strength, but much lower 

embodied energy (EE) and carbon emissions (ECO2) -39.51 % and 78.57 % lower 

respectively-, than equivalent CEM II materials. The (Na2SiO3+NaOH activated) GGBS 

materials show the greatest strengths and microstructure. When cured at 60°C, they develop 

hydrogarnet–gehlenite cements responsible for their high strength (94 MPa at 270 days). 

The materials cured at 20°C are suitable for many applications. Curing at 60°C enhances 

early strength (3-7 d.), but ultimate strength (28-270 d.) can lower. The rheology and setting 

times of AA GGBS materials are within practical limits, and cracking is hindered by the 

high calcium in the slag. The GGBS is too reactive (too fine and amorphous) for a successful 

activation with high hydroxide concentration: the best activator is Na2SiO3 combined with 

low molarity-6M- hydroxide.  

Some of the AA materials made with RM alone reach significant flexural (5 MPa) and 

compressive strength (7 MPa), but failed during cycling, being particularly vulnerable to 

frost. Replacing RM with FA increased strength and durability, and GGBS substitution 

enhanced quality further. When blended with FA/GGBS, N-A-S-H hydrates are common 

which improve strength and microstructure. The best AA RM materials (50%GGBS) show 

the highest density, shortest setting time, greatest strength (39 – 41 MPa activated with 

Na2SiO3 / 6M NaOH = 1 and 2.5 respectively), and superior durability than their CEM II 

equivalents, due to the high-Ca forming strong C-S-H/C-A-S-H cements. The RM needs 

silica and NaOH in the activator to dissolve and form a strong geopolymer structure: 

Na2SiO3 alone lowers strength and undermines the structure.  

The DOE (Design of Experiments) proved suitable to predict optimum mixes for AA bauxite 

materials in the range studied, and it validated the experimental methods. 

Bauxite creates outstanding AAMs (compressive strength -CS = 72-90 MPa) of low 

environmental impact. The bauxite alone produced quality geopolymers (CS=35MPa). 

Replacing bauxite with FA or GGBS enhances strength and density lowering porosity, and 

the effect is more pronounced with increasing replacement. Cementing geopolymers are 
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scarce in the AA bauxite, but with FA/ GGBS, the main cementing phase in a low-Ca, 

aluminate–silicate gel with some sodium substitution. The best materials include 

50%GGBS, activated with Na2SiO3/8M NaOH=1, cured at 60°C. A formulation that reached 

90 MPa -90 d- and 72 MPa -28 d- and agrees with the optimum mix forecasted by the DOE. 

The best experimental bauxite and bauxite-FA materials are cured at 20°C and activated 

with high silica (Na2SiO3/NaOH=3) and medium molarity (8M NaOH). However, the DOE 

forecast optimum mixes activated with less silica (Na2SiO3/NaOH=2) and higher molarity 

(NaOH 10M) -with 50%FA, cured at 20°C. 

The activator must fit the precursor: an excessive activator content or too high concentration 

escalates environmental impact simultaneously lowering strength and undermining 

microstructure. Using higher impact precursors such as GGBS, offsets impact on account of 

increasing the strength and durability in the resultant AAMs. Pyro-processing precursors 

reports great strength increase with low rise in environmental impact: sintering bauxite at 

800oC slightly raised environmental impact but doubled strength. In the AAMs developed, 

even the highest impacts (EE=0.62-0.64 MJ/kg which correspond with strengths of 15-22 

MPa) are small when compared with those of common construction materials. 
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1. INTRODUCTION & OVERVIEW 
 

 

1.1 CONTEXT 

 

The search for alternative binders with a lower environmental impact than Portland cement 

(PC) is much needed in construction to protect the environment and reduce greenhouse gas 

emissions such as carbon dioxide, which are responsible for the greenhouse effect. It is widely 

acknowledged that climate change adversely affects earth and endangers human and animal 

life. Economic losses due to climate change in Europe amounted to approximately EUR 453 

billion between 1980 and 2017 (EEA, 2019), and annually, $2,245 billion losses are attributed 

to climate-related disasters (Wallemacq and House, 2018).  

The construction industry is one of the largest contributors to greenhouse gas emissions, and a 

great consumer of energy and non-renewable natural resources  (Cole, 1998). The production 

of certain building materials such as aluminium, steel and PVC involves great energy 

consumption and carry strong environmental impacts (EC, 2010). As a result of severe 

environmental problems, the construction industry needs to adapt. Using construction materials 

of low environmental impact worldwide would considerably lower the greenhouse gas 

emissions (GHGs) and would improve the sustainability of construction.   

PC is the binder most widely used in construction. It is held responsible for major contributions 

to greenhouse gas emissions worldwide in multiple publications. Most of the environmental 

impact of PC is due to clinker production, which requires burning rocks at 1400°C, releasing 

abundant CO2
 from the fuel combustion and the decarbonization of the carbonate rocks used 

as raw material. An estimated 12–15% of the total industrial energy consumption is attributed 

to cement production, which contributes about 5-7% of the total worldwide CO2 emissions into 

the atmosphere from burning fossil fuels to produce the energy required for cement production 

(Ali et al., 2011). Producing one tonne of cement emits 900 kg of CO2 into the atmosphere 

(Benhelal et al., 2013). According to CEMBUREAU (2020), the top four cement-producing 

countries in 2020 were China, the major cement producer in the world with 2377 Mt (57.2%), 

India, the second largest in the world with 290 Mt (7%), the EU with 171.5 Mt (6.1%), and the 

USA with 89 Mt (2.1%). Over the past few years, PC production has rapidly increased 
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worldwide, contributing to increased CO2 emissions. In 1990, the global PC industry emitted 

576 million tons of CO2 (Boden et al., 2011). In the 24 years between 1992 and 2014, emissions 

increased more than threefold, reaching 2.083 billion tons. It is estimated that global PC 

emissions will reach 2.34 billion tons in 2050 if the current rate of CO2 emissions is sustained 

and no further reduction strategy is implemented (Cement roadmap, 2012). Figure 1-1 shows 

the worldwide CO2 emissions of the cement industry from 1997 to 2023 and the predicted CO2 

emissions afterwards. Therefore, there is a need to develop alternative sustainable binders. 

 

 
Figure 1-1 Global cement industry CO2 emissions trends (Szabó et al., 2003). 

 

 

Most of the environmental impact of PC is due to clinker production, which requires burning 

rocks at 1400°C, releasing abundant CO2 from fuel combustion and the decarbonization of the 

carbonate rocks used as raw materials. Alkali-activated materials (AAMs) do not require 

clinker manufacturing but are produced at low temperatures, usually ranging from ambient to 

100°C. Most alkali-activated cements are produced at ambient temperatures, and others with a 

small energy input, usually ranging from 60°C (curing) to 100°C (drying) or 400-600°C 

(thermal activation of certain wastes) (Shi et al., 2003). Hence, they yield low carbon emissions 

and have low embodied energy (EE). Furthermore, most AAMs are made with industrial waste 

which further lowers their EE as well as the raw material and fuel consumption for their 

making. This research investigates AAMs as an alternative to PC materials to lower the 

environmental impact of construction. 
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1.2 ALKALI-ACTIVATED MATERIALS AND GEOPOLYMERS 

 

Alkali-activated materials (AAM) and geopolymers are synthesized from two basic 

components: an activator and a silicate precursor. The precursor material is frequently 

powdered and mineralogically amorphous (Buchwald et al., 2003; Shi et al., 2003). The 

precursor can be a calcium-rich aluminosilicate such as metallurgical slag, or a calcium-poor 

aluminosilicate such as fly ash or bottom ash. Activators are alkalis in the form of hydroxides, 

silicates, sulfates, carbonates, aluminates and oxides. They essentially include any soluble 

substance that can raise the pH of the mix and speed the dissolution of the solid precursor (Van 

Deventer et al., 2010).  

Davidovits first used the term 'geopolymer' to describe the products of alkali activation of 

calcined clays (metakaolin) in the 1970s. The technology of alkali-activation predates this 

terminology by over 60 years, with a patent granted to  in the early 1900s (Kuhl 1908). During 

the 1940s and 1950s, Purdon and Glukhovsky conducted major research on AAMs that they 

named “soil cements” which used abundant slag-based aluminosilicates as a substitution for 

PC (Shi et al., 2006). Geopolymers are often considered a subset of AAMs, in which the 

binding phase is almost entirely aluminosilicate with a high degree of coordination (Rahier et 

al., 1997; Duxson et al., 2005). The term is often used in the context of clays or FA based 

systems, either calcium-free or with low-calcium content. This classification is illustrated 

schematically in Figure 1-2, where geopolymers are shown as a subset of AAMs with the 

highest Al and the lowest Ca content. 

Alkali-activated materials are usually produced with lower carbon emissions and less raw 

material and fossil fuel consumption than PC products. In general, AAMs have a lower 

environmental impact than traditional PCs (Provis and Van Deventer, 2013). The reduction in 

emissions, and the use of waste for their production, may now become the trigger for their wide 

uptake in the markets. The wastes or by-products used as precursors in AAMs can contain toxic 

elements which can leach when exposed to rainwater, surface water or groundwater. This 

research studies the chemical composition of the waste precursors and investigates their 

composition against current toxicity limits. 

Ouellet-Plamondon and Habert (2015) state that the environmental impact of current mixes is 

lower than cement/concrete made with 100% PC (CEM I), saving up to 75% CO2 emissions 

and having additional environmental benefits such as the reduction of water use, and no 
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requirement for superplasticizer admixtures. The authors reviewed and standardized 

sustainability calculations based on life cycle analyses (LCA), highlighting the disparity of 

results and discussing the critical points that need to be addressed in order to improve the LCA 

of AA cements and concretes.  

As aforementioned, AA mortars and concretes consist of a silicate precursor activated with an 

alkali-metal and mixed with aggregate. Therefore, it is important to use precursors that do not 

require calcination or any other high-energy processing for production. Also, certain activators 

such as sodium silicate solution are responsible for a significant portion of the environmental 

impact of an AA material (Habert et al., 2011). 

Mellado et al. (2014) reports that AA mortars made with rice husk ash activated with sodium 

silicate, result in a 63% reduction in carbon footprint compared with an equivalent CEM I 

mortar. AA binders derived from waste materials such as ground granulated blast furnace slag 

(GGBS)  and fly ash (FA) show an 80% reduction in CO2 emissions compared with PC 

(Duxson et al., 2007). Other AA mixes have shown a 60% reduction in CO2 emissions 

compared with PC made with 70% CEM I and 30% FA (Habert et al. 2010), and some AA FA 

materials have shown a 45% reduction compared to CEM I equivalents (Habert et al. 2011).  

As well as having lower CO2 emissions and a lower energy demand, some AAMs have been 

claimed to have superior durability than PC materials, including resistance to seawater and 

sulphate and acid attack (Shi et al., 2003). However, disadvantages in AAM production can 

include unpleasant handling, skin irritation, inconvenience of having to mix more than two 

components and a sticky consistency (Moranville-Regourd, 1998). Some of the challenges of 

AA cements, and concretes are comprehensively summarized in Shi et al., (2003) including: 

the appearance of alkali carbonate efflorescence due to the leaching of alkalis and their reaction 

with atmospheric CO2 and cracking due to drying shrinkage (which increases as the lime 

content in the system decreases and reduces the binder’s strength limiting application). 
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Figure 1-2 Comparisons of AAMs with PC and calcium sulfoaluminate binders (Provis et al., 

2014). 

 

1.3 SCOPE OF RESEARCH   

 

This research studies the reactivity of some materials not investigated to date, such as the Saudi 

Arabian red mud (RM) and bauxite. In addition, these materials are used as precursors to 

fabricate AAMs, and the quality and durability of the resultant products are tested. The nature 

of the resultant cements is also investigated. The research intends to contribute to the design 

and production of construction binders of low environmental impact.  

The precursors are well characterized, and tested with activators of variable nature with 

different concentrations, with the purpose of optimizing the mix design for a given starter 

precursor. The evolution of the mineralogy and microstructure of AA cements with increasing 

temperatures and varying conditions are also established. The AAMs' potential to reduce 

environmental impact (Embodied Energy (EE) and carbon footprint – (ECO2)) is studied.   

This research emphasizes design and durability to optimize the production of AAMs of low 

environmental impact. The materials investigated are largely made with waste, hence they 

reduce the energy consumption and CO2 emissions and the use of natural unrenewable 

resources for their production. 
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Objectives are as follows: 

• Assessing the potential of innovative waste materials RM and bauxite for the design of 

AA materials, both as the only precursors and in blends with better known precursors, 

namely GGBS and FA.  

• Investigate the properties and reactivity of industrial waste materials and bauxite to 

produce cements.  

• Examine the properties and durability of AAMs made with waste materials and bauxite 

and determine their optimal activator and formulation for sustainable binder production. 

• Optimize AAMs made from bauxite using the design of experiments (DOE) Minitab-

19 software. 

• Assess the environmental impact of AAMs made with GGBS, RM and bauxite 

compared with equivalent CEM II products.  

 

 

1.4 STRUCTURE OF THE THESIS 

 

This thesis consists of eight chapters and appendices. Chapter 1 includes the introduction and 

objectives of this study. Chapter 2 is a literature review. Chapter 3 presents details of the 

materials and methods. Chapter 4 comprises the characterization of precursors. Chapter 5 

includes the properties of the alkali-activated materials designed and produced in the 

laboratory. Chapter 6 shows an optimum mix design for alkali-activated bauxite materials using 

design of experiments (DOE) modelling. Chapter 7 includes a comparative study of the 

environmental impact of some alkali-activated and traditional materials. Finally, Chapter 8 

includes the conclusions and recommendations. 
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2. LITERATURE REVIEW 
 

 

This chapter reviews the ingredients of AAMs, the process of alkali activation and the reaction 

mechanisms and products in the alkali activation process. It also studies how the design 

variables involved in the production of alkali-activated materials (AAMs) can affect their final 

properties.  

 

2.1 ALKALI-ACTIVATED MATERIALS (AAM): HISTORY AND DEVELOPMENT  

 

Alkali-activated materials (AAMs) are inorganic polymers that are produced when alkaline 

solutions react with aluminosilicate precursors to create cementitious material (Davidovits, 

1991; Duxson et al., 2007).  

The concept of AAMs relates to the patent by German chemist (Kuhl, 1908), stating that 

ordinary blast furnace slag can be interspersed with lime and sodium sulfate or carbonate and 

then mixed with water to create a slag binder. The scientific basis of alkali-activated binders 

was developed in more detail in the 1940s by Purdon. He used slag activated with sodium 

hydroxide in a two-step process. First, Si and Al dissolve alongside the calcium hydroxide, 

followed by the generation of hydrates. Feret (1939) worked on blast furnace slag, PC, and 

alkali-activated binders.  

Glukhovsky (1959) investigated ancient Roman and Egyptian binders, and was the first author 

to study the possibility of producing binders using aluminosilicate wastes. Ancient civilizations 

did not use alkali-activation technology as established today. However, some historic mortars, 

made with hydraulic limes and/or pozzolanic additions, contain cementing hydrates similar to 

those found in AAMs and produced on PC hydration  (Pavía and Caro 2006, 2007, 2008; Pavía 

2008). 

Finally, Davidovits and Cordi (1979) invented and patented binders derived from alkali-

activated metakaolin and created the word "geopolymer" to describe them back in 1978.  
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Research has been increasing since the 1990s, involving over 100 active research academics 

and commercial research centres (Torres-Carrasco and Puertas, 2017). Table 2-1summarises 

historic events in the evolution of AA materials. 

Table 2-1 History of developments in alkali-activated binders (Roy, 1999; Shi et al., 2003). 

Author Year Significance 

Kuhl 1930 Investigated setting behaviour of slags in the presence of 

caustic potash 

Chassevent 1937 Measured reactivity of slags using caustic potash and soda 

solution. 

Feret 1939 Slags used for cement 

Purdon 1940 Alkali-slag combinations 

Glukhovsky 1957 Synthesized binders using hydrous and anhydrous alumina-

silicates (glassy rocks, clays, metallurgical slags, etc.) and 

alkalis, proposed Me2O–MeO– Me2O3–SiO2–H2O 

cementing system and called the binder "soil cement". 

Glukhovsky 1959 Theoretical basis and development of alkaline cements 

Glukhovsky 1965 First called "alkaline cements" 

Davidovits 1979 ‘‘Geopolymer’’ term 

Malinowski 1979 Ancient aqueducts characterized 

Davidovits 1982 Mixed alkalis with a burnt mixture of kaolinite, limestone 

and dolomite, and used several trademarks such as 

Geopolymer, Pyrament, Geopolycem, Geopolymite. 

Forss 1983 F-cement (slag-alkali-superplasticizer) 

Langton and Roy 1984 Ancient building materials characterized 

Davidovits and 

Sawyer 

1985 Patent of "Pyrament" cement 

Krivenko 1986 DSc thesis, R2O–RO–SiO2–H2O 

Malolepsy and Petri 1986 Activation of synthetic melilite slags 

Malek. et al. 1986 Slag cement-low level radioactive wastes forms 

Davidovits 1987 Ancient and modern concretes compared 

Deja and Malolepsy 1989 Resistance to chlorides shown 

Kaushal et al. 1989 Adiabatic cured nuclear wastes forms from alkaline 

mixtures 

Roy and Langton 1989 Ancient concretes analogs 

Majundar et al. 1989 C12A7 – slag activation 

Talling and Brandstetr 1989 Alkali-activated slag 

Wu et al. 1990 Activation of slag cement 

Roy et al 1991 Rapid setting alkali-activated cements 

Roy and Silsbee 1992 Alkali-activated cements: an overview 

Palomo and Glasser 1992 CBC with metakaolin 

Roy and Malek 1993 Slag cement 

Glukhovsky 1994 Ancient, modern and future concretes 

Krivenko 1994 Alkaline cements 

Wang and Scrivener 1995 Slag and alkali-activated microstructure 
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The chemical and physical characteristics of the precursors (which vary from source to source) 

need to be determined and controlled to ensure the quality and consistency of AA materials. 

One of the restraints that inhibit the worldwide production of AA cements is the uneven nature 

of the precursor required to manufacture them (Shi et al., 2003; Fernando et al., 2014; Bernal 

et al., 2014).  

The first AAMs ever made were slag-based. Subsequently, slags were used for the production 

of AAMs for decades. They were patented in 1958 and used in construction, in 1960 in the 

USSR, and as precast products in Eastern Europe, Finland, and France (Moranville-Regourd, 

1998). Some AA slag materials show advantages over PC products including: early hardening, 

high strengths, lower hydration heat, better resistance to water solubility, chemical attack 

(resistance to sulfates and chlorides) and carbonation, higher resistance of interfaces, and 

higher resistance to frost action (Bernal et al., 2014).  

 

2.2 PRECURSORS: POZZOLANS AND SCMs 

 

Any reactive aluminosilicate can be used as a precursor in an alkali-activated (AA) system. 

Both pozzolanic materials and Supplementary Cementitious Materials (SCMs) contain reactive 

aluminosilicates that can generate cements when properly activated, hence they can be used as 

precursors in the alkali activation process. Many precursors are waste materials generated as 

by products from industrial and agricultural processes. The use of waste constitutes an 

environmental credential for AAMs, as it avoids the use of non-renewable raw materials and 

energy for their processing and preparation.  

A pozzolan is a siliceous or siliceous and aluminous material which in itself possesses little or 

no cementitious value but, in finely divided form and in the presence of moisture, reacts with 

calcium hydroxide at ordinary temperatures to form compounds with cementing properties 

(ASTM C618). In the absence of an activator such as calcium hydroxide (lime), i.e., with water 

only, pozzolans do not exhibit cementing properties. The low-medium, alkali phase brough 

about by the lime activates pozzolanic materials. However, when activated with stronger alkalis 

such as alkali hydroxides or alkali silicates, some pozzolanic materials such as metakaolin and 

coal fly ash can produce significant cements that provide high strength (Shi et al., 2003).  
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SCMs are a wider group of materials that, not only contain pozzolans, but also other materials 

such as GGBS that, on their own, possess cementitious properties. GGBS comprises a small 

amount of reactive calcium silicates that hydrate when water is added without needing any 

alkali medium or any other activation (Lawrence and Hewlett, 1988). 

A pozzolanic reaction is the chemical reaction between reactive siliceous and/or 

silicoaluminate components in the pozzolan, and calcium hydroxide (lime) in the presence of 

water (Dodson, 1990). Several factors influence the pozzolanic reaction including the type and 

proportion of active phases, the particle's specific surface area, the lime to pozzolan ratio, the 

mineralogical and chemical composition of the pozzolan, the water content, and the curing time 

and  temperature (Massazza, 2002, 2007). In addition, reactivity increases in the presence of 

sulfates such as gypsum and Na2SO4 and other chemicals such as CaCl2 (Massazza, 2002).  

Amongst the parameters that affect reactivity the most are: the amorphous silica content, 

fineness, specific surface area and carbon content (Walker and Pavía, 2010). It is widely 

accepted that an increase of specific area and/or decrease in particle size will expose a greater 

surface to chemical reaction enhancing reactivity, and that amorphous structures are more 

reactive than crystalline ones, on account of the greater mobility and superficial location of 

their atoms (Walker and Pavía, 2011). SCMs and pozzolans have been added to PC and lime-

based materials for thousands of years. The first instance is usually attributed in the literature 

to the Romans, who built entire structures using concretes made with pure lime and pozzolans, 

where the pozzolans were usually natural volcanic ash or ceramic dust (Pavia and Caro, 2008). 

SCMs and pozzolans react with portlandite (Ca(OH)2- lime) forming cementing hydrates that 

strengthen the microstructure of composites. It has been reported that this enhances durability, 

mainly due to lowering the porosity and permeability of the paste which minimises the 

penetration of harmful substances that may be present in destructive environments such as 

sewage systems, acid sulphate soils and sea water (Maso et al., 1995; Chandra, 1996). 

In most instances, incorporating pozzolans/SCMs into lime composites produces a series of 

general effects including a densification of the structure (or physical filler effect), a refinement 

of the pore system usually coupled with a reduction of permeability, and an enhancement of 

both the mechanical strength and the resistance to salt attack including sulfates and chlorides 

(Mehta, 1977; Walker and Pavía, 2011, 2010; Pavía et al., 2014; Arif, Clark and Lake, 2016; 

Figueiredo and Pavía, 2017, 2018, 2020; Aly and Pavía, 2019; Pavía and Aly, 2019). 

In PC materials, pozzolans positively influence the interfacial transition zone. The interfacial 

transition zone consists mostly of calcium hydroxide and ettringite. It is a weak area due to the 
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water film around the aggregate, which leads to higher porosity, ultimately unbalancing the 

stress distribution causing crack propagation (Maso, 1996). Pozzolanic materials strengthen 

this zone by reducing the amount of Ca(OH)2, consequently lowering the width of the 

interfacial zone and reinforcing the microstructure around the aggregate (Scrivener et al., 1988; 

Zhang et al., 1996). It has also been reported that pozzolans can enhance resistance to sulphate 

attack. In general, PC materials suffer sulphate attack when the excess CH and aluminate reacts 

with H2SO4 producing expansive gypsum and secondary ettringite which crack and spall the 

material. However, if the CH is combined with the pozzolan, these reactions would not take 

place, consequently increasing the durability of materials (Chandra, 1996). 

The replacement of PC clinker with pozzolanic materials carries important environmental and 

economic benefits. Today, most of the PC-based materials used in construction, include some 

SCM and/or pozzolan aimed at lowering environmental impact. As Lima and Pavía (2020) 

note, most of the 27 members of the family of cements in EN 197-1 include either SCMs or 

pozzolans; and CEM I is the only cement consisting nearly entirely of clinker (calcium 

silicates). As a result, the use of SCMs and pozzolans is escalating.  

According to Lima and Pavía, (2020), in 2011, the European cement industry used 47.8 million 

tons of alternative materials in cement production, and in the CEMBUREAU countries, 

blended cements corresponded to 72% and CEM I only 28% of the total cement production. 

The properties and composition of the precursors (SCMs and pozzolans) determine their 

reactivity, therefore the nature and the amount of cementing hydrates formed, as well as the 

time at which they appear, and these govern the properties of the resultant materials. The 

chemical and physical characteristics of the precursors vary from source to source, affecting 

their pozzolanic and hydraulic activity, consequently the properties of the resultant materials. 

Therefore, to determine the mineral and chemical composition as well as the physical properties 

of the precursors is very important. This was the first step in this research and, as 

aforementioned, it is included in Chapter 4. 

The precursors most commonly used in alkaline activation are vitreous blast furnace slags 

(calcium-rich), fly ash from coal combustion (calcium-poor), and thermally activated clays 

(metakaolin), or blends of them. These precursors can be grouped, based on their composition, 

as shown in Figure 2-1 in a ternary graph (CaO-SiO2-Al2O3). In summary, the precursors are 

split in two groups:  calcium poor and calcium rich precursors. 
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• (Na,K)2O-Al2O3-SiO2-H2O system (also known as geopolymer system):  the materials 

in this model are rich in aluminosilicates and low in calcium, e.g. metakaolin, fly ash 

class-F. The activator must be more aggressive to start the chemical reactions, and the 

main reaction product is alkaline aluminosilicate hydrate gel (N-A-S-H) (Grutzeck, 

1999; Provis and Deventer, 2009; Pacheco-Torgal et al., 2008; Duxson et al., 2007). 

• (Na,K)2O-CaO-Al2O3-SiO2-H2O system: Ca-rich precursors such as GGBS (SiO2 + 

CaO > 70%) need moderate alkaline conditions to harden at ambient temperature. They 

have a shorter setting time, and their main reaction product is calcium aluminum silicate 

hydrate gel (C-A-S-H), which is identical to the gel obtained during PC hydration 

(Palomo et al., 1999; Duxson et al., 2007; Provis et al., 2009). 

 

 

Figure 2-1  Composition of some of the precursors used in alkaline activation compared with 

PC (Torres-Carrasco et al., 2017). 

 

2.2.1 GGBS 

 

GGBS is a vitreous material formed by rapid cooling of a melt of iron ore in a blast furnace. 

The method of rapid cooling is known as quenching. Quenching the molten slag in the furnace 

with water and air at high-pressure creates glassy, granulated particles that are then dried and 

ground into a fine powder (Hewlett 1988). It usually consists of at least two-thirds by mass of 
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glassy slag, showing hydraulic properties when suitably activated EN 15167-1:2006. GGBS 

contains some calcium silicates (similar to those in PC clinker) so it is not strictly a pozzolan 

but a supplementary cementitious material - SCM. However, the rate of reaction is slow and 

needs alkalis or sulfates to fully activate. Generally, the main chemical composition of GGBS 

is CaO, SiO2, Al2O3 and MgO, with additional components including MnO, SO₂ and  TiO2 

which depend on the type of iron ore used  (Osborn et al., 1969). Shi et al., (2006) studied the 

differences in the composition of furnace slag from several countries, concluding that slags 

have similar SiO2 and CaO contents but the Al2O3, MgO and TiO2 contents vary.  

Due to their physical properties and composition, slags have been used as cements for hundreds 

of years. They are still widely used today as partial PC replacement around the world. GGBS 

is a typical supplementary cementitious material in PC products such as CEM II and III EN 

197-1: 2011 , where cement clinker is blended with GGBS at content ranging from 6 to 95%.    

Slag, on its own, has a slow hydration rate and low early strength which is usually overcome 

by chemical activation. PC is the most commonly used activator for GGBS (Wang and 

Scrivener, 1995; Song et al., 2000; Shi et al., 2006). A two-phase reaction occurs when slag is 

blended with PC. The early stages of hydration are dominated by alkali hydroxide, while the 

subsequent stages are dominated by calcium hydroxide (Hogan, 1982). In PC materials, the 

hydraulic calcium silicates hydrate quickly, to form C-S-H and Ca (OH)2. As aforementioned, 

the low-crystallinity C-S-H cement provides strength, while the (usually large) hexagonal 

plates of Ca (OH)2, scattered in the matrix and the interface, are sometimes considered a flaw 

in the microstructure of PC composites. However, in slag-PC materials the slag reacts with the 

Ca (OH)2 released upon PC hydration to form additional C-S-H, which densifies the matrix 

enhancing strength (SCA, 2013).  

GGBS generally improves the workability of PC materials due to the high fineness and great 

specific surface area of its particles. GGBS is typically finer and has a greater specific surface 

area (SSA) than PC. PC has usually a SSA of 300 m3/kg versus 375-435 m3/kg with a fineness 

of 460 Blaine (m2/kg) for GGBS.   

For decades, slags such as ground granulated blast furnace slag (GGBS) have been used 

heavily, as PC replacement, to reduce the environmental impact of PC production. As PC 

replacement, GGBS has been proven to decrease chloride diffusion (Luo et al. 2003), reduce 

creep and drying shrinkage (Jianyong and Yan, 2001), increase sulfate resistance (Higgins, 

2003; Binici and Aksoǧan, 2006), enhance strength (Barnett et al. 2006), reduce the heat of 
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hydration and bleeding (Wainwright and Rey, 2000) and increase durability in the aggressive 

environment of farming silos (Pavía and Condren, 2008). According to Ecocem Ireland, CEM 

I blended with 0% and 50% of GGBS achieved a compressive strength of 58 and 59.5 MPa 

respectively. Lawrence and Hewlett (1988) highlight the lower environmental impact of blends 

of GGBS with PC. 

In addition, slags have been successfully activated with lime and other alkalis by many authors. 

Lime activates GGBS forming C-S-H and the AFt ettringite phases (Häkkinen, 1993; Aly and 

Pavia, 2015). Slags have also been activated with alkali solutions of hydroxides and silicates 

to produce AAMs for decades. 

AAMs made with slags were patented in 1958 and used in construction, in 1960 in USSR, and 

as precast products in Eastern Europe, Finland and France (Lawrence and Hewlett, 1988). 

Some AA slag materials show advantages over PC products including: early hardening, high 

strengths, lower hydration heat, better resistance to water solubility, chemical attack (resistance 

to sulfates and chlorides) and carbonation, higher resistance of interfaces and a higher 

resistance to frost action (Bernal, Provis, Fernández-Jiménez, et al., 2014).  

Alkali activated blast furnace slag materials have been used in applications requiring high 

resistance to chemical attack. From the 60s onwards, they were used in Ukraine in the 

construction of apartment buildings, railway sleepers, road sections, pipes, drainage and 

irrigation channels, flooring for dairy farms, pre-cast slabs and blocks (Provis and Van 

Dementer 2014). 

The amorphousness and the basicity of the slags impact reactivity (Lawrence and Hewlett, 

1988). The more basic the slag, the greater its hydraulic activity in the presence of alkali 

activators (Lawrence and Hewlett, 1988). Generally, glassy slags with CaO/SiO2 ratios 

between 0.50 and 2.0 and Al2O3/SiO2 ratios between 0.1 and 0.6 are considered suitable for 

alkali-activation (Provis and Van Deventer, 2013).  

 

2.2.2 Fly ash (FA) 

 

Fly ash is a by-product of power generation at coal-fired power plants. It is collected by filters 

or electrostatic precipitators, which remove the solid particles from the smoke, making the 

smoke less harmful to the environment (Helmuth, 1987).  
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The composition of FA depends on the type of coal used and on the various substances injected 

into the coal or gas stream to reduce gaseous pollutants or to improve the efficiency of the 

particulate collectors (Fisher et al., 1978; Shi, Krivenko and Roy, 2006; Elsayed and Swan, 

2007; Yao et al., 2015). For example, when limestone or dolomite are used for desulphurization 

of the exit gases, CaO and MgO contents increase in the FA. Conditioning agents such as 

sulphur trioxide, sodium carbonate and bicarbonate, sodium sulphate, phosphorus, magnesium 

oxide, water, ammonia and triethylamine are often used to improve the collection efficiency 

and can alter the composition of the FA (Shi et al., 2006).  

FA usually consists of small, spherical particles of high surface area, but it can also contain 

irregular or angular mineral particles and unburned coal remnants. FA is often highly 

amorphous and consists predominantly of silicon dioxide (SiO2), aluminium oxide (Al2O3) and 

iron oxide (Fe2O3) (Abdullah et al., 2018; Ismail et al., 2007; Nizar et al., 2014).  

Due to their physical properties and composition, FAs are valuable raw materials for binder 

production, and they have been used as supplementary cementitious materials in PC materials 

for several decades. FAs have been used as partial clinker replacement in PC production since 

the 1930s (Provis et al., 2009; Massaza, 1998; Thomas, 2007; EN 197-1, 2011).  

The use of FA results in lower carbon emissions and lower energy and raw material 

consumption binders. Currently, in the European standard, there are three types of Portland-

fly-ash cements in the CEM II group, with clinker substitution by FA up to 35% (EN197-1, 

2011). 

FAs have also been used successfully for the production of alkali-activated materials (AAMs), 

being the most commonly used aluminosilicate precursors in alkali activation due to their low 

cost and wide availability (Bouaissi et al., 2018; Torres-Carrasco and Puertas 2017).  

Depending on their composition, FAs can be either pozzolanic or cementitious. Low-CaO, fly 

ashes have very little or no cementitious properties. They are pozzolanic and display no 

significant hydraulic behaviour. Hence, they need either lime or an alkali solution to activate 

and produce cementing minerals. In contrast, in high-calcium ashes, the calcium forms 

hydraulic silicates that produce hydraulic cements upon contact with water. As well as calcium, 

other elements can also affect the performance of the FA, including alkalis (Na2O and K2O), 

carbon (usually measured as a loss on ignition-LOI) and sulfates (SO3) (Thomas, 2007). 
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As aforementioned FA cements with PC clinker substitution by FA up to 35% are well 

established. Therefore, the role of fly ash in the construction industry has been important, over 

the last decades, to lower the environmental impact and cost of PC materials. However, with 

the move towards renewable and sustainable energy sources, the production of FA will lower 

and may come to an end in the near future. 

The attainment of strength and durability of most FA-blended, PC materials rely on the 

pozzolanic action of the FA particles which is a relatively slow process. To overcome this 

drawback, hydrated lime is sometimes added to FA-blended PC products (George and Sofi, 

2017).  The effect of FA in PC has been highlighted by several authors  

The general beneficial effects of SCMs and pozzolans in composites aforementioned, also 

apply to FA materials. Scheetz and Earle (1998) summarise these effects as follows: benefits 

of blending FA with PC include decreasing water demand by 15–25%, reducing the shrinkage 

of concrete; saving PC and reducing costs; better durability; acting as a filler and improving 

capillary pores in concrete, hence reducing permeability. The reaction of FA with lime forms 

C-S-H, which is responsible for strength development (Watt and Thorne, 1965). The improved 

sulfate resistance of FA-PC materials was noted decades ago (Hughes, 1985). 

 

2.2.3 Red Mud (RM) 

 

Red mud (RM) waste is produced in large volumes when refining bauxite for aluminium 

production. Bauxite is mainly a mixture of hydrated aluminium oxides and iron phases. The 

refining (Bayer) process involves the digestion of crushed bauxite in a concentrated, caustic, 

sodium hydroxide solution at temperatures up to 270°C. Under these conditions, the majority 

of the aluminum containing species in the bauxite – such as gibbsite and boehmite– dissolve, 

leaving an insoluble residue (RM) composed of iron oxides, quartz, sodium aluminosilicates, 

calcium carbonate/ aluminate and, generally traces of titanium dioxide (Hind et al., 1999).  

The composition of the RM residue depends on the composition of the parent bauxite and the 

conditions of the alumina refining (Bayer) process such as the addition of lime and the washing 

efficiency. The lime addition is determined by the type of bauxite ore. The washing efficiency 

dictates the amount of soluble soda remaining in the RM and hence its alkalinity. The RM 
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mainly consists of Al2O3, Fe2O3 and SiO2, but the composition widely varies around the world, 

a comparative table is included in Chapter 4.  

According to previous authors (Hind et al., 1999; Klauber et al., 2011) during the refining 

process, silica can dissolve to form silicate as follows:  

 

2 NaOH + SiO2 → Na2SiO3 + H2O 

 

RM typically includes sodalite, cancrinite, dawsonite and calcium-containing phases resulting 

from the Bayer process, and gibbsite (Al(OH)3) and boehmite (γ-AlOOH) as undigested 

material inherited from the bauxite (Klauber et al., 2011). The organic compounds present in 

RM can form sodium oxalate- Na2C2O4 - in the alkaline (pH=14), high ionic strength (6–7 M 

[Na+]) liquors typical of the Bayer process (Hind et al., 1999). 

Between 1 and 1.5 tons of RM waste are generated to obtain 1 ton of aluminum oxide (Khairul 

et al., 2019). Annually, 150 million tons of red mud are produced (Khairul et al., 2019; Kumar 

et al., 2006; Evans, 2016), and it is estimated that 30 billion metric tons are already accumulated 

worldwide (Mishra and Gostu, 2017). The high alkalinity of the RM can pollute water, land 

and air, and high costs are associated with the large areas required for storing the residue. The 

management of this residue can pose a complex environmental impact and requires the 

development of technological solutions that use the residue on a large scale. The disposal of 

RM represents a significant proportion of the overall alumina production cost, and it has been 

a concern for alumina refiners worldwide for decades (Hind et al., 1999).  

RM is usually pozzolanic but can be hydraulic. Therefore, it is important that RM waste is 

characterised prior to use. In the literature, RMs from different bauxite refineries in the world 

has been compared indiscriminately by previous authors. However, some of these RM residues 

are distinctively cementitious, they widely differ from their pozzolanic counterparts and should 

not be directly compared. This is the case of the Chinese Shandong Aluminium Plant, where 

the RM waste includes highly reactive minerals, C3A and C2S, hence having significant 

hydraulic properties. The Chinese process of sintering alumina is differs from the Bayer process 

which is applied in most bauxite refining plants. Here, due to the low Al2O3/SiO2 of the Chinese 

bauxite ore (average 5–6), the bauxite is calcined at 1200°C before extracting the alumina with 

caustic soda, and reactive hydraulic phases C3A and C2S form as a result of the high 

temperature of the refining process. The presence of 50 and 56 wt.% β-C2S has been reported 
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due to the special processing of this Chinese bauxite (Yang and Xiao, 2008). As it is well 

known in cement technology, β-C2S is the most hydraulic belite polymorph. Liu et al. (2011), 

also found a strong cementitious activity in the Shandong RM: besides the high amount of C2S 

initially present, additional poorly-crystallised C2S is formed with the CaO derived from the 

decomposition of aragonite (500-600◦C) and SiO2 derived from the decomposition of 

amorphous aluminosilicates, a metastable phase that transforms into highly crystallised, less 

active, Ca2SiO4 by increasing the temperature from 700°C to 900°C. Similarly, Yalçın and 

Sevinç (2000) report the formation of sodium ferrite (NaFeO2) in Turkish red mud at 500°C. 

Due to its composition, RM can be used in the cement and ceramic industries. When fired, it 

becomes a viable ceramic material that can be used to manufacture tiles, bricks and insulating 

materials (Hind et al., 1999). The use of RM in Portland cement (PC) production has attracted 

the attention of researchers since the 1970s. Pontikes and Angelopoulos (2013) reviewed 

existing literature where various authors used RM (as a source of Fe and Al oxide) in cement 

manufacturing, concluding that the majority of iron and alumina-rich phases in the RM, 

participate in the production of hydraulic phases tricalcium aluminate (C3A), which accelerates 

cement hydration and tetracalcium aluminoferrite (C4AF); and that the addition of 2-10 wt.% 

of RM improved the burnability of the clinker, reducing the temperature at which melt 

formation occurred by 200 ◦C. RM was also used in calcium sulfoaluminate cement production 

(Pontikes and Angelopoulos, 2013). However, the alkalinity of RM limits its application as a 

PC clinker replacement. RM has also been used to neutralize acidic soils, as a treatment for 

iron-deficient soils, and to remove toxic heavy metals from solutions (Hind et al., 1999). The 

recovery of alumina and soda, iron, titanium dioxide and other minor elements such as 

vanadium and rare earths from bauxite residues has been attempted without commercial 

success (Hind et al. 1999).  

This research investigates the RM residue from aluminium producer Ma’aden. In Ma’aden, to 

recover alumina and soda from RM through sintering and hydrothermal routes involve billion-

dollar capital costs, hence these are not realistic options. According to the Ma’aden Mining 

Industries, an economically viable disposal option has not yet been found, and at least 5-10% 

RM recycling needs to be achieved to make a disposal option economically viable. To date, 

due to its high alkalinity, only small quantities RM (3 wt.%) have been incorporated into PC. 

The pozzolanic activity of the Saudi RM has not yet been studied. This work explores the 

properties, composition and reactivity of the Saudi RM with a view to replace traditional non-

sustainable binders in construction.  
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2.2.4 Bauxite 

 

Bauxite is a natural sedimentary rock composed mainly of aluminium and iron minerals. It is 

the main ore for aluminium production. The majority of mined bauxites are lateritic, and mainly 

consist of hydrates of alumina. Laterite bauxites (industrial grade) are deposits of bauxite 

overlying alumosilicate rocks. They are generated by silica leaching from aluminosilicate rock 

(Bardossy, 1982; Mustafa et al., 2019; Bárdossy and Aleva, 1990). The main mineral 

component of bauxite is usually gibbsite Al(OH)3, with smaller amounts of boehmite, γ-

AlO(OH), and often diaspore α-AlO(OH). Clays such as kaolinite Al2Si2O5(OH)4 as well as 

iron oxides (hematite Fe2O3, goethite FeOOH), silica (quartz SiO2), and titania (rutile TiO2 or 

anatase TiO2) are usually present in lesser amounts.  

The layered atomic structures of the alumina hydrates (or aluminum oxyhydroxides) gibbsite 

and boehmite in bauxite are comparable to the structures of clays such as kaolinite: their high 

specific surfaces and active hydroxyl surfaces makes them highly reactive, and hence suitable 

for a wide range of applications such as adsorbents and catalysis supports. Their high specific 

surfaces enhance adsorption (accumulation of matter at the solid/water interface) which affects 

the rates of nucleation, precipitation and dissolution, and the catalysis of redox processes 

(Rosenqvist, 2002).  

The surface hydroxyl groups (adsorbed water molecules in dissociated form) of gibbsite and 

boehmite are active centres in many reactions (Hadjiivanov, 2014). Their amount and nature 

affect the physicochemical properties of the surface and the efficiency as a catalyst or adsorbent 

(Lagauche et al., 2017). The bonds between adjacent hydroxyl ions can weaken, increasing 

layer separation and causing their breakup, producing an enhanced reactivity. This has been 

evidenced in boehmite -n-AlO(OH)- by (Brühne et al., 2008). As a result, bauxites have 

industrial applications, and their transitions have been studied by former authors. 

Former authors have studied the atomic structures of gibbsite and boehmite and their 

transformation in detail. However, most studies refer to mineral phases in synthetic form, as 

laboratory-synthesized, structurally and chemically precise, pure, nanoplates of gibbsite and 

boehmite with no detectable structural defects or impurities. However, in natural bauxites such 

as the one in this study, the alumina hydrates are mixed with alkalis and other phases such as 

gypsum and iron oxides which are soluble, and hence affect reactivity. Furthermore, former 

authors studied the structures of gibbsite and boehmite for industrial applications, but they do 
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not establish a correspondence between microstructural changes and the variation in the 

physicochemical properties of the surface that determine adsorption and reactivity. This 

research intends to measure the pozzolanic and hydraulic capacity of raw and thermally 

activated Saudi bauxite with a view to bridge this gap, and establish a relationship between the 

nature of the forming phases and the resultant reactivity/end-material properties. 

The world's bauxite resources are estimated to be over 75 billion tons, with the majority of 

them located in Africa (33%), Oceania (24%), South America and the Caribbean (22%), and 

Asia (15%) (Survey, 2009). The Saudi bauxite is extracted from two mines' sites where bauxite 

is extracted, i.e., the Az Zabirah Mine and Al Ba'itha Mine in Saudi Arabia. Bauxite annual 

production is 1.086 million tons from the Az Zabirah mine (Ma'aden, 2014). In 2017, bauxite's 

ore annual production was 308 million tons and 461 million tonnes in 2016 from the Az Zabirah 

mine, and 35 million tons from the Al Ba'itha mine (Ma'aden, 2017). 

One of the applications of bauxite is the production of calcium aluminate cements (CAC) which 

are made from limestone and bauxite. Their current production is very small when compared 

with the member of the family of PCs. The standard composition of CAC is Al2O3 (ranging 

from 38% to 40%), silica (<6%) and iron oxide (>20%). The principal hydraulic phase of CACs 

is CaAl2O4 (or CA) in amounts from 40% upwards.  The hydration of CACs is different from 

the hydration of calcium silicate cements such as PC: in CACs, hydration is strongly dependant 

on the temperature, and metastable hydrates can form that may persist for many years before 

they convert into stable phases. The time between the initial and final set is much shorter for 

CACs than PCs, and hence early the heat of hydration evolved is much greater between 6 hours 

and 5 days. (Lawrence and Hewlett, 1988). CACs exhibits rapid strength gain even at low 

temperature, excellent durability and refractory properties (they resist high temperature) 

(Lawrence and Hewlett, 1988). 

 

2.3 PRECURSOR TREATMENTS TO ENHANCE REACTIVITY 

 

Pozzolans and SCMs can be treated to enhance their reactivity. As aforementioned, when 

pozzolans are mixed with lime, they undergo pozzolanic reaction producing cements. 

However, the pozzolanic reaction can be augmented by treating the pozzolans with thermal or 

chemical treatments.  
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Thermal activation (calcination) is usually applied to clay mineral-based precursors 

(aluminosilicates) such as bauxite, RM or kaolin. Heat alters the clay mineral structure, 

increasing the content of amorphous phase and hence favouring the dissolution of aluminates 

and silicates (Ferone et al., 2015). Shi (2001) found that calcination changed crystalline 

structures into amorphous ones, significantly increasing pozzolanic activity. This is a common 

treatment in mainstream industrial processes such as the activation of kaolinite into metakaolin. 

Thermal activation breaks Si–O–Si and Al–O–Al bonds enhancing reactivity. 

 

It is well known that calcination also eliminates organic matter (carbon) impurities which 

would otherwise interfere with the cementing reactions and would undermine the mechanical 

strength and the rheology of the resultant materials. This is important in precursors with high 

carbon content including agricultural waste such as rice husk ash (RHA) and sugar can bagasse 

ash (SCBA) (Pavía et al., 2014; Lima Figueiredo and Pavía, 2020). 

Calcination parameters including dwelling time, temperature and environment affect the 

specific surface area, amorphous silica, and carbon content of the precursor greatly affecting 

reactivity. The temperature is very important on pyroprocessing because, above a certain 

threshold, the amorphous phases become crystalline declining reactivity. In general, the 

temperature should be high enough to burn the carbon and increase the content of amorphous 

phase, but low enough to avoid the sintering of unreactive crystalline phases. However, in some 

precursors, calcining at high temperature allows the sintering of reactive calcium silicates that 

readily hydrate producing C-S-H and other hydrates with great cementing ability, similar to 

those formed on PC hydration. 

Thermal activation works best in materials including layered phases such as clay minerals. The 

RM and bauxite in this study conform with this composition. The layered atomic structures of 

gibbsite and boehmite in bauxites are comparable to the structures of clays such as kaolinite. 

Their high specific surfaces and active hydroxyl surfaces make them highly reactive, and bonds 

between adjacent hydroxyl ions can weaken, increasing layer separation and causing their 

breakup, producing an enhanced reactivity. Generally, thermal activation breaks Si–O–Si and 

Al–O–Al bonds enhancing reactivity. 

However, the outcome of thermal activation i.e., the degree of activation produced by heat to 

a given precursor, vary in different authors, probably due to the varying starting compositions. 
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For example Hind et al. (1999); Pontikes and Angelopoulos (2013) attempted to increase 

pozzolanic activity of RM through heat treatment, but the results differ, probably because the 

parent bauxite composition and the conditions of the Bayer process differ in different alumina 

plants around the world. Pera et al. (1997) found that RMs calcined at 600–800 °C were 

pozzolanic, but their activity was low, and the reaction started at 3 days. They claim that the 

aluminium hydroxides (boehmite and gibbsite) develop pozzolanic behaviour when calcined 

between 600 and 800 °C, and that RM reactivity increases over 700 °C. According to Manfroi 

et al. (2014), RM calcined at 600 °C has high pozzolanic activity, whereas (Shi et al., 1999) 

obtained eminent pozzolanic activity by heating an RM with a high kaolinite content at 750 °C. 

RM can be inert up to 900 °C. According to  Sglavo et al. (2000), up to 900 °C, the main 

components (Fe2O3 and TiO2—which account for 50% of the original mass) maintain their 

original state, and nepheline and Na2Si2O5 form in the 900–1100 °C interval. 

Tchamba et al. (2010) investigated thermal transformations of a bauxite and concluded that  

dehydroxylation of bohemite and kaolinite takes place between 200 and 520 °C, and gibbsite 

dehydroxylates between 350 and 400°C. In the range of 1000 °C to 1200 °C, corundum and γ-

alumina were evidenced; furthermore, hematite became magnetite, and ilmenite formed from 

the titanium oxides in the raw bauxite. Kloprogge et al. (2002) studied three major Al-minerals 

in bauxite: gibbsite, boehmite, and diaspore, over a temperature range of 200 to 750 °C. At 

500°C, the gibbsite transforms into boehmite. The dehydroxylation of the gibbsite starts around 

220 °C, which leads to the loss of the intensity of the OH- stretching bands and dehydroxylation 

completes at around 350 °C, similarly to boehmite and diaspore. 

 

2.4 ALKALI-ACTIVATION 

 

2.4.1 Alkali activators 

 

The type of activator is essential because it impacts the properties and durability of the final 

material. The type of alkali activator plays an important role in alkali activation because it 

determines the dissolution of the precursor (Nuruddin et al., 2014). Hence, it needs to be chosen 

based on the precursor's chemical composition and physical-chemical properties (Fernando 

Pacheco-Torgal et al., 2014; Bernal et al., 2014). The most common alkali activators used for 

AAMs and geopolymers are sodium hydroxide (NaOH), potassium hydroxide (KOH), 
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potassium silicate (K2SiO3), and sodium silicate (Na2SiO3) (Glukhovsky et al., 1980; Provis 

and van Deventer, 2014; Awoyera and Adesina, 2019).  

An alkali activator may consist of Na+ or K+ and hydroxyl anions  (OH– ions), which stabilize 

charges, allowing the breakage of bonds of the silicate and aluminosilicate minerals in the 

precursors (Davidovits, 1991; Barbosa et al., 2000). Theoretically, dissolution increases with 

increasing alkalinity. It has been shown that sodium hydroxide can release more silicate and 

aluminate monomers than potassium hydroxide (Li et al., 2010).  According to Xu and 

Deventer (2000), the ionic size of Na+, smaller than K+, enhances the dissolution of 

aluminosilicate minerals. However, sodium hydroxide solutions have other properties that must 

be considered including viscosity and heat released on dissolution (Nematollahi and Sanjayan, 

2014; Provis et al., 2009). NaOH is widely available and cheap, and it has low viscosity. Hence 

it is used extensively in alkali activation and geopolymer synthesis (Provis and Van Deventer, 

2009; Sani et al., 2016). 

The second most frequently used alkali activators are silicate solutions, particularly sodium 

silicate. They can affect mixing, as well as the strength and microstructure of the formed 

material and gel structure (Pacheco-Torgal et al., 2014). The soluble silica increases the growth 

of microstructures resembling glass. Nonetheless, a high silica concentration in the activating 

solution decreases the pH and increases viscosity, lowering the reaction rate (Duxson et al., 

2005). Therefore NaOH is typically blended with silicate to lower viscosity and increase the 

pH of the activator solution to optimise the reaction (Fernando et al., 2014).  

Most studies in geopolymers and AAMs use silicate blended with hydroxide as the alkaline 

solution for activation (Canpolat and Naik, 2011; Görhan and Kürklü, 2014). The objective of 

this combination is to provide Si ions in the aqueous phase and help activating the precursor, 

therefore improving dissolution and enhancing the mechanical properties (Rees et al., 2004; 

Nuruddin et al., 2014).  

 

2.4.2 Reaction mechanism of low calcium precursors 

 

As aforementioned, geopolymers are a subset of AAM with high Al and low Ca contents, with 

an almost entirely aluminosilicate-based phase which is highly coordinated (Yang et al., 2022). 

Glukhovsky initiated research on these materials in the 1950s and pioneered their introduction 
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(Shi et al., 2003). Glukhovsky et al., (1980) proposed a mechanism of alkali activation in three 

stages: destruction, coagulation (condensation) and crystallisation. 

The first stage (destruction) involves a breakdown of the covalent bonds Si–O–Si and Al-O–

Si, which occurs when the pH of the alkaline solution increases and the conversion into a 

colloidal phase. In the next stage of coagulation-condensation, the broken bonds accumulate 

and interact among themselves to form a coagulate structure, and this leads to the final stage in 

which a condensed structure (crystallization) is generated. 

Another reaction mechanism model for the geopolymerisation reaction was proposed by Peter 

Duxson et al., (2007) and it is shown in Figure 2-2. The model depicts the transformation of a 

solid aluminosilicate source into a synthetic alkali aluminosilicate as follows: 

1. Dissolution  

2. Special equilibrium  

3. Gelation  

4. Reorganization  

5. Polymerization and hardening 
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Figure 2-2 Geopolymerisation conceptual model (Duxson et al., 2007) 

 

According to Duxson, et al., (2007), the first reaction of the geopolymerisation process is the 

dissolution of the aluminosilicate materials, resulting in the formation of reactive monomers of 

silicate and aluminate [Si(OH)4]
- and [Al(OH)4]

- , which are atoms of silicon or aluminium in 

a tetrahedral configuration surrounded by four hydroxyls each (Ahmaruzzaman, 2010). The 

dissolution process commences when the covalent bonds Si-O-Si and Al-O-Al that characterize 

aluminosilicates are broken, and this can occur rapidly in the strongly alkaline medium of high 

pH provided by the activating solution. The alkaline solution dissolves the bonds that hold 

aluminosilicates together, resulting in the formation of a colloidad phase (Duxson et al., 2007; 

Wu et al., 2019). 

The monomers form large networks of repeating units by condensation -or oligomers-, 

resulting in the gel stages referred to as "Gel 1" and "Gel 2" - Figure 2-2. The strength of 

geopolymers is developed due to the formation of these aluminosilicate gels. A gel rich in Al 
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is formed at an early stage of the alkali activation process known as "Gel 1". At a later stage, a 

gel rich in Si ("Gel 2") is formed which enhances the geopolymer's mechanical properties 

(Duxson et al., 2007). 

The process continues with an increase in the release of the water in the gels. The search for 

equilibrium continues, but load balancing is impossible due to the negative charges of both 

aluminates [Al (OH)4]
- and silicates [Si (OH)4]

-. As a result, the availability of alkali metal ions 

such as Na+ or K+ is critical in the alkaline solution. The positive charge of these ions restores 

equilibrium to the charges of the unstable gels, resulting in a restructuring of the intermediate 

compounds, which initiates the synthesis of a stronger and more stable final compound 

(Marvila et al., 2021). Komnitsas and Zaharaki (2007) provide the empirical formula (2.1): 

 

𝑀𝑛 [− (𝑆𝑖 − 𝑂2)𝑧 − 𝐴𝑙 − 𝑂]𝑛. 𝑤𝐻2𝑂     Equation 2-1 

 

Where z=1, 2 or 3, represents the atomic relationship between Si/Al;  

M= alkaline cation (K+ or Na+);  

n= geopolymerization degree, and  

(w) amount of bonded water. 

 

In the final geopolymerisation stage, the gels undergo polycondensation and may or may not 

crystallize, resulting in the stable gels found in the geopolymer's final structure. Some authors 

state that amorphous gels are called N-A-S-H (sodium alumino-silicate hydrate), whereas 

crystalline or semicrystalline phases are zeolites (Rożek et al., 2019). Finally, the material 

begins the process of hardening, acquiring the mechanical resistance and other final features 

associated with activated alkali materials (Duxson et al., 2007; Wu et al., 2019). 

 

2.4.3 Reaction mechanism of high calcium materials 

 

As summarised by Provis et al. 2015, the nanostructure of AAMs is strongly dependent on the 

available calcium content of the precursors: a high-calcium system such as alkali-activated 

GGBS is dominated by a calcium aluminosilicate hydrate (C–A–S–H) gel with a tobermorite-
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like structure, while low-calcium systems such as those based on metakaolin or fly ash tend to 

generate an alkali aluminosilicate (N–A–S–H) gel with a highly crosslinked, disordered, 

zeolitic structure. As the authors note, these gels can coexist in binders based on blends of high-

calcium and low-calcium precursors, although the final, most stable phase is still the subject of 

some discussion. 

Precursors with a Ca/(Si+Al) ratio greater than 1 are considered calcium-rich precursors 

(Provis and Bernal, 2014). The alkali reaction generates reaction products that are similar to 

those produced on PC hydration (Provis and van Deventer, 2007; Provis et al., 2008). However, 

with less calcium than the C-S-H typical of PC, as well as more Al in the tetrahedral bonding 

locations. This results in a higher degree of polymerization and a significant crosslinking 

between the gel chains formed, which generates structures known as calcium alumina silicate 

hydrate (C-A-S-H) (Provis and Deventer, 2007; John et al., 2007). Marvila et al. (2021) 

illustrated the difference in C-S-H and C-A-S-H gel structures (Fig. 2.3). The C-A-S-H 

structure, including interlayers with crosslinking and Al substitution, is known as Dreiketten 

structure (Marvila et al., 2021; Provis and Bernal, 2014). The net negative charge generated 

when Al3+ replaces Si4+ at the tetrahedral chains is balanced by some alkaline cations at the 

tetrahedral chain positions (Figure 2-3). 

 

Figure 2-3 Structural differences between (a) C-S-H; and (b) C-A-S-H (Marvila et al., 2021). 
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2.5 DESIGN VARIABLES FOR THE PRODUCTION OF AAMS 

 

AAM's properties depend on the composition of the precursor and the activator, the dosage and 

concentration of the activator, curing, and other factors, as discussed below. 

 

2.5.1 Type and concentration of alkali activator 

 

The properties of the final AA material largely depend on the type and concentration of the 

alkali activator.  As aforementioned, in the alkali activation process, the alkali solution is used 

to dissolve the precursors.  Provis and Deventer (2009) report that increasing the molarity of 

an alkali solution improves the geopolymerization process by increasing the availability of 

hydroxide (OH-) ions. 

It has been proven by several authors that increasing or decreasing the NaOH concentration 

affects the mechanical properties of the resultant AAMs (Memon et al., 2013; Livi and Repette, 

2017; Nmiri et al., 2017; Cornelis et al., 2018).  

The type and concentration of alkali activator must be chosen according to the composition of 

the precursor. Fernández et al., (1999) experimentally proved that, in slag materials, the nature 

of the alkaline activator is the most significant factor that determines the strength, overriding 

the effects of the particle’s specific surface area, curing temperature and activator 

concentration. When the alkali and the precursor are mixed, the pH controls reactivity because 

it determines the dissolution of the precursor. Previous authors state that silicates and 

hydroxides are the best activators for slags, because they generate the highest pH (or alkalinity), 

which accelerates the reaction between the activator and the precursor (Shi et al., 2003; 

Fernández et al., 2014; Pacheco-Torgal et al., 2014). Hydroxide activators induce the 

hydrolysis of the Si-O-Si and Al-O-Al bonds, releasing Si4+ and Al3+ and providing more 

hydroxyls than other activators, which raise the PH further than other activators, quickly 

reaching the values required for the dissolution of the precursor, and hence the formation of 

hydrate cements. Similarly, when activating a slag with silicate, the glassy phases disintegrate, 

and the polycondensation reaction takes place whereby tobermolite and calcium silicate 

hydrate are generated at 1 day (Zhang et al., 2008). However, it has been noted that silicate 

activators provide a higher level of available alkalinity over longer periods because, when a 
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moderate amount of silica dissolves, the PH does not drop rapidly (as it is the case with 

hydroxide activators) (Fernández-Jiménez, et al., 2014). 

A high pH is not considered suitable for Ca-rich precursors such as GGBS, because at very 

high OH- concentrations, although silica and alumina increase solubility, calcium becomes less 

soluble (Pacheco-Torgal et al., 2014). Conversely, a high pH may be suitable for low calcium, 

alkali-activated systems. Therefore, high-calcium slags (Ca=35-45%) are usually activated 

under moderated alkaline conditions (Fernandez et al., 1999; Bakharev et al., 2000; Shi et al., 

2003). Furthermore, high concentrations of hydroxide activator in GGBS have been reported 

to encourage efflorescence and increase the cost (Fernández et al., 2014; Pacheco-Torgal et al., 

2014) et al., 2014; Pacheco-Torgal et al., 2014). It is considered in the literature that slags can 

be successfully activated with a combination of alkali hydroxide and silicate. The fluidity of 

the hydroxide activator maintains suitable rheology, while the silicate provides Si ions for the 

generation of cementing hydrates that contribute to strength (Pacheco-Torgal et al., 2014). 

Mohamed, 2019 states that the compressive strength of alkali-activated slag increases with 

increasing concentration of the alkaline activator solution. However, other authors have 

demonstrated that  increasing alkaline concentration led to an inefficient reaction due to an 

excessive quantity of OH- ions (Görhan and Kürklü, 2014). Nasr et al., (2018) demonstrated 

that the optimal ratio of Na2O to the weight of GGBS was 8% to enhance compressive strength, 

whereas the compressive strength decreased with the increasing percentage of Na2O to 10% 

and 12%. Gebregziabiher et al. (2015) observed that activating GGBS with 8 M NaOH 

exhibited strong hydrates forming around GGBS grains immediately after activation and 

showed high strength at 28 days. 

In contrast, in high aluminosilicate and low-Ca materials such as FA, increased molarity of 

NaOH is necessary to start reactions (Palomo et al., 1999; Puertas et al., 2000; Provis et al., 

2009). Patankar and Jamkar (2017) indicate that the increase in concentrations of NaOH plays 

a significant role in increasing the mechanical strength of geopolymers. Wang et al. (2005) 

studied the synthesis and mechanical properties of metakaolinite-based geopolymer with 

different concentrations of NaOH (4,6,8,10, and 12 M). They reported that the flexural, 

compressive strength and apparent density increased when raising the concentration of the 

NaOH solution, due to the enhanced dissolution of metakaolinite and the enhanced production 

of monomer bonds. Ayeni et al. (2021) agree, stating that increasing NaOH concentration in 

metakaolin-based geopolymers increased the dissolution of Si and Al, improving 
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geopolymerization and producing a homogeneous dense gel that produced a dense 

microstructure enhancing strength. 

Azzahran et al. (2018) also agree. They studied the effects of NaOH concentration (4M to 14M) 

on the bulk density, water absorption and compressive strength of FA geopolymers. The results 

show that the NaOH concentration significantly affects the geopolymerization process and the 

strength of the resulting geopolymer. The bulk density did not change significantly with 

increasing NaOH concentrations up to 12 M. However, the water absorption and porosity 

values decreased, and the highest NaOH concentration resulted in a denser microstructure. In 

addition, increasing NaOH concentration up to 12 M accelerated the dissolution of silicon and 

aluminum, increasing compressive strength to 56 MPa. The compressive strength results were 

consistent with bulk density, porosity and water absorption values. Huseien et al. (2016) 

studied the influence of NaOH molarity (2 M to 16 M) on water absorption in multi blend 

AAMs made with GGBS, FA, waste ceramic and waste glass. The growth in molarity 

contributed to decreasing the water content and enhancing the microstructure. The growth in 

molarity from 2M to 16M led to an enhancement of density and a reduction in the void content. 

It lowered water content and enhanced the microstructure. Most specimens cured at ambient 

temperature demonstrated lower water absorption than those cured in oven conditions.  

 

2.5.2 Effect of sodium silicate to sodium hydroxide ratio (Na2SiO3/ NaOH)  

 

Most studies agree that the presence of an alkali silicate in an alkali reactant solution is essential 

and leads to an improved microstructure and superior strength (Liew et al., 2016). As 

aforementioned, the fluidity of the hydroxide activator maintains suitable rheology, while the 

silicate activator provides Si ions for the generation of cementing hydrates that contribute to 

strength (Pacheco-Torgal et al., 2014). The relative proportions of Na2SiO3/NaOH are essential 

as NaOH acts as a dissolvent while Na2SiO3 acts as a binder (Liew et al., 2016). Alkali silicates 

and hydroxides are combined during the reaction process to help dissolve the solid precursor 

and speed up the reaction rates (Samarakoon et al., 2019). The presence of the alkali silicate in 

the solution provides a certain amount of soluble SiO2 to form monomers, dimers and larger 

oligomers containing Si-O-Si bonds (Singh et al., 2005; Wang et al., 2005). In the activation 

of aluminosilicates by sodium silicate (waterglass - Na2SiO3), the soluble silica affects the 

growth of a microstructure resembling many glass types.  
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Previous authors state that the compressive strength of AA slag increases (from 56 to 60 MPa) 

with increasing the Na2SiO3/NaOH ratio from 1.5 to 2.5. For AA slag/FA (75/25) blends, 

increasing the Na2SiO3/NaOH activator 1.5 to 2.5 increased the compressive strength from 56 

MPa to 70 MPa. An increase from 45 to 57 MPa is reported AA slag/FA (75/25) blends when 

increasing the Na2SiO3/NaOH activator 1.5 to 2. 

Al Bakri et al. (2012) conducted a study on the effect of Na2SiO3/NaOH ratio (0.5, 1, 1.5, 2, 

2.5, and 3) and NaOH concentration (6, 8, 10, 12, 14, and 16M) on the physical properties and 

compressible strength of FA geopolymers. The study shows that the geopolymer paste with 

NaOH at 12 M concentration and a Na2SiO3/NaOH ratio of 2.5 produces the highest 

compressive strength of 57 MPa, similar to that obtained in other studies (Abdullah et al., 

2011). Al Bakri et al. (2012) discovered that the compressive strength decreased at a higher 

Na2SiO3/NaOH ratio of 3, probably due to an excess of sodium causing calcium carbonate 

production in contact with the CO2 in the air. Increasing the Na2SiO3 content in the activating 

solution enhanced the compressive strength and lowered porosity and water absorption, which 

agrees with (Huseien et al., 2016), showing an improvement in the microstructure. 

 

2.5.3 Curing temperature 

 

The curing temperature of AAMs is considered an important parameter, and it is widely 

investigated. This is no surprise, as heat is a catalyser for most chemical reactions. However, 

onsite, to maintain a controlled high temperature during curing is not feasible, and increasing 

curing temperature has a detrimental effect on the environment. Furthermore, curing at high 

temperatures often improves strength at early ages at the expense of dropping values at a later 

age, for example in PC materials. Therefore, the AAMs in this research were mainly cured at 

ambient temperatures. However, several curing temperatures were applied to the AA slag 

materials in this research. Therefore, a review is presented below.  

Several authors have noted that increasing curing temperature of AAMs enhances mechanical 

properties, and hence some authors promote curing at high temperature to enhance the 

mechanical properties of the resultant materials. Elevated curing temperatures enhance the rate 

of dissolution between the aluminosilicate source and the alkaline solution, significantly 

impacting the AAM's mechanical properties (Heah et al., 2011; Cheng et al., 2015).  
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Rovnaník (2010) investigated the effect of curing temperature (10-80 °C) on the development 

of a rigid structure in metakaolin-based geopolymers. The results show that the strength 

increases with elevated temperature at early ages due to the increased degree of 

geopolymerization. However, at a later age, the geopolymer developed at lower temperatures 

showed superior properties. In the low temperature geopolymers, the cements grew slowly 

leading to lower porosity and higher toughness. This agrees with PC, where high temperature 

enhances early strength at the expense of lowering the ultimate strength. In addition, the rate 

of hydration of PC increases with increasing temperature, but the composition of the calcium 

silicate hydrate (C-S-H) phase formed differs from that formed at ambient temperature and has 

lower strength. Furthermore, the amount of AFm increases at the expense of AFt, hence curing 

PC at ambient temperature shows better overall properties (Lawrence and Hewlett, 1988). 

Al Bakria et al. (2011) observed an improved geopolymerization process and higher 

compressive strength in aluminosilicate precursors such as FA when curing with elevated 

temperatures. Heat curing produced fast geopolymerization and achieved significant strength 

at an early age (Jaarsveld et al., 2002; Zhang et al., 2018). Görhan and Kürklü (2014) agree, 

noting that FA geopolymers cured under 30 0C include more unreacted fly ash. They found that 

curing at ambient temperatures results in low strength development at an early age, while heat 

curing results in significant early strength improvement. 

Curing temperature also influences the strength development of high calcium slags. Significant 

retardation at 5 °C and acceleration at 40 °C have been reported compared to curing at 20 °C 

(Brough and Atkinson, 2002). Heat curing typically enhances the early strength of AA slag 

materials, but the late strength is significantly reduced compared with ambient temperature 

curing (Bakharev et al., 1999). Bakharev et al. (2003) note that curing at 60°C is the most 

effective method for Na2SiO3 activated slags. They also note that when slags are activated with 

a combination of Na2SiO3 and NaOH, curing at 70°C accelerates early strength development, 

but after 28 days, the strength is 35-45% lower than the strength of the ambient-cured 

specimens. However, Altan and Erdoǧan (2012) observed that AA slags activated with a 

mixture of Na2SiO3 and NaOH, cured at room temperature for a sufficiently long time, will 

reach the same strength or more than when cured at 80°C. 

Zhang et al. (2018)  investigated the influence of elevated curing temperature on a red mud-

(class F) fly ash geopolymer. The results showed that curing at 50 °C and 80 °C accelerated 

the raw material dissolution when compared to room temperature. This resulted in higher early 
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mechanical strength. However, the pore volume at 80 °C was higher than in the samples cured 

at room temperature and 50 °C. This was due to the faster formation of geopolymer gels at the 

early stage. Zhang et al. (2014) successfully synthesized a red mud-fly ash geopolymer at 

ambient temperature (23°C) and 40–50% relative humidity. The results showed a compressive 

strength of 11.3-21.3 MPa at 28 days. Furthermore, Le et al. (2018) synthesized an alkali-

activated binder based on red mud at ambient temperature with a compressive strength of 14.25 

MPa at 28 days. Görhan et al. (2016)   investigated the effect of curing temperature on the 

porosity and water absorption of FA and metakaolin geopolymers. They state that water 

evaporated during curing at high temperatures resulting in microcracks or pores. 

 

2.5.4 Effect of the [SiO2]/[Al2O3] molar ratio of AAMs   

 

One of the significant factors in the development of microstructure and engineering properties 

in AAM binders is the molar ratio of SiO2/Al2O3 (Davidovits, 1991; Yip and Van Deventer, 

2003; Khale and Chaudhary, 2007; Duxson et al., 2007; Liu et al., 2009).  

The ratio of Si/Al differs due to the diverse chemical compositions of the precursors. However, 

the contribution of the activator to this ratio is very important, as the activator phase is usually 

considered more active than the silica phase in the precursor. Increasing the content of Na2SiO3 

rises the ratio. In AA slag materials, this leads to increasing strength an improving the 

microstructure up to a certain threshold. Previous authors state that the compressive strength 

of AA slag increases (from 56 to 60 MPa) with increasing the Na2SiO3/NaOH ratio from 1.5 

to 2.5. The effect and ratio are similar for AA slag/FA (75/25) blends: increasing the 

Na2SiO3/NaOH activator from 1.5 to 2.5, rises compressive strength from 56 to 70 MPa. An 

increase from 45 to 57 MPa is reported in AA slag/FA (75/25) blends when increasing the 

Na2SiO3/NaOH activator 1.5 to 2. 

From the literature, it is not possible to determine the most appropriate Si/Al ratio that would 

render the best properties in the resultant AAMs. The values proposed by different authors vary 

greatly. In AA slag materials, Mustofa and Pintowantoro, (2017) note that an increase of Si/Al 

ratio enhances compressive strength and lowers water absorption, and the molar ratio of Si/Al 

that yields the best properties is 3.5. In aluminosilicate-based AAMs (such as FA and 

metakaolin), the Si/Al ratio plays a significant role in geopolymerization which affects 

mechanical properties (Singh, 2018), durability (Pacheco-Torgal et al., 2014) and setting time 
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(Chindaprasirt et al., 2012). The microstructure and mechanical properties of metakaolin 

geopolymers were examined by Duxson et al. (2005) at molar ratios ranging from 1.15 to 2.15. 

It was observed that the microstructure was highly porous at Si/Al ratios ≤ 1.40 but highly 

homogeneous at Si/Al ratios ≥ 1.65. He et al. (2016) studied metakaolin geopolymers for Si/Al 

ratios from 2 to 4. The result shows Si/Al ratios of 4 increased Si-O-Si links which improved 

mechanical properties with respect to the geopolymer with Si/Al of 2 (with more abundant, 

weaker Si-O- Al bonds). However, Zhang et al. (2014) suggest that to develop geopolymer 

from aluminosilicate-rich precursors such as FA and RM, the Si/Al molar ratio of 2 is a good 

starting point, and the author reported the optimum value of Si/Al ratio of 2.3. 

For FA geopolymer binders, most authors report that the highest compressive strength is 

obtained at a SiO2/Al2O3 molar ratio between 3.2 and 3.7 (Chindaprasirt et al., 2012; Silva et 

al., 2007). Xu and van Deventer (2003) developed a geopolymer binder with albite, FA and 

kaolinite. Their study found the optimum molar Si/Al ratio to be 2 for a gel phase of higher 

strength. In AA RM, the molar ratio of SiO2/Al2O3 of  3.3 to 4.5 is considered adequate for 

geopolymerization (Yip and Van Deventer, 2003; Khale and Chaudhary, 2007; Lahoti et al., 

2007; Liu, Yang and Xiao, 2009; Gräfe, Power and Klauber, 2011).  

 

2.6 PROPERTIES OF ALKALI-ACTIVATED MATERIALS 

 

There are no common properties to AAMs because of the varying properties of the precursors 

as well as the nature of the activators and, sometimes, the curing regime. However, there are 

some ordinary tendencies that are summarised below. As the Ca content increases, the resultant 

AAMs usually show a greater strength and a denser microstructure. However, the properties of 

AAM have been reported to be adversely affected by excessive Ca content (Xing et al., 2019).   

With respect to durability, former authors indicate that AA slag materials display a high 

resistance to aggressive conditions, and they can remain structurally intact, without any 

expansion or material loss, for longer than PC materials. However, variability in the chemical 

composition of the slag might have an effect on durability, and AA materials prepared using 

different slags might have different resistance to aggressive conditions (Bakharev et al., 2002). 

Former authors also report that AA slag materials as sulphate resistant. They have better 

resistance to sulfate attack than PC, which has often been associated with the lower content or 
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absence of tricalcium aluminate (C3A) in the slag materials (Bakharev et al., 2002; Puertas et 

al., 2002; Rodríguez et al., 2008). Sulfate attack to PC concrete is often considered the most 

common cause of concrete degradation (Marchand et al., 2001). AAMs have been reported to 

be more resistant to the reaction of sulfate ions with hydration products (Bakharev, 2005). The 

main factor affecting the resistance of PC concrete to sulfate attack is tricalcium aluminate 

(C3A). Sulfate ions react with C3A in the presence of Ca(OH)2 resulting in decalcification of 

calcium silicate hydrate (C-S-H) gel due to the formation of ettringite and gypsum which cause 

severe damage (Fernández et al., 2007).  

Puertas et al., (2002) demonstrated that AA slag mortars are highly resistant to sulfate attack, 

having an outstanding resistance to seawater exposure, in particular waterglass-activated slag 

mortars. The authors also state that NaOH activated slag mortars were slightly sensitive to 

sulphate and sea water attack, forming some gypsum and ettringite, which slightly decreased 

mechanical strengths. Bakharev et al. (2002) agree on the high resistance to salt attack 

(magnesium sulfate and sodium sulfate solutions) of AA slag materials, and the higher 

sensibility of NaOH activated slag mortars to sulphate attack when compared to the Na2SiO3 

activated ones. After 12 months of exposure to sulfate solutions, the strength decrease was 17-

23% for AAS concrete vs 25-37% for PC concrete. The main degradation products were 

ettringite and gypsum in the PC and gypsum in AAS materials. Waterglass-activated slag 

mortars have been reported to undergo a negligible expansion following exposure to Na2SO4 

solution (Puertas et al., 2002). Similarly, Bakharev et al. (2002) found that AA slag materials 

did not expand but were only slightly cracked in sodium sulfate solutions. 

Geopolymers with low calcium contain different cementing hydrates than PC systems. 

However, the mechanism of sulfate attack whereby external cations exchange Ca 2+ in C-A-S-

H gel is similar for AAMs than for PC materials (Karakoc et al., 2016).  

Several authors have observed that the interfacial transition zone, a weak area in PC materials, 

is highly dense and uniform in alkali-activated slag concretes (Shi and Xie, 1998; Provis et al., 

2007; San Nicolas et al., 2014). Nicolas et al. (2014) illustrated two mechanisms in AA slag 

materials that develop a compact and homogeneous matrix at advanced ages: the reaction of 

slag particles through an Ostwald supersaturation nucleation-depletion cycle and the 

precipitation of Ca (OH)2 from the pore solution in microcracks, closing cracks, hence avoiding 

the ingress of aggressive agents to ensure durability.  
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The literature tends to agree on that geopolymer mortars remain structurally sound for longer 

than PC materials under frost and wet-dry cycling. Several authors have determined a superior 

resistance for AA slag materials subject to wet-dry cycling (Luga, 2015; Yankwa Djobo et al., 

2016) and freeze-thaw cycling (Fu et al., 2011). Fu et al. (2011) evidenced weight loss under 

1%, a frost resistance coefficient of ∼90% after 300 cycles. In the literature, it is also relatively 

common to find instances of strength increase following durability cycling (Provis and van 

Deventer, 2014; Azarsa and Gupta, 2020). 

With respect to porosity, Razak et al. (2020) note that the porosity of a FA geopolymers is 

lower than their equivalent PC materials (1.17% vs 2.36% for the PC material). In AA slag 

mortars, the pore structure characteristics depends on the activator type. Na2SiO3 usually 

provides the lowest porosity (5–9%) and the finest pore structure when compared to NaOH. 

The NaOH often provides higher porosities (13-17%) and a coarser pore structure, similar to 

equivalent PC materials (porosity = 10-13%) (Shi, 1996). 

Setting times vary widely depending on the formulations. Some AA slag materials activated 

with NaOH and Na2SiO3 set significantly faster than standard equivalent PC mixes (Atiş et al. 

2009). The initial setting time for a PC is usually equal to or over 45 minutes and the final 

setting time is no longer than 12 hours (Barnes and Bensted, 2002). In slags, the setting time 

depends on the slag basicity (CaO+ MgO / SiO2).  Higher basicity results in shorter setting 

times regardless of the activator (Krivenko, 1994). The more basic the slag, the greater its 

hydraulic activity in the presence of alkali activators  (Lawrence and Hewlett, 1988). Hence, 

the highest CaO contents in GGBS lead to shorter setting times (Shi and Qian, 2000).  

In general, AAMs of high-Ca content such as GGBS, set faster than those made with precursors 

of low CaO (Lee et al., 2016; Huseien et al., 2018). Results show that the final setting time of 

AA GGBS (40-60 min) is faster than AA FA (200-330 min) when activated with NaOH (8M, 

12M, 16M) / Na2SiO3 = 2.5 (Mallikarjuna et al, 2015). Some AA slag pastes can begin to set 

as early as after 15 minutes of reaction (Wang et al., 1995).  

For AA slags Andersson and Gram, (1987) report 2h 20min and 4h 45min setting times (initial 

and final respectively) when activated with Na2SiO3 (3h 40min and 4h 40 min, when activated 

with NaOH). In contrast, a much longer set is expected for low Ca systems such as AA 

metakaolin, with 923 minutes and 1200 minutes (initial and final set respectively) when cured 

at ambient temperate and activated with Na2SiO3 and 8 M NaOH (Liew et al., 2013). Similarly, 

Chowdhury et al. (2021) state that FA-based geopolymers take over 24 hours to set due to the 
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slower reaction rate at ambient temperature. However, increasing GGBS content in geopolymer 

pastes significantly improves the initial and final setting times from 290 min at 10% GGBS to 

94 min and 41 min after increasing the slag content to 20% and 30%. The properties of 

metakaolin-based geopolymer are often improved by adding GGBS because AAS has a 

positive fast setting time, early strength, and corrosion resistance (Sakulich et al., 2009; Ye et 

al., 2017). In addition, it has been shown that blending GGBS with metakaolin increases the 

amount of Si and Ca in the geopolymer system, which is conducive to the formation of two 

hydrates interwoven (N-A-S-H and C-A-S-H gels), thereby improving the strength of 

metakaolin-based geopolymers (Buchwald et al., 2009).
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3. MATERIALS AND METHODS 
 

 

3.1 MATERIALS  

 

The silicate materials evaluated as precursors include, fly ash (FA), metallurgical slag (GGBS), 

Saudi bauxite and Saudi red mud (RM). CEM II, binders and activators were also used in these 

investigations. 

 

3.1.1 Ground granulated blast furnace slag 

 

The GGBS investigated is widely used as a partial PC replacement in Ireland. It was produced 

in Ringsend, Co. Dublin, with a raw molten slag imported from Europe. For decades, slags 

such as ground granulated blast furnace slags (GGBS) have been used heavily, as PC 

replacement, to reduce the environmental impact of PC production. In Ringsend, 

manufacturing produces 40 kilos of CO2 per ton of GGBS, but this is offset by carbon credits 

(Reddy, 2010). The GGBS is imported in Dublin from blast furnaces located in Belgium and 

Spain (MRPI, 2013). Ecocem Ireland produces two different products with this slag: Ecocem 

CEM III/C contains up to 95% GGBS, and  Ecocem CEM III/A contains up to 65% GGBS 

(EPD Ireland). 

 

3.1.2 Fly ash 

 

Fly ash (FA)-class F, from a coal-burning power plant in Moneypoint, Co. Clare, Ireland, was 

also used as a precursor. Due to their particle size distribution, chemical composition, generally 

spherical particle shape and low cost, FAs are widely used as supplementary cementitious 

material in concrete. Former authors have used several FAs for the production of AAMs. Due 

to their physical properties and composition, FAs are valuable raw materials for binder 

production, and they have been used as supplementary cementitious materials in PC materials 

for several decades. FAs have been used as partial clinker replacement in PC production since 
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the 1930s (Lawrence and Hewlett, 1988; Provis and Van Deventer, 2009; EN 197-1, 2011). In 

Ireland , the FA is used as a minor additional constituent to CEM II (A/L) (EPD Ireland). 

As aforementioned, FA is probably the precursor most widely used to produce AA binders. 

Results were commercialized in 1997, as a product known as Siloxo, used to produce ready-

mix concrete and a range of pre-cast products from both Class-F and Class-C FA (Provis & 

van Deventer, 2014). 

 

3.1.3 Bauxite 

 

The bauxite was quarried from a deposit located in a remote desert area of central/northern 

Saudi Arabia, predominantly in the province of Ha'il Figure 3-1. The Ma'aden's exploration 

area covers approximately 6,000 km2, centered in the town of Az Zabirah (northwest of 

Riyadh), with elevations of 535-600 meters above sea level (Al-Dubaisi, 2011; Al-Mutairi, 

Galmed and Aldamegh, 2015) indicate that the bauxite layers have a similar mineralogy, and 

that their main textures are microooliths, ooliths and pisoliths which are composed largely of 

boehmite and often have gibbsitic rims. They also refer to calcite as a significant secondary 

mineral in the bauxite, found in cavities and cracks as a cementing material.  

The Az Zabirah and Al Bai’tha mines are open-pit operations located approximately 20 km 

apart, North of the city of Qibah, in the Al Qassim and Hail provinces of central Saudi Arabia 

Fig.3.1. Al-Mutairi et al., (2015) carried out a comprehensive study of the area. According to 

the authors, the Az Zabirah bauxite is a Cretaceous paleolaterite, and the Mesozoic sediments 

were deposited on a stable platform without any major tectonic disturbances. However, they 

were later uplifted, exposed and eroded due to Quaternary activity (Al-Mutairi et al., 2015). 

The bauxite deposits are discontinuous, uplift associated with the faulting has caused the 

erosional loss of the bauxite sequence (Al-Mutairi et al., 2015) Figure 3-1. The bauxite is 

ovelaid by the Upper Cretaceous Wasia Formation and the Aruma Limestone, and the area has 

a NW-SE strike over a length of approximately 105 km, with succession of dips of 

approximately 5° towards the NE (Al-Mutairi et al., 2015). 

In the Az Zabirah bauxite subject to study, gibbsite, boehmite, and kaolinite are predominant 

minerals, and the bauxite has low iron and low organic matter contents (Al-Dubaisi, 2011; Al-

Mutairi et al., 2015) 
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Figure 3-1 Location of the Az Zabirah area and geological map of the Az Zabirah bauxite 

deposits by (Al-Mutairi et al., 2015). 

 

3.1.4 Red mud (RM) 

 

The RM used in this research was produced, as a by product of aluminium production, by the 

Ma’aden Mining Industries of the Kingdom of Saudi Arabia which are one of the main world 

producers. They generate circa 6,000 tonnes of RM per day (over 2 Mtpa) which results in 

disposal problems and high land decommissioning costs for landfill disposal. This research 

intends to establish the potential of this RM waste for sustainable binder production.  

The composition of the RM residue depends on the conditions of the refining process, such as 

the addition of lime and the washing efficiency.  Lime addition is determined by the type of 

bauxite ore. The washing efficiency dictates the amount of soluble soda remaining in the RM 

and hence its alkalinity. In Ma’adem, temperatures between 260 and 270 °C are used, and quick 

lime -CaO - is added twice during the process. The lime transforms the iron compounds from 
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goethite (which interferes with the separation of Al) into hematite, and helps transform the 

unstable Al oxides in solution, in the high-temperature digestion units, into stable phases. Lime 

is also added in the clarification stage, to separate the solid phase (RM) from the liquid phase 

(Sglavo et al., 2000). RM residues worldwide are pozzolanic but the pozzolanic activity of the 

Saudi RM has not yet been studied. 

 

3.1.5 Lime 

 

A hydrated lime - Ca(OH)2  - or calcium lime of European designation CL90s complying with 

EN 459-1: 2015 manufactured by Clogrennane Lime, with a pH 12.4, specific gravity 2.24 

g/cm3, and bulk density ranging from 200 to 800 kg/m3.  

 

3.1.6 Portland Cement 

 

CEM II/AL 32,5 N, complying with EN 196-1, produced by Irish cement, was used to produce 

control mixes to which the properties of the alkali-activated materials were compared. The 

cement´s particle size ranges from 5 to 30 µm. It has a pH range of 11-13.5, and its chemical 

composition is shown in Table 3-1. 

 

Table 3-1 Chemical composition by XRF (wt%) of the CEM II (Appendix C).  

SiO2 Al2O3 Fe2O3 CaO SO3 Na2O LOI 

17.30 4.68 2.89 62.10 2.47 0.59 6.50 

 

3.1.7 Sand 

 

Limestone sand from a Roadstone's quarry in Belgard and standard CEN sand were used. The 

particle size distribution was determined according EN 933-2:2020 and it is included in Fig. 

3.2. The standard CEN sand was used to produce control specimens. 
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Figure 3-2 Sand particle size distribution. 

 

3.1.8 Activators, precursor processing, mixing, and curing   

 

The precursors (GGBS, FA, RM and bauxite) were activated with sodium hydroxide (NaOH) 

or/and sodium silicate (Na2SiO3). The sand to precursor ratio is constant for all the materials at 

3: 1. 

The precursors were dry mixed for 3 min, and the activator solution was added and mixed for 

a further 5 minutes. The sand was then added and mixed for 6 min. The mortars were cast into 

prismatic molds of 160 * 40 * 40 mm, vibrated for 1 min, and sealed with plastic sheets to 

prevent moisture loss during curing. The specimens were demolded after 72 hours. Some were 

cured in ambient conditions, in isothermal chambers at (20 ± 2 °C) for 28 and 90 days. Some 

AA GGBS materials and AA bauxite were cured in an oven of 40°C to 60 °C for 24 h.  

The CEM II A/L -based control materials were fabricated according to EN 196-1. The standard 

mix in EN 196-1 made with CEM II A/L was used to compare the results.  

Both activators (NaOH, Na2SiO3) were mixed in liquid form. The sodium hydroxide activator 

(NaOH) was used in pellet form with 98% purity. It was mixed with distilled water to attain 

different molarities to suit the different AAMs: a 6 M solution was used for the red mud 

materials, 8 M solutions for the GGBS, and 8-12M solutions for the bauxite materials. A 
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commercial solution of sodium silicate activator (Na2SiO3) in liquid form was used, with a 

viscosity ranging from 800 to 1400 cps: PH 11-14, the chemical composition of 15.5% Na2O, 

33% SiO2, and 47.5% of H2O and a silicate modulus (MS = SiO2/Na2O) of 2.21.  

The silicate waste precursors were selected so that they required minimum processing and 

preparation. The bauxite required grinding to enhance fineness and specific surface area. It was 

oven-dried at 105 °C for 24 hours and ground in a digital ball mill at 150 r.p.m with 20 mm Ø 

stainless steel balls. Finally, it was calcined at 800 °C to enhance reactivity. For the same 

reason, the RM was oven-dried at 105 °C for 24 hours, ground using a digital ball mill at 150 

r.p.m with 20 mm Ø stainless steel balls before being calcined at 400 °C. The GGBS and FA 

were unprocessed.  

 

3.2 METHODS FOR STUDYING THE PRECURSORS 

 

3.2.1 Particle size distribution   

 

The particle size distribution was measured by laser diffraction, using a Mastersizer 2000, 

composed of a Mastersizer 2000 unit; a Hydro 2000G wet dispersion and an Autosampler 2000 

unit. This method measures the angular distribution and intensity of the light by particles in 

suspension and utilizes the Mie theory of diffraction in the prediction of laser particle size 

results. Statistics (D-Values) were applied to understand the particle size distributions whereby 

the distribution width is defined with three values on the x-axis: the D10, D50 and D90. The 

D50 (median) is the diameter where half of the population lies below this value. Similarly, 90% 

of the distribution lies below the D90 diameter, and 10% of the population lies below the D10 

diameter. 

 

3.2.2 Specific Surface Area (BET) 

 

Surface chemistry is essential to the alkali activation process. Geopolymerization and, in 

general, any alkali solution reaction begins on the surface of the alumino-silicate precursor 

particles, where the chemical reactions that result in the formation of  geopolymers and 

hydrates take place. Therefore, the amount of particle surface available for reaction or specific 
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surface area of the precursors determines their reactivity. The specific surface area was 

measured with a Quantachrome Nova 4200e and the Brunauer–Emmett–Teller (BET) method, 

which records the specific surface area based on the physical adsorption of gas molecules by 

the precursors. The BET theory correlates the physical adsorption of gas molecules on a solid 

surface with the specific surface area of the particles. 

 

3.2.3 Chemical and mineral composition and amorphousness  

 

Composition and amorphousness (amount of vitreous material) are essential as they control 

reactivity. The chemical composition was determined by XRF analysis, with an Epsilon 4 

Energy Dispersive X-ray Fluorescence (EDXRF) spectrometer. The results were reported as 

percentage weight by oxides. The mineral composition was determined by X-Ray Diffraction 

(XRD) using an apparatus including a PW1050/80 goniometer and a PW3313/20 Cu k-alpha 

anode tube. Measurements were taken from 3 to 60 degrees (2θ), and the detection limit is 

approximately 5%. An indication of the amorphousness of the precursors was provided by 

assessing the lifting of the difractogram at c.20 degrees (2θ) which correlates with the vitreous 

character of the minerals (Bish and Post, 2018). 

 

3.2.4 Loss on Ignition  

 

The loss on ignition (LOI) was measured at 450 and 1000 °C to determine the thermal 

decomposition of organic matter and the carbonate content. The percentage LOI was calculated 

from the differences in weight based on EN 1377-3:1990. 

 

3.2.5 Thermal analyses  

 

The Thermal Gravimetric Analysis (TGA) and the Differential Scanning Calorimetry (DSC) 

of the bauxite, RM, FA and GGBS were carried out using refractory alumininum crucibles, 

calcined at temperatures ranging from 0 to 1000 ◦C, in a fibre-chamber, 10 L furnace reaching 

up to 1300 ◦C. The DSC analyses indicate thermal events (crystallization, dehydroxilation, 
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combustion), as exothermic or endothermic peaks, while TGA shows the weight loss, or change 

in mass due to dehydration, decarbonation or oxidation, over a temperature range.  

 

3.2.6 Devitrification  

 

The phase composition of the most vitreous precursors (GGBS and FA) was studied by 

investigating the phase transformation during calcination in a kiln at 500°C, 800°C and 

1000°C. Following calcination, the ashes and slag were cooled in a desiccator, and their 

mineralogical composition and glass content were studied with XRD.  

 

3.2.7 Evaluation of reactivity with mechanical methods: strength and mechanical index 

 

Reactivity indicates how quickly a pozzolanic material would combine lime (calcium 

hydroxide) to form cementing hydrates that provoke setting and eventually hardening. The 

reactivity measured with these methods closely relates to the speed of dissolution of the 

material in an alkali media. Therefore, informing on the ability of the material to produce 

cementing hydrates and hence the speed of setting and hardening. Measuring reactivity is 

complex and dependent on the methodology. In this research, reactivity is determined with 

chemical and physical methods. These include setting times, the Chapelle method, and strength 

development of standard mortars and pastes. The mechanical index (which measures reactivity 

by monitoring the compressive strength development of lime: RM mixes in relation to a 

standard lime mix) was also calculated and compared with other pozzolanic materials.  

The compressive strength (mechanical activity index) is not only dependant on the amount of 

hydrates formed but also on their type and microstructure. Mechanical tests were carried out to 

compare the strength of standardized prismatic specimens of dimensions 160 x 40 x 40 mm. 

The specimens were demoulded after three days and cured under damp hessian to maintain 

humidity, in a curing chamber at ambient temperature and 60±5% relative humidity. The 

flexural and compressive strengths were assessed following EN 196-1:2016. The results are 

the arithmetic mean of six specimens for compressive strength and three for flexural strength.  

The mechanical index (MI) evaluates reactivity by measuring the compressive strength of the 

lime: (bauxite or RM) mixes in relation to a standard lime mix after 28 days of curing. The MI 
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is adapted from EN 450-1-Fly ash (FA) for concrete EN 450-1:2012. The prisms were produced 

with a ratio by mass of 1:1:3 (lime: bauxite or RM: sand) with w/b = 0.90±0.20. The 1:1 (lime: 

bauxite or RM) content was chosen to be able to compare the results with former literature on 

pozzolan reactivity (Figueiredo & Pavía, 2020). 

 

3.2.8 Evaluation of pozzolanic activity with chemical methods: conductivity variation 

 

This method indirectly evaluates reactivity as it measures the pozzolanic reaction of the raw 

and pyro-processed precursors (Bauxite, RM, FA and GGBS) by monitoring the changes in the 

conductivity of a saturated lime / precursor solution.  

It follows the method by Luxan et al., 1989; Borrachero et al., 2001. The fixation of dissolved 

Ca (OH)2 reduces portlandite concentration in solution, leading to a decrease in conductivity. 

The conductivity variation of the lime - precursor suspension was measured over time to 

examine the ability of precursors to combine lime, and therefore their reactivity.  

The conductivity loss (%) was calculated according to the following equation: 

 

𝐶(%) =  
𝐶𝑖−𝐶𝑡

𝐶𝑖
 × 100    Equation 3-1  

 

Where, 

𝐶𝑖is the electrical conductivity of the lime suspension  

𝐶𝑡is the electrical conductivity at the time intervals 

 

Continuous stirring took place using a magnetic stirrer, and conductivity and temperature were 

measured over time using an WTW LF 197 conductivity meter with a Tetracon 325 probe. The 

solutions were kept in sealed flasks to avoid water evaporation and carbonation. The reaction 

was monitored for over 170 hours. The flasks containing the solutions were kept in a 

thermostatic bath to maintain a constant temperature of 20 °C. The temperature was maintained 

constant because very small variations in temperature (as low as 0.3 °C) induce considerable 
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conductivity variation (Luxan et al., 1989). The conductivity loss over time was plotted, and 

the conductivity variation was calculated as a percentage. 

 

3.2.9 Direct measurement of pozzolanic activity with the Chappelle test 

 

The pozzolanic activity was directly quantified by measuring the amount of calcium hydroxide 

(portlandite-Ca(OH)2) fixed by the precursors (pozzolanic index) in accordance with the test 

methods in Gava and Prude, (2007); NBR 15895:2010. The test results were compared with 

other pozzolanic and cementitious materials previously studied. Solutions were fabricated with 

the precursors, and a blank test containing only CaO was also included. Sucrose was added to 

the solutions and stirred, and the resultant solution was titrated with 0.1 M hydrochloric (HCl). 

The portlandite content that was not consumed was determined by sucrose extraction and HCl 

titration. The HCl volume consumed in titration (V2) was noted, alongside the volume 

consumed by the blank test (V3). The pozzolanic activity index (I Ca (OH)2) or amount of 

portlandite (mg) fixed per gram of (bauxite /or RM), was calculated using Equation 3-2:  

 

𝐼𝐶𝑎(𝑂𝐻)2 =    
28  (𝑉3−𝑉2) 𝐹𝑐

𝑚2
   Equation 3-2 

 

Where: m2 is the mass of (bauxite /or RM) (g),  

V2 is HCl 0.1 M volume consumed by titration (ml),  

V3 is the HCl 0.1 M volume consumed in the blank test, 

Fc is a correction factor (Fc = 1.32 - for a HCl concentration of 0.1 M). 

 

3.3 METHODS FOR STUDYING THE AAMs 

 

3.3.1 Workability by Initial Flow: Water Demand of the Precursors  

 

The amount of water required for the precursor to provide suitable workability for handling 

and placing was measured with the initial flow diameter test using a flow table. The flow 

diameter was selected according to EN 1015-3:1999, and the water required for each of the 
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silicate materials to reach this flow is recorded. The water demand of the precursors is essential 

as it affects drying, setting and hardening and, if too high, it can cause shrinkage fracturing or 

strength loss by increased porosity. 

 

3.3.2 Setting times  

 

The setting times of AAM pastes were measured with the Vicat test EN 196-3:2016, which 

determines the stiffening rate of a paste by dropping a needle from a fixed height and measuring 

its penetration. The initial and final setting times are standard references which provide 

comparative data. 

 

3.3.3 Flexural strength (FC) 

 

Flexural strength tests were performed using the centre point loading method According to EN 

196-1:2016. The prisms (160 x 40 x 40 mm) were mounted on fixed supports with the 

longitudinal axis perpendicular to them when the load was applied. The flexural strength was 

determined using the following equation: 

 

𝑅𝑓 =
1.5 × 𝐹𝑓 ×𝑙

𝑏3                Equation 3-3 

 

where 

𝑅𝑓 = 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ, 𝑖𝑛 (𝑀𝑃𝑎); 

𝐹𝑓 =  is the load applied to the middle of the prism at fracture, in (N); 

𝑙 =  is the distance between the supports, in (mm). 

𝑏 =  is the distance between the supports, in (mm). 
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3.3.4 Compressive strength (CS) 

 

The compressive strength refers to the maximum, compressive, uniaxial, unconfined load per 

unit area that the material withstands before failure occurs. The compressive load is applied to 

the half prisms by loading the sides. EN 196-1 : 2016 was used to test this property. The 

compressive strength was determined using the following equation: 

 

𝑅𝑐 =
𝐹𝑐

1600
     Equation 3-4 

 

Where  

𝑅𝑐 =  is the compressive strength, in (MPa); 

𝐹𝑐 =  is the maximum load at fracture, in (N); 

1600 =  is the area of the platens (40 mm ×  40 mm), in (mm2).  

 

3.3.5 Porosity (P) 

 

The open porosity was measured according to RILEM recommendations (RILEM, 1980). The 

specimens were dried to constant mass (M1) and kept in a desiccator at low pressure (2667 Pa) 

for 24 hours. After that, the specimens were saturated with distilled water under vacuum for 24 

hours. Finally, the saturated samples were weighed and the hydrostatic mass (M2) and the 

weight at atmospheric pressure (M3) measured. The porosity (%) was determined using the 

following equation: 

𝑃 =
(𝑀3−𝑀1)

(𝑀3−𝑀2)
× 100    Equation 3-5 

 

Where; 

𝑀1 the dry mass (g),  

𝑀2 the hydrostatic mass (g),  

𝑀3 the saturated mass (g). 
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3.3.6 Bulk Density (BD) 

 

The bulk density is defined as the mass of a material divided by its bulk volume. The bulk 

density was measured using the same procedure as the porosity based on RILEM 

recommendations. The bulk density (kg/m3) is calculated using the following equation: 

 

𝐵𝐷 =
(𝑀1)

(𝑀3−𝑀2)
× 103    Equation 3-6 

 

Where; 

𝑀1 the dry mass (g),  

𝑀2 the hydrostatic mass (g),  

𝑀3 the saturated mass (g). 

 

3.3.7 Water absorption (WA) 

 

According to ASTM C642, the water absorption of a mortar is the ratio of the mass of water it 

can retain to its dry mass. The water absorption (WA %) was calculated according to the 

equation below: 

 

𝑊𝐴 =
(𝑀3−𝑀1)

(𝑀1)
× 100    Equation 3-7 

 

Where; 

𝑀1 the dry mass (g),  

𝑀3 the saturated mass (g), 
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3.3.8 Durability  

 

A material must show resilience under salt crystallization, wet-dry cycles and freeze-thaw 

cycles. The cycles were performed according to RILEM recommendations (RILEM, 1980). 

These tests aimed to assess the resistance of the materials to weathering agents and quantify 

the extent of damage caused. To this end, the variation in strength after cycling and 

macroscopic damage was evaluated, and the performances were compared with a standard 

CEM II mix. After each cycle, the condition of the specimens was recorded, and the results 

were reported in terms of weight loss (expressed as a percentage of the initial dry weight) and 

the number of cycles required to induce any failure (Pavia Santamaria & Bolton, 1997). 

Therefore, the durability was determined by measuring the strength loss, mass loss and 

macroscopic damage after cycling. 

 

3.3.8.1 Salt crystallization  

 

The specimens were immersed in a 14% sodium sulphate decahydrate (Na2SO4·10H2O) 

solution for 4 h. The density of this solution at 20◦C is 1055 kg/m3. They were then removed 

and left to dry in an oven pre-heated to 105 ◦C for a period of 15 hours and later left to cool to 

room temperature for 6 hours. Their masses were noted before recommencement of the soaking 

in the salt solution. Each material was subjected to 15 such cycles. At the end of cycle 15, the 

flexural and compressive strengths were tested and compared with the values reached by the 

unweathered material.  

 

3.3.8.2 Hygrothermal expansion (wet-dry cycles)  

 

Hygrothermal expansion can damage materials through differences in the drying shrinkage and 

coefficient of thermal expansion of binder and aggregates. All specimens went through 20 wet-

dry cycles. The specimens were immersed in water at a constant temperature of 20 ± 0.5 ◦C for 

a period of 16 hours. They were then placed in an oven pre-heated to 105 ◦C to dry for 6 hours. 

All specimens were subjected to 15 wet-dry cycles. At the end of cycle 15, the flexural and 

compressive strength were tested and compared with the values reached by the unweathered 

material. 
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3.3.8.3 Freeze-thaw  

 

The freeze-thaw resistance was evaluated with standard cycling. Frost action typically causes 

cracking and scaling as water absorbed by the materials expands on freezing. The specimens 

were immersed in water at a constant temperature of 20 ± 0.5 ◦C for a period of 6 hours. They 

were then removed from the water and placed in a freezer at a temperature of -20 ◦C for 15 

hours. All specimens were subjected to 15 freeze-thaw cycles. At the end of cycle 15, flexural 

and compressive strength were tested and compared. 

 

3.3.9 Microstructure by scanning electron microscopy (SEM) 

 

The microstructure of the materials, and the quality of their cementing hydrates, and other 

phases such as salt minerals which can affect material quality and durability, were assessed 

with a scanning electron microscope (SEM). The qualitative analyses focussed on the 

cementing phases, the general structure and porosity and the quality of the interfacial zone. 

Specimens sized approximately 1 cm3 were embedded in an epoxy resin and carbon-coated to 

provide observation surfaces of approximately 1.5 cm2. SEM micrographs and elemental 

chemical composition spectrums were acquired, using an SE2 detector. The elemental chemical 

composition spectrums of specific mineral phases and general areas in the matrix were acquired 

at 5- 20kV, with an energy dispersive X-ray microanalysis (EDXR) system with an Oxford 

INCA X Max detector. 

 

3.4 ANALYSIS AND OPTIMIZATION OF ALKALI-ACTIVATED BAUXITE 

MATERIALS USING DESIGN OF EXPERIMENT (DOE) SOFTWARE 

 

The design of experiment (DOE) is a useful statistical tool to simulate experimental results 

(Rafidah et al., 2014). It allows us to observe the interaction between the variables and the 

results. A minimum number of experiments can provide a maximum quantity and quality of 

information (Narayanan et al., 2007). The results allow to determine the effect of each factor 

(or design variable) over an output of interest or response (material property) (Alshalif et al., 

2021). 
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The DOE software was applied to the AA bauxite materials to optimize the mixes for superior 

strength and durability. 

To undertake the DOE analysis: first the response that we are interested in analyzing was 

determined followed by a list of factors that can affect the response, and the levels that we are 

interested in testing. 

The five responses or outputs of interest are flexural strength, compressive strength, porosity, 

bulk density and water absorption at 28 and 90 days.  

According with the experimental results in this research and the literature, 4 main factors (i-iv) 

affect these properties of AAMs, and three different levels (minimum, centre, maximum) were 

selected for each factor as follows: 

i. NaOH 8 M (minimum level),10 M (centre level) and 12 M (maximum level);  

ii. Na2SiO3/NaOH ratio = 1 (minimum level), 2 (centre level) and 3 (maximum level);  

iii. temperatures at 20 0C (minimum level), 40 0C (centre level) and 60 0C (max. level);  

iv. FA% and GGBS% at 0% (minimum level), 25% (centre level) and 50% (max. level). 

The Minitab 19 software was used to undertake the DOE analysis. It generates different 

statistical reports and plots that illustrate the effects of the factors (or variables) on the outputs 

(or properties). Therefore, it determines the optimum variables that enhance the properties. The 

Minitab contributes the following statistics: 

1- ANOVA (Analysis of Variance) is used to evaluate the fitness of the generated 

mathematical models of the five responses. The F-value is used to calculate the P-value, 

which determines whether the factors are statistically significant, and whether the 

factors are associated with the response. The higher the F-value, the more significant 

the factors' coefficients (Montgomery, 2017). The P-values refer to the variance. The 

final subset of variables was selected based on the P-value with a 95 % confidence level 

(Biglarijoo et al., 2017).  

2- The effective coefficient (R2) was used to assess the model's fit. The adjusted (R2) is 

the percentage of the variation in the response that is explained by the model. It is 

calculated as 1 minus the ratio of the mean square error (MSE) to the mean square total 

(MS Total) (LLC, 2005). 

3- The magnitude and significance of an effect can be determined using a Pareto chart. A 

reference line on the chart refers to the absolute value of the effects, and any effect that 
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extends beyond the vertical reference line is treated as statistically significant 

(Mathews, 2005; Arnold, 2006; Newton, 2014). 

4- The probability plot shows the normal distribution of the data when the points are 

relatively close to the fitted normal distribution line (the solid middle line of the graph 

and the points are not out of the other two red lines), and the P-value is greater than the 

significance level of 0.05 (LLC, 2005; Mathews, 2005; Arnold, 2006;Al-Shalif, 2020). 

5- The main effects and main interaction plots show the corresponding mean response 

values at each level of factors (Lesik, 2018).  

 

3.5 SUSTAINABILITY OF THE AAMs 

 

The embodied energy (EE) and the embodied carbon (ECO2) of some of the AAMs designed 

and produced were calculated to determine their environmental impact, and compared with 

traditional materials. Only the production stage is included in the calculations. Therefore, the 

life stages included in the EE and ECO2 calculations are the raw materials extraction, 

manufacturing and related transport, which in a LCA is equivalent to the cradle to gate system 

boundary. The scenarios for the production stage are usually defined in environmental product 

declarations (EPD's). However, no EPDs were found for some of the AAMs components. 

Therefore, some values are taken from the literature and others calculated with data provided 

by the producers (Table 3-2). 

 

Table 3-2 EE and ECO2 of the materials used to fabricate the AAMs found in the literature. 

 
Embodied Energy 

(MJ/kg) 

Embodied Carbon 

(kgCO2/kg) 
References 

PC (CEM II 

A/L) 
4.5 0.799 

(ICE, 2014) 

(Hammond and Jones, 2011) 

FA 
0.10 

0.10 

0.010 

0.008 

(Hepworth and Goulden, 2008) 

(ICE, 2014) 

(Hammond and Jones, 2011) 

(Adesina, 2020) 

GGBS 1.60 0.083 

(ICE, 2014) 

(Hammond and Jones, 2011) 

(Adesina, 2020) 

Bauxite 0.05 0.003-0.005 (Alelweet and Pavia, 2022) 

NaOH 3.50 0.632 (Thannimalay et al., 2013) 

Na2SiO3 4.60 0.430 
(Fawer, Concannon and Rieber, 1999) 

(Davidovits, 2015) 

Water 0 0 

(Jones, McCarthy and Newlands, 

2011) 

(Mathew et al., 2013) 

(Adesina, 2020) 

sand 0.081 0.0048 (Hammond and Jones, 2011) 
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The embodied energy was measured, as Mega-Joules (MJ) per unit area (m2) or per unit weight 

(kg or ton), according to (Anvekar et al., 2014). The embodied energy and carbon were 

calculated with equations 3.8 and 3.9 (Adesina, 2020).  

 

𝐸𝐸 = ∑ (𝐸𝐸𝑖
𝑛
𝑖=1 × 𝑚𝑖)   Equation 3-8 

 

𝐸𝐶𝑂2
= ∑ (𝐸𝐶𝑂2𝑖

𝑛
𝑖=1 × 𝑚𝑖)   Equation 3-9 

 

Where:  

EEi is the embodied energy of each material component (MJ/kg) 

𝐸𝐶𝑂2𝑖
 the embodied Carbon (kgCO2/kg) 

𝑚 the mass of each component.  

 

As aforementioned, some components were processed (milled or heated). According to (Kim, 

2014), ball milling is a grinding method of low environmental impact because it uses no 

chemical catalysts or any other substances. A ball mill of 200 watts power capacity was used 

for grinding the RM and bauxite. However, the oven capacity was used of 2000 watts with a 

max temperature of 220 0C.  The EE of the heating and calcination processes were calculated 

(Table 3-3) based on Equation (3-10-3-11) (Unklesbay et al., 1988): 

 

𝐸𝐸𝑜𝑣𝑒𝑛  (𝑀𝐽) = 𝐸 × 𝑃𝐹 × 3.6    Equation 3-10 

 

Where: 

E is the energy monitor readings (kWh),  

PF = power factor (0.80 for gas oven and for fan and lights, 1.00 for electric oven),  

3.6 = conversion factor (1 kWh = 3.6 MJ). 
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The E (kWh) value is calculated based on Equation 3-11.  

 

𝐸 (kWh) =
𝑃 ×𝑡

1000
                  Equation 3-11 

 

Where: 

P is the oven power (watts), 

t is the time (hours). 

 

The embodied energy of the grinding process 𝐸𝐸𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙  is calculated based on Equation 3-12  

(Petrakis and Komnitsas, 2022): 

 

𝐸𝐸𝑏𝑎𝑙𝑙 𝑚𝑖𝑙𝑙(𝑀𝐽) =
(𝑃×𝑡)

1000
 × 3.6   Equation 3-12 

 

Where:  

P is the power capacity of the ball mill (watts),  

t is the time (hours). 

 

Table 3-3 EE of the dry and calcined RM and bauxite. 
 T (°C) Time (h) *Power (w) E (kWh) EE (MJ) 

RM dry 105 24 954.55 22.90 82.43 

RM sintered 400 3 3636.36 10.91 39.27 

Bauxite dry 105 24 954.55 22.90 82.43 

Bauxite sintered 800 3 7272.73 21.82 78.54 

Bauxite calcination 60 24 545.45 13.08 47.09 

Bauxite calcination 40 24 363.64 8.71 31.36 

GGBS (G4-G6) calcination 60 24 545.45 13.08 47.09 

* 𝑃 (watts) = 𝑜𝑣𝑒𝑛 𝑝𝑜𝑤𝑒𝑟 ×
temperature required

maximum temperature of the oven 
, i.e., 𝑃RM dry (105 °C) = 2000 ×

105

220
=

954.55 𝑤𝑎𝑡𝑡𝑠. 
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4. CHARACTERIZATION OF PRECURSORS 
 

 

The chapter studies the physical properties and composition of the precursors. It measures their 

pozzolanic and hydraulic activity and their potential for use as binders in construction. It also 

studies the possibility of activation with thermal treatments. 

 

4.1 PARTICLE SIZE, DENSITY AND SPECIFIC SURFACE AREA 

 

It is well known and widely accepted that, in general, chemical reactivity increases at small 

particle sizes and high surface areas. Similarly, the alkaline activation of a precursor is usually 

enhanced at small particle sizes and high surface areas (Provis et al., 2014; Li and Wu 2005). 

The particle density has been related to the strength and porosity of the resultant AAMs. In 

general, high density, low porosity and a fine-grained microstructure contribute to enhancing 

strength (Steveson and Sagoe-Crentsil, 2005). 

According to the particle size parameters measured (Figure 4-1 and Table 4-1), the RM and 

GGBS are the finest with medians of c.3.80, and 11.67 microns respectively (the size of half 

of the particles is below these diameters). The RM is the finest (10% are under 0.40 microns) 

while the bauxite is the coarsest. However, the bauxite contains a much wider range of particle 

sizes than the GGBS whose particles are more consistent in size (90% under 31 microns).  

The bauxite has the highest specific surface area followed by the RM. The RM particles are the 

densest closely followed by the bauxite at 2.43 mg/m3. The GGBS particles are the lightest 

(1.80). 

The bauxite’s surface area is much greater than any of the other precursors due to the presence 

of abundant minerals with layered structures. The high specific surface area should enhance 

the rate and intensity of the alkali activation reaction.  

The raw, unmilled bauxite, despite being coarser that typical pozzolanic and cementing 

materials (90% of the particles are smaller than 464 μm and only 10% are under 1.22 μm), it 

has the greatest specific surface area, superior to commercial PC (CEM II) and other pozzolanic 
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and cementing materials such as FA and GGBS. The high SSA of the bauxite is due to the 

layered atomic structures of its main components (gibbsite, kaolinite and boehmite). The 

grounded bauxite is much finer, as 90% of its particles are under 116 μm, 50% under 21.6 μm 

and 10% under 0.96 μm. 
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Figure 4-1 Particle size distribution of the silicate precursors by laser grading. 

Table 4-1 Specific surface are (SSA), particle size and density of the precursors compared 

with CEM II A-L 32,5N (6-12% limestone and 5% minor addition). 

 
 (SSA) 

m2/g 

 (SSA) 

m2/kg 

particle 

density 

mg/m3 

particle size rating 

mean 

μm 

D90 

μm 

D50 

μm 

D10 

μm 

Finest 

on top 

SSA-

greatest on 

top 

Bauxite 

raw 
17.92 17920 

2.43 

0.10 to 3000 

RM bauxite 
300 463.94 74.1 1.22 

Bauxite 

grounded 

32 

 
32000 

0.01 to 2080 

40.9 116 21.6 0.96 

FA 6.50 6500 2.28 
0.20 to 650 

GGBS RM 
15 100.63 14.96 1.95 

GGBS 1.95 1950 1.80 
0.25 to 75 

FA FA 
18 31.62 11.67 2.35 

RM 9.35 9357 2.94 
0.01 to 516 

bauxite GGBS 
33.6 8.42 3.80 0.40 

CEM II 1.88 1880 - - - CEM II 
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4.2 WORKABILITY AND LOSS OF IGNITION (LOI) 

 

Workability is an essential criterion that must be taken into consideration in the design of 

AAMs (Heah et al., 2012; Liew et al., 2012, Liew et al. 2016). It is well known that the water 

requirement is influenced by the fine particle fraction and the carbon content which binds water 

lowering workability and increasing water demand (Hewlett 1988). It is also well known that 

a high LOI (carbon content) obstructs chemical reactions such as pozzolanic reaction, 

hydration, and alkali activation, adversely affecting reactivity, and that it can disturb strength 

development and enhance fracturing, which can in turn accelerate carbonation, chemical attack 

and the corrosion of steel reinforcement ( Hewlett 1988; Chindaprasirt et al., 2008).  

As FA and GGBS have been used in blended cements for decades, the influence of carbon in 

their reactivity has been previously studied. Ha et al. (2005) indicate that FA containing 8% 

unburned carbon can accelerate the corrosion of steel reinforcement. Previous authors have 

found carbon to adversely affect the compressive strength of AAMs  (Lee et al., 2010). The 

carbon particles absorb the activator solution, thus obtaining a workable mixture requires a 

volume of activator solution far beyond what is necessary to activate the source material. This 

can result in unreacted and partially reacted precursor particles, leading to lower compressive 

strength, which can accelerate carbonation, chemical attack and the corrosion of embedded 

steel reinforcement (Fernandez-Jimenez and Palomo, 2003; Diaz et al., 2010). 

All of the precursors have low carbon contents (0.30-5.04%). The small LOI of the bauxite 

(Table 4-2) was expected due to the typical lack of organic matter and carbonates of deposits 

of lateritic bauxite overlying aluminosilicate rocks. The LOI of the Saudi RM is slightly higher, 

either comparable or lower to others worldwide (Table 4-2 ). The LOI indicates the presence 

of carbonates in the RM, due to the lime used (twice) during the aluminium refining (Bayern) 

process.  

As shown in Table 4-2, the GGBS and RM show the worst workability (highest water demand 

at 36 and 35% respectively, followed by the bauxite (30%). The water demand of the GGBS is 

likely due to its fineness and the hydraulic nature of some of its components (calcium silicates) 

binding water molecules as they hydrate. While in the RM, the water demand is enhanced by 

its carbon content (5% - Table 4-2). It was expected that the bauxite and RM would present a 

high-water demand due to the nature of their layered minerals.  However, despite their water 

demand, polymers made with precursors of layered minerals such as metakaolin, can exhibit 
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comparable or superior mechanical properties to PC (Davidovits, 1991). 

The FA displays the best workability (lowest water demand at 15%), probably assisted by the 

spherical shape of its particles. It was expected that the FA would enhance workability due to 

the characteristic shape of its particles. According to previous authors, FA-based AA materials 

are of particular interest as they can display superior workability with less water than other 

precursors such as metakaolin which may result in improved mechanical properties (Keyte, 

2009). 

The LOI values indicate that the GGBS contains neither organic matter nor carbonates. 

According to  EN 15167-1: 2006, the maximum carbon allowed for GGBS is ≤ 3 %. Therefore, 

the GGBS meets the standards - the carbon content is 0.41%. The negative value at 1000 0C 

indicates that the GGBS absorbed some moisture during testing. In addition, The slag had a 

superior low carbon content because it was formed on top of molten steel at high temperatures 

(1500–1600 °C), which led to the evaporation of most of its moisture and impurities (organic 

compounds, sulphate, and carbonate) (Ter et al., 2016). 

According to the LOI results, the residue of unburnt carbon of FA is 1.67% (Table 4-2) which 

conforms with the category of European standard EN450-1 and AST C618. 

 

Table 4-2 Water demand to reach a given initial flow diameter and LOI. 

 water 

(%) 

Flow diameter (mm) 

(EN 1015-3) 

LOI (%) 

450 oC 1000 oC 

RM 35 170 5.04 11.51 

Bauxite 30 170 0.30 1.10 

FA 15 170 1.67 4.92 

GGBS 36 170 0.41 -0.77 

CEM II 24 173 - - 

 

Table 4-3 LOI of the Saudi RM compared with others previously studied. 

Country Reference LOI (%) 

Belgium (Singh, Aswath and Ranganath, 2018) 10.20 

France (Toniolo, 2019) 10.77 

Canada (Hairi et al., 2015) 10.51 

China (Gong and Yang, 2000) 17.42 

Minas Gerais (Manfroi et al., 2014) 13.00 

China (Liu et al., 2011a) 20.07 

Korea (Choo et al., 2016) 9.10 

China (Ye et al., 2017) 13.74 
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The LOI for the Irish FA is to either be comparable or lower than others previously studied and 

satisfies the requirements of ASTM C618:2014 (Table 4-4). However, the FA obtained from 

different coal-fired power plants often has very different LOI values, which could be attributed 

to the source of coal and the combustion processes used in power plant boilers to burn 

pulverized coal (Hurt and Gibbins, 1995; Pedersen et al., 2010). 

 

Table 4-4 LOI of FA from different coal-fired power plants 

Country Reference LOI (%) 

USA ASTM C618 < 6 

Vietnam (Ngo et al., 2018) 15.8 

Taiwan (Chen et al., 2019) 5-8 

North American (Velandia et al., 2016) 12 

Slovakia (Sisol, Drabová and Mosej, 2014) 10 

Japanese (Sagawa et al., 2015) 9 

Taiwan (Huang et al., 2013) 5-8 

 

4.3 COMPOSITION AND REACTIVITY OF THE GGBS 

 

4.3.1 Chemical composition 

 

The amorphousness and the basicity of the slags impact reactivity. The basicity of the slag in 

this study is slightly greater than in other slags previously reported (Table 4-7).  The chemical 

composition (Table 4-5) evidence that the GGBS has a basicity (CaO+ MgO / SiO2) of 1.56, 

hence it is basic (>1).  

The more basic the slag the greater its hydraulic activity in the presence of alkali activators 

(Moranville-Regourd, 1998). In general, glassy slags with CaO/SiO2 ratios between 0.50 and 

2.0, and Al2O3/SiO2 ratios between 0.1 and 0.6 are considered suitable for alkali-activation 

(Provis et al., 2014). The ratios in the slag investigated are 1.41 and 0.34 respectively, 

therefore suitable for alkali activation. In addition, the slag complies with the standard 

chemical requirements for the use of slags in concretes mortars and grouts EN 15167-1:2006 

(Table 4-6). 
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Table 4-5 Chemical composition as a percentage by weight. a same GGBS analysed by 

(Walker and Pavía, 2010). 

 

SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO P2O5 SO3 Cl TiO2 MnO 
LOI % 

450 oC 1000 oC 

GGBS 31.71 10.83 44.9 0.51 0.03 0.71 7.50 0.42 2.08 0.03 0.95 0.17 0.41 -0.77 

GGBSa 34.14 13.85 39.27 0.41 0 0.26 8.63 - 2.43 - 0.54 0.25 - - 

Mean 32 12 42 0.45 0.03 0.5 8 0.42 2.2 0.03 0.75 0.20 - - 

 

Table 4-6 Compliance of the GGBS with chemical standard requirements. 

 
SO3 - S

2- 

(%) 

MgO 

(%) 

Cl- 

(%) 

LOI 

(%) 

Fineness 

(m2/kg) 

EN 15167-1: GGBS requirements for use 

in concretes, mortars and grouts 
≤ 2-2.5 ≤ 18 ≤ 0.10 ≤ 3 ≥275 

GGBS 2.2 8 0.03 0.41 1950 

 

Table 4-7 Chemical composition of the slag investigated compared with others in the 

literature. 
 

(Collins and 

Sanjayan, 

2001, 2001) 

(Puertas et 

al., 2002; 

Pavía and 

Condren, 

2008) 

(Altan and 

Erdoğan, 

2012) 

(Bakharev et 

al., 1999; 

Bakharev et 

al., 2002) 

(San 

Nicolas 

et al., 

2014) 

(Qureshi 

and 

Ghosh, 

2014) 

slag 

investigated, 

Ringsend 

IRELAND 

SiO2 35.04 35.5 39.9 35.04 33.7 32.5 32 

Al2O3 13.91 12.15 11.13 13.91 12.8 18.5 12 

CaO 39.43 41.45 34.56 39.43 45.4 33.5 42 

MgO 6.13 8.34 9.37 6.13 1.00 8 8 

Fe2O3 0.29 1.01 0.26 0.29 1.00 0.4 0.45 

Na2O 0.34 0.58 0.35 0.34 0.10 0.7 0.03 

K2O 0.39 0.64 1.18 0.39 - 0.4 0.50 

P2O5 <0.10 - - <0.10 - - 0.42 

SO3 - 2.47 0.09 - - 0.50 2.20 

TiO2 0.42 - - 0.42 0.50 1.01 0.75 

MnO 0.43 - - 0.43 - 0.55 0.20 

 

4.3.2 Mineral composition and amorphousness 

 

The mineralogy of the precursor, mainly its amorphous or vitreous phase content determines 

the formation of alkaline cements which, in slags, are mainly C-A-S-H gels that define the 

mechanical strength and durability of the resultant materials. The X-Ray diffraction pattern 
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(Figure 4-2) shows that the GGBS is largely amorphous with no crystalline phases evident. 

Therefore, the silica and alumina in the slag are reactive. 

 

 

 

Figure 4-2 XRD trace of the slag with no crystalline phases and a marked halo which 

indicates that the slag is highly amorphous. 

 

4.3.3 Devitrification 

 

The thermal treatment caused phase transformation. According to the results, the 

transformation of the amorphous phases into crystals begins at c. 500°C. The glassy nature 

of the unheated slag is evidenced in the extended halo (Figure 4-2). At 500°C, the GGBS is 

still mostly glass, but a small amount of crystalline merwinite Ca3Mg (SiO4)2 has begun to 

form (Figure 4-3). At 800°C (Figure 4-4) there is a significant crystalline fraction: the amount 

of merwinite has increased and significant gehlenite Ca2Al [AlSiO7] has formed. At 1000 °C, 

the GGBS is crystalline (Figure 4-5). The new crystalline phases are a representation of the 

amorphous phases and include merwinite Ca3Mg (SiO4)2 and gehlenite Ca2Al [AlSiO7]. 

Merwinite begins to appear at 500°C and it is abundant at 800°C, however over this 

temperature, it is no longer stable and transforms into gehlenite and, at 1000°C, it has 

completely disappeared (Figure 4-5). This mineral composition agrees with the literature 

(Moranville-Regourd, 1998). 
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Figure 4-3 XRD trace of the slag at 500°C, the halo indicates that the slag is highly 

amorphous but a small amount of crystalline merwinite Ca3Mg(SiO4)2 has begun to form. 

 

 

Figure 4-4  XRD trace of the slag at 800°C, the amount of merwinite has increased and 

gehlenite Ca2Al [AlSiO7] begins to form. 

 

 

Figure 4-5 At 1000°C, the GGBS is completely devitrified, only gehlenite is stable, and 

merwinite has transformed into crystalline gehlenite. 

 

The glass content of the GGBS at increasing temperature was calculated, as a percentage, 

based on the background area determined by the lifting of the difractogram’s baseline 

between 15 and 35 (2Ɵ) which indicates the presence of amorphous materials (Table 4-8). 

The relative amounts of the crystalline phases were calculated using the relative intensities 

of their main reflexions: merwinite: 2Ѳ=33.38 with d-spacing= 2.68; and gehlenite: 

2Ѳ=31.20 with d-spacing= 2.85 Å. 
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Table 4-8 Mineral composition and amorphousness of the GGBS. (*) calculated using the 

intensities of main reflexions: merwinite: 2Ѳ=33.38 / d-spacing= 2.68; gehlenite: 2Ѳ=31.20 / 

d-spacing= 2.85 Å. 

 

Material % Glass % Crystalline Mineral composition 

GGBS 0°C >90 <7 Glass. No crystals recorded. 

GGBS 500°C 80-85 >7 Glass + traces of crystalline phases. 

GGBS 800°C c.11 
50* Merwinite Ca3 Mg (Si O4)2 

Gehlenite Na0.05 Ca1.96 Mg0.24 Fe0.12 Al1.25 Si1.39 O7 

 
38* 

GGBS 1000°C <7 >90 Gehlenite Na0.05 Ca1.96 Mg0.24 Fe0.12 Al1.25 Si1.39 O7 

 

4.3.4 Thermal analyses 

 

The DSC (Figure 4-6) indicates thermal events (crystallization, dehydroxilation, 

combustion), as exothermic or endothermic peaks while TGA shows the weight loss over the 

temperature range. According to the DSC results, the GGBS releases heat up to 

approximately 500°C (a progressive exothermic DSC curve can be observed between 0 and 

c.500°C). The devitrification test demonstrates that, during this heat evolution, only a small 

amount of crystals appear and no major changes occur in the GGBS which remains 

amorphous (Figure 4-2 - Figure 4-3 and Table 4-8). After 500°C, the DSC curve becomes 

endothermic, and the GGBS keeps absorbing heat until it reaches c. 800°C. Endothermic 

peaks are usually associated with a decomposition reaction. The devitrification test proves 

that the steady heat absorbed between 500 and 800°C is due to the decomposition of most of 

the glass to form crystalline merwinite and gehlenite (Figure 4-4 and Table 4-8). There is a 

direct correspondence between the results of the devitrification test and the DSC events. 

Therefore, as indicated by the phase evolution on devitrification, the marked exothermic peak 

at 850°C corresponds to the transformation of merwinite into gehlenite, while the steady 

endothermic branch that follows (up to 1000°C) corresponds to the decomposition of the 

remining glass into crystalline gehlenite (Figure 4-5 and Table 4-8). The main events agree 

with (Moranville-Regourd, 1998) who identified main endothermic peaks at 800°C and 

1000°C, and attribute this to the devitrification of the mineral phases in the GGBS. When 

compared with the heat evolution in other GGBS (Sha and Pereira, 2001), the crystallization 
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reactions are more progressive and steady, taking place over a longer temperature range 

rather than suddenly at a specific temperature. 

 

 

Figure 4-6 TGA / DSC analysis of the GGBS. 

 

The TGA measures changes in mass such as dehydration, decarbonation or oxidation. The 

mass of the GGBS remains nearly constant up to 1000°C, with a slight mass loss (1%) and a 

final slight mass increase. This indicates that the GGBS does not include either constitutional 

water or organic carbon or carbonates, supporting the LOI results (Table 4-5) and the 

chemical and mineralogical analyses (Table 4-5 and Table 4-8). After reaching 850°C, the 

GGBS gains a slight mass. The devitrification experiment indicates that this is probably due 

to the conversion of merwinite Ca3Mg (SiO4)2 into denser gehlenite Ca2Al [AlSiO7] (Table 

4-8).  

 

4.4 COMPOSITION AND REACTIVITY OF THE FA 

 

4.4.1 Chemical composition 

 

As it can be seen from above, the FA is ultrafine, significantly finer than limestone cement 

(CEM II). The mean particle size is 15 microns, and 90% of the particles are smaller than 100 

microns. The high specific surface area of the particles, at 6500 m2/kg, lies above the typical 

values reported in the literature, agreeing with the grading range and suggesting that some of 
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the particles might be porous. Also as seen above, the density of the FA particles is high, at the 

high end of the common FA densities reported by previous authors which vary between 1900 

to 2800 kg/m3 (Minnick et al., 1971).  

As expected, the silica and alumina contents are high (Table 4-10). In contrast, the calcium 

content is low (c.3%) and 𝛴 𝑆𝑖𝑂2 +  𝐴𝑙2𝑂3 + 𝐹𝑒2𝑂3 > 70% by mass (Table 4-11). According 

to this chemical composition, the FA belongs to Class F in the ASTM C618  standard. 

Therefore, the FA is pozzolanic, it has very little or no cementitious properties, and its 

pozzolanic reactivity is mainly determined by the characteristics of the aluminosilicate glass 

and the fineness of the particles.  

The FA composition, especially the iron and carbon contents, cause differences in density 

(Minnick et al., 1971). Therefore, the significant iron content (Table 4-10) evidenced by XRF, 

coupled to the low carbon content recorded by calcination (LOI= 1.67%) are partially 

responsible for the high density of the FA particles. The nature of the cooling process may have 

also enhanced density, as internal voids in the ash particles are mainly produced during cooling.  

The FA investigated meets the European standard chemical requirements for the use of FA in 

concrete, mortar and grout (Table 4-11). According to the LOI results, the residue of unburnt 

carbon is 1.67% (Table 4-10) which classifies the FA in the category A ash of the European 

standard EN 196-2: 2013 with unburnt carbon not greater than 5% by mass of ash (Table 4-

11).  

Table 4-9 Specific surface area and particle size distribution of the FA. 

 

Specific surface area 
Particle density mg/m3 

Particle size range & dominance 

(m2/kg) (m2/g) Mean μm D90 μm D50 μm D10 μm 

FA 6500 6.50 2.28 
0.20 to 650 

15 100.63 14.96 1.95 

CEM II 1880 1.88  - 

 

Table 4-10 Chemical composition as percentage by weight and LOI. * same FA analysed by 

(Walker and Pavía, 2011). 

 SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO 

FA 53.40 21.18 4.14 9.99 0.70 3.24 1.86 

FA* 65.32 24.72 0.94 4.84 - 1.37 0.68 

 P2O5 SO3 Cl- TiO2 MnO 
LOI % 

450°C 1000°C 

FA 0.84 2.67 0.04 1.35 0.07 1.67 4.92 

FA* 0.37 0.37 - 0.91 - - - 



68 
 

Table 4-11 Compliance of the FA with the chemical requirements in the European standard 

EN 450-1: FA requirements for use in concrete, mortar and grout EN 450-1, 2012. All results 

as % by mass of ash. 

 

SiO2 + Al2O3 

+ Fe2O3 

(% by mass) 

SO3 

(%) 

MgO 

(%) 

Cl- 

(%) 

LOI 

(%) 

Total 

alkalis 

(%) 

Total 

phosphate 

(%) 

FA requirements in 

EN 450-1 
≥ 70 ≤ 3 ≤ 4 ≤0.10 

< 5 = Class A-

EN196-2 
<5.5 <5.5 

FA 89 1.4 1.0 0.04 4.92 2.4 0.5 

 

4.4.2 Mineral composition and amorphousness 

 

As aforementioned, the reactivity of FA or any other material with cementitious or pozzolanic 

properties is largely determined by the amount of reactive silica and alumina in the material. 

The chemical analysis demonstrated that total silica and alumina in the FA are high (59% and 

23% respectively- Table 4-10). However, it is necessary to measure how much of this material 

is amorphous (or reactive), as crystalline phases are essentially considered inert. To this aim, 

the mineral composition and glass content of the FA were investigated with XRD. 

Previous studies have reported 316 individual minerals and 188 mineral groups as present in 

FA (Xu and Shi, 2018). Previous authors report that the most abundant phase in FAs is usually 

glass, while crystalline compounds account for 5-50% and include quartz, mullite, hematite, 

spinel, magnetite, melilite, gehlenite, kalsilite, calcium sulphate, alkali sulphate (Hemmings 

and Berry, 1987). 

The XRD analysis evidenced that there is significant glass in the FA (Figure 4-7). A broad 

diffraction halo, which is attributed to the glassy phase, appears on the XRD traces. The glass 

content of the FA was roughly calculated as 40-60% based on the background area determined 

by the lifting of the difractogram’s baseline between 15 and 35 degrees (2Ɵ) (Figure 4-7), 

which indicates the presence of amorphous materials. Small amounts of quartz (SiO2) and 

mullite (2Al2O3. 2SiO2) were also determined with XRD, agreeing with Walker and Pavia [16] 

which, in a previous study, note the same FA as featuring intermediate amorphousness and 

quartz and mullite peaks. The lack of sulphates and calcium silicates in the Moneypoint FA is 

due to the composition of the sub-bituminuos coal used in the power station (low in sulphur) 

and the low calcium content in the coal and the processing method.  
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The results (Figure 4-7), also concur with former literature reporting quartz and mullite (3–24 

wt%) as the two major crystalline phases in low-Ca (CaO< 8%) FA, and a content of crystalline 

minerals is in the 11–48 wt% range (Velandia et al., 2016; Xu and Shi, 2018). 

 

 
 

Figure 4-7 XRD trace of the FA with significant amorphous material and some crystalline 

phases including quartz (SiO2) and a small amount of mullite (2Al2O3. 2SiO2). 

 

4.4.3 Devitrification 

 

To produce power at the Moneypoint station, the sub-bituminous coal is burned at 1000 – 

1150°C.  At this temperature range, mullite is formed from the clay minerals in the coal: the 

dehydroxylation of the clay minerals is followed by reconstitution with nucleation and growth 

of mullite. Clay minerals usually decompose at temperatures from 550-800°C (although in non-

carbonate materials they can stand higher temperatures) and mullite begins to form at 1100 °C 

(Grapes, 2006). The coal firing temperature agrees with the presence of mullite in the ash. 

In order to determine the mineral composition of the glass comprising the FA, several 

specimens were devitrified at 500, 800 and 1000°C. The results appear in Figure 4-8 to Figure 

4-10 and Table 4-12. According to these results, at 500°C, most of the glass has become 

crystalline however, some glass still remains even at 1000°C.  

 

 

2 Theta 

C
o

u
n

ts
 

10 

 

20 

 

30 

 

40 

 

50 

 

60 

 

70 

 

0 
10 

 

20 

 

30 

 

40 

 

50 

 

60 

 

70 

 

80 

 

90 

 

Quartz 



70 
 

 

Figure 4-8 XRD trace of the FA at 500°C, there is still a background halo that indicates the 

presence of some amorphous material. The reflexions for the crystalline quartz and mulllite 

are clearer and the amount of mullite has increased. 

 

 

Figure 4-9 XRD trace of the FA at 800°C, no apparent difference exists between the traces of 

the FA at 500 and 800 degrees. 

 

 

Figure 4-10 At 1000°C, the FA is still slightly amorphous, the amounts of mullite (2Al2O3. 2 

SiO2) and hematite (Fe2O3) are significant. It is likely that a small quantity of tricalcium 

aluminate (Ca3Al2O6) and some alkali sulphate (at d-spacing=3.20) have appeared 

 

The glass content of the FA was loosely calculated as a percentage based on the background 

area determined by the lifting of the difractogram’s baseline between 15 and 35 degrees (2Ɵ) 

in Figure 4-7 to Figure 4-10, which indicates the presence of amorphous materials. The results 

were compared to a reference slag sample that was also devitrified. According to the results, 
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approximately half of the mass of the FA is amorphous therefore, a significant fraction of the 

total silica as well as most of the alumina are reactive.  

 

Table 4-12 Mineral composition and amorphousness of the FA. 

Material % Glass  % Crystalline fraction Mineral composition 

FA 0°C 40-60 60-40 
1 glass  

2 quartz (SiO2)  

3 mullite (2Al2O3. 2 SiO2) 

FA500°C 10-30 70-90 
4 quartz (SiO2)  

1. mullite (2Al2O3. 2 SiO2) 

2. glass 

FA 800°C 10-30 70-90 
5 quartz (SiO2)  

3. mullite (2Al2O3. 2 SiO2) 

1. glass 

FA 1000°C 10-30 70-90 

6 quartz (SiO2)  

2. mullite (2Al2O3. 2 SiO2) 

5. hematite (Fe2O3) 

6. possible tricalcium aluminate 

(Ca3Al2O6) and alkali sulphate 

7. glass 

 

4.4.4 Thermal analyses 

 

The FA was studied with differential scanning calorimetry (DSC) and thermal gravimetric 

analysis (TGA) (Figure 4-11). The TGA analysis shows the weight loss over a temperature 

ranging from 0 - 1000°C, while the DSC displays thermal events such as crystallization, 

dihydroxylation, or combustion either as exothermic or as endothermic peaks. As can be seen 

form Figure 4-11, the FA progressively loses mass with increasing temperature: the mass of 

the FA drops suddenly and significantly between 1°C and 90°C, and then remains relatively 

stable until the temperature reaches approximately 500°C. At this point, there is a slight and 

gradual drop in mass (between 500 and 750 °C). The first sudden mass loss is likely due to 

dehydration, while the second gradual loss at c. 500°C is due to the evolution of organic carbon, 

agreeing with the LOI at 450°C which amounts to 1.67%. The slight steady mass loss at high 

temperature might be partly caused by the evolution of carbonates as CO2, agreeing with the 

4.92% LOI result at 1000°C. 
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Figure 4-11 Results of the TGA and DSC of the FA. 

 

In the differential scanning calorimetry (DSC) curve (Figure 4-11), the mass loss coincides 

with a marked endothermic peak just before 100°C, likely due to the ash absorbing heat in 

order to fully dehydrate. 

There is also a broad exothermic area between roughly 100 and 600°C, after which the ash 

begins to absorb heat again and the DSC curve becomes markedly endothermic indicating the 

crystallization of the amorphous phase. According to the devitrification experiment above, the 

steady heat released between 600 and 1000°C is due to the progressive crystallization of mullite 

(2Al2O3. 2 SiO2) and some hematite (Fe2O3). 

 

4.4.5 Reactivity by electrical conductivity  

 

The conductivity tests demonstrated that the FA reacts with lime, leading to a gradual decrease 

in electrical conductivity over time, hence showing reactivity (Figure 4-12). The initial 

conductivity was 3.07 ms/cm and the conductivity loss 20.19% over the time of the experiment. 

The steep slope at stage I (3 to 6 hours), where the conductivity increased, is likely due to a 

lack of seal in the suspension flask, allowing evaporation and carbonation to take place. Phase 

II shows a slight drop in conductivity suggesting that, initially (up to approximately 20 hours), 

the FA combines lime at a slow rate, and hence there is marginal reactivity. However, at stages 

III and IV, there is an increase on the reaction rate, and the FA combines a greater amount of 

lime producing steep curves. The results are in agreement, with previous authors who 

evidenced the typical low speed of the pozzolanic reaction (Massazza, 1998). 
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Figure 4-12 Electrical conductivity of the lime/FA suspension over time. 

 

4.4.6 Conclusion 

 

The results of the physical, chemical and mineralogical analyses concur on that the FA is 

reactive. It is ultrafine, it has a high specific surface area and is partially glassy. Furthermore, 

a substantial part of the total silica and alumina comprising the FA is amorphous, hence reactive 

and likely to form cements upon alkali activation. In addition, the reactivity with lime -

Ca(OH)2-, a low alkalinity activator is evident, for that reason the reactivity of the FA with any 

of the stronger alkalis generally used for alkali activation it is likely to be faster and greater. 

Also, the FA is clearly pozzolanic, as the silica and alumina contents (> 70% by mass) 

complying with ASTM C 618 standard class F (ASTM C618 : 2014). The FA also complies 

with the chemical requirements in the European standards for the use of FA in concretes, 

mortars and grouts. The low unburnt carbon content is likely to enhance workability even with 

the most viscous alkali activators. 

Combining all the results in this research (physical properties, chemistry and 

mineralogy/amorphousness), it can be concluded that the FA is suitable for alkali activation. 

The FA meets the requirements set by (Garcia-Lodeiro et al., 2015) for a FA to be suitable for 

the production of AA cements (Table 4-13). 
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Table 4-13 Evaluation of the FA investigated against the requirements for a FA to be deemed 

suitable for the production of AA cements in (Garcia-Lodeiro et al., 2015). 

Properties FA 
Requirements in (Garcia-Lodeiro 

et al., 2015) 

Unburned C 1.7% <5% 

Fe2O3 4.8% ≤ 10% 

CaO 1-4% ≤ 10% 

Vitreous phase content 40-60% >50% 

SiO2 reactive Total SiO2= 65% - includes a significant 

reactive fraction. 

>40% 

SiO2 (reactive)/Al2O3 

(reactive) 

2.56 >1.5 

Particle size 50% <15 μm; 90% <100 μm 80-90% <45 μm 

 

4.5 COMPOSITION AND REACTIVITY OF THE BAUXITE 

 

4.5.1 Physical properties of the bauxite 

 

The specific surface area (SSA) measured with BET, laser grading, particle density and loss on 

ignition are included in Table 4-14. The properties are compared with those of other pozzolanic 

and cementitious materials such as GGBS, FA and Portland cement (CEM II).  As it can be 

seen from the results (Table 4-14), the bauxite consists of dense particles of extremely high 

SSA, and the organic matter content is insignificant. As aforementioned, the bauxite was 

studied both raw and grounded in a digital ball mill with 20mm Ø stainless steel balls, and the 

grounded bauxite was calcined and tested. 

In the case of the raw, unmilled bauxite, despite being coarser that typical pozzolanic and 

cementing materials (90% of the particles are smaller than 464 micrometers and only 10% are 

under 1.22 microns), the raw bauxite particles have a high specific surface area, superior to 

commercial PC (CEM II) and other pozzolanic and cementing materials such as FA (fly ash) 

and GGBS (ground granulated blast-furnace slag). The high SSA of the bauxite, even raw 

(unmilled), is due to the layered atomic structures of the bauxite’s main components (gibbsite, 

kaolinite and boehmite). The grounded bauxite is much finer, as 90% of its particles are under 

116 μm, 50% under 21.6 μm and 10% under 0.96 μm. 
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Table 4-14 Specific surface area of the raw and grounded bauxite compared with other 

pozzolanic and cementitious materials. (*) grounded. 

 

Specific 

surface area 

(SSA) m2/g 

Particle 

density 

mg/m3 

Particle size distribution LOI % 

D90 μm D50 μm 
D10 

μm 
450 °C 1000 °C 

Bauxite 17.92 2.43 463.94 74.10 1.22 0.30   1.10 

Bauxite (*) 32.00 2.43 116.00 21.60 0.96 0.30   1.10 

RM 9.35 2.94     8.42   3.80 0.40 5.04 11.51 

GGBS 1.95 1.80   31.62 11.67 2.35 0.41  -0.77 

FA 6.50 2.28 100.63 14.96 1.95 1.67   4.92 

CEM II 1.88 -   82.58 24.90 2.56 - - 

 

Heating significantly increases the SSA of the bauxite particles even at low temperature: at 

300°C the SSA has increased by over 60%, due to the dihydroxylation of the layered atomic 

structures of the constituent particles. Thermal treatments of clay mineral structures cause 

dihydroxylation leading to the complete destruction of the structure with increasing 

temperature (Bergaya et al 2006). The results indicate that, at a certain point after reaching 800 

oC, SSA lowers because the bauxite particles begin to significantly agglomerate. 

The specific surface area of the bauxite particles increases with increasing calcination 

temperature up to 700°C and then lowers (Table 4-15). The bauxite displays the maximum 

SSA when calcined between 300 and 700°C. However, the SSA is also high at 800°C, showing 

a similar value. Therefore, the thermal treatment of the bauxite increases the surface available 

for reaction at least up to 700°C. A similar trend was obtained when sintering the red mud 

residue of this bauxite (Alelweet et al., 2021). Other authors have also found similar trends in 

other bauxites. Vieira Coelho et al. (2002) observed the maximum specific surface area for a 

bauxite calcined between 300 and 400°C. 

 

Table 4-15 Effect of increasing temperature on the specific surface area of the grounded 

bauxites. 

Material SSA (m2/g) 

Bauxite 300 oC  81.81 

Bauxite 550 oC 82.26 

Bauxite 700 oC  82.53 

Bauxite 800 oC 80.00 

Bauxite 900 oC 67.00 

Bauxite 1000 oC  40.38 
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4.5.2 Chemical and mineral composition of the bauxite 

 

According to the XRF analyses (Table 4-16), aluminium is the most abundant element in the 

bauxite followed by silicon. Iron and titanium follow in much lower amounts. The rest of the 

elements are marginal except for the calcium and sulphur (2%). The variability in the XRF 

results reflects the extent of the outcrops and the timing of the analyses being wide apart. 

  

Table 4-16 Chemical composition analysed by X-ray fluorescence (XRF) expressed as % wt. 

(*)- Arithmetic mean of the bauxite samples analysed 1 and the analyses provided by the 

producer 2. RM-Red Mud residue. ** (Alelweet et al., 2021).  

 SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO P2O5 SO3 Cl - TiO2 MnO 

Bauxite1 26.82 54.30 2.48 6.01 0.008 0.23 0.00 0.59 2.89 0.25 5.62 0.01 

Bauxite2 14.85 52.53 1.15 4.00 0.19 0.06 0.13 0.13 1.57 - 4.78 <0.01 

Bauxite (*) 21.00 53.00 2.00 5.00 0.10 0.10 0.06 0.40 2.00 0.25 5.00 0.01 

RM (**) 19.66 29.79 5.09 12.97 24.05 0.09 0.40 0.29 1.65 0.32 5.12 0.02 

 

The mineralogical composition of the bauxite is included in Figure 4-13 and summarised in 

Table 4-17. The XRD trace indicates high crystallinity, presenting clear and intense reflections 

for the main phases which include gibbsite, kaolinite and boehmite. The relative intensities of 

their main reflections suggest that the amount of gibbsite is close to the amount of kaolinite, 

and that the amount of boehmite is at least 50% lower. According to the XRD results, kaolinite, 

boehmite and gibbsite are major phases (40-15%) while goethite, gypsum, rutile/anatase and 

calcite are minor components (15-7%) and there are traces of quartz (<7%). 
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Figure 4-13 XRD trace showing the crystalline phases the raw bauxite including gibbsite, 

kaolinite and boehmite with minor gypsum, rutile/anatase, nacrite and calcite. 

 

Table 4-17 Mineral composition of the bauxite by XRD. 

 Major phases (40-15%) Subsidiary (15-7%) Traces <7% 

Bauxite 

Gibbsite - Al (OH)3 

Boehmite - ϒ- AlO(OH) 

Kaolinite - Al₂Si₂O₅(OH)₄ / Nacrite 

Goethite Fe₂O3.H₂O 

Gypsum - CaSO₄·2H₂O 

Rutile/anatase - TiO2 

Calcite CaCO3 

Quartz SiO2 

 

 

The kaolinite polymorph nacrite [Al2Si2O5(OH)4] was identified. Similarly, to kaolinite, it is a 

1:1 clay mineral, hence its primary structural unit is a layer consisting of one octahedral sheet 

(with the octahedral site occupied by aluminium) condensed with one tetrahedral silicon sheet, 

and these layers are regularly stacked. Nacrite is the rarest of the four kaolinite polymorphs 

and occurs mostly in hydrothermal environments (Poppe et al., 2001; Kloprogge, 2019). 

Nacrite dehydroxylates similarly to kaolinite, but their atomic structures slightly differ. 

Nacrite has a greater interlayer separation and smaller lateral dimension than kaolinite, and 

the position of the basal O atoms differ. As a result, nacrite has a lower stability and it is 

more reactive than kaolinite (Brigatti et al., 2006). Cahyono and Damayanti, (2014) report 

significant nacrite in Indonesian bauxite. The authors state that nacrite is highly reactive in an 

alkaline environment, and that its presence increases the refining (Bayer process) costs due to 

both, the high dissolution of the nacrite’s silica increasing the consumption of caustic soda, and 

its subsequent re-precipitation requiring desilication.  

https://www.britannica.com/science/silicon
https://www.britannica.com/science/oxygen
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In the context of the present study, the high kaolinite content and the presence and highly 

reactive, kaolinite-polymorph nacrite is likely an advantage, as these can enhance the 

reactivity of the bauxite in pozzolanic reactions. 

The mineralogical analysis results agree with (Al-Dubaisi, 2011). According to the author, the 

Az Zabirah bauxite has a high alumina and silica content (average 56%, and 9% respectively), 

low iron content and a low organic matter content, and the alumina is boehmitic. The results 

also agree with Al-Mutairi et al. (2015) that report gibbsite, boehmite, diaspore, kaolinite, 

hematite, quartz and calcite as the predominant minerals, with anatase (0.3–3.5%), zircon and 

rutile as minor minerals in the in the Az Zabirah bauxites. However, unlike other bauxites, no 

diaspore was clearly evidenced. Al-Mutairi et al. (2015)  state that diaspore can dissolve, and 

kaolinite recrystallize during the weathering of lateritic soils. The transformation of diaspore 

into kaolinite is probably the reason for the high kaolinite content and the lack of diaspore in 

the bauxite samples analysed. 

 

4.5.3 Bauxite’s phase changes with increasing sintering temperature 

 

The mineralogy of the bauxite calcined at increasing temperature was analysed with XRD.  

Table 4-18 and Figure 4.14 include the mineral assemblages obtained at each temperature, and 

the phase changes in the assemblage caused by increasing activation temperature.  

Transformation at 300°C. The main events at 300°C are as follows- Table 4-18 and Figure 

4.14: 

1- The gibbsite has disappeared transforming into boehmite agreeing with previous 

authors stating that, gibbsite dehydroxylation into boehmite occurs at ~300 °C (Alex et 

al., 2014). According to Zhang et al. (2019), the transformation can be written simply 

as: 

Al(OH)3   →  AlOOH + H2O 

2- The main kaolinite diffraction peaks have lost approximately half of their original 

relative intensities hence the amount of crystalline kaolinite has approximately halved 

with respect to the raw bauxite (by dehydroxilation according to the equation below). 
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3- The lifting of the difractogram’s baseline between approximately 19 and 22 degrees 

(2Ɵ) (reaching a relative intensity of 15 counts) indicates the presence of an amorphous 

phase. 

According to previous authors, the dehydroxilation of kaolinite to form amorphous 

metakaolinite begins after 400 °C and is completed at ~ 650 °C, though some additional mass 

loss can be observed up to 800 °C according to the equation: (Ferreira , 2005)  

Al2Si2O5(OH)4 → Al2O3 ● 2 SiO2 + 2 H2O  

 

However, in this bauxite, the dehydroxylation begins at lower temperature (300°C), at 550°C 

most crystalline kaolinite has transformed, and at 700°C it has totally disappeared. The 

lowering of the kaolinite dehydroxylation suggests an increase in reactivity, and it is probably 

due to the lower particle size and crystallinity of the bauxite. Crystallinity and particle size 

strongly influence the kaolinite transformation temperature, with small, poorly crystallized 

particles presenting lower dehydroxylation temperatures than high ordered samples with larger 

particles (Brindley and Lemaitre, 1987). 
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Figure 4-14 XRD traces showing the mineral composition of the bauxite at each temperature. 
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Table 4-18 Mineral assemblages of the raw and thermally activated bauxites analysed with 

XRD, and phase changes on increasing activation temperature. C4AF = tetracalcium 

aluminoferrite = 4CaO·Al2O3·Fe2O3 (brownmillerite). C3A = tricalcium aluminate. 

Material 
Phase composition by XRD  

Phase evolution 
major (40-15%) subsidiary (15-7%) traces <7% 

Bauxite 

Gibbsite Al (OH)3 

Boehmiteϒ- 

AlO(OH) 

Kaolinite/Nacrite 

Al₂Si₂O₅(OH)₄  

Gypsum 

CaSO₄·2H₂O 

Rutile/anatase TiO2 

Calcite 

Goethite Fe₂O3.H₂O  

 

Quartz SiO2 
- 

Bauxite 

300°C 

Kaolinite ↓ 

Boehmite ↑ 

 

 

Calcite 

Nacrite↓  

Magnetite Fe₂O₄ 

Quartz (SiO2) 

Gypsum CaSO₄·2H₂O 

 

Gibbsite has disappeared 

transforming into boehmite. 

The amount of crystalline 

kaolinite has approximately 

halved with respect to the raw 

bauxite. 

Bauxite 

550°C 
Kaolinite ↓  Boehmite ↓ 

Quartz (SiO2) 

Calcite 

Anhydrite Ca SO4 

The crystalline Al-containing 

phases lower but no new Al-

containing phases appear. 

Hence, most of the Al is in 

amorphous form. 

Most of the crystalline 

boehmite and kaolinite have 

become amorphous ϒ- Al2O3 

and metakaolin respectively. 

Bauxite 

700°C 
Quartz (SiO2) 

Kaolinite ↓ 

Rutile TiO2 

Anatase TiO2 

γ - Al2O3 

Boehmite has disappeared. 

γ - Al2O3 peaks become 

evident. 

Bauxite 

900°C 
Corundum α Al2O3 

Rutile TiO2 

Anhydrite Ca SO4 

γ - Al2O3 

C3A 

C4AF 

GehleniteCa2Al2SiO7 

Anatase-TiO2 

Kaolinite has disappeared. 

Gehlenite appears. 

Possible traces of hydraulic 

C3A / C4A. 

 

Bauxite 

1000°C 
Corundum α Al2O3 

Rutile/Anatase-TiO2 

Anhydrite Ca SO4↓ 

Microcline 

γ-Al2O3 

C3A 

C4AF 

GehleniteCa2Al2SiO7 

Microcline appears. 

Possible traces of hydraulic 

C3A / C4A. 

 

 

Bauxite transformation at 550°C. At 550°C, most of the aluminium is in amorphous form. 

This is deducted as follows: 

1- The amount of crystalline, Al-bearing phases (kaolinite and boehmite) is very low: the 

relative intensities of their main reflections indicate than less than 30% of the original 

amount is present, ~70% of the boehmite has decomposed and ~37% of the kaolinite 

that was present at 300°C has disappeared. Most of the crystalline boehmite and 

kaolinite have become amorphous ϒ- Al2O3 and metakaolin respectively. This agrees 
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with Novak et al. (1990) that state that boehmite is the thermodynamically stable phase 

up to approximately 300°C and, if heated further in air, dehydration to y-alumina 

occurs.  

2- No new, crystalline, Al-bearing phases have formed.  

3- Therefore, most of the Al (at least 2/3rd s of the total content) is in amorphous form at 

550°C. 

4- The lifting of the difractogram’s baseline (2Ɵ=19-22°) reaching a relative intensity over 

20 counts also indicates an increase in amorphous content. 

Bauxite transformation at 700-1000°C. In the Saudi Arabian bauxite, γ-Al2O3 is present at 

700, 900 and 1000°C with blunt peaks located at 2Ɵ = 67.0° and 45.8°. At 700°C, γ - 

Al2O3 peaks have become evident however, most of the Al is still in amorphous form as, except 

for the ϒ- Al2O3 peaks, no other crystals of Al-bearing phases are present in the XRD pattern. 

At 900°C and 1000°C, the amorphous alumina phases crystallize, becoming mainly the alpha 

polymorph corundum - α Al2O3-, and small amounts of gehlenite- Ca2Al2SiO7. Microcline 

appears at the highest temperature and there are possible traces of aluminate and ferrite C3A 

/C4AF. 

The mineral transformation of the alumina phases evidenced with XRD agrees with Sglavo et 

al. (2000); Paglia et al. (2004) and others that studied the calcination path of transition 

aluminas, stating that boehmite transforms into γ-Al2O3 (present between 450 and 750 °C) and 

later into corundum according to the following sequence:  

 

γ-Al2O3 → δ-Al2O3 (or gamma-prime-alumina (γ’-Al2O3) above 750 °C) → θ-Al2O3 → α-

Al2O3 (corundum). 

 

Gypsum -CaSO₄·2H₂O- has become insignificant at 300°C and has disappeared at 550°C 

transforming into anhydrite -CaSO₄-. Gypsum enhances the pozzolanic reactivity of 

metakaolinite (Heller-Kallai, 2006). Therefore, the presence of anhydrite at 550°C 

(temperature at which metakaolinite content is maximum) may enhance the bauxite’s 

reactivity. 

The phase change, caused by increasing activation temperature, in the bauxite’s mineral 

assemblage analysed with XRD, places the highest reactivity at around 550°C because, at this 

temperature, most of the aluminium is in amorphous form. However, even using advanced  

https://www.mindat.org/min-1136.html
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structural characterization techniques such as XRD, it is difficult to distinguish between 

amorphous and finely grained crystalline solids due to their similar interatomic distances. 

Amorphous materials have some short-range atomic order and, in very small crystals, a large 

fraction of atoms are at or near the surface, distorting atomic positions and decreasing structural 

order (Varshneya, 1994). Therefore, reactivity at temperatures other than 550°C can be 

underestimated if based on the amorphous fraction only. 

 

4.5.4 Thermal analyses by DSC and TGA 

 

The mineral transformations resolved with XRD above, agree with the two endothermic peaks 

at ~300° and 520°C determined with TGA / DSC. The bauxite shows a marked endothermic 

peak at 300°C (Figure 4-14). As evidenced with XRD, this peak is due to the decomposition 

of gibbsite and its partial transformation into boehmite, and to the transformation of 

approximately half of the kaolinite into metakaolin. This is followed by a smaller endothermic 

peak at 520°C whereby the bauxite absorbs heat for the decomposition of crystalline boehmite 

(likely into amorphous ϒ- Al2O3) and the conversion of the remining crystalline kaolinite into 

metakaolin. The small endothermic peak at approximately 150°C likely corresponds to the 

elimination of water molecules adsorbed to the external surfaces of the particles of the original 

aluminium hydroxides and kaolinite Figure 4-15. 

The TGA analysis in Figure 4-15 shows two main episodes of mass loss with rising 

temperature. The first weight loss of ~ 7% of the original mass at around 300◦C coincides with 

the endothermic peak of the decomposition of gibbsite and the conversion of kaolinite into 

metakaolin. Another significant weight loss coincides with the endothermic peak at 520°C 

marking the decomposition of crystalline boehmite and the conversion of the last kaolinite into 

metakaolin. 

 

http://en.wikipedia.org/wiki/Crystal
http://en.wikipedia.org/wiki/Atom


83 
 

 

Figure 4-15 Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) 

of the bauxite. 

 

4.5.5 Reactivity by the Chapelle Test 

 

The Chapelle test measures the amount of lime fixed per gram of bauxite. Lime combination 

is due to cation exchange (between the ions on the bauxite minerals surfaces and the lime’s 

Ca2+) and pozzolanic reaction, hence it is a good indicator of reactivity. The results (Table 

4-19) indicate that the bauxite calcined at 550°C combines the most lime, closely followed by 

the bauxite sintered at 700°C. Therefore, the bauxites sintered at 500 and 700°C have the 

greatest initial reactivity. At 800°C, the amount of combined lime slightly lowers, however it 

is still significant. The difference in the amount of lime combined by the bauxite calcined at 

800 and 900°C is insignificant. In addition, the pozzolanic index of the bauxite is high, 

considerably superior to other pozzolanic or hydraulic materials previously studied (Alelweet 

and Pavia, 2019, 2020; Berenguer et al., 2020; Alelweet et al., 2021) (Table 4-20). The values 

are comparable to those in the literature. Ferraz et al. (2015) reached values of 920-1560 mg 

Ca(OH)2/g for metakaolin, placing the minimum reactivity at 700 mg Ca(OH)2/g metakaolin. 

The high pozzolanic index for bauxite when compared with RM and FA is largely due to the 

mineralogy of the bauxite including major kaolinite, gibbsite and boehmite. The major 

components of the bauxite’s red mud are hematite, cancrinite -Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O, 

gibbsite - Al (OH)3 and sodalite Na 4 Si3Al3 O12Cl (Alelweet et al., 2021) which, although 

reactive, combine less lime that the bauxite’s aluminium phases in the short term. 
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The FA used for comparison (SiO2=53-65%; Al2O3 = 21-24 %) contains significant amorphous 

material and some crystalline phases including quartz (SiO2) and a small amount of mullite 

(2Al2O3. 2SiO2) (Alelweet and Pavia, 2020). As it can be evidenced from the Chapelle results, 

these combine less lime than the aluminium phases in the bauxite. As expected, the GGBS 

shows a poor lime combination, because the Chapelle test is not designed for latent hydraulic 

materials such as GGBS which would release lime on hydration, rather than combining it. 

 

Table 4-19 Amount of lime fixed per gram of bauxite and pozzolanic index (I Ca(OH)2 of 

both raw and calcined (300-1000°C)  bauxite specimens measured with the Chapelle test. 

 

Table 4-20 Pozzolanic index -I Ca(OH)2 – of the bauxite (B) compared with its red mud (RM) 

activated at temperatures ranging from 300 to 1000°C; GGBS- ground granulated blast furnace 

slag-, FA- fly ash-, MK – metakaolin- and SCBA- sugar cane bagasse ash-. (*)(Alelweet and 

Pavia, 2020); (**) (Alelweet and Pavia, 2019); (+) (Berenguer et al., 2020); (++) (Alelweet et 

al., 2021). 

 B 
B 

300 

B 

550 

B 

700-800 

B 

900 

B 

1000 

RM300-400 

++ 

RM750 

++ 

RM1000 

++ 

GGBS 

** 

FA 

* 

SCBA 

+ 

FA 

+ 

MK 

+ 

I Ca(OH)2 262 317 517 498-409 404 213 203-229 127 140 104 286 293-337 382 1194 

 

4.5.6 Reactivity by conductivity loss  

 

This method follows the pozzolanic reaction indirectly by measuring the changes in the 

conductivity of saturated lime/bauxite solutions.  The fixation of dissolved Ca(OH)2 by the 

bauxite reduces the lime concentration in solution leading to a decrease in conductivity. The 

speed of consumption of portlandite Figure 4-16 was monitored over the first 170 hours, hence 

it corresponds to the early rate of pozzolanic reaction. According to the results Figure 4-16, all 

the sintered bauxites combine substantial lime early, except for the bauxite calcined at 1000°C, 

probably due to the presence of abundant crystalline corundum, and traces of hydraulic C3A 

and C4AF. 

 Bauxite Bauxite300 Bauxite550 Bauxite700 Bauxite800 Bauxite900 Bauxite1000 

mg Ca(OH)2/g 525 635 1034 996 819 808 425 

mg CaO/g 397 481 783 755 620 612 322 

I Ca(OH)2 262 317 517 498 409 404 213 
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Figure 4-16 Pozzolanic activity of the bauxite as change in conductivity of a saturated 

lime/bauxite solution (caused by lime consumption) over time or chemical activity index.  

 

A slow fall in conductivity indicates a reduced chemical activity in the solutions, hence the 

bauxite is not combining lime and pozzolanic activity is low. On the contrary, the curves of the 

bauxites burned at 550, 700 and 800°C show marked slopes in the first 6 hours, evidencing 

significant activity. The conductivity loss of the bauxite sintered at 300°C is significant, 

indicating that the bauxite calcined at lower temperature is also reactive. The curve of the 

bauxite burned at 900°C is less steep, indicating lesser lime combination and hence less 

reactivity. The higher crystallinity and the incipient hydraulic phases recorded with XRD in 

the bauxite burned at 900°C conform with this result. 

The conductivity curves generally show that, within 48 hours, most of the lime in solution has 

been consumed, and lime combination has either stopped or reduced significantly. This roughly 

agrees with (Ferraz et al., 2015) who established the reaction limit to 36 hours for pozzolans 

such as RHA, GGBS, FA and MS. However, the bauxite burned at 200°C reacts more slowly 

and activity ends after ~72 hours. With the exception of the 1000°C bauxite, the variation in 

conductivity over time is significant. According with this variation, the materials can be 

classified as having good pozzolanicity, as the variation in conductivity greater than 1.2 mS/cm 

(Luxan et al., 1989). 
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4.5.7 Setting times and water demand of the raw and sintered bauxite 

 

It is well known that water demand is largely determined by the specific surface area (SSA) of 

the particles. This is evidenced from the results -Table 4-21- as the water demand is highest 

when the particles have greatest SSAs. As it can be seen from Table 4-21, sintering the bauxite 

up to 800°C doesn’t affect significantly neither the particle SSA nor the water demand of the 

paste. However, at higher temperature, both the SSA and water demand lower. This agrees with 

the XRD mineral assemblage showing that, at around 800°C, the high SSA minerals such as 

kaolinite, boehmite and gibbsite have completely disappeared, and dense stable phases such as 

corundum have formed instead. The results -Table 4-21- roughly agree with the mineral 

composition placing the maximum content of layered, high-SSA minerals (kaolinite/nacrite 

and boehmite) between 300 and 550°C.  

All the bauxites reduced the initial setting time of the hydrated lime, and they also shortened 

the final setting time (except for the 1000°C bauxite). The bauxites sintered at 700 and 800°C 

speed up the initial and final set of the hydrated lime significantly. The initial set of the 700°C 

bauxite is ~7 times shorter than that of the lime (4.5 times shorter for the 800°C bauxite). The 

final setting times also shorten significantly: the paste made with the bauxite sintered at 700°C 

sets 4.6 times faster than the lime alone, 3.7 faster for the 800°C bauxite paste. The bauxites 

sintered at 300 and 1000°C reach their initial set faster than the hydrated lime, and their final 

set is either similar (300°C) or slightly slower (1000°C). According with EN196-3:2016, the 

initial setting time shall be not less than 2 hours, and the final setting time not more than 8 

hours. Therefore, all the final setting times comply with standard requirements. However, the 

initial set of the bauxites sintered at 700 and 800°C is too quick.  

Typically, it takes approximately 1 hour for CEM I to achieve its final set. In contrast, all the 

bauxite pastes, except for 1000°C paste, have achieved their final set within an hour. This 

agrees with previous research stating that pozzolans with highest Al2O3 content initially set the 

fastest (Walker and Pavía, 2011) and that aluminates are responsible for the early set of a paste 

(Taylor, 1997). This was to be expected given the high aluminum content of the bauxite, and 

it is clearly evidenced in CACs which, even though they take similar time to initially set than 

PC, they reach their finial set much faster than PC due to their high aluminate content 

(Scrivener and Capmas, 1998). 
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Table 4-21 Relationship between the water demand to produce an initial flow diameter of 

170±5 mm for a 1:1, bauxite: lime mix, setting times of the mixes, and specific surface area of 

the bauxite. (*) (Scrivener and Capmas, 1998). 

 

4.5.8 Reactivity by strength development and mechanical activity index 

 

All the bauxites increased the 28-day compressive strength of the lime mix, and most of the 

bauxites surpassed the flexural strength of the hydrated lime (Table 4-22). The bauxites sintered 

at 800 and 900 oC produced the highest mechanical activity indices, followed by the bauxites 

sintered at 700 oC (37% MI reduction when compared to the 800 oC bauxite). The MI of the 

bauxite sintered at 800 and 900 oC is high. It compares well with highly-siliceous, pozzolanic 

materials such as rice husk ash and microsilica (Table 4-23), and it is lower than latent 

hydraulic materials such as GGBS and the eminently pozzolanic metakaolin. 

As seen in the Chapelle test the bauxite has a higher pozzolanic index than its RM residue 

(Table 4-20), but their MIs are comparable (9-11 vs 7-8) – Table 4-23. This agrees with 

previous authors stating that compressive strength and hence the MI, is not only dependant on 

the amount of combined lime but also on the packing effect induced by the pozzolan and the 

microstructure of the hydration products formed (Walker and Pavía, 2011). 

 

 

 

 

Bauxite 

T oC  W/b SSA (m2/g) Initial Setting Time (h) Final Setting Time (h)  

300 0.61 81.81 5.6 6.1 

550 0.73 82.26 4.0 4.3 

700 0.73 82.53 0.8 1.3 

800 0.71 80.00 1.3 1.6 

900 0.65 67.00 5.1 5.5 

1000 0.62 40.38 5.5 6.6 

CL90s  - 0.52 - 6.0 6.1 

CEM I* - - - 3 ± 1.20 4 ± 1.10 

CAC* - - - 3.55 ± 0.35 4.10 ± 0.35 
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Table 4-22 Strength (28 d) and mechanical index of the bauxite at increasing temperature. 

SD- standard deviation. 

 

 

 

 

 

 

 

 

 

Table 4-23 MI of the bauxite compared with the MI of the bauxite’s red mud -RM- (sintered at 

300-750°C) and other pozzolanic/cementing materials. * (Alelweet et al., 2021). + (Walker and 

Pavía, 2011). RHA- Rice husk ash; MS- microsilica; MK-metakaolin; BD-brick dust. 

 Bauxite 

300 

Bauxite 

700 

Bauxite 

800/900 

RM 

300* 

RM  

400&750* 
FA+ GGBS+ RHA+ MS+ MK+ BD+ 

MI 1.8 3 11.5/9.29 8 7 3.5 29 12 12 38 2-3 

 

4.5.9 Microstructure by SEM/EDX 

 

The microstructure of (1:1) pastes made with bauxite and hydrated lime (CL90s) are examined 

with SEM. The bauxites calcined at 550 and 700oC were selected because, according to the 

XRD results, most of the silica in the raw bauxite (which is forming part of kaolinite - 

Al₂Si₂O₅(OH)₄ / Nacrite) becomes amorphous in the 550-800°C interval. 

According to the XRF results, in the bauxite: lime system studied, the silica content is medium 

to low, ranging between 27 and 15%. Generally, the reaction of lime-pozzolan mixes produces 

the same compounds as those formed upon PC hydration, since the overall chemistry falls 

within the same field (Massazza, 1998). Therefore, in the alkaline conditions created by the 

lime, the amorphous silica and alumina phases dissolve and combine with the lime’s Ca2+ to 

produce cementing hydrates: calcium silicate hydrates (C–S–H), calcium aluminate hydrates 

(C–A–H), and calcium alumino– silicate hydrates (C-A–S-H).  

 

Bauxite 

Flexural 

strength 

(MPa) 

SD 

Compressive 

strength 

(MPa) 

SD 
Mechanical 

index 

 

W/b 

300 oC  0.26 0.01 0.55 0.05 1.80 0.85 

550 oC 0.19 0.02 0.45 0.03 1.47 1.00 

700 oC  0.33 0.04 0.93 0.05 3.05 1.05 

800 oC 1.31 0.06 3.51 0.08 11.52 0.83 

900 oC 1.17 0.14 2.83 0.26 9.29 0.77 

1000oC  0.47 0.04 0.64 0.03 2.10 0.73 

lime  0.17 0.05 0.30 0.05 - 1.07 
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According to the SEM results, there are no measurable differences between the bauxite pastes 

at 550 and 700oC. They both show relatively dense structures with abundant hydrates. 

However, rare unreacted alumina phases were observed in the 550oC pastes (Figure 4-17). The 

pozzolanic pastes show abundant pozzolanic hydrates and occasionally relics of pseudo-

hexagonal plates and rhombic plates of very low crystallinity which are probably the remains 

of untransformed boehmite and metakaolinite (Figure 4-18). Metakaolinite is usually almost 

amorphous. However, the particles retain the pseudo-hexagonal morphology, and structural 

order persists within individual layers but not between them (Brindley and Lemaitre, 1987). 

Ghosts of hexagonal and rhombic habits covered by abundant pozzolanic hydrates of low 

crystallinity (Figure 4-19 - Figure 4-20) are also present. Their composition is consistent with 

the aluminosilicates aforementioned (Figure 4-21 - Figure 4-22). 

The microstructure of the bauxite: lime pastes investigated show similarities with those of 

thermally-treated, clay sediments, activated in stronger alkaline media (such as NaOH 

solutions) to produce geopolymeric materials (Medri et al., 2010; Ferone et al., 2015).  

 

 

  

Figure 4-17 Microstructure of the (1:1) 

paste made with 550oC bauxite and 

hydrated lime (CL90s) showing un-reacted 

boehmite with a rhombic habit covered with 

hydrates. 

Figure 4-18 Abundant pozzolanic precipitates 

and relics of pseudo-hexagonal plates of 

metakaolinite and rhombic plates (remains of 

boehmite not yet transformed), in the paste 

made with lime (CL90s) and bauxite calcined 

at 550oC. 
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Figure 4-19 Abundant pozzolanic 

precipitates leading to a lower porosity in 

the (1:1) paste made with lime (CL90s) and 

bauxite calcined at 700oC. 

Figure 4-20 Ghosts of hexagonal and rhombic 

habits covered with abundant pozzolanic 

hydrates of low crystallinity- also seen in 

Figure 4-18. 

 

 

  

Figure 4-21 Elemental composition analysis of 

the binder in Figure 4-18 by EDS. 

Figure 4-22 Elemental composition 

analysis of hexagonal plates (Figure 4-18 

and Figure 4-20) by EDS. 
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4.5.10 Discussion 

 

The results (Table 4-24) show that the bauxite is remarkably pozzolanic, and that traces of 

hydraulic phases are only evidenced when the bauxite is sintered over 900°C.  

The bauxite mainly consists of gibbsite, kaolinite and boehmite. The amount of gibbsite is close 

to the amount of kaolinite, and the amount of boehmite is at least 50% lower. The layered 

atomic structures of gibbsite, boehmite and kaolinite, with high specific surfaces and active 

surface hydroxyls that enhance adsorption, and hence nucleation, precipitation and dissolution, 

are the main drivers of the pozzolanic activity. The high reactivity of the bauxite is assisted by 

the great SSA of its particle constituents (superior to CEM II and other pozzolans), and by their 

high fineness produced with milling.  

The early dehydroxilation of the kaolinite in the bauxite subject to study (beginning at 300°C 

and completed at 700°C), indicates high reactivity. The high kaolinite content of the bauxite, 

and the presence and the high-reactivity, kaolinite-polymorph, nacrite further enhanced the 

pozzolanic reactivity. According to Heller-Kallai (2006), sulphates improve the pozzolanic 

reactivity of metakaolinite. Therefore, the presence of sulphates (gypsum turning into anhydrite 

at 550°C) has probably improved the pozzolanic activity of the bauxite by increasing the 

activity of metakaolinite at ~700°C (temperature at which metakaolinite content is maximum).  

Some of the results indicate initial activity (SSA, Chapelle test, conductivity variation and 

setting times) while others indicate later activity (28-day strength and mechanical index). A 

high SSA makes lime combination easier in the earlier stages of the pozzolanic reaction, 

whereas at longer ages, the pozzolanic reaction is mainly controlled by the active silica and 

alumina content (Massazza, 1998). The Chapelle, conductivity and setting times tests measure 

the ability to combine lime in the first hours hence the initial reactivity. In this research, the 

SSA, Chapelle and conductivity results agree. The Chapelle tests evidenced that the bauxite 

calcined at 550°C combines the most lime, hence showing the greatest initial activity, closely 

followed by the bauxite sintered at 700°C, and the bauxites sintered at 550 oC and 700 oC 

showed the greatest specific surface areas. The conductivity results agree, as the conductivity 

curves of the 550, 700 and 800°C bauxites show marked slopes in the first 6 hours evidencing 

high activity. 
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All the bauxites reduced the initial setting time of the hydrated lime, and they also shortened 

the final setting time of the lime (except for the 1000°C bauxite). The 550°C bauxite takes 

slightly longer to initially set when compared to the bauxites calcined at 800-900°C however, it 

reached its final set within 20 minutes (agreeing with the quick lime binding of the sample shown 

by the Chapelle and conductivity tests) and its setting times comply with current standard 

requirements. 

Table 4-24 Summary of main results. 

Bauxite 
SSA 

(m2/g) 

Chapelle 

test 

Ca(OH)2/g 

Setting times 

(min) CS 

(MPa) 
MI 

 

Phase evolution (XRD) Initial  Final  

300 oC  81.81 635 340 370 0.55 1.80 

Gibbsite disappeared transforming into 

boehmite. 50% kaolinite disappeared 

becoming metakaolinite. 

550 oC 82.26 1034 240 260 0.45 1.47 

Most of the Al phases are amorphous.  

Most of the crystalline boehmite and 

kaolinite have become amorphous ϒ- 

Al2O3 and metakaolin. 

700 oC  82.53 996 50 80 0.93 3.05 Boehmite has disappeared (completely 

transformed into amorphous transition 

aluminas). γ - Al2O3 peaks become 

evident. 

800 oC 80.00 819 80 100 3.51 11.52 

900 oC 67.00 808 310 330 2.83 9.29 

Kaolinite has disappeared. γ - Al2O3 is 

present but some alumina phases have 

become corundum. Possible traces of 

C3A, C4AF and gehlenite 

1000oC  40.38 425 330 400 0.64 2.10 

Corundum increases. Microcline 

appears. Possible traces of C3A, C4AF 

and gehlenite. 

 

The bauxites sintered at 800 and 900 oC produced the highest strengths and mechanical activity 

indices, followed by the 700oC bauxite (with a 37% reduction).  This agrees with the XRD 

results whereby the bauxite sintered at 700-800°C, contains the highest amorphous/ active 

alumina content because the boehmite has totally disappeared, transformed into amorphous 

transition aluminas, and the kaolinite has completely turned into reactive metakaolin (kaolinite 

disappeared before 900°C). Therefore, the results agree with Massazza, (1998) who states that 

strength and mechanical index indicate late pozzolanic activity where the pozzolanic reaction 

is mainly controlled by the active silica and alumina content  

The thermal analyses concur with the XRD results, indicating two main endothermic events at 

300°C (marking gibbsite decomposition into boehmite, and transformation of approximately 
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half of the kaolinite into metakaolin) and at 520°C (decomposition of boehmite and 

transformation of the remining kaolinite into metakaolin). 

At 900°C corundum is the main phase, and traces of hydraulic phases and gehlenite begin to 

appear. The sudden drop in SSA and the transformation of the alumina phases into stable, 

unreactive crystalline corundum lower pozzolanic activity and reduce strength.  

 

4.5.11 Conclusion 

 

The environmental impact of PC production (even with partial clinker substitution) is 

enormous when compared with the impact of bauxite mining. (CEM II releases 620-700 kg 

CO2e/t vs 3-5 kg CO2e/t for bauxite mining). 

Gibbsite, boehmite and kaolinite are the main phases in the Saudi Arabian bauxite. The layered 

atomic structures of gibbsite and boehmite are comparable to the structure of clay mineral 

kaolinite, featuring high specific surfaces and active surface hydroxyls that enhance adsorption, 

and hence nucleation, precipitation and dissolution, which makes them highly reactive.  

All the tests evidenced a high pozzolanic activity for the bauxite. The pozzolanic index 

(Chapelle method) is high, superior to other pozzolanic materials previously studied, and the 

mechanical index compares well with other pozzolanic and cementing materials. All the 

bauxites increased the 28-day compressive strength of the standard, hydrated-lime mix.  

The high specific surface area of the bauxite particles, confirmed with laser diffraction, is 

superior to CEM II and other pozzolanic and cementing materials such as FA and GGBS. 

Heating, even at low temperature, significantly increases the SSA of the bauxite particles (at 

300°C the SSA rises by over 60%). 

The high kaolinite content (likely secondary from diaspore dissolution), and the presence of 

highly-reactive, kaolinite-polymorph nacrite, enhance the reactivity of the Saudi bauxite in 

pozzolanic reactions. The presence of sulphates (minor-traces) also contributes to the initial 

activity.  

The kaolinite in the Saudi bauxite begins to dehydroxylate at 300°C, significantly earlier than 

reported by previous authors, evidencing an increased reactivity which is probably assisted by 

the presence of nacrite and sulphates, and the ultrafine particle fraction produced by milling. 
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The results of the SSA, Chapelle test, conductivity variation and setting time tests indicate 

the initial pozzolanic activity of the bauxite, while the results of the 28-day strength and the 

mechanical index indicate the amount of late pozzolanic activity. 

The methods that determine the initial pozzolanic activity rate the 550°C bauxite as the most 

active, while the mechanical methods rate the 700-800°C bauxites as the most reactive. This is 

because the 550°C bauxite has one of the highest SSAs that makes lime combination easier in 

the earlier stages of the pozzolanic reaction, hence it combines the most lime in the Chapelle 

and conductivity tests.  However, when sintered at 700-800°C, the bauxite contains the highest 

amorphous/ active alumina content (which control the late pozzolanic activity), because at 700-

800°C the boehmite has totally disappeared, transformed into amorphous transition aluminas, 

and the kaolinite has completely turned into reactive metakaolin. 

 

4.6 COMPOSITION AND REACTIVITY OF THE RM 

 

The RM was studied both raw and sintered at several temperatures to enhance reactivity. The 

pozzolanic and cementing activity of the raw and sintered Saudi RM are investigated including 

the evolution of crystalline phases and their reactivity with increasing temperature. Reactivity 

determined with chemical and physical methods is compared with other pozzolanic materials.  

 

 

4.6.1 Composition and reactivity of RM 

 

RM is a mixture of hydrated aluminium oxides and iron phases produced as a residue when 

refining bauxite ore for aluminium production.   

The refining (Bayer) process involves the digestion of crushed bauxite in a concentrated, 

caustic, sodium hydroxide solution at temperatures up to 270°C. Under these conditions, the 

majority of the aluminum containing species in the bauxite – such as gibbsite and boehmite– 

dissolve, leaving an insoluble residue (RM) composed of iron oxides, quartz, sodium 

aluminosilicates, calcium carbonate/ aluminate and, generally traces of titanium dioxide (Hind 
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et al. 1999). According to previous authors (Hind et al., 1999; Liu et al., 2009; Klauber et al., 

2011) during the refining process, silica can dissolve to form silicate as follows:  

 

2 NaOH + SiO2 → Na2SiO3 + H2O 

 

RM typically includes sodalite, cancrinite, dawsonite and calcium-containing phases resulting 

from the Bayer process, and gibbsite (Al(OH)3) and boehmite (γ-AlOOH) as undigested 

material inherited from the bauxite (Klauber et al., 2011). The organic compounds present in 

RM can form sodium oxalate- Na2C2O4 - in the alkaline (pH=14), high ionic strength (6–7 M 

[Na+]) liquors typical of the Bayer process (Hind et al., 1999). 

However, the composition of the RM residue depends on the composition of the parent bauxite 

and the conditions of the alumina refining (Bayer) process such as the addition of lime and the 

washing efficiency. Lime addition is determined by the type of bauxite ore. The washing 

efficiency dictates the amount of soluble soda remaining in the RM and hence its alkalinity. In 

Ma’adem, temperatures between 260 and 270 °C are used, and quick lime -CaO - is added 

twice during the process. The lime transforms the iron compounds from goethite (which 

interferes with the separation of Al) into hematite, and helps transform the unstable Al oxides 

in solution, in the high-temperature digestion units, into stable phases. Lime is also added in 

the clarification stage, to separate the solid phase (RM) from the liquid phase (Abdul Malik 

Shaheen, pers. Com. Ma’adem 2020). 
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Table 4-25 Composition of the RM investigated compared with other RMs from several Al 

producers worldwide.  

Country Reference 
Major composition (wt.%)  Phase evolution 

(XRD) Fe2O3  Al2O3   TiO2   SiO2   Na2O   CaO 

KSA 
This research 

(Ma’adem) 
12.97 29.79 5.12 19.66 24.05 5.09 

Hematite, Cancrinite, 

Gibbsite,Sodalite, 

Boehmite 

Calcite,Quartz, 

Rutile 

Goethite, Chantalite 

Canada 
(Hairi et al., 

2015) 
38.92 22.12 7.61 10.52 6.82 1.36 

Hematite,Gibbsite, 

Boehmite 

Goethite,Quartz, 

Hydrated sodium 

aluminosilicate 

Iran 
(Bayat et al., 

2018) 
20.54 15.41 4.97 13.26 5.87 19.87 

-Calcite 

-Quartz 

- Phyllosilicates 

- K-feldespars 

- Plagioclase 

China 
(Zhang et al., 

2020) 
24.9 21 6.19 20.15 9.7 7.30 

-Hematite 

-Boehmite 

-Cancrinite 

-Gibbsite 

-Katotite 

-Muscovite 

Australia 
(Kumar and 

Kumar, 2013) 
31.5 15.20 10.2 29.2 3.10 4.50 

- Hematite 

- Goethite 

- Quartz 

- Cancrinite 

- Sodalite 

- Mullite 

Australia 
(Zhang et al., 

2014) 
17.34 15.06 3.43 22.82 4.37 12.24 

- Calcite 

- Hematite 

- Quartz 

China 
(Ye et al., 

2014) 
9.48 24.5 2.92 20.38 11.46 12.86 

-Muscovite 

-Cancrinite 

-katoite 

-Cibbsite 

-Hematite 

China 
(Dimas et al., 

2009) 
18.15 20.77 4.29 19.41 3.78 12.11 

- Hematite 

- Goethite 

- Gibbsite 

- Cancrinite 

- katoite 

India 
(Singh et al., 

2018) 
53.75 16.07 4.24 8.25 3.82 1.48 

- Quartz 

- Hematite 

- Calcite 

- Gibbsite 

- Geothite 
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RM waste from different bauxite refineries in the world has been compared indiscriminately 

by previous authors. However, some of these RM residues are distinctively cementitious, they 

differ widely from their pozzolanic counterparts and should not be directly compared. This is 

the case of the Chinese Shandong Aluminium Plant, where the RM waste includes highly 

reactive minerals, C3A and C2S, hence having significant hydraulic properties. The Chinese 

process of sintering alumina is different from the Bayer process which is applied in most 

bauxite refining plants. Here, due to the low Al2O3/SiO2 of the Chinese bauxite ore (average 

5–6), the bauxite is calcined at 1200°C before extracting the alumina with caustic soda, and 

reactive hydraulic phases C3A and C2S form as a result of the high temperature of the refining 

process. The presence of 50 and 56 wt.% β-C2S has been reported due to the special processing 

of this Chinese bauxite (Yang and Xiao, 2008). As it is well known in cement technology, β-

C2S is the most hydraulic belite polymorph. Liu et al. (2011), also found a strong cementitious 

activity in the Shandong RM: besides the high amount of C2S initially present, additional 

poorly-crystallised C2S is formed with the CaO derived from the decomposition of aragonite 

(500-600◦C) and SiO2 derived from the decomposition of amorphous aluminosilicates, a 

metastable phase that transforms into highly crystallised, less active, Ca2SiO4 by increasing the 

temperature from 700°C to 900°C. Similarly, Yalcin and Sevinc (2000) report the formation of 

sodium ferrite (NaFeO2) in Turkish red mud at 500°C. 

However, most of the RM residues worldwide are pozzolanic. Previous authors attempted to 

increase pozzolanic activity through heat treatment, but the results disagree, probably because 

the composition of the parent bauxite and the conditions of the Bayer process differ in alumina 

plants over the world. Pera et al. (1997) found that RMs calcined at 600-800°C were pozzolanic 

but their activity was low, and the reaction started at 3 days. They claim that the aluminium 

hydroxides (boehmite and gibbsite) develop pozzolanic behaviour when calcined between 600 

and 800°C, and that RM reactivity increases over 700°C. Manfroi et al. (2014) account that 

RM calcined at 600°C has high pozzolanic activity, while Shi et al. (1999) obtained eminent 

pozzolanic activity by heating a RM of high kaolinite content at 750°C. However, RM can be 

inert up to 900°C. According to Sglavo et al. (2000), up to 900°C, the main components 

(Fe2O3 and TiO2 - which account for 50% of the original mass) maintain their original state, 

and nepheline and Na2Si2O5 form in the 900–1100°C interval. 
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4.6.2 Chemical composition of the Saudi RM 

 

As noted by previous authors, the chemical composition of the RM is auspicious for the 

formation of cementing materials, having high silica and alumina contents (Table 4-26).  The 

Saudi RM has a high SiO2 when compared with other RMs (Table 4-27), and the content of 

chloride is low despite the use of sea water. The calcium content is high when compared with 

the parent bauxite due to the use of lime during the refining process.  

The USA does not approve of the use of RM waste because the Environmental Protection 

Agency identified high levels of arsenic and chromium in some RM samples (Srikanth et al., 

2005). However, as it can be seen from Table 4-26, the levels of arsenic and chromium or any 

heavy metals in the Saudi RM are low, and hence no environmental toxicity is inferred from 

the chemistry of the Saudi RM. The only downside of the Saudi RM chemistry seems to be its 

high alkalinity when compared with other alumina plants where Na2O usually varies between 

3 and 11% wt% (Table 4-26 and Table 4-27). This is probably due to the use of sea water for 

dust control. 

Table 4-26 Chemical composition of the Red mud and the parent bauxite as a % by wt oxide. 

** traces of V2O5=0.138%; Cr2O3=0.074%; NiO=0.003%; ZnO=0.002%; Ga2O3=0.005%; 

As2O3=0.005%; Y2O3=0.006%. a results by the producers. b Hazardous waste limit in 

construction products and materials. 

 SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO P2O5 SO3 Cl- TiO2 CuO Zn As CrO3 Cu Ni 

Red Mud** 19.66 29.79 5.09 12.97 24.05 0.09 0.40 0.29 1.65 0.32 5.12 0.00 0.002 0.005 0.074 0.001 0.003 

bauxite 26.82 54.03 2.48 6.02 0.008 0.23 0.00 0.59 2.89 0.26 5.63 0.03 0.008 0.006 0.053 0.03 0.005 

bauxitea 14.85 52.53 1.15 4.00 0.19 0.06 0.13 0.13 1.57 - 4.78 - <0.01 - 0.04 - - 

(Wahlström 

et al., 2019) b 
- - - - - - - - - - - - 0.25 0.1 0.1 0.25 0.1 

(Achternbos

ch et al., 

2003) b 

- - - - - - - - - - - - 0.25 - 0.09 0.08 0.02 
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Table 4-27 Composition of the Saudi RM subject to study compared with other RMs 

generated from different alumina plants in various countries (Liu et al., 2011; Mukiza et al., 

2019). 

Country Producer 
Major composition (wt.%) 

Fe2O3 Al2O3 TiO2 SiO2 Na2O CaO 

KSA MA’ADEM 12.9 29.7 5.1 19.6 24.0 5.1 

India HINDALCO 33.1 18.2 19.6 8.8 5.8 2.7 

India NARCO 51.0 18.0 9.8 4.6 5.3 1.8 

Italy Eurallumina 35.2 20.0 9.2 11.6 7.5 6.7 

Turkey Seydisehir 36.9 20.3 4.9 15.7 10.1 2.2 

Greece Al de Grece 40.8 19.9 5.8 6.8 2.7 12.6 

Canada ALCAN 31.6 20.6 6.2 8.8 10.2 1.6 

China - 27.9 22.0 2.3 20.9 10.5 6.2 

China Henan 11.7 25.4 4.1 20.0 6.5 13.9 

China Shandong 13.6 7.02 2.1 18.1 2.3 42.2 

Australia AWAAK 28.5 24.0 3.1 18.8 3.4 5.2 

Australia QAL 30.7 18.6 7.0 16.0 8.6 2.5 

Germany AOSG 44.8 16.2 12.3 5.4 4.0 5.2 

Spain Alcoa 37.5 21.2 11.4 4.4 3.6 5.5 

Spain San Ciprián 39.2 19.8 10.0 8.7 5.0 4.0 

Brazil Alunorte 38.0 19.0 3.8 19.9 8.5 0.8 

Brazil São Paulo 27.0 22.8 2.9 19.1 8.0 2.1 

USA RMC 35.5 18.4 6.3 8.5 6.1 7.7 

 

4.6.3 Physical properties of the Saudi RM 

According to the results (Table 4-28), the RM presents abundant specific surface area (SSA) 

available for reaction, superior to commercial Portland cement (CEM II) and other pozzolanic 

and supplementary cements such as FA (fly ash) and GGBS (ground granulated blast-furnace 

slag). The superior SSA of the RM is an outstanding quality with respect to reactivity, as it is 

widely accepted that reactivity increases proportionally to the specific surface available for 

reaction. 

 

Table 4-28 Specific surface area and particle size distribution of the RM compared with PC 

(CEM II) and other supplementary cementitious materials including GGBS and FA. 

 specific 

surface area 

(SSA) m2/g 

specific 

surface area 

(SSA) m2/kg 

particle 

density 

mg/m3 

Particle Size Distribution LOI % 

A. mean 

μm 

D90 

μm 

D50 

μm 

D10 

μm 

450 °C 1000 °C 

RM 9.35 9357 2.94 33.6 8.42 3.80 0.40 5.04 11.51 

GGBS 1.95 1950 1.80 18 31.62 11.67 2.35 0.41 -0.77 

FA 6.50 6500 2.28 15 100.63 14.96 1.95 1.67 4.92 

CEM II 1.88 1880 - - 82.58 24.90 2.56 - - 
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The carbon content of the Saudi RM is either comparable or lower than others previously 

studied (Table 4-29). This constitutes a good quality with respect to reactivity, as it is well 

known that a high LOI (carbon content) adversely affects reactivity and increases water 

demand, and that it is associated to lowering strength and enhancing fracturing which could 

accelerate carbonation, chemical attack and the corrosion of embedded steel reinforcement. 

The negative value indicates that the GGBS absorbed some moisture during testing. 

 

Table 4-29 Carbon content of the Saudi RM compared with others previously studied. 

Country Reference LOI 

Belgium (Singh, Aswath and Ranganath, 2018) 10.20 

France (Toniolo, 2019) 10.77 

Canada (Hairi et al., 2015) 10.51 

China (Gong and Yang, 2000) 17.42 

Minas Gerais (Manfroi, Cheriaf and Rocha, 2014) 13.00 

China (Liu et al., 2011) 20.07 

Korea (Choo et al., 2016) 9.10 

China (Ye, Zhang and Shi, 2017) 13.74 

 

4.6.4 Mineral composition of the Saudi RM 

  

The mineralogical composition of the RM and the parent bauxite are included in Table 4-30. 

According to the XRD results, the bauxite consists of kaolinite, boehmite and gibbsite (major 

phases: 40-15%) while gypsum, rutile/anatase and magnetite are minor components (15-7%), 

and there are traces of goethite. The mineral composition of the RM appears in Table 4-30 and 

Figure 4-23. It is evident that gibbsite, boehmite and rutile are inherited from the bauxite ore, 

and that cancrinite, sodalite, chantalite, hematite and calcite have formed during the Bayer 

process. 
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Table 4-30 Mineral composition of the bauxite ore and the RM residue determined with 

XRD. 

Material 
Mineral composition by XRD  

major phases (40-15%) subsidiary (15-7%) traces <7% 

Bauxite 

Kaolinite - Al₂Si₂O₅(OH)₄ 

Gibbsite - Al (OH)3 

Boehmite - ϒ- AlO(OH) 

Gypsum - CaSO₄·2H₂O 

Rutile/anatase - TiO2  

Magnetite - Fe₂O₄ 

Goethite Fe₂O3.H₂O 

 

RM 

Hematite - Fe₂O3 

Cancrinite - 

Na₆ Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Gibbsite - Al (OH)3 

Sodalite Na 4 Si3Al3 O12Cl 

Boehmite - ϒ- AlO(OH) 

Calcite CaCO3 

 

Quartz SiO2 

Rutile TiO2  

Goethite α-FeOOH  

Chantalite - 

CaAl2(SiO4)(OH)4 

 

In the RM, the kaolinite from the bauxite has reacted with the NaOH and carbonated with the 

lime during the refining process, transforming into feldespathoids cancrinite and sodalite. This 

agrees with previous literature stating that kaolinite is not stable under highly alkaline 

conditions and various zeolite and feldspathoids can form (Breck and Breck, 1973). The 

transformation of kaolinite into cancrinite during the Bayer process agrees with Zhao et al. 

(2004), who obtained feldespathoids cancrinite and sodalite by reacting kaolinite with alkali 

solutions. Cancrinite is considered a feldspathoid rather than a zeolite due to the difficulty of 

molecular diffusion in its framework (Coombs et al. 1997 in Zhao et al. 2004). Similarly, 

sodalite is a tectosilicate without zeolitic water. The identification of cancrinite and sodalite in 

RM can be difficult. They have several common peaks located at 6.32, 3.65, 2.59 and 2.11 Å, 

but cancrinite can be identified by its characteristic diffraction peaks at 3.24, 2.74, 4.69 and 

4.15 Å (Zhao et al., 2004). In the Saudi RM, sodalite’s unique peak at 2.84 Å and other 

characteristic peaks at 4.46 and 4.00 Å are concealed, but other characteristic and intense peaks 

such as 3.52 and 6.39 Å are evident (Zhao et al., 2004).  

The mineral composition of the Saudi RM also agrees with Castaldi et al. (2008) who reported 

the presence of cancrinite, hematite and sodalite making up 78% wt of the RM (with cancrinite 

and sodalite accounting for c.50%) and amorphous oxides accounting for 15-20% wt.  

However, the halo and the lifting of the trace indicating the presence of amorphous phases is 

minor in the Saudi RM indicating a higher crystallinity (Figure 4-23). The composition also 

agrees with Klauber et al. (2011) who found cancrinite, sodalite, dawsonite, and calcium-

containing phases resulting from the Bayer process. The gibbsite (Al(OH)3) and boehmite (γ-

AlOOH) in the Saudi RM are undigested bauxite material, and the original goethite has been 

converted to hematite as previously highlighted by (Klauber et al., 2011). The use of lime 
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(twice) in the Maa’dem refining process, has facilitated the occurrence of cancrinite, chantalite 

and calcite in the Saudi RM, and has also assisted the transformation of the original bauxite 

iron compounds (goethite and magnetite) into hematite. 

 

4.6.5 Phase transformation on pyro-processing 

 

The mineral phases produced when the RM was sintered at increasing temperature were 

determined with XRD analysis and are included in Table 4-31 and Figure 4-23. The main phase 

changes are as follows:  

1- At 300°C. Gibbsite has disappeared turning into boehmite, and likely amorphous 

alumina polymorphs. Only boehmite was clearly detected, however, it is likely that 

some amorphous alumina polymorphs are present because the evolution of the XRD 

trace halo and the slight lifting of the base-line roughly indicate that the RM is most 

amorphous at 300°C. These changes agree with previous authors reporting the 

decomposition of gibbsite and the beginning and evolution of gibbsite dehydroxilation 

to form both boehmite and amorphous alumina polymorphs (Paglia et al., 2004; Atasoy, 

2005; Malki et al., 2014). However, the temperature at which gibbsite disappears is 

lower than that reported by previous authors. Sglavo et al. (2000) state that the 

transformation of aluminium hydroxide phases (Bayerite, Gibbsite and Boehmite) into 

alumina polymorphs is the most important phenomenon up to 800°C, but in the Saudi 

RM, the decomposition of gibbsite takes place at a significantly lower temperature 

(<300°C). 

2- At 400°C, the maximum cancrinite is recorded. 

3- At 750°C boehmite, sodalite and calcite have disappeared and chantalite lowers, but 

there is still significant cancrinite. 

4- At 1000°C cancrinite and chantalite disappear forming nepheline, C3A and gehlenite. 

This agrees with Sglavo et al. (2000) who also found nepheline in RM samples sintered 

between 900 and 1200°C. However, the authors report that the decomposition of 

chantalite and cancrinite produces alkaline oxides which in turn produce incipient 

nepheline at a slightly lower temperature (c.800°C). 
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Table 4-31 Phase evolution and mineralogical changes on pyro-processing of the RM 

determined with XRD.  

Material 

Mineral composition by XRD 

Phase changes 

major phases (40-15%) 
subsidiary 

(15-7%) 
traces<7% 

RM 0°C- 

200°C 

Hematite  - Fe₂O3 

Cancrinite 

Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Gibbsite  - Al (OH)3 

Sodalite - Na 4 Si3Al3 O12Cl 

Boehmite -   

ϒ- AlO(OH) 

 

Calcite - 

CaCO3 

 

 

Quartz - SiO2 

Rutile TiO2  

Goethite 

α-FeOOH  

Chantalite 

CaAl2(SiO4)(OH)4 

No appreciable 

changes in mineral 

composition between 

0 and 200 degrees. 

Cancrinite increases 

up to 400°C, then it 

lowers. 

RM 

300°C 

Hematite   

Fe₂O3 

Cancrinite 

Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Sodalite - Na 4 Si3Al3 O12Cl 

Boehmite  - ϒ- 

AlO(OH) 

Calcite-  

CaCO3 

 

Chantalite  

CaAl2(SiO4)(OH)4 

 

Gibbsite has 

disappeared. 

Likely turned into 

boehmite. 

RM 

400°C 

Hematite  Fe₂O3 

Cancrinite 

Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

Sodalite - Na 4 Si3Al3 O12Cl 

Boehmite  ϒ- 

AlO(OH) 

 

Calcite CaCO3 

Chantalite  

CaAl2(SiO4)(OH)4 

 

Maximum cancrinite 

content. 

Chantalite slightly 

increases. 

RM 

750°C 

Hematite  Fe₂O3 

Cancrinite 

Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O 

 

Perovskite-  

Ca Ti O3 

 

Chantalite 

CaAl2(SiO4)(OH)4 

 

-Boehmite, sodalite 

and calcite disappear. 

- Chantalite lowers. 

- Significant 

cancrinite.  

RM 

1000°C 

Hematite Fe2O3 

 

 

Nepheline Na 

Al SiO4 

C3A-

Tricalcium 

aluminate-Ca3 

Al2O4 

Gehlenite-

Ca₂Al2SiO7 

 

- Cancrinite and 

chantalite disappear 
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Figure 4-23 Phase transformation on pyro-processing of the RM.  

 

4.6.6 Thermal analyses 

 

The thermogravimetric analysis (TGA- Figure 4-24) shows a continuous weight loss as the 

temperature raises up to 1000°C. The total mass loss of the RM is 12% at 1000°C, it is slow 

and steady because the samples were previously dried at 100°C, and as expected, it coincides 

with the loss on ignition. 

The differential scanning calorimetry (DSC- Figure 4-24) curve shows two marked 

endothermic peaks at 280 and 737°C where the samples take in heat to decompose. The 

endothermic peak at 280 °C is usually attributed to the decomposition of gibbsite and the 

beginning and evolution of gibbsite dehydroxilation (to form both boehmite and χ-alumina -

Atasoy, (2005). 

The endothermic peak at 737 °C corresponds to the decomposition of boehmite, sodalite and 

calcite because, according to the XRD results, at 750°C, they have disappeared. This agrees 

with Sglavo et al. (2000) who claim that the endothermic peak at around 800°C is due to the 

transformation of low temperature aluminium hydroxide phases (bayerite, gibbsite and 

boehmite) into η-, χ- and γ-Al2O3. It also agrees with Rivas  Mercury et al. (2011) who 
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attributed this peak and the final descending (endothermic) branch to sodalite decomposition 

at c.700°C (965-1523K). 

The endothermic DSC peaks are mirrored by two episodes of mass loss which are related to 

the evaporation of the water mechanically held, the gibbsite dehydroxilation, and the evolution 

of CO2. These weight losses can also be related to the loss of water molecules located in 

the channels and cages of cancrinite and sodalite (Castaldi et al., 2011). 

 

 

Figure 4-24 Thermogravimetric and differential scanning calorimetry analyses of the red 

mud. 

 

4.6.7 Variation of specific surface area, water demand and setting with pyro-processing  

 

As it can be seen from the results (Table 4-32), the specific surface area of the RM particles 

increases as the calcination temperature raises up to c.700°C, but after this threshold the surface 

area lowers. According to the XRD results, the main phase change above 750°C is the 

disappearance cancrinite. Therefore, the lowering of the SSA after 700°C is due to the melting 

and agglomeration of cancrinite. 

An increase of fineness or surface area raises the water demand to reach a specific consistency. 

The water demand results agree with the variation of specific surface area, as the water demand 

increases with the calcination temperature up to 750°C, and lowers at 1000°C. These results 
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agree with the mineral composition results placing the maximum content of the cancrinite (a 

feldspatoid/zeolite characterized by its open microstructure) between 400 and 700°C.  

As it can be seen from Table 4-32, all the RMs speed up the initial and the final set of the lime 

significantly. All the RMs reduced final setting time of the lime paste by over 50% except for 

the 300 RM where the reduction is less substantial. The slow set of the RM burned at 300 °C 

is inconsistent and it is due to the water content being too high for its SSA. The fastest set is 

achieved by the RM sintered at 400 and 750°C. This is consistent with the results above as 

these RMs have the greatest SSAs. It has been stated that the iron phases control the setting 

properties and the colour of RMs (Liu et al., 2011). This disagrees, because the Saudi RM is a 

pozzolanic material, and the main iron phase (hematite) remains unchanged during the pyro-

processing. Therefore, in the RM, the setting (or initial loss of plasticity) is not determined by 

the iron phases but by the evaporation of the mixing water, the carbonation of the lime, and the 

formation of pozzolanic hydrates. 

 

Table 4-32 Variation of specific surface area, water demand and setting times with pyro-

processing. Setting times for 1:1 (RM: lime) pastes to produce an initial flow of 170±5 mm. 

(*) Hydrated lime of European designation CL90s. 

RM 

T oC W/b  
SSA  

(m2/g) 

Initial Setting Time 

(min) 

Final Setting Time 

(min)  

0 0.73 9.03 170 180 

200 0.70 8.87 150 130 

300 0.85 9.91 240 260 

400 0.83 11.47 140 150 

750 0.85 14.08 130 160 

1000 0.75 2.75 110 140 

Lime * 0.52 - 360 370 

 

4.6.8 Reactivity by the Chapelle test 

 

According to the Chapelle test results (Table 4-33), the RM combines the most lime when 

burned at 400 0C, closely followed by 300 0C. The pozzolanic index values of the RM burned 

at 400 0C, compare well with some reactive, low-Ca (c.3%), class F (ASTM C618:2014), fly 

ashes (FA) previously studied (Alelweet and Pavia, 2019, 2020). As expected, the GGBS 
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pozzolanic index is low, as it is a cementitious material that needs less lime than pozzolans to 

activate and releases lime on hydration. 

 

Table 4-33 Pozzolanic index or mg of lime fixed per gram of pozzolanic material (I Ca(OH)2) 

for the raw and thermally treated RM compared with GGBS and FA. (*) (Alelweet and Pavia, 

2020); (**) (Alelweet and Pavia, 2019, 2020); (+) (Berenguer et al., 2020). MK – metakaolin. 

SCBA-sugar cane bagasse ash. 

Materials RM RM200 RM300 RM400 RM750 RM1000 GGBS** FA* SCBA+ FA+ MK+ 

mg Ca(OH)2/g 251 277 406 457 254 280 209 572 - - - 

mg CaO/g 190 209 308 346 192 212 158 433 - - - 

I Ca(OH)2 125.4 138.3 203.0 228.8 127.3 140.2 104.3 286.1 293-337 382 1194 

 

4.6.9 Reactivity by strength development (mechanical method) 

 

As it can be seen from the results in Table 4-34, the RM sintered at 300°C reached the highest 

mechanical index, closely followed by the RMs sintered at 400, 750 and 1000 °C. The reactivity 

of the RM (measured as the mechanical index at 28 days) is superior to other pozzolanic 

materials previously studied including Leca (4.6), FA (3.4) and ceramic dusts (1-3), and 

slightly inferior to microsilica (12.5) and rice husk ash (RHA=12) (Walker and Pavía, 2010, 

2011). 

 

Table 4-34 Compressive and flexural strengths and mechanical indices at 28 days. SD- 

standard deviation. 

RM 
Flexural strength 

(MPa) 
SD 

Compressive strength 

(MPa) 
SD 

Mechanical index-

MI 
SD 

RM 0 0.73 0.10 2.02 0.25 6 0.15 

RM 200 0.62 0.05 1.96 0.30 6 0.18 

RM 300 0.86 0.06 2.50 0.19 8 0.12 

RM 400 0.87 0.14 2.09 0.20 7 0.12 

RM 750 0.85 0.09 2.02 0.20 7 0.13 

RM 1000 0.88 0.01 2.18 0.10 7 0.08 

 

From the long-term strength development results (Table 4-35) it can be stated that RM 

completes the pozzolanic reaction earlier that other pozzolans such as FA. The ultimate strength 

values of the GGBS materials are higher as expected from their cementitious nature.  
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Table 4-35 Ultimate strengths and mechanical indices of the RM sintered at 750°C compared 

with FA and GGBS. Standard deviation = 0.13-0.17. MI- mechanical index. 

Material 
Compressive strength (MPa) Flexural strength (MPa) 

4 months 5 months MI 4 months 5 months MI 

RM 750 1.80 1.48 7.00 0.87 2.23 9.09 

FA 3.43 4.55 18.56 1.82 1.93 7.88 

GGBS 6.02 8.37 34.18 2.63 2.22 9.06 

 

4.6.10 Microstructure and presence of hydrates 

 

The SEM was used to investigate the quality and distribution of the hydrates in the lime/red 

mud pastes. The elemental composition of the hydrates was determined with EDXRA. The 

background search didn’t reveal research work to which the results could be compared. The 

qualitative nature of the SEM analyses did not allow to determine clear differences in the 

microstructure of the type of hydrates produced by the different pastes. However, some trends 

could be established, and well-defined and representative hydrates are shown in the SEM 

micrograph results. 

At 28 days, the general structure of the 1:1, RM: lime paste shows abundant hydrates in the 

RM sintered at 300°C (Figure 4-25 - Figure 4-26). The chemical composition indicates that 

these are pozzolanic hydrates resulting from the RM’s cancrinite phase (Figure 4-27 - Figure 

4-28). The morphology and composition of the hydrates is consistent (Figure 4-29 - Figure 

4-30), and further investigation evidenced fan-shaped sprays of cancrinite crystals and 

hexagonal plates (Figure 4-31- Figure 4-32). After 3 months of curing, there seems to be a shift 

toward cubic hydrates (Figure 4-34 – Figure 4-36), probably due to the transformation of the 

metastable hexagonal hydrates. Manfroi et al. 2014 found calcium silicate hydrate (C-S-H) and 

C-A-H gel and AFm phase in RM pastes. AFm phases are also found upon pozzolanic reaction 

in the Saudi RM, however, the main pozzolanic hydrates seem to be of a zeolitic nature. 

Therefore, the reaction products of the Saudi RM can be better compared with those of natural 

pozzolans of zeolitic nature (Massazza, 1998). 
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Figure 4-25  General structure of the 1:1, RM: 

lime paste at 28 days showing abundant 

hydrates (RM sintered at 300°C). 

Figure 4-26 General structure of the 1:1, 

RM: lime paste at 28 days showing abundant 

hydrates (RM sintered at 300°C). 

 

 
 

Figure 4-27 Representative morphology of 

the hydrates in the RM/lime paste in Figure 
4-26. 

Figure 4-28 The chemical composition of 

the hydrates in Figure 4-27 indicates that 

these are pozzolanic hydrates derived from 

the RM’s cancrinite phase 

(Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O). 
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Figure 4-29 Further detail of the most 

abundant pozzolanic hydrates found in the 

RM/lime pastes. 

Figure 4-30 Their chemical composition is 

consistent, and evidence that they are derived 

from the original cancrinite phase in the RM. 

 

 

 

Figure 4-31 Hydrates formed in the RM /lime 

paste at 1 month, including fan-shaped sprays 

of cancrinite crystals and hexagonal plates. 

The elemental composition of these hydrates 

appears in Figure 4-32 - Figure 4-33. 
 

  

Figure 4-32 The main pozzolanic hydrates, 

marked as spectrum 1 in Figure 4-31, are fan-

shaped sprays of cancrinite crystals. 

Figure 4-33 Hexagonal plates also appear. 

These are likely of the AFm type of hydrates 

(C4AH13 / C2AH8). However, their 

composition shows the presence of Na picked 

up by the scattered X-Rays from the 

background and surroundings. 

2 
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Figure 4-34 Detail of hydrates in 

the RM /lime pastes at 3 months. 

The elemental composition of the 

hydrates appears in  

Figure 4-35 – Figure 4-36. 

 
 
 

 

 
 

Figure 4-35 Elemental 

composition of the cubic hydrate 

phases (marked as spectrum 1 in 

Figure 4-33). These become more 

common over time, probably due 

to the transformation of the 

hexagonal hydrates. 

 

 

 

 

 
 

Figure 4-36 Elemental 

composition of the hydrates 

marked as 2-3 in Figure 4-34. 

 

4.6.11 Discussion: Pozzolanic activity and cementitious properties 

 

As aforementioned, the pozzolanic properties of the RMs reported in the literature vary 

considerably. According to Sglavo et al. (2000) RM is substantially inert up to 900°C, while 

(Pera et al. (1997) found that RMs calcined at 600-800°C were pozzolanic but their activity 

was low, and Shi et al (1999) obtained a RM of high pozzolanic activity by heating at 750°C a 

RM of high kaolinite content. Most authors attribute the pozzolanic activity of RMs to the 

transformation of the initial gibbsite into boehmite and transition aluminas (with reported 

3 
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pozzolanic behaviour) at 600-800°. However, as evidenced by the XRD and DSC results, 

gibbsite transforms much earlier in the Saudi RM (280-300°C), agreeing with the greater 

activity for this RM found at a lower temperature. 

The Saudi RM does not contain kaolinite. However, the Chapelle test and mechanical index 

results, and the comparison with other pozzolanic materials in the literature, indicate that the 

RM is moderately pozzolanic (Table 4-36). The SEM/EDXA and XRD analyses suggest that 

the main active phases are zeolites and feldespathoids. Therefore, the pozzolanic activity of the 

Saudi RM is mainly due to the presence and reaction of feldspathoids and zeolites, and the 

formation of zeolitic and feldspathoid-based hydrates. The SEM/EDXA evidenced that, at 300-

400°C, cancrinite is clearly active and produces pozzolanic hydrates in the form of needle-

shaped and fan-shaped sprays of crystals. The XRD results showed that the maximum 

cancrinite content is found at 400 °C. Therefore, the pozzolanic activity of the RM is mainly 

due to the presence and reaction of feldspathoids. 

The results also indicate that the Saudi RM shows the greatest activity when sintered at 300 

and 400°C. The RMs sintered at 300 and 400°C combine the most lime in the Chapelle test, 

and they reached the greatest strengths and mechanical index (Table 4-36). In addition, the RM 

at 400°C sets the fastest, closely followed by the RM sintered at 750°C which reached a 

comparable mechanical index and the greatest SSAs. Hence, the optimum thermal treatment 

that enhances pozzolanic activity lies c.400°C as evidenced by the highest lime combination 

and greatest mechanical indices. 

At c.700°C, the specific surface area of the RM particles is still high, and the RM combines 

significant lime and has a mechanical index comparable to the lower temperature. According 

to the XRD and DSC results, at 750°C -boehmite, sodalite and calcite have disappeared but 

there is still significant cancrinite. This agrees with the main pozzolanic activity being driven 

by this mineral.  

Negative effects of the thermal treatment are evidenced over 750°C. These are the decrease in 

specific surface area (Table 4-36), due to the melting and agglomeration of cancrinite (DSC 

results in figure 2), devitrification and crystallisation of nepheline, C3A and gehlenite (1000°C) 

at the expense of cancrinite and chantalite which disappear (Table 4-31 and Figure 4-23). 
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Table 4-36 Summary of some of the principal physical properties and reactivity results. SD-

standard deviation. 

RM 
SSA 

(m2/g) 

Chapelle test 

Ca(OH)2/g 
PH 

Setting times 

(min) Flexural 

strength 

(MPa) 

Compr. 

strength 

(MPa) 

Mechanical 

index Initial 

set 

Final 

set 

0 oC 9.03 251 10.64 170 180 0.73 2.02 6 

200 oC 8.87 277 10.23 150 130 0.62 1.96 6 

300 oC 9.91 406 10.34 240 260 0.86 2.50 8 

400 oC 11.47 457 10.96 140 150 0.87 2.09 7 

750 oC 14.08 254 11.75 130 160 0.85 2.02 7 

1000oC 2.75 280 10.28 110 140 0.88 2.18 7 

 

4.6.12 Conclusion 

 

The Saudi RM is pozzolanic and not cementitious because, in Ma’adem, the Bayer process 

temperature (c.270°C) is not high enough for hydraulic calcium silicates to form. Thermal 

treatments enhanced reactivity. The heated RMs make hydrated lime set between two and three 

times faster than alone, hence they are pozzolanic. The RM is moderately pozzolanic, and its 

activity is mainly due to the presence and reaction of feldespathoids and the formation of 

zeolitic and feldspathoid-based hydrates. Cancrinite is active, and it produces pozzolanic 

hydrates in the form of needle-shaped and fan-shaped sprays of crystals. AFm phases were also 

found however, the main pozzolanic hydrates seem to be of a zeolitic nature. Despite the 

occurrence of nepheline, C3A and traces of gehlenite at 1000°C, the formation of pozzolanic 

hydrates that result in setting and strength development is greater at lower temperature (300-

400°C). The RM sintered at 300 and 400°C combines the most lime in the Chapelle test, and 

reached the greatest strengths and mechanical index. The (400°C) sets the fastest closely 

followed by the RM sintered at 750°C which reached a comparable mechanical index.  

The positive effects of the thermal treatment can be seen below 750°C (loss of water in the 

zeolite/feldespathoids, and destruction of the crystal structures of the clay minerals inherited 

form the parent bauxite). Negative effects are evidenced over 750°C including a decrease in 

specific surface area, devitrification and crystallisation. The optimum thermal treatment that 

enhances pozzolanic activity lies c.400°C as evidenced by the highest lime combination and 

greatest mechanical indices. 
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The RM consists of gibbsite and boehmite, inherited from the bauxite, and cancrinite, chantalite 

and sodalite formed during the Bayer process. The CaO, added during refining, has transformed 

the original goethite into hematite, and caused the occurrence of cancrinite. The Saudi RM has 

high SiO2 content and high alkalinity, the chloride and carbon contents are low, and no toxic 

elements were found. It presents abundant specific surface area available for reaction, superior 

to commercial CEM II and other pozzolanic and cementitious materials such as FA and GGBS.  
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5. PROPERTIES OF THE AAMS 
 

 

Alkali-activated materials were designed and produced in the laboratory using RM, bauxite, 

GGBS and blends of RM and bauxite with FA/GGBS. Their physical properties and durability 

are studied in this chapter.  

 

5.1 ALKALI-ACTIVATED MATERIALS MADE WITH A HIGH-CALCIUM, BASIC 

SLAG 

 

This section studies the properties and durability of AA materials made with a ground 

granulated blast furnace (GGBS) from Dublin, activated with sodium hydroxide (NaOH), and 

sodium silicate (Na2SiO3), both combined and separately, and cured at 20 and 60 °C. The long-

term strength and durability were assessed with accelerated weathering tests using thermal-

moisture cycling, salt crystallization and freeze-thaw cycling. The mass loss and 

macro/microscopic changes after cycling were investigated. The 28-day strengths are 

compared to the 270-day strengths.  

 

5.1.1 Mix design  

 

The composition of the AA GGBS materials is included in Table 5-1 based on activator type 

and curing temperatures. The activators were selected according to previous authors who state 

that alkali silicate and hydroxide are the best activators for slags because they generate the 

highest PH (or alkalinity) which accelerates the reaction between the activator and the 

precursor (Shi et al., 2006; Provis et al., 2013; Pacheco-Torgal et al., 2014).  

Hydroxide activators induce the hydrolysis of the Si-O-Si and Al-O-Al bonds releasing Si4+ 

and Al3+ and providing more hydroxyls which raise the PH to the values required for the 

dissolution of the precursor.  

Silicate activators provide a higher level of alkalinity over longer periods because, when a 

moderate amount of silica dissolves, the PH does not drop rapidly (as it is the case with 

hydroxide activators) (Provis et al., 2013). 
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A high PH is not considered suitable for Ca-rich precursors such as GGBS, because at very 

high OH- concentrations, although Si and Al increase solubility, calcium becomes less soluble 

(Pacheco-Torgal et al., 2014). Therefore, high Ca slags (Ca=35-45%) are usually activated 

under moderated alkaline conditions (Fernández-Jiménez et al., 1999; Bakharev et al., 2000; 

Shi et al., 2006).  

Furthermore, high concentrations of hydroxide activator in GGBS have been reported to 

encourage efflorescence and increase cost (Provis and Van Deventer, 2013; Pacheco-Torgal et 

al., 2014). It is considered in the literature that slags can be successfully activated with a 

combination of alkali hydroxide and silicate. The fluidity of the hydroxide activator maintains 

a suitable rheology while the silicate activator provides Si ions for the generation of cementing 

hydrates that contribute to strength (Pacheco-Torgal et al., 2014).  

The ratio Na2SiO3/NaOH is essential as NaOH acts as dissolvent while Na2SiO3 acts as a binder 

(Liew et al., 2016). Das et al, (2013) reported that the optimum value for Na2SiO3 to NaOH is 

1.5, giving a higher compressive strength. Rajesh et al., (2013) investigated the performance 

of alkali-activated slag with various alkali activators such as sodium silicate, sodium hydroxide 

and sodium carbonate. According to the results, NaOH ranked first for flexural strength and 

shear strength, Na2CO3 ranked second, and Na2SiO3 ranked third. Wang et al., (1995) reported 

that Na2SiO3 was the most common and effective activator for slags providing the highest 

compressive strength values agreeing with Bakharev et al., (1999). The Si ions contribute to 

the AAS's strength through effective silica gel formation, and the silica gel can react with 

calcium to form calcium silicate hydrates rich in silica.  

Curing temperature is considered an important parameter. Bakharev et al., (1999), reported 

improvements in early strength and reduced shrinkage in alkali activated slags (AAS) by curing 

at room temperature. Türker et al., (2016) found that AAS mortar cured at 60 °C had a denser 

microstructure than AAS mortar cured at ambient temperatures.  

Each slag responds differently to activation methods and curing temperatures as a result of 

variations in composition due to different raw materials and industrial processes (Wang et al., 

1994; Chen, 2020). There are considerable discussions among researchers in the literature 

regarding the most effective method for curing the AA slags. 

Previous researchers have investigated curing temperatures from ambient to 60 degrees and 

higher. This research discusses the effect of curing temperature, up to 60 degrees, based on 
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mechanical strength, and accelerated weathering cycling. The curing temperature was not 

raised beyond 60 degrees due to environmental concerns and site application feasibility. 

 

Table 5-1 Composition of the AA GGBS materials (3:1 - sand: GGBS).  

*Sand is 1350 g (67%) 

 

5.1.2 Mechanical strength of the AA GGBS mortars 

 

Influence of activator. In general, the Na2SiO3 + NaOH activated slags tend to achieve the 

greatest compressive and flexural strengths (Table 5-2,Figure 5-1), agreeing with (Fernandez 

et al., 1999). However, when cured at ambient temperature, the early strenghts (3 days) are 

superior for the NaOH activated slags. This has been previously reported and attributted to the 

slags reacting faster with the NaOH than the silica, hence reaching greater early strengths 

(Fernandez et al., 1999). The early strengths of the Na2SiO3  + NaOH materials are lower than 

some in the literature, probably due to the slag’s ultrafine nature and high SSA: an increment 

in the SSA of the slag has a negative effect on strength with Na2SiO3 + NaOH activators (A. 

Fernández-Jiménez and Puertas, 2003).  

The Na2SiO3 activated slags result in poor strengths disagreeing with previous studies 

(Bakharev et al., 2000; Fernández-Jiménez and Puertas, 2001, 2003; Krizan and Zivanovic, 

2002; Atiş et al., 2009; Altan and Erdoğan, 2012; Burciaga‐Díaz and Escalante‐García, 2013). 

The reason for the low strength is an excessive %Na2O by mass of slag (the high reactivity of 

the slag would require a lower %Na2O), as the optimum quantity lies between 3-6% by mass 

of slag, and the materials are over this threshold (Hewlett and Liska, 2019). The strength of the 

NaOH activated slags is lower than Talling and Krivenko, (1996), most likely due to an 

excessive alkalinity, produced by an undue high molarity of the NaOH solution (the alkalinity 

being excessive for the highly reactive nature of the slag). The sporadic efflorescence observed 

 
T GGBS Na2SiO3

/8M 

NaOH 

Na2O Density water NaOH Na2SiO3 

0C (g) (%)  % (kg/m3) (g) (%) (g) (%) (g) (%) 

G1 20 450 22.37 1.5 4.56 1676.26 124.36 6.18 20.52 1.02 66.63 3.31 

G2 20 450 22.37 - 11.40 1676.26 160.21 7.96 51.3 2.55 — — 

G3 20 450 21.74 - - 1725 128.25 6.20 — — 141.75 6.85 

G4 60 450 22.37 1.5 4.56 1676.26 124.36 6.18 20.52 1.02 66.63 3.31 

G5 60 450 22.37 - 11.40 1676.26 160.21 7.96 51.3 2.55 — — 

G6 60 450 21.74 - - 1725 128.25 6.20 — — 141.75 6.85 
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in some of the materials conforms with the alkalinity being excessive, as efflorescence has been 

associated with high concentrations of hydroxide activator in slag materials (Pacheco-Torgal 

et al., 2014; Provis et al., 2014). The appearance of occasional microcracks also agrees with 

the high alkalinity.  

In most instances, the strength tends to increase over time, raising significantly at late ages, 

between 28 and 270 days. The strength increase at late ages agrees with some authors, such as 

(Rodríguez et al., 2008), who found strength increases up to 120 days, but does not conform 

with (Collins and Sanjayan, 2001), who found that the strength of alkali-activated slag concrete 

tends to reduce at late ages (360 days), and attributed the reduction to the occurrence of a 

network of interconnected microcracks with increasing age.  
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Figure 5-1 Effect of activator on compressive strength development. 

 

 

Influence of curing temperature. A higher temperature is expected to increase the amount 

and rate of slag dissolution so that reactivity, and hence strength gain are favoured. The effect 

of increasing temperature for each of the activators is shown in Figure 5-2-Figure 5-4. 

Increasing temperature, enhances strength when Na2SiO3+NaOH is the activator (mainly at 

early ages, up to 28 days), agreeing with former authors (Fernandez et al., 1999; Bakharev, 

Sanjayan and Cheng, 2000; Fernández-Jiménez and Puertas, 2001, 2003; Krizan and 

Zivanovic, 2002; Atiş et al., 2009) but often lowers the ultimate strength when the NaOH and 

Na2SiO3 activators are used separately.  
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The general tendency is that raising the curing temperature enhances the strengths at early ages 

(3, 7 days) - except for the flexural strength of the NaOH activated slag which lowers. However, 

at late ages (28, 270 days) the strength increase with rising temperature is less significant, and 

sometimes the ultimate strength lowers (e.g. the compressive strength of Na2SiO3 activated 

slag at 270 days drops considerably when cured at 60 oC). Yet, the tendency is that the ultimate 

strength increase when rising the curing temperature is not significant, agreeing with former 

literature (Wang and Scrivener, 1995; Fernandez et al., 1999).   Similarly, (Bakharev et al., 

1999) report that heat initially accelerates the strength development of AA slag concrete, but 

at later ages, the compressive strength is reduced when compared with room temperature 

curing. They observed that curing at 70oC accelerates early strength but, after 28 days, the 

strength was reduced by 35 to 45%.  

Most of the strength variation triggered by the higher curing temperature is within the values 

reported by Bakharev et al., (1999), who studied the performance of AA slag materials up to 

the age of 540 days and report total strength variations of around 5 MPa, and no significant 

ultimate strength variation with increasing curing temperature from 20 to 60 0C. 

The NaOH activator tends to perform best at room temperature agreeing with (Fernandez et 

al., 1999) who note that an increase of temperature lowers the strength of NaOH- activated 

slags at all ages and with Altan and Erdoğan, (2012). The 0.77 MPa result of the NaOH- 

activated slag is unreliable, and likely due to a defective specimen with microcracks.  

 

Table 5-2 Compressive and flexural strengths of AA GGBS materials: effect of the type of 

activator, curing temperature and age. 3:1 (sand:GGBS); Na2SiO3/NaOH=1.5; 8M NaOH. 
 

Flexural strength  Compressive strength  
Activator Na2SiO3+NaOH NaOH Na2SiO3 Na2SiO3+NaOH NaOH Na2SiO3 

COVs 0.05-0.13 0.00-0.20 0.01-0.41 0.10-0.48 0.00-0.23 0.05-0.29 

Curing T 20°C 60°C 20°C 60°C 20°C 60°C 20°C 60°C 20°C 60°C 20°C 60°C 

3 days 0.66 7.31 3.33 1.75 0.28 0.81 1.88 44.11 8.09 8.56 0.60 1.30 

7 days 3.51 7.10 3.07 1.15 0.70 0.93 12.08 34.38 8.77 7.53 1.31 1.50 

28 days 6.12 7.09 0.77 1.65 1.89 3.25 25.70 33.69 17.56 12.03 5.21 2.92 

270 days 7.01 7.26 5.62 8.26 5.70 3.05 93.06 94.36 61.11 65.31 32.79 24.63 

% Change 

28-270 d 

+12 +2 +86 +80 +66 -6 +72 +64 +71 +81 +84 +88 
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Figure 5-2 Strength development of the Na2SiO3+NaOH-activated, GGBS mortars. 
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Figure 5-3 Strength development of the NaOH-activated, GGBS mortars. 
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Figure 5-4 Strength development of the Na2SiO3-activated, GGBS mortars. 
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5.1.3 Effect of accelerated weathering on the mechanical strength of AAS materials 

 

It was expected that the AAS materials would lose some strength as a result of weathering, but 

the results are inconsistent, and the strengths after weathering are sometimes higher than before 

(Table 5-3). This agrees with former authors: Bakharev et al., (2002), following experiments 

with exposure to acid attack, found strength increase in AAS concrete. Similarly, (Luga, 2015) 

evidenced that slag geopolymers increased compressive strength by 14-24% following wet-dry 

cycles, and other authors found a compressive strength increase after freeze-thaw cycling 

(Kukko and Mannonen, 1982; Bernal et al., 2014; Azarsa and Gupta, 2020). The strength 

increase have been attributed to the presence of smaller pores (Ellis et al., 2015) but is likely 

the result of continuing hydration (Bakharev et al., 2002).  

In this research, raising the curing temperature of the AAMs does not seem to increase 

durability, as the strength losses of the room-cured specimens after cycling are comparable to 

those cured at high temperature. No consistent trend was found to help determine whether a 

certain weathering agent undermines the AAS materials further than another, as the strength 

losses after the three types of cycles are comparable. The Na2SiO3+ NaOH activated GGBS 

specimens lost the least strength as a result of performing durability cycles. 
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Table 5-3 Effect of accelerated weathering on the 270-day strength of the AAS materials (MPa).  

 

Na2SiO3+NaOH activated NaOH activated Na2SiO3 activated 

Flexural strength 
Compressive 

strength 
Flexural strength 

Compressive 

strength 
Flexural strength 

Compressive 

strength 

20°C 60°C 20°C 60°C 20°C 60°C 20°C 60°C 20°C 60°C 20°C 60°C 

Wet-dry 6.75 8.97 93.06 91.83 4.69 5.25 61.11 71.91 1.41 8.09 17.97 32.45 

Salt crystallization 5.13 6.47 96.34 98.68 5.06 7.05 65.31 74.76 4.60 6.57 8.24 25.88 

Freeze-thaw 5.51 6.59 77.43 87.41 3.56 2.47 38.50 40.33 0.54 3.06 20.40 16.63 

Control (No cycles) 7.01 7.26 93.06 94.36 5.62 8.26 61.11 65.31 5.70 3.05 32.79 24.63 

COVs 0.04- 0.35 0.04- 0.10 0.05- 0.50 0.03- 0.10 0.07- 0.17 0.02- 0.13 0.02-0.45 0.02-0.17 0.00-0.68 0.09- 0.24 0.06-0.50 0.15- 0.30 
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5.1.4 Mass loss and microscopic damage induced by accelerated weathering 

 

Salt-crystallization cycling. The Na2SiO3+ NaOH activated GGBS showed the best durability 

after salt crystallization cycling. Some specimens lost/gained a small amount of mass (Table 

5-4). However, no damage appeared after cycling. The Na2SiO3 activated GGBS lost 

insignificant material after 20 salt crystallization cycles. However, several specimens showed 

microcracks with no expansion or displacement and efflorescence (Figure 5-5). The NaOH 

activated GGBS displays the worst resistance to salt-induced damage, with efflorescence and 

slight swelling appearing after 15 cycles, and c.3% mass gain probably linked to the absorption 

and retention of salt solution inside voids and cracks (Figure 5-6). 

 

Table 5-4 Mass loss of AAS materials after salt crystallization cycling. 

Mass loss (%)  

 Na2SiO3+NaOH activated NaOH activated Na2SiO3 activated 

Cured at 20°C -1.53 3.55 -0.33 

Cured at 60°C 1.78 2.98 -0.36 

 

 

Figure 5-5 Na2SiO3 activated GGBS after salt crystallization cycles. Left: Microcracks in the 

20°C- cured specimens. Right: efflorescence in the 60°C-cured specimens. 

Figure 5-6 NaOH activated GGBS, 60°C-cured, after salt crystallization cycling showing 

cracks. 
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The intensity of sulphate attack has been related to the alumina content. The alumina content 

of the GGBS is c.12% wt which complies with the BS 8500 requirements for a high- resistance 

(+SR) PC concrete for aggressive ground conditions. It is a similar content than in other slags, 

but slightly higher than many PCs (usually 4-6%, the majority below 10%). Nevertheless, no 

gypsum or ettringite were recorded with the SEM (see section 5.1.5 microstructure and 

microscopic damage). In the AAS materials investigated, the slag is the only source for alumina 

therefore the content is within safe levels regarding durability. 

Wet-dry cycling. The resistance to deterioration induced by thermal and moisture expansion 

was assessed by performing 15 wet-dry cycles. The specimens were immersed in water at a 

constant temperature of 20 ± 0.5◦C for 16 hours and dried in an oven preheated to 105◦C for 6 

hours. The best durability after wet-dry cycling is shown by the Na2SiO3+NaOH activated 

GGBS cured at 60°C and 20°C. The mass change (c.0.5%) is insignificant, and the specimens 

showed virtually no alteration after cycling. The worst resistance to wet-dry cycling is shown 

by the Na2SiO3 activated GGBS which shows the greatest mass variation at c.4% (Table 5-5). 

Cracks and efflorescence appeared after 15 cycles (Figure 5-7) indicating certain water 

absorption and retention. 

 

Table 5-5 Mass loss of AAS specimens after thermal/moisture cycling. 

Mass loss (%)  

 Na2SiO3+NaOH activated NaOH activated Na2SiO3 activated 

Cured at 20 (°C) 0.51 1.59 -3.57 

Cured at 60 (°C) 0.42 0.86 -4.13 

 

Figure 5-7 Na2SiO3 activated GGBS after 20 wet-dry cycles. Left image 20 °C cured, right 

60 °C cured showing cracks, delamination and slight efflorescence. 

 

The literature tends to agree on that AAMs and geopolymer mortars remain structurally intact 

without any visible cracks or deterioration for longer, while surface microcracks appear on PC 
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mortars following wet-dry cycles, due to the shrinkage. Djobo et al., (2016) evidenced no 

visual deterioration after 20 wet-dry cycles in mortars made with alkali-activated volcanic ash, 

and small compressive strength reductions of 24% and 14% for specimens cured at 27  °C and 

80 °C, respectively. The results agree with Luga (2015) who evidenced a high resistance to 

wet-dry cycles for slag/FA geopolymers, and an increase in compressive strength by 14% and 

24% respectively for slag and FA/slag geopolymers. 

Freeze-thaw cycling. The best durability after freeze-thaw cycling is shown by the 

Na2SiO3+NaOH activated GGBS with no degradation or efflorescence, and the highest 

mechanical strength (cured at 60 °C)- Table 5-3 and Table 5-6. It is well known that pore 

structure and saturation largely determine the amount of damage by frost action, as water held 

in pores expands on freezing, causing stresses and eventually disruption, which is usually 

evidenced as micro-cracks that finally cause material detachment. Their high performance is 

probably due to the dense microstructure and close pore structure observed with the SEM 

below. The results agree with Fu et al., (2011) who showed experimentally that alkali-activated 

(Na2SiO3, NaOH) slag concrete has an excellent freeze-thaw resistance. They evidenced a high 

resistance, with slight weight loss (<1%) after 300 cycles and a frost resistance coefficient of 

∼90%. The high resistance is attributed to the lack of Ca(OH)2 (the hydration products were 

mostly C-S-H), resulting in a compact and homogeneous matrix with excellent freeze-thaw 

durability. The Na2SiO3 activated GGBS cured at 60 0C showed the highest weight loss after 

15 cycles, and the NaOH-activated slag showed efflorescence (Figure 5-8).  

Table 5-6 Mass loss of AAS specimens after freeze-thaw cycling. 

Mass loss (%)  

 Na2SiO3+NaOH activated NaOH activated Na2SiO3 activated 

Cured at 20 (°C) -1.53 -1.35 -1.69 

Cured at 60 (°C) -1.41 -1.90 -3.76 

 

 

Figure 5-8 Efflorescence on NaOH activated GGBS after 20 freeze- thaw cycles (left 20°C- 

cured; right 60°C). 
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5.1.5 Microstructure and microscopic damage  

 

The Na2SiO3+NaOH activated GGBS showed the best mechanical strength. Therefore, its 

microstructure was investigated with petrography and SEM analyses. The microscope analyses 

show a dense microstructure where macropores are virtually absent. Given the restricted and 

qualitative nature of these techniques, no direct correlation could be established between the 

microscopic analyses and the strength results. However, the results evidenced that the 

microstructure of the material is sound, the aggregate and the GGBS are evenly distributed and 

the bond at the interface is continuous (Figure 5-9-Figure 5-12). In the ambient cured materials 

(Figure 5-9), the petrographic microscope showed abundant unreacted GGBS grains in an 

opaque groundmass with occasional patches of cement. However, in the oven cured materials 

(Figure 5-10), the structure of the matrix is more crystalline, and the GGBS particles often 

show reaction and the formation of cementing hydrates. The petrographic microscope did not 

provide enough resolution to identify the nature of the hydrates. However, no alkali-aggregate 

reactions or alkali-silica reactions were evident (Figure 5-11-Figure 5-12), and none of the 

aggregates had reacted with the alkaline binder, not even the microsilica (chert) grains 

comprising the aggregate. The SEM analyses confirmed the petrographic analysis results. 

Furthermore, the SEM showed micro-cracks owed to shrinkage, that were invisible in the 

Na2SiO3+NaOH activated GGBS with the naked eye and with the resolution of the petrographic 

microscope (Figure 5-13). Cracking due to drying shrinkage is one of the challenges for alkali-

activated slag materials, and it increases as the lime content in the system lowers (Shi et al., 

2006). Hence the high Ca content of this slag has probably reduced drying-shrinkage cracking 

and contributed to the sound microstructure of the materials. 

 

 

Figure 5-9 Na2SiO3 + NaOH activated GGBS cured at ambient temperature where 

abundant fine GGBS is still evident in the matrix. 

3 mm 
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Figure 5-10 Na2SiO3 + NaOH activated GGBS cured at 60oC shows stronger reaction, with a 

more homogeneous matrix where much of the GGBS has become cement. 

 

 

Figure 5-11 Representative image of the Na2SiO3 + NaOH activated GGBS, cured at ambient 

temperature, with abundant unreacted GGBS in the matrix and sound aggregate with no 

evidence of alkali reaction. X20 polarised light. 

 

 

 
 

Figure 5-12 Detail of the GGBS reaction and the cement formed by alkali reaction in the 

oven-cured, Na2SiO3 + NaOH- activated, GGBS matrix. X40 polarised light. 

0.7 mm 

0.3 mm 
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Figure 5-13 SEM images of the Na2SiO3/NaOH activated GGBS, cured at ambient 

temperature, showing fractures and abundant unreacted GGBS.  

 

 

 

A slight surface precipitate known as efflorescence appeared after salt crystallization, wet-dry 

and freeze-thaw cycling in most of the specimens that were NaOH and Na2SiO3 activated. The 

formation of efflorescence in AA materials is relatively common. It has been associated with 

high concentrations of hydroxide activator in slag materials (Pacheco-Torgal et al., 2014; 

Provis et al., 2014), and with the depolymerization of cementing hydrate gels at advanced times 

of curing. In AA materials, Ke et al., (2015) linked efflorescence to the loss alkali cations from 

cementing hydrate gels. Several authors state that it results from the leaching of alkalis in the 

AAMs and their reaction with CO2 in the atmosphere i.e. unreacted sodium is mobile within 

the pore network, and that is prone to the form efflorescence when in contact with atmospheric 

CO2 (Allahverdi et al., 2008; Kani and Allahverdi, 2009; Škvára et al., 2009; Temuujin and 

Riessen, 2009; Pacheco-Torgal and Jalali, 2010; Najafi et al., 2012). The tendency towards 

efflorescence in AAMs has also been related to a high alkali concentration in the pore solution 

(Lloyd et al., 2010) and to the relatively weak binding and exchangeability of the sodium in 

the aluminosilicate gel structure (Bortnovsky et al., 2008; Szklorzová and Bílek, 2008).  

On hand samples, the salts show a similar powdery habit, and do not seem to be associated to 

expansion, cracking or bulging of the specimens. However, this was further investigated 

microscopically with a scanning electron microscope. Under the microscope, the salts appear 

to cover areas erratically, hence it was not possible to conclude whether they originate from 

the cementing gel or not. However, the elemental composition shows that the salts are mainly 

soda (Na2O) probably mixed with some sodium carbonates and sulphates (Figure 5-14-Figure 

5-17). 

20 µm 
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Figure 5-14 Alkali-activated GGBS after frost cycling, showing an area with erratic 

distribution of salt efflorescence. 

 

 

Figure 5-15 Detail of the salts in Figure 5-14; their composition appears in Figure 5-17. 

 

 

Figure 5-16 Detail of the salts after frost cycling. 
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Figure 5-17 The elemental composition shows that the salt is mainly soda (Na2O) probably 

mixed with some sodium carbonates and sulphates. 

 

 

Sulfate damage to PC materials is usually associated to the presence of aluminates, as the 

reaction between sulfate and PC aluminates produces expansible ettringite and gypsum which 

lead to cracking and disruption, hence low aluminium PC materials have superior resistance to 

sulfate environments (Lawrence and Hewlett, 1988). Despite the Al content in the slag (12%) 

and the sulphur in the test solutions, neither expansive gypsum nor ettringite were recorded 

with the SEM. Hence, the salts can be partly attributed to the high alkalinity of the materials 

which, together with the high mobility of the sodium and the salt solution, have enabled 

efflorescence to precipitate on the surface of the specimens. The SEM examination confirmed 

the superficial distribution and the lack of expansive cracks or bulging associated to the 

efflorescence (Figure 5-18-Figure 5-20). 

The microstructure of the best performers (Na2SiO3+NaOH activated GGBS cured at 60°C 

after 270 days of curing) seems unaltered after cycling. It varies from areas consisting of 

unreacted GGBS particles and scattered silica cements (Figure 5-18-Figure 5-20) to others 

featuring abundant silicates with different habits, mainly isometric and tabular (Figure 5-21). 
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Figure 5-18 Microstructure of the Na2SiO3+NaOH activated GGBS cured at 60°C at 270 days 

showing unreacted GGBS particles and scattered cements. 

 

 

 

Figure 5-19 Detail of the cementing hydrates in Figure 5-18. The elemental composition of 

the cement (marked with a red dot) is shown in Figure 5-20. 

 

 

 

 

Figure 5-20 Elemental composition of the silica cement in Figure 5-19. 
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Figure 5-21 Microstructure of the Na2SiO3+NaOH activated GGBS cured at 60°C after 270 

days, with abundant octahedral and tabular silicates (Figure 5-22-Figure 5-23). 

 

 

 

Figure 5-22 Elemental composition of the octahedral silicates. Spectrum 1 of Figure 5-21. 

 

 

 

Figure 5-23 Elemental composition of the tabular silicates. Spectrum 2 of Figure 5-21. 

 

This microstructure agrees with previous authors. It is well known that the main reaction 

product in alkali silicate activated slag binders is a poorly crystalline C-A-S-H type gel. 

However, hydrogarnets such as katoite have also been found (Bernal et al., 2013). The 
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elemental composition of the abundant octahedral and tabular phases evidenced suggests that 

they are calcium alumino silicates (Figure 5-22-Figure 5-23), some including Mg. The Na 

content is provided by the activator and picked up by the scattered EDX beam. The presence 

of these phases agrees with the alumina content of the GGBS (approximately 12%). The 

octahedral crystals are likely the garnet katoite, a member of the Ca3Al2(SiO4)3- Ca3Al2(SiO4)3 

(OH)12, calcium aluminum silicate hydrate series of the hydrogrossular group. It is similar to 

the mineral identified by Passaglia and Rinaldi, (1984) in natural outcrops associated to lava 

flows. The appearance of this phase has been facilitated by the curing at 60 °C (Kyritsis et al., 

2009). 

 

5.1.6 Setting time  

 

All the activators produced similar setting times except for the NaOH activated slag which 

requires a significantly longer time to finally set (Table 5-7). The results agree with others 

reported in the literature. Previous authors have reported that, when finer than 450 m2/kg, AA 

slag binders set in 1-3 minutes and hence the material is impossible to pour (Talling and 

Brandstetr, 1989). However, despite the slag being ultrafine, the setting times are over one hour 

for all the activators. The setting times are faster than others previously reported. Andersson & 

Gram, (1987) reported that, for AA slag pastes activated with Na2SiO3, the initial and final 

setting times were 2h 20min and 4h 45min respectively; and 3h 40min and 4h 40 min when 

activated with NaOH. 

According to Andersson and Gram (1987), the fineness of the slag does not affect the setting 

time significantly between values ranging from 350-530 m2/kg. However, the setting times are 

much shorter when fineness increases. The setting time also depends on the basicity (CaO+ 

MgO / SiO2) of the slag.  Higher basicity will likely result in shorter setting times regardless 

of the activator (Krivenko, 1994). The more basic the slag the greater its hydraulic activity in 

the presence of alkali activators  (Lawrence and Hewlett, 1988). In general, glassy slags with 

CaO/SiO2 ratios between 0.50 and 2.0, and Al2O3/SiO2 ratios between 0.1 and 0.6 are 

considered suitable for alkali activation (Provis, and Deventer, 2014).  Hence, the CaO content 

increases with the basicity of GGBS, leading to a shorter setting time (Shi and Qian, 2000). 
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Table 5-7 Setting time for alkali activated slags. 

Activators 
Initial time: 

t i 
Final time: t f ▲t= ti - tf 

Slag properties 

Fineness 

(m2/kg) 
Basicity 

Na2SiO3 1h11 min 1h31 min 20 min 

1950 

 

1.56 

 

Na2SiO3/NaOH 1h 8 min 1h26 min 18 min 

NaOH 1h15 min 2h 8 min 53 min 

(Fernández-Jiménez and Puertas, 2001; A. Fernández-Jiménez and Puertas, 2003) 

Na2SiO3 1h16 min 1h46 min 20 min 

460 1.51 
80%Na2SiO3/20%NaOH 1h15 min 1h55 min 25 min 

NaOH 2h45 min 3h50 min 30 min 

80%NaOH/20%Na2SiO3 1h10 min 1h40 min 20 min 

(Andersson and Gram, 1987) 

Na2SiO3 2h20min 4h45min 2h25min 
550 1.40 

NaOH 3h40min 4h40 min 1 h 

 

5.2 PROPERTIES OF AA MATERIALS MADE WITH RM ALONE AND BLENDS 

OF RM WITH FA/GGBS 

 

This section studies the feasibility of producing AAMs with RM and blends where RM is 

partially replaced with FA and GGBS at 30% and 50%. The RM was activated either with 

Na2SiO3 or with Na2SiO3/NaOH at varying ratios. The mechanical strengths, setting times, 

porosity, water absorption and density of the resultant materials were measured. In addition, 

their durability was assessed by measuring the strength loss, mass loss, and visual deterioration 

after accelerated cycling.  

 

5.2.1 Mix design 

 

The RM calcined at 400 °C was selected to produce the AAMs. As seen in chapter 4, at 400°C, 

the RM is most amorphous and shows the greatest reactivity (highest lime combination, 

greatest mechanical index and fastest set) due to the transformation of gibbsite (Al (OH)3) into 

boehmite (ϒ- AlO(OH)) and amorphous alumina polymorphs, and the presence of maximum 

cancrinite. At this temperature, the RM consists of hematite (Fe2O3), cancrinite 

(Na₆Ca₂[(CO₃)₂|Al₆Si₆O₂₄]·2H₂O) and sodalite (Na4Si3Al3O12Cl). High reactivity facilitates 

geopolymerisation. Previous authors noted that calcination of RM improves the dissolution of 

aluminosilicate phases enhancing geopolymerization (Ye et al., 2012).  
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In general, the composition of the RM, namely the Si, Ca and Al reactive in an alkali media 

indicates potential for use in AA technology (Dimas et al., 2009). Usually, RM is high in silica 

from bauxite impurities, and includes some residual Al (Provis et al., 2014). Hence, the 

typically higher Si/Al ratio may result in a weak final product (Duxson et al., 2007; Hajjaji et 

al., 2013). According to Provis et al.(2014), the low Al in RM is the most significant challenge 

for the use of RM in AAMs.  For this reason RM is usually blended with supplementary Al 

sources such as FA (Kumar and Kumar, 2013), and/or Ca sources such as GGBS (Pan et al., 

1998; Pan et al., 1999) to produce AAMs. However, the RM in this research is high in Al 

(c.30%wt). As aforementioned, the Saudi RM has higher silica (20%) and alumina (30%) than 

most in the literature. Therefore, it is possible that the Saudi RM may produce AAMs alone. 

 

Partially replacing RM with FA and GGBS 

To produce some of the AAMs, the RM was partially replaced with FA or GGBS. As seen in 

the RM characterisation (chapter 4), the Saudi RM has higher silica and alumina and lower 

iron than most in the literature, and it is more alkaline than most. In summary, the RM is high 

in Al (30%) and silica (20%) and low in Ca (5%). When blended, the GGBS contributes 

abundant Ca (42%) and Si (32%), and some aluminium (12%), while the FA contributes 

abundant silica (62%) and Al (23%) – Chapter 4 and Table 5-8.   

Therefore, the RM-FA combination results in a low calcium system which hence may lack 

calcium silicate hydrate cements. In contrasts, the RM-GGBS combination results in a high-

calcium system, whereby the calcium would form hydraulic calcium silicate hydrates. 

Furthermore, as seen in Chapter 4, nearly the total mass of the GGBS is amorphous which 

means that the silica and alumina comprising the slag are reactive. Also as seen in chapter 4, 

the FA is highly reactive, including a high glass content of roughly 40-60%. Despite having a 

low-CaO, the FA is ultrafine, with 90% of the particles under 100 microns and high specific 

surface areas, at 6500m2/kg. 

 

Table 5-8. Chemical composition of the precursors used to make the AA RM materials (see 

Chapter 4). %wt 
 

SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO SO3 TiO2 MnO 

RM 19.66 29.79 5.08 12.96 24.05 0.09 0.40 1.65 5.12 0.02 

GGBS 31.71 10.83 44.90 0.51 0.03 0.71 7.50 2.08 0.95 0.17 

GGBS 34.14 13.85 39.27 0.41 0 0.26 8.63 2.43 0.54 0.25 

FA 53.40 21.18 4.14 9.99 0.70 3.24 1.86 2.67 1.35 0.07 

FA 65.32 24.72 0.94 4.84 - 1.37 0.68 0.37 0.91 - 
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Effect of activator  

Previous authors have proven that the solid NaOH (or Na2O) naturally occurring in RM can 

dissolve to provide an alkaline medium. According to several authors, the high alkalinity of 

RM contributes to geopolymerisation, but a NaOH activator solution is still required to achieve 

a desirable strength (Kumar and Kumar, 2013; Singh et al., 2016; Kulkarni, 2018; Kumar et 

al., 2021). NaOH at 6M has been proposed as the optimum activator to enhance reaction and 

mechanical properties (Kumar and Kumar, 2013). In general, an increase in NaOH content 

increases alkalinity which enhances the dissolution rate of the aluminosilicate precursor (Ana 

Fernández-Jiménez and Puertas, 2003; Ke et al., 2015) which boosts strength (Figure 5.24). 

However, an excess of OH- and Na+ produced at high NaOH concentration lowers mechanical 

strength. The Na+ excess prevents the formation of oligomers at later stages which lowers 

strength (Aziz et al., 2020). The Na+ excess can form sodium carbonate due to atmospheric 

carbonation which may disrupt the polymerization process (Barbosa et al., 2000; Al Bakri et 

al., 2013). 

The UCS of RM geopolymers at RM contents 40–60% are comparable with those of other 

polymers made with one-part mix fly ash (with high unburned carbon particles) inorganic 

polymers activated with NaOH contents of 3–5%, indicating that the alkalinity (NaOH) 

supplied by RM contents of 40–60% could be equivalent to adding 3–5% NaOH activator 

Figure 5-24 (Choo et al., 2016).  

The Saudi red mud's pH was measured and found to be over 11. It contains significant Na2O, 

which can act similarly to the NaOH activator or as a retarder on hydration.  
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Figure 5-24 Unconfined compressive strength (UCS) of three different alkali-activated FAs 

as a function of NaOH content by mass (Choo et al., 2016). 

 

 
Dimas et al. (2009) studied the effect of NaOH activator concentration (3 to 10M) on the 

compressive strength of AA RM and metakaolin materials. The SiO2 content of the activator 

was constant at 3M, the RM/metakaolin mass ratio of the solid phase was also constant at 85:15 

and the solid/liquid ratio was 2.9 g/mL. The results (Figure 5-25) showed the compressive 

strength of the materials versus the initial NaOH activator concentration: between 3 and 6M 

NaOH concentration, the compressive strength was almost invariable at 7.7MPa. As the NaOH 

concentration increased from 6M to 8M, the strength increased substantially, reaching a 

maximum of 14.64MPa. A further increase of NaOH concentration to 10M caused substantial 

strength reduction. Therefore, polycondensation is best at intermediate NaOH concentration of 

around 8M. In general, high NaOH concentration promotes the dissolution of the silicon and 

aluminium in the precursors which normally facilitates polycondensation due to the increase 

of the SiO2/Na2O mass ratios in the aqueous phase. However, very high initial NaOH 

concentrations damage polycondensation because the amount of dissolved silicon and 

aluminum remains almost constant while the free NaOH increases, resulting in lower 

SiO2/Na2O mass ratios in the aqueous phase Dimas et al. (2009).  

According to Provis and Van Deventer (2013), waterglass - Na2SiO3 - should be used as 

activator when synthesizing RM-GGBS polymers. In general Na2SiO3 activators are reported 

to introduce a volume of soluble SiO2 to form monomers, dimmers, oligomers, and a growth 

of a better microstructure than the SiO2 dissolved from the precursors (Singh et al., 2005).  It 

is widely acknowledged in AAM technology that soluble silica provides monosilicate species 
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in the liquid phase which are responsible for the formation of oligomers and their 

polycondensation, and that the higher the initial silica concentration, the greater the 

polycondensation rate and the compressive strength of the materials produced. 

 

 

Figure 5-25 Compressive strength VS NaOH concentration (Dimas et al., 2009). 

 

Dimas et al. (2009) studied the effect of the initial soluble silica concentration in the activator, 

with the NaOH activator constant at 8M (S/L ratio =2.9 g/mL and RM/metakaolin wt = 85:15). 

Their results (Figure 5-26) show that increasing soluble silica concentration from 3M to 3.5M 

caused a substantial increase in compressive strength from 15MPa to 20MPa, but a further 

increase did not significantly affect strength. At higher silica concentration, cracks formed on 

the surface immediately after demoulding, which grew bigger as the silica concentration 

increased. However, despite the surface cracks, the materials displayed good mechanical 

properties, indicating a good degree of polymerization. The authors blamed the surface cracks 

on a high polycondensation rate forming an impermeable surface membrane that entrapped the 

free water of the aqueous phase which expanded during curing creating the cracks. 
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Figure 5-26 Compressive strength VS initial SiO2 concentration (Dimas et al., 2009). 

 

With respect to blending activators for RM geopolymers, it is generally recommended to blend 

Na2SiO3 with NaOH to minimize the disadvantages of NaOH activation including heat 

generation. Cheng et al., (2019) developed a 70% slag-30% RM geopolymer activated with a 

NaOH/Na2SiO3 at 1/3 ratio reaching 16.7 MPa compressive strength at 28 days. Singh et al., 

2016 developed a RM-FA geopolymer with NaOH/Na2SiO3 (1 /2.5). The RM content varied 

from 10 to 100% and the NaOH concentration from 6 to 12 M. The geopolymer containing 

30% RM, activated with a 12M NaOH solution obtained the best 28-day strength at 38 MPa. 

Singh et al. (2016) studied 30-50% RM geopolymers, blended with FA and GGBS, activated 

with NaOH 6-10M and Na2SiO3/NaOH at 2.5. The results showed compressive strength 

ranging from 6 to 12 MPa, and that increasing RM substitution and NaOH molarity lowered 

strength. The optimum NaOH molarity was 6M for maximum strength.  According to Singh et 

al. (2018) geopolymers made with 30% RM, FA (class-F) and 10% GGBS reached 

compressive strengths ranging from 35 to 43.8 MPa. Those activated with NaOH of 6 M 

exhibited maximum strength. 

 

Effect of curing temperature  

High temperatures can dissolve faster the silica-alumina in the precursor and produce a faster 

geopolymerization. However, previous authors preferred ambient temperature in RM-

geopolymers, because a geopolymerization rate too fast can lead to insufficient dissolution and 

rapid setting that reduces strength (Muraleedharan and Nadir, 2021). The dissolution- 
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recombination–solidification of [SiO4] and [AlO4] from the aluminosilicate precursors in 

alkaline solutions can happen at room temperature (He et al., 2013; Wan et al., 2017; Ai et al., 

2021). Curing AA RM at room temperature shows a better microstructure and enhanced 

mechanical properties (Watling et al., 1975; Kumar and Kumar, 2013; Singh et al., 2016). 

According to Singh et al., (2018) a 30% RM and 10% GGBS/FA geopolymer, cured at ambient 

temperature, reached its maximum strength (43.8 MPa) when activated with 6M NaOH. The 

strength reduced with increasing molarity, reaching 36.8 MPa at 8 M and 35 MPa at 10 M. 

This is attributed to the higher concentration of OH- ions in high molarity solutions, leading to 

early precipitation of aluminosilicate gel which hinders geopolymerization (Singh et al., 2016). 

Taking all the above into consideration, it was decided to use NaOH 6M, a blended activator 

(Na2SiO3/NaOH) at varying concentrations, and curing at ambient temperature. The RM was 

blended with FA (to increase the content of Si and Al) and GGBS (to increase the Si, Al and 

Ca) according to Table 5-9. 

 

Table 5-9 Composition of the AA RM materials (3:1 – sand: RM/FA/GGBS). Sand 750g (59-

66%). Water 124-140 g (9.8-11.5%, CEM II 225g -11%).  

  RM FA GGBS Na2SiO3 
/ 6M 
NaOH 

NaOH a Na2SiO3
b 

Activator 

/ b 
w/b 

(g) (%) (g) (%) (g) (%) (g) (%) (g) (%) 

RM-1 250 100 — — — — 1 21.19 1.74 57.47 4.71 0.88 0.43 

RM-2 250 100 — — — — 2.5 13.36 1.08 90.60 7.30 0.97 0.39 

RM-3 250 100 — — — — Na2SiO3 — — 141.37 11.14 1.08 0.33 

RM-FA-1 175 70 75 30 — — 1 20.52 1.69 55.67 4.59 0.85 0.42 

RM-FA-2 175 70 75 30 — — 2.5 12.97 1.05 87.94 7.12 0.94 0.38 

RM-FA-3 175 70 75 30 — — Na2SiO3 — — 137.45 10.89 1.05 0.32 

RM-FA-4 125 50 125 50 — — 1 19.86 1.65 53.88 4.47 0.82 0.41 

RM-FA-5 125 50 125 50 — — 2.5 12.57 1.02 85.27 6.95 0.91 0.37 

RM-FA-6 125 50 125 50 — — Na2SiO3 — — 88.86 8.16 1.08 0.34 

RM-GGBS-1 175 70 — — 75 30 1 21.19 1.74 57.47 4.71 0.88 0.43 

RM-GGBS-2 175 70 — — 75 30 2.5 12.97 1.05 87.94 7.12 0.94 0.38 

RM-GGBS-3 175 70 — — 75 30 Na2SiO3 — — 137.45 10.89 1.05 0.32 

RM-GGBS-4 125 50 — — 125 50 1 20.52 1.69 55.67 4.59 0.85 0.42 

RM-GGBS-5 125 50 — — 125 50 2.5 12.57 1.02 85.27 6.95 0.91 0.37 

RM-GGBS-6 125 50 — — 125 50 Na2SiO3 — — 137.45 10.89 1.05 0.32 

CEM II 450 22.22 — — — — — — — — — — 0.50 
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5.2.2 Mechanical strength of the AA RM materials 

 

All the alkali activated RM materials achieved high strengths and some reached outstanding 

values - Table 5-10. Even the materials made with RM alone reached significant flexural and 

compressive strengths at 90 days, and the strengths increased significantly between 28 and 90 

days. The significant strength upsurge between 28 and 90 days, can be related to the conversion 

of initial aluminate hydrates into stable phases of greater strength. During the hydration of 

calcium aluminates (e.g. in CACs) metastable hydrates can form that may persist for many 

years before they convert into stable phases (Lawrence and Hewlett, 1988).  Risdanareni et al. 

(2015) and other authors also report that geopolymer binders do not reach full strength at 28 

days. 

 

Table 5-10 Mechanical strength of AA RM materials at 28 and 90 days. COVs=0.001-0.19 

(flexural strength). COVs=0.015-0.22 (compressive strength).  

 

Mix %FA/ GGBS Na2SiO3 / 6M 

NaOH 

flexural strength 

(N/mm²) 

compressive strength 

(N/mm²) 

28d 90d 28d 90d 

RM1 0 1 0.10 2.70 4.53 6.73 

RM2 0 2.5 1.03 5.14 4.68 6.85 

RM3 0 Na2SiO3 0.86 1.28 1.69 2.30 

RM-FA1  30%FA 1 1.70 4.11 6.87 7.72 

RM-FA2 30%FA 2.5 4.36 4.67 10.85 11.70 

RM-FA3 30%FA Na2SiO3 2.21 3.83 5.74 5.89 

RM-FA4 50%FA 1 4.17 4.39 9.90 13.22 

RM-FA5 50%FA 2.5 5.98 7.08 11.54 15.53 

RM-FA6 50%FA Na2SiO3 3.95 6.68 8.90 10.30 

RM-GGBS-1 30%GGBS 1 1.85 4.24 13.21 19.43 

RM-GGBS-2 30%GGBS 2.5 1.42 3.33 9.52 19.18 

RM-GGBS-3 30%GGBS Na2SiO3 1.72 6.57 8.02 21.53 

RM-GGBS-4 50%GGBS 1 5.24 8.64 27.48 38.92 

RM-GGBS-5 50%GGBS 2.5 5.52 9.20 33.65 40.64 

RM-GGBS-6 50%GGBS Na2SiO3 3.77 4.67 12.59 24.81 

CEM II - - 6.02 7.33 37.18 46.67 

 

Effect of RM substitution with FA and GGBS on strength.  

FA substitution increased both the flexural and compressive strengths of the AA RM materials, 

and GGBS substitution increased the strengths further (Table 5-10 and Figure 5-27). The 

compressive strength of the AA RM materials with 30% FA (7 to 12 MPa) increased with 50% 

FA substitution (10-15.5 MPa). When the RM was replaced with GGBS, the compressive and 
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flexural strengths were the highest, increasing at 50% GGBS substitution (12.6 - 40.6 MPa). 

The results are comparable to those of Bayat et al. (2020) who obtained 33-50 MPa 

compressive strength values in AA RM-slag materials with 10-40% RM.  They also agree with 

Cheng et al. (2019) who activated 30% RM / 70% slag with Na2SiO3/ NaOH = 3 reaching a 

compressive strength of 16.7 MPa at 28 days. 
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Figure 5-27 Variation of compressive strength of the AA RM materials with increasing 

substitution with FA and GGBS. 

 

As seen in chapter 4, the RM has significant Al (30%) and silica (20%), and low Ca (5%), and 

GGBS contributes Ca (42%), Si (32%) and some Al (12%), while the FA contributes Si (62%) 

and Al (23%). Therefore, the RM-FA combination results in a low-Ca system which may lack 

C-S-H cements. In contrasts, the RM-GGBS combination results in a high-Ca system, where 

C-S-H cements of high strength should form. The superior strength of the GGBS materials is 

attributted to the combined effect of the latent hydraulicity of the GGBS and the high Ca 

content that activates with the alkali solution forming C-S-H and /or C-A-S-H cements of high 

strength. The higher Ca/Si of the GGBS materials results in stronger C-A-S-H gels with a more 

ordered structure. Singh et al. (2018)  recorded C-S-H / C-A-S-H cement in high-Ca, RM-

GGBS systems. Wang et al. (2021) investigated the polymerization of RM blended with FA 

and GGBS, and the effects of the [AlO4]
- content in the C-A-S-H structure.  



143 
 

The results show that the greatest Ca content (Ca/(Si+Al)>1) showed the highest 

polymerization, and hydrates with more abundant C-A-S-H gel. Also, secondary products were 

formed in this reaction, such as N-A-S-H and hydrotalcite as noted by (Marvila et al., 2021). 

The superior strength of the FA materials compared to the RM alone is probably related to the 

contribution of the Al in the FA to the production of calcium aluminate cements (Kumar and 

Kumar, 2013). Mudgal et al. (2021) confirmed the formation of a high dense structure in RM-

FA geopolymer, with Al participating in the geopolymerization. Their lower values with 

respect to the RM GGBS materials is due to their lower Ca content: to synthesize C-A-S-H 

geopolymer cement, the Ca/Si ratio must be at least 0.6 (Martín-Garrido et al., 2020) (in PC, 

the Ca/Si is generally over 2 -Wang et al., 2021).  The lower Ca/Si molar ratios of AAMs 

(generally 0.7- 0.3), are consistent with longer, more polymerised- (alumino)-silicate chains 

(Lecomte et al., 2006).  

In general, the flexural strength results (Figure 5-28) follow a similar trend: the strength of the 

RM materials with FA and GGBS replacements is higher than the RM alone, increasing the % 

replacement enhances strength and the AA RM materials with 50% GGBS replacement 

reached the greatest flexural strength. Activation with silicate alone lowers the ultimate 

strength of the 50%GGBS materials- see below. 
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Figure 5-28 Variation of flexural strength of the AA RM materials with increasing 

substitution with FA and GGBS. 
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Effect of the activator on strength.  

The activator type influences strength. In general, the combined activators yield better strength 

results than the silicate activator alone (Figure 5-27 and Figure 5-28). 

In the RM-GGBS materials, the combined activator clearly provides the best mechanical 

properties. This agrees with AA-GGBS materials results, where it is clear that NaOH activator 

provides C-S-H cements with higher Ca/Si ratio, a more ordered structure and better strength 

than the C-A-S-H formed when activated with silicate alone (Escalante‐García et al., 2003; 

Fernández-Jiménez et al., 2003). 

The lower strength recorded when activating the RM with Na2SiO3 alone can be attributed to 

an excess of Si in the mix which results in unreacted Si that prevents the formation of large 

amounts of geopolymer cement. This agrees with Provis et al. (2014). The silica provided by 

the activator is more active in geopolymerization than the silica in the RM precursor (De and 

Brown, 1980; Hajjaji et al., 2013). However, an excess of silica may hinder polymerisation, 

hence the optimum Si/Al ratio for a given geopolymer matrix varies with the amount of soluble 

silica in the raw material (Singh et al., 2018). Similarly, Hameed et al. (2017) found that the 

compressive strength of AA metakaolin materials improved when increasing the Na2SiO3 / 

NaOH ratio up to 2, but over this threshold the compressive strength decreased because the 

excess of silicate hindered water evaporation and structure formation.  

In addition, activating RM or RM- FA with Na2SiO3 alone did not increase strength. According 

to (Kumar and Kumar, 2013; Singh et al., 2016; Kulkarni, 2018; Kumar et al., 2021) the NaOH 

solution was necessary in order to achieve higher strength.  Activation by Na2SiO3/NaOH at 1 

resulted in the highest strength, while increasing FA to 50% increased Al and enhanced 

SiO2/Al2O3.The higher strength was recorded when activated by Na2SiO3/NaOH at 2.5. 

The results evidence that the high alkalinity of RM is not enough for the dissolution of 

aluminosilicate materials and geopolymer formation but an NaOH activator is needed to 

conform AA RM materials. This agrees with (Kumar and Kumar, 2013; Singh et al., 2016; 

Kulkarni, 2018; Kumar et al., 2021) which state that NaOH is necessary to achieve high 

strength.  

 

 



145 
 

5.2.3 Setting time 

 

The setting times of the alkali activated RM materials appear in Table 5-11. 

 

Table 5-11 Setting time of the alkali-activated RM materials. 

 %FA/ GGBS NaOH (6M) Na2SiO3 initial setting final setting 

 (g) (g) (min) (min) 

RM-1 - 88.94 88.94 340 400 

RM-2 - 52.78 131.97 400 490 

RM-3 - - 224.40 410 510 

RM-FA-1  30%FA 82.10 82.10 400 460 

RM-FA-2 30%FA 48.73 121.82 420 480 

RM-FA-3 30%FA - 246.84 440 500 

RM-FA-4 50%FA 92.36 92.36 570 620 

RM-FA-5 50%FA 58.88 147.20 610 660 

RM-FA-6 50%FA - 254.32 560 610 

RM-GGBS-1 30%GGBS 95.78 95.78 140 150 

RM-GGBS-2 30%GGBS 56.85 142.12 250 260 

RM-GGBS-3 30%GGBS - 254.32 370 380 

RM-GGBS-4 50%GGBS 95.78 95.78 100 110 

RM-GGBS-5 50%GGBS 54.82 137.04 110 150 

RM-GGBS-6 50%GGBS - 216.92 110 130 

CEM II - - 130 140 

 

In general, fast dissolution of highly active Al2O3 and SiO2 sources in a high pH medium 

provides high initial concentrations of silicate (SiO2(OH)2
2- or SiO(OH)3

-1 ) and aluminate 

(Al(OH)4
-1) to react with Ca+2 forming C-A-S-H or C-S-H phase that should result in shorter 

setting times. However, there is no agreement on the main contributor to the setting of AAMs. 

Some authors, state that the main responsible for setting is the soluble Si provided by the alkali 

solution, since the immediate availability of this silica expedites polymerization (Hardjito et 

al., 2008; Nath and Sarker, 2014; Aldawsari et al., 2022). However, others say that the setting 

time of geopolymer systems is mainly controlled by the alumina content (Komnitsas and 

Zaharaki, 2007), and that high CaO content in the precursor decreases setting time (Nath and 

Sarker, 2014). Overall, in calcium-based systems, a higher SiO2 content and Al2O3 content 

appears to shorten the setting time and, in geopolymer systems increasing Al2O3 accelerates 

setting (Chindaprasirt et al., 2012; De Silva et al., 2007). 

In PC, some authors say that set is the consequence of the formation of C-S-H resulting from 

C3S hydration while according to others, setting is due to the hydration of the calcium 

aluminate C3A (Ramachandran, 1976).  
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In the AA RM materials ettringite (AFt) has been held responsible for the setting of GGBS-

RM polymers, where the appearance of C-S-H gel and ettringite (AFt) was followed by the 

polycondensation of C-S-H gels (Cheng et al., 2019). 

The initial setting time of the AA RM materials varied greatly ranging from 100 to 570 minutes. 

Compared to the CEM II (130 minutes), AA RM materials provide a more flexible range of 

initial setting times. The materials with the highest FA content take the longest to set whereas, 

on the contrary, the materials with the highest GGBS content set the fastest. 

Blending GGBS with RM shortens the setting times consideraby. The final set follows a similar 

trend: AA RM materials take between 110 and 660 minutes to finally set. Most of the 

RM/50%GGBS blends set faster that the CEM II control material.  

The RM materials tend to have a longer setting times than CEM II, possibly due to the fact that 

geopolymerization is generally slower that PC hydration. The initial and final setting times of 

the AA RM tend to increase when increasing the FA content. However, the setting times 

shorten when increasing the GGBS content.  

The results agree with former authors working with  AA, RM and FA materials. (Kumar and 

Kumar, 2013), using FA with 0–40% RM, showed that the initial and final setting times 

increased when increasing the FA content (210 and 310 minutes for the initial and final set 

respectively). Similarly, Lin et al. (2020) found that the initial setting time increased from 4.6 

h to 5.5 h and the final setting time from 7.5 to 9.5 h when increasing FA content from 5% to 

25% in RM. The author attributed this to the presence of inert FA cenospheres. According to 

(Kuenzel and Ranjbar, 2019), fly ash can be reactive, partially reactive and inert. The reactive 

FA cenospheres dissolve completely during geopolymerisation. In the partially reactive FA 

cenospheres, the outer vitreous Si shell dissolves gradually and the inert material remains un-

reacted.  

Blending RM with GGBS shortens the setting times considerably due to an increased reactivity 

produced by the additional soluble silica and alumina in the slag, which dissolves faster, 

accelerating the geopolymerization process. As a result, the setting time decreases with 

increasing substitution of RM with GGBS. The results agree with Hwang & Huynh (2017) who 

recorded that initial setting time drops from 6.2 to 1.8 hours, and the final setting time from 8.5 

to 2.6 hours when RM replacement by GGBS rises from 10% to 30%. 
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5.2.4 Durability of the AA RM materials by accelerated cycling  

 

The specimens were subject to cycling after 28 days of curing, and the strength and mass loss, 

as well as the physical damage, were assessed after cycling. 

Despite reaching substantial strengths, many of the AAMs made with RM alone did not resist 

weathering cycles, and they were particularly vulnerable to frost action. The specimens 

suffered cracks and swelling after hydrothermal cycling, some after one cycle (RM-1) and 

others after 15cycles, as shown in Figure 5-29, and they lost considerable strength after cycling. 

The type of activator did not seem to make any difference, and neither the NaOH nor the silica 

activator seem to increase durability. 

Dimas et al. (2009) also found insufficient the resistance of AA materials made with RM (plus 

little MK) activated with NaOH to freeze-thaw and flexure. They attribute this lack of 

resistance to the layered internal structure of the red mud-based inorganic polymers. Dimas et 

al. (2009) explain this mode of destruction by the absorption of water during the wetting phase 

of the freezing-thawing test. The entrapped ice between the surface layers exerts forces that 

break the bonds that link the layers. According to the authors, this indicates weak cross-linking 

between the layers which could also explain the inefficient flexural strength of synthesized 

inorganic polymers. As four-coordinated aluminum is the main cross-linking agent in inorganic 

polymers, the authors argue that the amount of aluminum dissolved during the synthesis was 

not enough to develop the stronger 3D structures and has developed weak cross-linked 2D 

structures instead. 

 

 

Figure 5-29 Specimens of alkali-activated RM alone following hygrothermal cycling. 

RM-1 

RM-3 

RM-2 
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Some of the FA-RM blends did not resist weathering cycles either, being particularly 

vulnerable to frost action. On the contrary, when blended with GGBS, the AA RM materials 

showed outstanding resistance to weathering. The durability of the alkali-activated RM 

materials dramatically improved when blended with GGBS, and most specimens improved 

their strength as a consequence of cycling, surpassing the strengths of their unweathered 

equivalent. This strength improvement is particularly significant during wet/dry cycling.  

The AA RM materials blended with GGBS did not show any damage after cycling (Figure 

5-30), most reached higher strengths after cycling than the unweathered control sample, and 

their performance improved as the amount of GGBS increased - Table 5-12. The increase in 

the resistance to weathering induced by the GGBS is probably due to the combined effect of 

its latent hydraulicity producing C-S-H and its high calcium content that activates with the 

alkali solution, forming ordered calcium silicate hydrate (C-A-S-H). These cements provide 

strength and lower porosity, which enhance durability. As shown in the SEM analyses in 

section 5.2.6, the quality of the hydrates changed in the RM-GGBS materials, with less needles 

and pores, and more abundant microcrystalline gels in denser microstructures (Figure 5-39-

Figure 5-41). The effect is more pronounced  with increasing GGBS content. Liang and Ji 

(2021) claim that the GGBS in AA RM materials forms chemical bonds through 

dehydroxylation which lower porosity and improve pore structure.  

 

 

Figure 5-30 RM-GGBS-4, RM-GGBS-5 and RM-GGBS-6 undamaged after cycling. 

RM-GGBS-4 

RM-GGBS-5 

RM-GGBS-6 
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After cycling, the strengths of the RM-GGBS materials activated with silicate alone (RM-

GGBS-3 and RM-GGBS-6) are much lower than the strengths procured by the other activators. 

Therefore the use of silicate activator alone does not cause failure but lowers the resistance to 

weathering agents. There is no clear trend on the increase of NaOH activator enhancing 

durability as the use of Na2SiO3 / NaOH ratios 1 and 2.5 do not produce a consistent difference 

in the strength values. However, there is an enhancement in the resistance to weather when 

using NaOH activator. This may be related to an increase of C-A-S-H hydrates with a more 

ordered structure promoted by a higher Ca/Si ratio, as proposed by (Escalante‐García et al., 

2003; Fernández‐Jiménez et al., 2003) in the case of NaOH-activated slag. 

 

Table 5-12 Mass loss and strength after accelerated weathering (N/mm²). 

Mix wet-dry cycling freeze-thaw cycling salt-crystallization  Control un-

weathered 

Total 

SiO2/Al2O3 

molar 

ratio 

Na2SiO3 

/ 6M 

NaOH Mass 

loss% 

Fs  C s  Mass 

loss% 

Fs  Cs  Mass 

loss% 

F s  C s  F s  C s  

RM1 - - - - - - - - - 0.10 4.53 1.94 1 

RM2 -14.50 0.60 1.41 - - - 1.30 2.65 4.05 1.03 4.68 2.42 2.5 

RM3 -19.80 0.60 0.43 - - - - - - 0.86 1.69 3.14 Na2SiO3 

RM-FA1 -8.80 2.70 11.00 - - - 1.80 3.95 12.64 1.70 6.87 2.73 1 

RM-FA2 -9.60 2.80 5.33 -1.30 0.76 3.41 1.70 8.14 14.69 4.36 10.85 3.24 2.5 

RM-FA3 - - - - - - -6.50 2.22 4.97 2.21 5.74 4.01 Na2SiO3 

RM-FA4 -8.30 3.10 13.07 - - - 2.20 3.60 21.04 4.17 9.90 3.33 1 

RM-FA5 -8.60 2.70 8.20 -2.60 0.52 2.80 2.60 6.89 22.06 5.98 11.54 3.86 2.5 

RM-FA6 -14.00 2.70 2.31 - - - -16.10 1.15 4.70 3.95 8.90 4.8 Na2SiO3 

RM-GGBS-1 -7.20 2.20 17.86 2.62 0.10 7.38 0.40 3.47 16.92 1.85 13.21 2.66 1 

RM-GGBS-2 -9.00 1.70 20.58 -13.70 1.11 6.65 0.80 3.63 18.57 1.42 9.52 3.19 2.5 

RM-GGBS-3 -9.80 1.50 13.88 0.50 1.70 8.47 0.60 3.40 9.60 1.72 8.02 4.07 Na2SiO3 

RM-GGBS-4 -5.30 4.20 39.67 0.90 6.64 36.78 1.00 6.76 37.31 5.24 27.48 3.31 1 

RM-GGBS-5 -4.00 4.40 44.34 -0.20 6.50 30.07 1.00 5.58 28.40 5.52 33.65 3.94 2.5 

RM/GGBS-6 -7.40 2.20 20.76 -0.20 3.15 15.40 1.00 5.08 12.07 3.77 12.59 5.03 Na2SiO3 

CEM II -4.50 5.60 25.78 -0.70 6.08 23.39 -5.30 6.87 33.07 6.02 37.18 - - 

 

Out of all the FA-blended RM specimens, only those activated with Na2SiO3 / NaOH =2.5 

survived all the cycles (both with 30%FA and 50%FA). Both lowering the silica activator to 

Na2SiO3 / NaOH = 1, and making the silicate the only activator, caused failure regardles of the 

amount of FA replacement. The RM-FA materials with Na2SiO3/NaOH ratio to 2.5 lost 

considerable strength on wet-dry and freeze-thaw cycling but reached significantly higher 

strengths than their unweathered, control equivalent after salt cycling. 

When the RM was partially replaced with FA, the durability of most specimens improved after 

hygrothermal and salt cycling, but only c. 33% of the specimens survived frost action. Only 
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the AA RM-FA activated with Na2SiO3/NaOH 2.5 survived freeze-thaw cycling (RM-FA-2, 

carrying 30% FA, and RM-FA-5 with 50% FA), indicating that the percentage substitution 

with FA, has a lesser influence on durability than the activator's composition.  

Similarly to the GGBS-blended RM materials, it seems that activation with sodium silica alone 

undermines durability (RM-FA-3 and RM-FA-6 failed after hygrothermal and frost cycling). 

The results also suggest that the total SiO2/Al2O3 ratio (activator + precursor) is not essential 

for durability, as c.half of the materials with the highest ratios, (activated with silicate alone), 

failed during cycling unless the RM was partially replaced with GGBS.  

Failure can be related to a longer time needed for geopolymerization in the RM and RM-FA 

blended materials and to the presence of microcracks resulting from geopolymerisation. 

In general, salt crystallization cycling improves the strength of the blended RM specimens. 

However, this is likely due to the crystallization of sodium salts in the material. These salts are 

highly soluble; therefore, they cannot be considered a reinforcement of the structure but a 

weakness, as they can readily dissolve, causing damage. 

 

 

Table 5-13 Deterioration of AA RM materials following water immersion for 24 hours and 

drying at 105 0C till constant mass. 
 

RM-1  

Spalling 

 

RM-2  

Crazing surface+ swelling, cracks 

 

RM-3  

Cracks + scaling, surface loss 

 

RM-FA-1  

Small cracks + corner loss 
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RM-FA- 2  

Small cracks 

 

RM-FA-3  

Delamination, cracks + surface loss 

 

RM-FA-6  

Surface loss 

 

 

5.2.5 Porosity, water absorption and bulk density  

 

Some authors state that hardened RM-slag pastes exhibit better microstructure, lower porosity 

and better resistance to weathering than hardened cement pastes (Pan et al., 2003). Similarly, 

Liang and Ji, (2021) also state that the porosity and pore structure of RM-GGBS geopolymer 

are superior to PC materials (25.88 vs 33.35 respectively). The results do not agree, as the RM 

geopolymers have greater porosity than the CEM II control samples-Figure 5-31. 

The porosity results (Figure 5-31) suggest that the GGBS lowers the porosity of the AA-RM 

materials: the GGBS-RM materials have lower porosities than the FA materials and the AA 

materials made with RM alone, and the porosity further lowers with increasing replacement. 

Replacement with FA shows a similar, however less marked trend. This is consistent with 

(Provis et al., 2012), who determined that GGBS reduced the porosity of geopolymers further 

than FA, due to its chemical composition and higher fineness. Provis et al., 2012 investigated 

the pore structure of sodium silicate-activated, FA-slag materials. They found that increasing 

GGBS replacement increased pore tortuosity and decreased porosity, which was particularly 

notable at slag contents of 50% or higher. The authors conclude that the formation of space-

filling C-A-S-H gels begins to dominate the alkali-activated binder at slag content 25-50%, 

whereas the binders with slag content under 25% are dominated by N-A-S-H gels, which do 

not chemically bind water and therefore do not provide the same extent of pore network 

obstruction. Increasing GGBS content raises the Ca/Si ratio in the AAMs which causes the 

formation of hydrates of ordered structure (C-A-S-H) that lower porosity and enhance 

durability across all materials mixed with GGBS. 
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Some specimens of RM and FA-RM deteriorated during testing- Table 5-14- (only the AA RM 

specimens activated with Na2SiO3/NaOH at 2.5 survived). The deterioration evidenced that the 

silica alone is not a good activator for the system and that the best activator is Na2SiO3/NaOH 

= 2.5 for all the blended materials at all replacements, agreeing with the strength and durability 

results above. 

The results revealed that the alkali-activated RM materials with partial GGBS substitution are 

the densest, and that the density increases and porosity lowers with rising substitution (Table 

5-14). This agrees with the strength and durability results above. As seen above, the RM-GGBS 

materials are more resilient and have stronger structures than the RM aone or RM-FA materials.  
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Figure 5-31 Porosity of AA RM materials. 
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Table 5-14 Porosity, water absorption and density. 

 

 

Mix. 

Designation 

Na2SiO3 / 

6M NaOH 

28 Days 90 Days 

Porosity 

(%) 

Bulk 

density 

(kg/m3) 

water 

absorption 

(%) 

Porosity 

(%) 

Bulk 

density 

(kg/m3) 

water 

absorption 

(%) 

COVs= 

0.01-

0.20 

COVs= 

0.01-0.20 

COVs= 

 0.01-0.20 

COVs= 

0.01-

0.03 

COVs= 

0.00-0.20 

COVs= 

0.00-0.20 

RM-1 1 - - - - - - 

RM-2 2.5 23.62 1873.94 11.19 20.55 1942.80 9.58 

RM-3 Na2SiO3 - - - - - - 

RM-FA-1 1 20.55 1995.82 9.33 18.02 2030.31 8.15 

RM-FA-2 2.5 19.74 1992.34 9.01 16.10 2040.20 7.32 

RM-FA-3 Na2SiO3 - - - - - - 

RM-FA-4 1 20.90 1973.04 9.58 14.94 2060.09 6.77 

RM-FA-5 2.5 18.14 2019.31 8.24 12.84 2090.57 5.79 

RM-FA-6 Na2SiO3 - - - - - - 

RM-GGBS-1 1 14.89 2051.75 6.77 16.30 2033.80 7.42 

RM-GGBS-2 2.5 15.39 2056.36 6.97 17.63 2033.84 7.98 

RM-GGBS-3 Na2SiO3 15.72 2041.23 7.15 17.34 2048.66 7.80 

RM-GGBS-4 1 13.27 2095.31 5.96 14.98 2083.53 6.71 

RM-GGBS-5 2.5 11.66 2096.48 5.27 11.58 2129.58 5.16 

RM-GGBS-6 Na2SiO3 13.86 2097.20 6.20 13.83 2113.79 6.14 

CEM II - 7.31 2208.23 3.21 8.51 2125.83 3.85 

 

5.2.6 Microstructure of the alkali activated RM materials by SEM/EDX     

 

The SEM analysis was carried out in pastes aged 28 days. As shown in chapter 4, under the 

SEM, the RM consists of loose irregular particles and porous, irregularly-shaped aggregates of 

tiny particles - probably hematite and clays. As aforementioned, the AA RM materials were 

made with RM calcined at 400 °C to increase reactivity. 

As seen in Chapter 4, the pozzolanic reaction of the feldspathoids and zeolites in the RM 

produced cementing zeolitic hydrates, AFm phases (ettringite needles) and hexagonal plates of 

portlandite, and the zeolite cancrinite produced pozzolanic hydrates in the form of needle-

shaped and fan-shaped sprays of crystals.  

Dimas et al. (2009) studied the mineralogical phases of RM+metakaolin polymers during 

geopolymerization. They observed that the initial RM phases did not change during 

geopolymerization. The authors conclude a negligible solubility of RM in caustic solutions, 

and that the RM acts as a filler in the process. On the contrary, they claim that the metakaolin 

changed during geopolymerization, and its components including illite and amorphous 
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aluminosilicates totally dissolved, providing Al and Si. The authors discovered a zeolite cement 

(2θ= 18°) newformed during geopolymerization agglomerating the RM particles. 

In the samples of AA RM alone, a scarce cementing phase (of similar quality to the product 

seen in the AA slag pastes) seems to grow on some grains, outwards into the pore space (Figure 

5-32-Figure 5-33). However, these cements have very low crystallinity and their composition 

couldn’t be recorded (Figure 5-33). Many of the typical particles and irregularly-shaped 

aggregates comprising the RM seem unchanged (Figure 5-34) agreeing with Dimas et al. 

(2009). No significant changes in the microstructure were apparent with varying 

Na2SiO3/NaOH. 

 

 

Microstructure of the AA RM materials activated with Na2SiO3/NaOH at ratio 2.5 
 

 
 

 

 

Figure 5-32 Figure 5-33 
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Elements C O Na Mg Al Si Ca 

Spectrum 1 17.98 55.6 20.21 - 0.59 0.11 5.5 

Spectrum 2 17.05 56.53 19.09 - 1.06 0.32 5.94 

Spectrum 3 20.82 46.78 1.16 0.27 0.63 0.44 29.9 

Spectrum 4 20.98 53.15 3.87 - 1.47 - 20.52 
 

Chemical composition (%wt) of Figure 5-33. 

 

 

 

 

Figure 5-34 (top) and detail of Figure 5-34 with location of composition spectrums marked. 

Elements Na Al Si Cl Ca Fe 

Spectrum 1 2.98 1.43 1.32 0.25 1.24 47.90 

Spectrum 2 2.69 1.38 1.12 - 0.92 39.46 
 

Chemical composition of Figure 5-34- %wt. 
 

 

AA RM materials blended with FA.  

As seen in chapter 4, FA is a source for SiO2 and Al2O3 while the GGBS contributes Ca and 

SiO2. Both systems are high silica and alumina, but the RM-GGBS system has a much greater 

Ca content. Therefore, in the RM-FA system N-A-S-H hydrates and aluminates are expected 

whereas stronger C-S-H / C-A-S-H cements are expected in the RM-GGBS system.  

In the AA RM materials blended with FA, cementing hydrates are abundant including low 

crystallinity gels, needle-shaped phases and fan-shaped sprays of zeolite crystals similar to the 

zeolitic cements found when on pozzolanic activation of the RM (Figure 5-35). The chemical 

1 

2 
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analyses by EDX indicate that the needles are AFm phases. The crystallinity of the gel is too 

low to obtain reliable EDX analyses, but the morphology reminds of C-S-H. However, the 

RM+FA material is a low Ca system. According to former authors this typically produces N-

A-S-H hydrates, an alkali aluminosilicate structure different from the C-S-H gel of PC 

hydration (García-Lodeiro et al., 2013) which agrees with the %wt Na in the spectrums of the 

gels. Increasing the amount of silica in the activator slightly raised the Si content of the 

hydrates, but the SEM didn’t provide enough resolution to determine a clear change in the 

nature of the cementing hydrates – Figure 5-36. 

 

Microstructure of the 70% RM -30% FA materials activated with Na2SiO3/NaOH =1. 
 

 

Figure 5-35 

Elements C O Na Al Si K Ca Ti Fe 

Spectrum 1 9.82 44.63 9.76 7.20 6.03 - 18.74 3.83 0 

Spectrum 2 - 58.72 7.63 13.38 12.04 0.47 1.49 1.28 4.98 

Spectrum 3 16.41 49.08 11.42 10.58 12.03 - 0.48 - - 
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Chemical composition of Figure 5-35 

Microstructure of the 70% RM -30% FA materials activated with Na2SiO3/NaOH =2.5 

 

 

Figure 5-36 
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Elements C O Na Al Si K 

Spectrum 1 9.82 49.98 7.63 13.75 22.82 5.82 

Spectrum 2 - 48.06 15.20 11.75 18.16 6.84 

Spectrum 3 17.08 44.43 11.11 9.37 18.02 - 
 

Chemical composition of Figure 5-36 -weight % 

Microstructure of the 50% RM -50% FA materials activated with Na2SiO3/NaOH =2.5. 

 

  

Figure 5-37  Needle-shaped hydrates, likely 

AFm phases. 

Figure 5-38. Low crystallinity hydrates, likely 

N-A-S-H 
Elements C O Na Mg Al Si K Ca Fe 

Spectrum 1 - 65.95 10.88 0.29 10.24 10.40 0.52 0.96 0.76 

Spectrum 2 - 61.73 12.63 - 13.12 10.72 0.60 1.20 0.00 

Spectrum 3 16.58 57.47 10.22 - 8.22 6.27 - 1.23 0.00 
 

Chemical composition (%wt) of the needles -AFm hydrates- in Figure 5-37. 
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Chemical composition (%wt) of the low crystallinity hydrates, likely N-A-S-H in Figure 5-38. 

 

 
Elements C O Na Al Si Ca Fe 

Spectrum 1 31.97 49.16 5.08 8.41 3.54 0.60 1.26 

Spectrum 2 33.40 48.54 4.99 7.28 4.02 0.40 1.37 
 

 

 

AA RM materials blended with GGBS.  

The quality of the hydrates changed in the materials with GGBS, with less needles, low 

porosity, and more abundant microcrystalline gels in denser microstructures (Figure 5-39-
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Figure 5-41). However, the chemical composition spectrums still record low Ca content in the 

cementing gels. It was not possible to determine a change in microstructure or the quality of 

the cements with increasing % GGBS (Figure 5-39-Figure 5-42). The SEM didn’t evidence a 

change in microstructure however, the cements are richer in Ca in the 50% GGBS materials. 

According to Zhihua P et al., (2002) the hydration product of AA, RM materials blended with 

GGBS is a nearly amorphous C-S-H, and coarse hydrates such as AFt and Ca(OH)2 do not 

appear. In several areas, unreacted GGBS particles were common (Figure 5-41), and sodium 

salt were also recorded (Figure 5-42) due to the high alkalinity of the RM. 

 

Microstructure of 70% RM-30% GGBS materials activated with Na2SiO3/NaOH =2.5 

 

  

  
Figure 5-39 

 
Typical spectrum of the needles (marked 2 in Figure 5-39) and %wt below 
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Typical spectrum of the continuos phase (marked 4 in Figure 5-39) and %wt below 

Elements C O Na Mg Al Si K Ca 

Spectrum 1 25.75 40.06 20.50 0 3.88 2.14 0 - 

Spectrum 2 - 58.63 13.20 1.32 8.54 14.29 4.01 - 

Spectrum 3 19.15 49.44 19.41 - 6.18 5.82 - - 

Spectrum 4 - 61.18 3.72 1.25 8.95 17.99 3.24 3.67 
 

Microstructure of 50% RM-50% GGBS materials activated withNa2SiO3/NaOH =1. 

 
Figure 5-40 

  
Figure 5-41 

Chemical composition of cementing gels (% wt) in Figure 5-40-Figure 5-41. 
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Elements C O Na Al Si S K Ca Fe 

Spectrum 1 - 50.54 10.77 13.94 10.58 0.72 0.2 2.51 10.74 

Spectrum 2 9.19 54.21 10.95 11.04 8.97 0.52 - 1.20 3.92 

Spectrum 3 9.03 55.77 8.72 10.50 6.78 0.40 - 2.97 5.82 

  

Figure 5-42 

 
Chemical composition of the alkali salts in Figure 5-42 

 

 

5.3 PROPERTIES OF AA MATERIALS MADE WITH BAUXITE AND BLENDS OF 

BAUXITE WITH FA AND GGBS 

 

5.3.1 Mix design 

 

The AA bauxite materials were made with bauxite calcined at 800 0C to enhance reactivity 

(chapter 4). At 800 °C, boehmite has disappeared, transformed into amorphous alumina, and 

kaolinite has completely turned into reactive metakaolin. No bauxite geopolymers were found 

in the literature. Therefore, the mix design was based on existing literature on metakaolin 

geopolymers and other low-Ca geopolymers systems such as FA. However, it was no possible 

to establish an optimum mix design based in the literature, due to the different composition of 

the precursors and varying activator solutions. There is no agreement in the activation 

temperature or the best activator concentration and composition. Therefore, bauxite mixes with 
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varying activator concentration and composition were investigated as well as curing at 

increasing temperatures according to the references below. Both FA and metakaolin appear to 

undergo similar reactions, but FA dissolution is slower than metakaolin during 

geopolymerization (Görhan et al., 2016).  

There is no agreement on the best curing temperature, some authors state that the dissolution 

of the metakaolin and FA precursors increases at 40-60 °C Najafi and Allahverdi (2009) and  

Zhang et al. (2014), while others state that curing metakaolin geopolymers at 40, 60, and 80 

°C does not significantly affect strength (Pelisser et al., 2013) . Strydom and Swanepoel, (2002) 

investigated FA blended with kaolinite activated with Na2SiO3 and NaOH. The samples were 

cured at 40, 50, 60 and 70 °C, and the results showed that the best temperature was 60 °C.  

Wang et al., (2005) studied metakaolin geopolymers cured at 20 0C, activated with a solution 

of NaOH 4 to 12 M and sodium silicate. The strength and apparent density increased with the 

rise in the concentration of the NaOH solution. Higher concentrations of NaOH dissolved 

metakaolin better and produced a more effective geopolymerisation increasing strength. 

According to Ayeni et al. (2021), for metakaolin geopolymers made with varying NaOH  

concentrations (8, 10 and 14M) and different curing temperatures (20, 60 °C), 10 M 

concentration and ambient temperature curing improved compressive strength due to an 

enhanced dissolution and polymerization of Al and Si. Manjunatha et al. (2014) also report an 

increase in compressive strength of geopolymer with increasing curing temperature.  Görhan 

et al. (2016) claim that the optimum curing temperature for (60%FA 40% metakaolin) 

geopolymers was 60 °C reaching 25.1 MPa at 9 M NaOH and Na2SiO3/NaOH =2.  

Metakaolins are usually more reactive than other pozzolans and SCMs such as FA or RHA. 

However, it is generally agreed that partly replacing metakaolin with GGBS improves the 

strength and microstructure of the geopolymers (Kumar and Ramesh, 2017; Praveen et al., 

2020). Previous studies investigated the effect of NaOH concentration, Na2SiO3/NaOH ratio, 

curing temperatures from ambient to 60 degrees, and FA/GGBS blended with metakaolin-

based geopolymer. Many authors agree that a combined Na2SiO3/NaOH activator improves 

geopolymerisation (Abdullah et al., 2011). According to Pelisser et al. (2013) a Na2SiO3/NaOH 

ratio of 1.6 showed the best performance in metakaolin geopolymer, with a compressive 

strength of 64 MPa and flexural strength of 17.6 MPa, and the lowest strength was recorded at 

a Na2SiO3/NaOH ratio of 1. As usual, the authors attributed this to the silicate activator 

improving geopolymerization. 
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Table 5-15 Composition of AA bauxite materials and bauxite-FA blends (3:1 – sand: 

bauxite/FA). Activator/binder = 0.86-1.05; water/binder = 0.32-0.44. 

Mix NaOH 

M 

Na2SiO3/ 

NaOH 

T 
0C 

Bauxite 

% 

FA 

% 

Water 

% 

NaOH 

g 

NaOH 

% 

Na2SiO3 

g 

Na2SiO3 

% 

1 8 1 20 100 0 13.69 62.29 2.69 134.90 5.83 

2 12 1 20 100 0 12.99 85.39 3.67 137.94 5.93 

3 8 3 20 100 0 12.24 31.54 1.36 204.89 8.83 

4 12 3 20 100 0 11.85 42.53 1.83 206.57 8.89 

5 8 1 60 100 0 13.69 62.29 2.69 134.90 5.83 

6 12 1 60 100 0 12.99 85.39 3.67 137.94 5.93 

7 8 3 60 100 0 12.24 31.54 1.36 204.89 8.83 

8 12 3 60 100 0 11.85 42.53 1.83 206.57 8.89 

9 8 1 20 50 50 11.66 50.90 2.29 110.22 4.97 

10 12 1 20 50 50 11.19 70.48 3.15 114.10 5.11 

11 8 3 20 50 50 10.51 26.02 1.17 169.03 7.58 

12 12 3 20 50 50 10.41 36.07 1.61 175.19 7.80 

13 8 1 60 50 50 11.66 50.90 2.29 110.22 4.97 

14 12 1 60 50 50 11.19 70.48 3.15 114.10 5.11 

15 8 3 60 50 50 10.51 26.02 1.17 169.03 7.58 

16 12 3 60 50 50 10.41 36.07 1.61 175.19 7.80 

17 10 2 40 75 25 10.98 34.74 1.56 150.50 6.75 

20 8 2 40 75 25 11.33 36.13 1.61 156.50 6.96 

21 12 2 40 75 25 11.18 50.60 2.23 163.81 7.22 

22 10 1 40 75 25 11.46 44.65 1.97 164.08 7.23 

23 10 3 40 75 25 11.65 45.59 2.00 167.53 7.35 

24 10 2 20 75 25 10.70 40.95 1.84 150.50 6.75 

25 10 2 60 75 25 10.70 40.95 1.84 150.50 6.75 

 

Table 5-16 Composition of the bauxite-GGBS blends (3 sand: 1 RM-GGBS; water/binder = 

0.31-0.47; activator/binder=0.83- 1.05. 

NaOH  

M 

Na2SiO3/  

NaOH 

T 
0C 

Bauxite  

% 

GGBS  

% 

Water 

% 

NaOH 

g 

NaOH 

% 

Na2SiO3 

g 

Na2SiO3 

% 

8 1 20 50 50 11.52 50.13 2.26 108.58 4.91 

12 1 20 50 50 11.33 71.54 3.19 115.80 5.17 

8 3 20 50 50 10.64 26.41 1.18 171.60 7.68 

12 3 20 50 50 10.28 35.54 1.59 172.57 7.71 

8 1 60 50 50 11.52 50.13 2.26 108.58 4.91 

12 1 60 50 50 11.33 71.54 3.19 115.80 5.17 

8 3 60 50 50 10.64 26.41 1.18 171.60 7.68 

12 3 60 50 50 10.28 35.54 1.59 172.57 7.71 

10 2 40 75 25 10.96 42.19 1.88 155.06 6.91 

10 2 40 75 25 10.96 42.19 1.88 155.06 6.91 

10 2 40 75 25 10.96 42.19 1.88 155.06 6.91 

 

 

 

 

 

 

 

 



165 
 

5.3.2 Mechanical properties of the AA bauxite materials 

 

AA materials made with bauxite alone.  

The results indicate that the bauxite alone is suitable for synthesising geopolymers binders, 

without blending with FA or GGBS (Table 5-17-Table 5-18). Several bauxite geopolymers 

reached strengths comparable to the CEM II control specimens at 28 days, and they surpassed 

the flexural strength of the CEM II material, reaching values of c.10 MPa (vs 7 for CEM II). 

The lowest NaOH molarity of 8M and increasing silicate content to Na2SiO3/NaOH = 3, shows 

the highest flexural strength and compressive strength. In all instances, strength increases 

between 28 and 90 days indicating a stable structure without metastable aluminates that can 

decrease strength over time. 

Increasing curing temperature did not improve flexural strength (some reached lower values 

than the ambient cured specimens) and the improvement of compressive strength with rising 

curing temperature was erratic, the increase was sometimes insignificant and some values 

lowered. High curing temperature did not lower porosity or water absorption, and the density 

was similar to the specimens cured at ambient temperature. In contrast, increasing the silica 

content in the activator generally improved strength slightly enhancing density, but the porosity 

and pore connection didn’t vary substantially. Rising the molar concentration of the NaOH 

activator from 8 to 12 M was detrimental to strength, with the effect is more evident at 90 days, 

and it didn’t substantially affect the pore system. 
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Figure 5-43 Compressive strength of the AA bauxite materials at 28 days. 
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Figure 5-44 Flexural strength of the AA bauxite materials at 90 days. 

 

AA materials made with bauxite and FA/GGBS.  

In general, replacing bauxite with FA/GGBS increases strength and lowers porosity increasing 

density, and the effect is more pronounced as the % replacement grows (Table 5-17). The 

results evidenced the superior strength values of the 50% GGBS materials (Figure 5-45). 

However, the AA materials made with bauxite alone reached greater strengths, comparable to 

the materials with replacement, when the activator was Na2SiO3/ NaOH (8M) = 3, indicating 

that the bauxite needs a higher initial alkalinity to achieve a superior polymerization than when 

mixed with FA or GGBS (Figure 5-45). 
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Figure 5-45 Variation of compressive strength (90 days) with % replacement. 
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In the FA-bauxite materials, increasing the curing temperature tends to rise the strength but the 

increase is not significant (Figure 5-47). Rising the silica content in the activator (Na2SiO3+ 

NaOH =3) enlarged the strength but the increase is erratic, and it didn’t seem to affect the pore 

system and density in a significant manner. Similarly, the AA bauxite materials, increasing the 

concentration of the NaOH activator tends to lower strength and it has an inconsistent effect 

on the density and pore system of the materials. However, some of the values are similar. 

In the GGBS-bauxite materials, the greatest strength values are achieved by the 50% GGBS 

materials activated with Na2SiO3/ NaOH (8M) = 1 cured at 60 degrees that reached over 90 

MPa at 90 days (over 72 MPa at 28 days). Higher silica content in the activator tend to provide 

lower strength values however still high (36-53 MPa), and higher NaOH concentrations also 

provided outstanding values (42-71 MPa). Curing at 60 degrees rises the strength values 

(Figure 5-46). In some instances, the strength lowers between 28 and 90 days probably due to 

the initial presence of metastable aluminate hydrates.  

Increasing the concentration of the NaOH activator lowering strength agrees with previous 

authors. Several authors claim that initially, during geopolymerisation, NaOH dissolves silica 

and aluminum ions, and later it balances  the charge of the geopolymer network (Saraya and 

El-Fadaly, 2017). There is a tendency for the strength to lower as the NaOH molarity rises. 

This is probably due to the leaching of free cations to the surface of specimens, as observed on 

several specimens. An overly high dissolution at higher molarities, can result in free alkali ions 

becoming residues within the structure which slows down the geopolymerization reaction 

(Singh and Subramaniam, 2017; Das and Shrivastava, 2021).  

The strength increase with rising the Na2SiO3/NaOH is often reported in geopolymers,  and 

attributed to the more abundant silica in solution creating more Si-O-Si geopolymer bonds 

(stronger than Si-O-Al) improving geopolymerization and increasing strength (Jong and 

Brown, 1980; Gao et al., 2014; Castillo et al., 2021).  

In all the AA bauxite materials, the porosity and density values are inconsistent as they seem 

to maintain or slightly raise over time in several mixes. However, as the Na2SiO3/NaOH 

increased, the pore volume and water absorption tend to lower. The water absorption values 

agree with the porosity indicating an open pore system. The results disagree with Huseien et 

al. (2016) who report that increased NaOH molarity in geopolymers enhances density and 

reduces void content resulting in an improved microstructure. However, the porosity values are 
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comparable with Thokchom et al. (2009) and Huseien et al. (2016) who stating porosity and 

water absorption values of 12.54–21.51% and 6.42-22.79% respectively for FA geopolymers. 
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Figure 5-46 Effect of curing temperature in the 

AA bauxite 50% GGBS materials. 

Figure 5-47 Effect of curing temperature in 

the AA bauxite 50% FA materials. 
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Table 5-17 Properties of AA bauxite materials at 28 and 90 days. FC (flexural strength), CS (compressive strength), P(porosity), BD (bulk 

density) and WA (water absorption).  

 

Mix. NaOH M Na2SiO3/NaOH T 
0C 

FC 

 (MPa) 

CS  

(MPa) 

P 

(%) 

BD 

(kg/m3) 

WA 

(%) 

28 90 28 90 28 90 28 90 28 90 

100% bauxite 8 1 20 2.56 5.05 7.35 15.78 24.22 23.34 1909.24 1884.09 11.26 11.02 

100% bauxite 12 1 20 2.78 2.22 9.54 5.90 19.45 23.47 1990.75 1890.53 8.90 11.04 

100% bauxite 8 3 20 5.62 9.95 20.38 33.28 21.69 22.35 1977.13 1968.75 9.89 10.20 

100% bauxite 12 3 20 4.54 6.91 16.58 23.11 20.68 22.14 1983.34 1976.81 9.44 10.07 

100% bauxite 8 1 60 2.97 4.42 6.69 11.79 23.31 24.30 1914.26 1870.39 10.85 11.50 

100% bauxite 12 1 60 2.31 1.82 10.43 4.98 21.80 23.31 1928.07 1879.91 10.16 11.03 

100% bauxite 8 3 60 5.91 8.65 22.52 25.39 21.44 22.77 1925.84 1910.56 10.02 10.65 

100% bauxite 12 3 60 5.05 7.41 15.11 15.46 22.39 23.23 1943.21 1949.63 10.33 10.64 

100% bauxite 10 2 40 6.62 10.80 30.33 34.82 22.27 21.16 1957.21 1973.12 10.22 9.68 

50% FA 8 1 20 3.93 8.08 12.99 24.31 17.69 21.46 2009.12 1971.25 8.09 9.82 

50% FA 12 1 20 4.37 4.03 12.25 13.53 12.22 18.71 2074.10 1972.48 5.56 8.66 

50% FA 8 3 20 5.49 8.53 19.95 25.66 17.69 19.83 2020.16 2017.44 8.05 8.95 

50% FA 12 3 20 4.73 8.35 18.32 21.27 18.25 18.63 2032.06 2033.45 8.24 8.39 

50% FA 8 1 60 5.04 6.92 14.35 14.27 19.79 21.87 1969.59 1932.52 9.13 10.17 

50% FA 12 1 60 3.28 5.29 15.93 13.09 13.87 22.15 2048.99 1945.46 6.34 10.22 

50% FA 8 3 60 5.20 9.02 18.75 26.32 20.41 20.81 1986.33 1971.89 9.32 9.54 

50% FA 12 3 60 5.05 8.96 15.92 16.74 15.37 20.82 2041.77 1962.76 7.00 9.59 

50% FA 10 2 40 5.09 9.54 23.28 30.23 20.92 18.99 2001.95 2030.60 9.46 8.55 

25% FA 10 2 20 7.58 11.35 30.72 39.65 17.49 20.28 1995.92 1986.59 8.06 9.26 

25% FA 10 2 40 6.55 11.63 29.79 31.92 12.00 18.00 2046.92 2003.54 8.75 9.71 

25% FA 8 2 40 6.73 8.63 29.65 38.37 21.04 21.75 1983.81 1962.32 9.59 9.98 

25% FA 12 2 40 5.82 9.62 21.25 32.48 20.25 21.47 2000.53 1994.52 9.19 9.72 

25% FA 10 1 40 2.08 2.54 4.96 12.49 19.77 14.16 2012.20 2047.98 9.22 6.63 

25% FA 10 3 40 5.54 8.67 20.23 26.23 17.38 20.10 2037.34 2019.31 7.86 9.05 

25% FA 10 2 60 7.43 11.49 36.42 44.13 18.29 20.16 2000.04 1973.18 8.38 9.27 

CEM II 6.02 7.33 37.18 46.67 7.31 8.51 2208.23 2323.52 3.21 3.85 
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Table 5-18 Properties of AA bauxite GGBS materials at 28 and 90 days. FC (flexural strength), CS (compressive strength), P(porosity), BD 

(bulk density) and WA (water absorption). 

Mix. NaOH M Na2SiO3/NaOH T 
0C 

FC 

 (MPa) 

CS  

(MPa) 

P 

(%) 

BD 

(kg/m3) 

WA 

(%) 

28 90 28 90 28 90 28 90 28 90 

50% GGBS 8 1 20 10.40 4.67 69.59 54.07 10.59 16.25 2140.88 2060.48 4.7157 7.50 

50% GGBS 12 1 20 8.33 3.75 52.98 47.34 8.72 14.80 2143.44 2081.78 3.9123 6.71 

50% GGBS 8 3 20 7.18 7.95 45.47 36.33 12.93 18.46 2117.14 2042.49 5.7594 8.33 

50% GGBS 12 3 20 7.73 5.45 64.75 41.62 17.04 16.47 2036.07 2082.23 7.7240 7.52 

50% GGBS 8 1 60 9.41 10.70 72.32 90.10 10.26 5.01 2137.22 2298.91 4.5815 2.30 

50% GGBS 12 1 60 9.06 8.07 69.25 55.37 8.99 15.15 2141.37 2077.04 4.0315 6.99 

50% GGBS 8 3 60 7.94 7.34 52.98 37.83 13.39 15.18 2117.84 2046.76 5.9488 8.43 

50% GGBS 12 3 60 8.49 7.90 71.12 56.12 16.31 18.74 2069.18 2075.77 7.3078 7.49 

25% GGBS 10 2 40 8.17 7.09 44.55 40.27 16.07 17.03 2040.74 2079.05 7.3026 7.61 

25% GGBS 10 2 40 6.66 8.40 39.30 39.18 15.63 16.40 2050.73 2187.12 7.0852 7.33 

25% GGBS 10 2 40 6.82 7.95 39.68 39.73 16.11 16.20 2093.33 2080.04 7.5634 7.30 
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5.3.3 Microstructures of the AA bauxite materials 

 

The SEM analysis was carried out in pastes aged 28 days. As shown in chapter 4, under the 

SEM, the remains of untransformed metakaolinite were evidenced in the pastes activated with 

lime. 800 °C bauxite was used to produce the AAMs, at this temperature, boehmite has 

transformed into amorphous alumina, and kaolinite has completely turned into reactive 

metakaolin. 

Specimens with 50% FA and GGBS replacement which reached most outstanding property 

values were investigated, cured at 20 degrees. In both cases, the qualitative nature and 

resolution of the SEM was insufficient to determine specific changes in the nature and amount 

of the polymer cements with varying silica content and NaOH concentration in the activator. 

However, a general change in microstructure and the quality of the cements was evident from 

the study. 

In the bauxite FA specimens, abundant low crystallinity cements were evident both coating FA 

particles and in the matrix, and filling voids. Some FA particles are totally covered with 

geopolymer gels and there are remnants of unreacted FA particles. Abundant pores are evident. 

The surfaces of some of the FA particles shows mullite needles, indicating partial 

geopolymerization. Some FA particles are broken and include abundant geopolymer gels 

grown inside so that they appear incorporated into the structure. Figure 5-48 shows the 

chemistry of the geopolymer gels in the AA bauxite materials with 50% FA replacement 

(NaOH 10M and Na2SiO3/NaOH = 2). The elemental composition (as percentage by weight) 

obtained from the EDX analysis of several representative areas in the geopolymer indicates 

that it is a low calcium phase (alumina–silicate gel) with minor Ca (~1-3%) and some sodium 

(4-11%) substitution. 
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Figure 5-48 

 

Figure 5-49 
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Figure 5-50 Location of the chemical composition of the geopolymers cements in the 

spectrums below- Figure 5-48. 
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Chemical composition of the geopolymer gels in Figure 5-48. 

 

Table 5-19 Chemical composition (%wt) of the geopolymer gels in Figure 5-48. 

Elements O Na Mg Al Si S K Ca Ti Fe 

Spectrum 1 37.42 4.41 - 12.87 28.78 2.48 1.89 3.33 - 8.82 

Spectrum 2 58.71 11.30 0.75 8.66 14.79 2.52 0.50 0.84 - 1.93 

Spectrum 3 53.34 7.90 0.71 12.01 20.95 - 0.84 1.49 - 2.74 

Spectrum 4 58.12 5.37 0.37 13.02 18.39 - 0.68 1.39 0.42 2.24 

 

The bauxite 50% GGBS specimens, are finer grained and denser, with abundant cements 

coating particles and filling voids. The fine particles of GGBS also filled voids resulting in a 

dense microstructure agreeing with Yunsheng et al. (2007), who note that adding GGBS to 

metakaolin improved the pore structure of the geopolymeric matrix. However, clay mineral 

plates (probably kaolinite-metakaolin) were occasionally found unreacted - Figure 5-51.  

The elemental composition (as percentage by weight), obtained from the EDX analysis of 

several representative areas in the geopolymer, indicates that it is a low-calcium phase similar 

to the one in the bauxite/FA geopolymer, however the Al content is greater. Therefore, the 

main cementing phase in an aluminate–silicate gel, with low-Ca and some sodium substitution.  
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Figure 5-51 

  

Figure 5-52 

 

 Table 5-20 Chemical composition of the geopolymer gels in Figure 5-53. 

Elements C O Na Al Si K Ca Fe 

Spectrum 1 11.53 48.88 1.43 21.45 15.66 - 0.5 0.54 

Spectrum 2 - 51.89 3.79 29.28 12 0.13 1.16 1.74 

Spectrum 3  - 54.93 2.64 24.67 16.22 - 0.79 0.75 

Spectrum 4  - 50.64 3.75 31.79 10.13 0.15 1.65 1.9 

average weight % 11.53 51.59 2.90 26.80 13.50 0.14 1.03 1.23 
 

A 

B 
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6. DESIGN OF ALKALI-ACTIVATED BAUXITE 

MATERIALS USING DESIGN OF EXPERIMENTS (DOE) 

ANALYSES 
 

 

As explained in the methods (chapter 3) the Minitab software was used to undertake the DOE 

analysis. It generates different statistical reports and plots that illustrate the effects of the factors 

(or variables) on the outputs (or properties). As aforementioned, the main objective is to 

optimise the process by defining critical and non-critical relationships between factors and 

responses hence, optimise the settings of the process for best quality (Arnold, 2006). The 

statistical reports and plots generated by Minitab to determine the effect of factors (or variables) 

over outputs (or properties) are included in chapter 3. Minitab is the primary choice to do the 

DOE experiments due to the availability of a license from IT Services at Trinity College 

Dublin. As seen in methods, five responses or outputs of interest were determined including 

flexural strength, compressive strength, porosity, bulk density and water absorption; as well as 

four main factors (i-iv) at three levels each as follows: 

i. NaOH 8 M (minimum level),10 M (centre level),and 12 M (maximum level);  

ii. Na2SiO3/NaOH = 1 (minimum level), 2 (centre level) and 3 (maximum level);  

iii. Curing temperature 200C (minimum level), 400C (centre level) and 60 0C (max. level);  

iv. % FA/GGBS at 0% (minimum level), 25% (centre level) and 50% (maximum level). 

Two DOE methods were used in the analyses: Full factorial design and Response Surface 

Methodology (RSM). The full factorial design method measures the results with all 

combinations of experimental factors that can be used to run the experiments at all levels, and 

assumes that there is a linear relationship between each factor and the response. Accordingly, 

if the factor and response have a non-linear relationship, a factorial design for the particular 

study may produce a misleading result.  When this was the case, the experiment was extended 

to Response surface methodology (RSM) (Al-Shalif, 2020). The RSM method is used to 

investigate non-linear factorial relationships obtained from the full factorial designs method, 

in order to fit the curves and analyse the data properly (Beg and Raza, 2021). It does this, by 

running further experiments and build up on the results obtained from the full factorial design 

method. As it can be seen from Table 6-1, some responses exhibit significant curvature 

indicating that factorial design is unsuitable. Therefore, the factorial design was upgraded to 
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RSM to fit the curves and analyse the responses properly. To this aim, 10 further mixes were 

added to increase the accuracy level of the model. The bauxite GGBS materials at 28 days 

show the responses with no-significant curvature, hence the full factorial design is sufficient.  

 

Table 6-1 AA bauxite materials: factorial design for 19 experiments. 

 

28 days AA bauxite blended with FA 

Response Curvature    

flexural strength 0 Significant 

compressive strength 0 Significant 

porosity 0 Significant 

water absorption 0 Significant 

bulk density 0 Significant 

 

90 days AA bauxite blended with FA 

Response Curvature    

flexural strength 0.04 Significant 

compressive strength 0.001 Significant 

porosity 0 Significant 

water absorption 0 Significant 

bulk density 0 Significant 

 

28 days AA bauxite blended with GGBS 

Response Curvature    

flexural strength 0.063 Not significant 

compressive strength 0.162 Not significant 

porosity 0.117 Not significant 

water absorption 0.310 Not significant 

bulk density 0.134 Not significant 

 

90 days AA bauxite blended with GGBS 

Response Curvature    

flexural strength 0.005 Significant 

compressive strength 0.001 Significant 

porosity 0 Significant 

water absorption 0 Significant 

bulk density 0 Significant 

 

As aforementioned, ANOVA (Analysis of Variance) is used to evaluate the fitness of the 

generated mathematical models of the five responses (flexural strength, compressive strength, 

porosity, water absorption, and bulk density) and their relationship with the four factors (NaOH 

molarity, Na2SiO3/NaOH, curing temperature and %FA/GGBS), and the P-value was used to 
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determine the results reliability (P-value ≤ 0.05, the results are reliable and vice versa). 

Consequently, the AA bauxite results are reliable- Table 6-2 and Table 6-3. 

Additionally, the P-value of the ANOVA lack of fit is an additional method to confirm reliable 

results, the non-significant lack of fit is favourable, which means that the results are accurate 

and fit the experimental results (Igwegbe et al., 2019) (Ahmadi et al., 2018). Therefore, the P-

Value of lack-of-fit > 0.05 means reliable results- Table 6-2 and Table 6-3. 

Moreover, Table 6-2 and Table 6-3 show that the R² and adjusted R2 values are in reasonable 

agreement at (76.15%–99.41%) and (64.18%–98.22%), respectively, suggesting a high 

correlation between the actual and adjusted values which means the value has a strong effect 

(Moore and Kirkland, 2007; Henseler et al., 2009). 

 

Table 6-2 ANOVA analysis model of AA bauxite- FA materials. 

 AA bauxite & FA blend 

28 Days 

output 

variables 

FC CS P BD WA 

Source P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P-value 0.00 13.96 0.00 23.23 0.00 7.98 0.00 15.08 0.00 12.28 

Lack-of-Fit 0.92 0.38 0.06 8.62 0.10 5.22 0.12 4.50 0.73 0.70 

R2 (%) 86.87 92.81 79.08 85.78 85.33 

Adjusted R2 

(%) 

80.65 88.81 69.18 80.10 78.39 

 90 Days 

output 

variables 
FC CS P BD WA 

Source P- 
Value 

F- 
Value 

P-
Value 

F- 
Value 

P- 
Value 

F- 
Value 

P- 
Value 

F- 
Value 

P-
Value 

F-
Value 

P-value 0.00 12.89 0.00 37.68 0.00 6.57 0.00 19.26 0.00 7.98 

Lack-of-Fit 0.70 0.76 0.08 5.91 0.20 2.96 0.09 5.46 0.07 6.50 

R2 (%) 85.93 93.78 75.69 86.52 76.15 

Adjusted R2 

(%) 

79.26 91.29 64.18 82.03 66.61 

Flexural strength (FC), compressive strength (CS), porosity(P), bulk density and water absorption (WA). 
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Table 6-3 ANOVA analysis model of AA bauxite - GGBS materials. 

 AA bauxite & GGBS blend 

28 Days 

output 

variables 

FC CS P BD WA 

Source P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P-value 0.00 21.96 0.00 83.91 0.00 56.48 0.00 20.36 0.00 21.63 

Lack-of-Fit 0.73 0.61 0.47 1.32 0.06 19.08 0.50 1.33 0.08 11.19 

R2 (%) 96.48 99.41 97.29 91.05 95.58 

Adjusted R2 
(%) 

92.09 
98.22 

95.57 86.58 
91.16 

 90 Days 

output 

variables 

FC CS P BD WA 

Source P- 

Value 

F- 

Value 

P-

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P- 

Value 

F- 

Value 

P-

Value 

F-

Value 

P-value 0.00 8.48 0.00 17.44 0.00 9.53 0.00 7.82 0.00 8.84 

Lack-of-Fit 0.59 0.92 0.18 2.30 0.11 3.05 0.65 0.81 0.15 2.64 

R2 (%) 80.06 90.65 87.73 83.50 85.12 

Adjusted R2 
(%) 

70.62 85.45 78.53 72.83 75.50 

 

The DOE allows setting optimization goals using the response optimization tool. The 

optimization criteria were set to maximize the mechanical strengths and the density and 

minimize porosity and water absorption as shown in Table 6-4. 

 

Table 6-4 Optimization parameters. 

Response Goal 

Water absorption (WA), % Minimum 

Bulk density (BD), kg/m3 Maximum 

Porosity (P), % Minimum 

Compressive strength (CS), MPa Maximum 

Flexural strength (FC), MPa Maximum 

 

Table 6-5 Optimum mix for the AA bauxite - FA materials according to the DOE analyses. 

 

 

 

Table 6-6 Optimum mix for the AA bauxite - GGBS materials according to the DOE 

analyses. 

 

 

 NaOH M Na2SiO3/NaOH Temperature FA % 

28 days 10 2 20 50 

90 days 10 2 20 50 

 NaOH M Na2SiO3/NaOH Temperature GGBS % 

28 days 8 1 20 50 

90 days 8 1 60 50 
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According to the DOE, the best curing temperature for AA bauxite FA materials (50%FA) is 

ambient temperature, and the property results are best at medium (10M) NaOH concentration. 

Medium silica contents in the activator (Na2SiO3/NaOH =2) enhance mechanical strength and 

microstructure in the bauxite-FA systems, whereas lower concentrations are needed in the 

bauxite-GGBS systems to optimise strength and microstructure (Tables 6-5, 6-6). 

According to the DOE, the best AA bauxite GGBS materials (50%) would be produced at 60 

°C curing temperature, and the property results are best at the lowest (8M) NaOH 

concentrations.  

The optimum mixes delivered by the DOE in Table 6-5 and Table 6-6 were fabricated and 

tested in the laboratory. The laboratory experiments confirmed the software results as shown 

in Table 6-7 and Table 6-8. Therefore, the experimental methods are validated, as well as the 

method used for the modelled predictions for the AA materials in the range studied. 

 

Table 6-7 Results of laboratory experiments run with the optimum mixes delivered by the 

DOE: AA bauxite-FA materials. 

Responses 

28 days 90 days 

DOE software Laboratory 

results 

DOE software Laboratory 

results Predicted results Predicted results 

Flexural strength (MPa) 7.16 6.57 12.14 12.15 

Compressive strength (MPa) 33.25 33.12 39.72 35.80 

Porosity (%) 16.09 16.89 19.54 19.31 

Water absorption (%) 7.46 8.10 8.64 8.81 

Bulk density (kg/m3) 2047.80 2025.17 2024.30 2000.32 

 

Table 6-8 Results of laboratory experiments run with the optimum mixes delivered by the 

DOE: AA bauxite-GGBS materials. 

Responses 

28 days 90 days 

DOE software Laboratory 

results 

DOE software Laboratory 

results Predicted results Predicted results 

Flexural strength (MPa) 9.70 9.35 9.87 8.95 

Compressive strength (MPa) 66.55 60.41 77.44 75.80 

Porosity (%) 10.66 9.95 10.15 9.20 

Water absorption (%) 4.22 4.51 5.22 4.08 

Bulk density (kg/m3) 2148.55 2252.40 2131.32 2151.81 
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7. A COMPARATIVE STUDY OF THE ENVIRONMENTAL 

IMPACT OF SOME ALKALI-ACTIVATED AND 

TRADITIONAL MATERIALS 
 

 

Construction is responsible for a significant percentage of the total greenhouse gas emissions 

worldwide. To restrict global warming, these emissions need to lower. Alkali-activated 

materials (AAMs) do not require clinker manufacturing but are produced at low temperatures, 

usually ranging from ambient to 100 ◦C. Furthermore, most AAMs are made with waste which 

further lowers their embodied energy as well as the raw material and fuel consumption used 

for their making. This chapter calculates the EE and carbon footprint (ECO2) of alkali-activated 

materials made with industrial wastes, including red mud (RM), granulated blast furnace slag 

(GGBS), and bauxite. The values are compared with traditional PC products. The 

environmental impact calculated is set against the strength of the AAMs at 28 days to assist the 

design of mixes of lower impact.  

As seen in the previous chapters (Chapter 4), some of the wastes used as precursors were pyro-

processed to increase their reactivity. This involves energy use, and hence it raises the 

embodied carbon of the resultant materials. However, the lowest temperature that reported the 

greatest reactivity was chosen for pyro-processing, and the environmental impact due to the 

heat treatment is included in the environmental impact calculations as explained below. 

 

7.1 ENVIRONMENTAL IMPACT OF CONSTRUCTION: PC AND AAMs. 

 

Global warming and climate change are due to greenhouse gas emissions. The construction 

industry is one of the largest contributors to greenhouse gas emissions (GHG) and a great 

consumer of energy and non-renewable natural resources. A third of the world's GHG 

emissions come from buildings, which consume over 40% of the global energy consumed 

worldwide (Sbci, 2009).  

CEN’s Technical Committee 350 (CEN/TC 350 : 2012), was formed, under European 

Commission mandate, to provide a standardized method for the evaluation of the sustainability 



182 
 

of buildings and civil engineering works -Figure 7-1. Within the CEN/TC 350 : 2012 

framework EN 15978 was published. As detailed below, this standard is used to assess the 

environmental performance of buildings and materials. 

 

Figure 7-1 Framework of CEN/TC 350 sustainability of construction work (Gibbons and Orr, 

2020). 

 

The International Standard Organization (ISO/TS14067:2014) is also a relevant source 

providing the carbon footprint of products: their requirements and guidelines for quantification 

and communication. A carbon footprint measures the total GHG emissions produced by a 

person, organisation, event or product. GHGs are emitted throughout all the stages of the life 

cycle of a product, from raw material acquisition to production, use and end-of-life ISO/TS 

14067: 2014. The embodied carbon is the carbon footprint of a material/structure. It is 

measured in kg of carbon dioxide equivalent (kgCO2e) and includes the emissions of the six 

GHGs relative to one unit of CO2. 

 

A major contributor to climate change is carbon dioxide CO2 which accounts for three-quarters 

of all GHGs (Nejat et al., 2015). Most traditional construction materials carry a significant 

environmental impact because they require high energy inputs and nonrenewable materials for 

their production, contributing to material depletion, greenhouse gas emissions and climate 

change. The construction binder that generates the highest CO2 emissions is Portland cement 

(PC) clinker, as it is the binder most widely used in construction. Hence, PC production is often 

blamed as the main contributor to greenhouse gas emissions worldwide. According to Metz et 
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al. (2005), the cement industry contributes approximately 7% of global carbon dioxide 

emissions.  

There are two significant sources of CO2 emissions in the PC industry: the decarbonisation of 

limestone and/or other carbonate rocks transforming into CaO, and the burning of fossil fuels 

that power the kilns where this process takes place. It is estimated that about 0.9–1.0 tonnes of 

CO2/tonne of clinker require heat demand between 3500 to 5000 MJ per tonne of clinker, 

depending on the burning fuel type used (Deja et al., 2010). It is also estimated that 60 to 130 

kilograms of fuel (oil) and around 110 kWh of electricity are needed to produce a tonne of 

cement in Europe, which contributes  4.3% of the total CO2 emissions in 2019 (CEMBUREAU, 

2020). Furthermore, the CO2 emissions of the cement industry are not the only environmental 

impact of cement production but, as noted by García-Gusano et al., (2015), photochemical 

ozone formation, acidification and fresh-water eutrophication can also be linked to the cement 

industry.  

The CO2 emissions from PC clinker production are a function of the energy efficiency of the 

calcination process and the type and consumption of fuel, with literature reporting a variation 

between 821.1 and 1150 kg CO2/t clinker (Damineli et al., 2010). A world average emission 

of 1 ton CO2/t clinker is generally adopted, which in some cases is an overestimation because 

many producers currently have technologies to mitigate emissions, hence achieving emissions 

below 800 kg CO2/t clinker (Damineli et al., 2010).  

CEM I is the PC which contains the most clinker (95%), hence it carries the greatest 

environmental impact. The reported global warming potential (GWP) of CEM I, measured for 

an average tonne of cement CEM I 52.5 (produced by 12 different companies across the 9 

countries), is 874 kg CO2e  (Juarez and Finnegan, 2021). However, CEM I is hardly used in 

many countries in Europe because it is often over-specified for many applications, and it has a 

high environmental impact. CEM II is much more commonly used, which incorporates 

limestone as partial clinker substitution lowering environmental impact. However, the average 

tonne of CEM II still releases significant CO2 into the atmosphere (631–769 kg CO2e - Juarez 

and Finnegan, 2021). This is a lower emission than CEM I, however still enormous when 

compared to supplementary cementitious materials or pozzolans that can replace PC clinker.  

As aforementioned, most of the environmental impact of PC is due to clinker production, which 

requires burning natural rocks at approximately 1400 °C releasing much CO2
 from the 

combustion of fuels and the decarbonization of carbonate rocks used as raw materials. Alkali-
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activated materials (AAMs) do not require clinker manufacturing but are produced at low 

temperatures, usually ranging from ambient to 100 °C. Most AAMs are produced at ambient 

temperatures, and others with a small energy input that usually ranges between 60°C (curing) 

to 100°C (drying) or 400-600°C (thermal activation of certain wastes). Hence, they yield low 

carbon emissions and have low EE. Furthermore, most AAMs are made with industrial waste, 

which further lowers their EE as well as the raw material and fuel consumption for their 

making. The reduction in emissions, and the use of waste for the production of AAMs, can 

elicit their wide uptake in the markets (Shi et al., 2003; Habert et al., 2011; Unless et al., 2015; 

Teh et al., 2017).  

Industrial by-products such as GGBS and ash residues such as FA, are used instead of PC 

clinker to produce AAMs. Tan et al., (2020) demonstrated that FA in geopolymers can 

immobilise heavy metals and hazardous organic molecules via adsorption processes, in which 

heavy metal ions adhere to the binding surfaces of geopolymers referred to as adsorbates. These 

wastes contain abundant silicates and/or aluminates that can be activated with alkali metals. 

On successful activation, the wastes' active components generate Si4+, Al3+ , and (sometimes) 

Ca2+ that become available to form cementing products. Most authors agree that AAMs have 

lower EE and carbon emissions than their equivalent PC products. Duxson et al., (2007) 

calculated the CO2 emissions of AA FA and/or metakaolin cements using the CO2 evolved 

during the production of Na2O and SiO2 in the alkali process as the primary inputs and found 

savings of 80 % in CO2 emissions when compared to PC. However, there is a great divergence 

of results due to both a disparity in the data used and the different formulations. Wimpenny, 

(2009); Provis et al., (2009) state that the carbon footprint of AA binders is 30% of that of PC 

cement, but according to Zhang et al., (2017), the production of AA cement represents 60% 

lower values of energy and CO2 emissions than PC. Pacheco-Torgal et al., (2014) include 

several authors claiming 44-70% reductions in CO2 emissions for several AAMs compared 

with similar PC mixes. Cunningham and Miller (2020) account for AAMs having 10%–80% 

lower EE than their equivalent PC materials. Davidovits and France (2018) state that 

geopolymers, a subset of AAMs where the binding phase is almost exclusively aluminosilicate, 

have a 10-20% lower carbon footprint than PC, while other geopolymer formulations (Habert 

et al., 2010) have shown a 60% reduction in CO2 emissions compared to their equivalent PC 

materials. More recently, Lolli and Kurtis (2021) completed life cycle analyses (LCA) studies 

concluding that AAMs display a 50% reduction in CO2 intensity when compared to PC and 
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PC+SCM binders, while providing the required compressive strength for pavement 

applications (30 MPa).  

The carbon emissions and EE of AAMs depend on their formulation. Ouellet-Plamondon and 

Habert (2015) state savings of up to 75% CO2 emissions for certain formulations compared 

with their equivalent PC products. They also highlight additional environmental benefits such 

as reducing water use and no requirement for superplasticizer admixtures.  

In AAMs, the main source of CO2 impact are usually the activators. Na2SiO3 activators have a 

much greater environmental impact than NaOH (50–76% vs 8–31%) (Garces et al., 2021). 

Alkali silicate production generally calcines silica and carbonated salts, and this is followed by 

dissolution in water, emitting abundant CO2 and requiring high energy consumption. However, 

the CO2 emission of the carbonates in this process is significantly lower per tonne than the CO2 

emissions of PC production, resulting in savings of up to 80% compared to PC manufacture 

(Gartner, 2004; Provis et al., 2014). The NaOH has lower CO2 emissions and is typically 

produced via the chlor-alkali process in parallel with Cl2. However, this has other 

environmental implications related to elements such as the mercury which is sometimes used 

in the process (Provis et al., 2014).  

Ouellet-Plamondon and Habert (2015) claim that sodium silicate activators can contribute up 

to 80% of the total impact of an AAM. Anvekar et al., (2014) report embodied energy 48% 

over the equivalent PC material, for certain AAM formulations, due to the energy required to 

manufacture the alkali activators. Several authors agree that the main source of CO2 impact on 

AAMs in the production of sodium silicate activators is from sodium carbonate (Weldes and 

Lange 1969; Against et al., 2014). However, the carbonate can be either mined from evaporate 

deposits or produced through the Solvay process, and mining implies 1/10th of the CO2 

production of the Solvay process. As a result, the impact of the sodium silicate activator is 

often overestimated (Lolli and Kurtis 2021).  

Matheu et al., (2015) state that the global warming potential of AAMs is approximately 25% 

lower than their PC equivalents. The authors demonstrated that, in ten LCA (Life cycle 

analysis) categories, (including global warming potential, acidification, human health, air 

pollutants, ecotoxicity, smog, natural resource depletion, indoor air quality, water intake and 

ozone depletion), AAMs have less impact than their equivalent PC materials. They found that, 

in seven categories, the AAMs impact was 40% lower than that of their PC equivalents. There 

were only two categories in which the PC material performed better: eutrophication and habitat 
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alteration, and they were attributed to the use of potassium-based activators. The potassium 

hydroxide used in the activating solution is the main cause of environmental impact because it 

can emit nutrients into the surrounding waterways (eutrophication) and hence alter habitats.  

As the environmental impact of AAMs depends on their formulation, not only is it important 

to use activators of low impact, but it is also important to use wastes that do not require 

calcination or any other high-energy processing to render them reactive. As aforementioned, 

the processing of the wastes in this work is minimal, and the design of the AAMs tested is 

based in Chapter 4 which includes the properties of the raw and treated precursors which shows 

the minimum processing that renders maximum reactivity. 

No current market data on AAMs was found. However, alkali activation is an old technology 

that was first patented by V.D. Glukhovskii and his team in the late 1950s (applied for in 1958 

and listed in 1974- USSR 449894, Pub. No. 42, 1974- (Pacheco-Torgal et al. 2015). 

Subsequently, AAMs became very popular in the old U.R.S.S. According to Pacheco-Torgal 

et al. 2015, large water pipelines, cast building elements of different types, road slabs and air-

field runways and breakwater blocks on sea shores were made with AAMs, showing 

outstanding durability and long-term strength gain. AAMs were advanced in the Soviet Union 

in the 70s and the 80s, Glukhovskii, Serykh, Pakhomov and other authors published widely in 

the Russian language, but no English translations prevented dissemination, and the technology 

didn’t reach the world until later. Today’s revival of AA technology is largely due to 

environmental problems. 

 

7.2 CALCULATION OF EMBODIED ENERGY AND EMBODIED CARBON  

 

Buildings include operational emissions (due to consuming energy for running the building) 

and embodied emissions or ECO2 (resulting from material production, construction, 

maintenance, repair, demolition and disposal). Up to recently, in both industry and legislation, 

priority was given to the operational emissions and the embodied carbon emissions were 

largely ignored. However, in recent years, the embodied carbon is finally being considered and 

related standards and tools have been produced. The standardised method most commonly used 

to assess the environmental impact of construction processes and products is the LCA which 

consists of five stages EN 15978 : 2011 and Figure 7-2. EN 15978 includes the whole life 

carbon analysis -LCA- of a building or material, including the embodied carbon of all building 

stages: from material production to demolition and disposal.  
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1- Production (cradle to gate): [stages A1 − A3], which include extraction of raw 

materials, transportation, and manufacturing. 

2- Construction process (handover): [A4 − A5], which includes the transport of materials 

to the site. 

3- Use: [B1 − B5], which includes replacement and maintenance. 

4- End-of-life (cradle to grave): [C1 − C4], which includes demolition, disassembly, and 

disposal of materials, transportation of materials off-site, and disposal of materials. 

5- Beyond the life cycle: [D], which includes ‘cradle to grave’ for the possible benefits of 

reusing and recycling. 

 

Figure 7-2 All the life cycle stages according to EN 15978. 

 

In this research, we are calculating the embodied carbon of the production stage [stages A1–

A3 in the LCA], or "cradle to gate", which includes raw material supply (including transport) 

and material production/manufacture. Here the ECO2 can be calculated from either detailed 

material specifications or taken from Environmental Product Declarations (EPDs) or well-

known databases.  

The carbon emissions of the product stage [A1–A3] in the whole life carbon assessment must 

be calculated by assigning suitable embodied carbon factors to the given material quantities.  

The environmental impact calculated according to the equation below:  
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[A1–A3] = Material quantity × Material embodied carbon factor  

 

The embodied carbon factor was taken form relevant sources as explained below. When 

embodied carbon data were not available (e.g. for the bauxite), calculations were made by 

processing the data on energy consumption for material production provided by the producers.  

 

The acceptable sources for embodied carbon factors that can be used in carbon assessments are 

standardised in EN 15978. One of the most common and acceptable sources of carbon factors 

are the environmental product declarations (EPDs) which are usually provided by material 

manufacturers. However, there are databases such as the Inventory of Carbon and Energy (ICE- 

RICS, 2012) that hold relevant information. The databases are more general rather than specific 

to a particular material, and they often compile data from various sources with wide variation 

in values. Hence, they can be less accurate and less specific to a particular project. This 

variation can led to a wide range of values that can cause inconsistent results. 

 
 

Kaethner and Burridge (2012) in their review of worldwide LCA databases found that the 

embodied CO2 value for concrete ranged from 59 to 202 kgCO2/t. The values varied due to 

differing concrete specifications and PC production. Hammond and Jones (2008) completed a 

review of worldwide research and databases and found that the embodied carbon of concrete, 

for a cradle-to-gate boundary, ranged from 430 to 2750 kgCO2/t depending on the amount of 

recycled steel used. 

As aforementioned, the scenarios for the production stage which is subject to this study are 

usually defined in environmental product declarations (EPD's). However, no EPDs exist for 

the AAMs investigated, not even for some of the AAMs components. Therefore, for the 

different components of the AAMs, some values are taken from the databases and from the 

literature (Table 3.2 in Chapter 3), and other values are calculated with data provided by the 

producers as explained in Chapter 3 (Methods). The embodied energy and carbon of thermally 

activating the wastes was calculated when relevant. Similarly, the values for quarrying bauxite 

were also calculated.  

This chapter calculates the EE and carbon footprint (ECO2) of alkali-activated materials made 

with wastes including red mud (RM), granulated blast furnace slag (GGBS) and bauxite. The 

values are compared with equivalent PC products made with CEM II. The total embodied 
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energy (EE) expressed in MJ/kg and total embodied carbon - ECO2 - in kgCO2/kg were 

calculated. The EE and ECO2 of the AAMs are reported as the arithmetic mean of all the mixes 

investigated.  

A high mechanical strength usually indicates a greater durability contributing to a long-lasting 

life for built structures. As a long-lasting functional life implies a lower environmental impact, 

the strength of the resultant AAMs is set against their environmental impact to optimize the 

design of alkali-activated materials for lower environmental impact. The strength of the AA 

RM and GGBS materials was measured experimentally, while the AA bauxite materials' 

strength comes from experimental data and optimization of the mix design modelled using 

software.  

7.3 EMBODIED ENERGY AND EMBODIED CARBON OF AA RM MATERIALS 

 

The RM is produced as a waste during the refining of bauxite to produce aluminium. As a by-

product, the energy required for its manufacturing is zero. It is also produced locally. Therefore, 

no transport is accounted for at the production stage. The results confirm that the alkali 

activators are the main responsible for the environmental impact of AAMs. It can be seen from 

the results that rising the concentration and molar ratio of alkali activator increases the 

environmental impact. However, it does not significantly increase the strength, sometimes it 

even reduces the strength (Table 7-1).  As shown in Table 7-2, the activator that most 

contributed to environmental impact is Na2SiO3. The arithmetic mean of the embodied energy 

and embodied carbon of the Na2SiO3 activator are 64.52% and 71.70 % respectively, much 

higher that the contribution of the NaOH activator at 10.77% and 22.53% respectively. 

In the AA RM materials, the results also show that growing RM substitution with FA, from 30 

to 50%, tends to nearly double the 28-day compressive strength of the resultant AAMs without 

increasing their environmental impact (Table 7-1). The same effect is evident for the GGBS 

replacement when the main activator is NaOH. However, when the activator is silica, the 

strength drops despite the increase of GGBS. The strength values are the arithmetic mean of 6 

tests each, and the results are reliable, showing a small dispersion, with COVs ranging from 

0.04 to 0.21 in the AA RM materials. COVs of their CEM II equivalent is 0.10.   
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Table 7-1 Compressive strength and environmental impact of the AA RM materials (3:1 - sand: RM/FA/GGBS). CS: COVs =0.04-0.21; 0.1 

(CEM II).  
 

CS-28 

day 

RM  FA  GGBS  Sand NaOH  Na2SiO3 

 

Embodied 

Energy 

(total) 

Embodied 

Carbon 

(total) 

Density Embodied 

Energy 

(total) 

Embodied 

Carbon 

(total) 

(MPa) (%) (%) (%) (%) (%) (%) (MJ/m3) (kgCO2/m3) (kg/m3) (MJ/kg) (kgCO2/kg) 

RM-1 4. 53 100 — — 61.53 1.74 4.71 722.77 62.58 1873.94 0.39 0.03 

RM-2 4.68 100 — — 60.41 1.08 7.30 910.26 76.52 1873.94 0.49 0.04 

RM-3 1.69 100 — — 59.09 — 11.14 1190.43 96.58 1873.94 0.64 0.05 

RM-FA-1 6.87 70 30 — 61.88 1.69 4.59 680.93 61.91 1995.82 0.34 0.03 

RM-FA-2 10.85 70 30 — 60.75 1.05 7.12 863.95 75.56 1992.34 0.43 0.04 

RM-FA-3 5.74 70 30 — 59.44 — 10.89 1137.48 95.18 1994.08 0.57 0.05 

RM-FA-4 9.90 50 50 — 62.23 1.65 4.47 647.84 60.88 1973.04 0.33 0.03 

RM-FA-5 11.54 50 50 — 61.11 1.02 6.95 826.16 74.21 2019.31 0.41 0.04 

RM-FA-6 8.90 50 50 — 59.09 — 8.16 1147.26 98.46 1996.17 0.57 0.05 

RM-GGBS-1 13.21 70 — 30 61.53 1.74 4.71 865.61 71.92 2051.75 0.42 0.04 

RM-GGBS-2 9.52 70 — 30 60.75 1.05 7.12 1032.70 83.77 2056.36 0.50 0.04 

RM-GGBS-3 8.02 70 — 30 59.44 — 10.89 1306.23 103.39 2041.23 0.64 0.05 

RM-GGBS-4 27.48 50 — 50 61.88 1.69 4.59 944.91 76.35 2095.31 0.45 0.04 

RM-GGBS-5 33.65 50 — 50 61.11 1.02 6.95 1107.41 87.89 2096.48 0.53 0.04 

RM-GGBS-6 12.59 50 — 50 59.44 — 10.89 1401.46 109.62 2097.20 0.67 0.05 

CEM II 37.18 — — — 46.37 — — 1778.63 305.03 2208.23 0.81 0.14 
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Table 7-2 Embodied energy and carbon of each component as a percentage of the total (AA RM materials). *dryed at 105 0C for 24 hrs + 

ground for 3 hrs + sintered at 300 0C for 3 hrs.  

 EE ECO2 

*RM FA GGBS sand NaOH Na2SiO3 RM FA GGBS sand NaOH Na2SiO3 

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

RM-1 17.14 — — 12.61 15.39 54.86 — — — 8.63 32.14 59.23 

RM-2 13.61 — — 10.01 7.71 68.68 — — — 7.06 16.58 76.37 

RM-3 10.40 — — 7.65 — 81.94 — — — 5.59 — 94.41 

RM-FA-1 12.73 1.65 — 13.38 15.82 56.41 — 1.82 — 8.72 31.46 58.00 

RM-FA-2 10.04 1.30 — 10.55 7.88 70.23 — 1.49 — 7.15 16.30 75.07 

RM-FA-3 7.62 0.99 — 8.01 — 83.38 — 1.18 — 5.67 — 93.14 

RM-FA-4 9.56 2.89 — 14.07 16.09 57.39 — 3.08 — 8.87 30.97 57.08 

RM-FA-5 7.50 2.27 — 11.03 7.99 71.22 — 2.53 — 7.28 16.08 74.12 

RM-FA-6 5.40 1.63 — 7.94 — 85.02 — 1.90 — 5.48 — 92.61 

RM-GGBS-1 10.02 — 20.79 10.53 12.85 45.81 — — 12.98 7.51 27.97 51.54 

RM-GGBS-2 8.40 — 17.43 8.82 6.59 58.76 — — 11.15 6.45 14.70 67.71 

RM-GGBS-3 6.64 — 13.78 6.98 — 72.61 — — 9.03 5.22 — 85.75 

RM-GGBS-4 6.55 — 31.75 9.64 11.40 40.65 — — 20.38 7.07 25.51 47.03 

RM-GGBS-5 5.59 — 27.09 8.23 5.96 53.13 — — 17.71 6.14 13.58 62.57 

RM-GGBS-6 4.42 — 21.41 6.50 — 67.67 — — 14.20 4.93 — 80.88 

Arithmetic 

mean (%) 

9.04 1.79 22.04 9.73 10.77 64.52 — 2.00 14.24 6.78 22.53 71.70 
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7.4 EMBODIED ENERGY AND EMBODIED CARBON OF AA GGBS MATERIALS 

 

The AA GGBS materials, including NaOH-rich activators, can reach strengths comparable to 

their CEM II equivalents (~26 - 34 MPa compared with 37 MPa for CEM II)- Table 7-3. 

However, their environmental impacts are considerably lower. 

The EE of the AA GGBS materials is 39.51 % lower than the CEM II and the ECO2 78.57 % 

lower (Table 7-11). Therefore, the right activator can provide a similar strength at half the 

emissions and half the EE than a similar CEM II mix.  

As shown in Table 7-4, the activator that most contributes to environmental impact is Na2SiO3. 

The highest contribution to ECO2 was by Na2SiO3 at 45.30%. The EE and ECO2 contribution of 

the Na2SiO3 activator were 33.85% and 45.30 % respectively, much higher than the NaOH 

activator contributions of 12.17% and 30.25%. Therefore, the right activator can provide a 

similar strength at half the emissions than similar CEM II products. 

The results agree with the AA RM materials confirming that the alkali activators are the main 

materials responsible for the environmental impact, and that increasing the concentration and 

molar ratio of alkali activator increases the environmental impact but can lower strength. 

The results also agree with previous authors. Bhardwaj and Kumar, (2019), in AA slag 

materials cured at ambient temperature, state that Na2SiO3 contributed 0.46 kgCO2e/kg and 

NaOH 0.0051 kgCO2e/kg. These are lower Na2SiO3 ECO2 values, and similar NaOH ECO2 

values than the present study. Miraki et al. (2022) noted that NaOH produces the greatest 

amount of CO2 (an average of 6.67 kg/m3) in AAS activated with NaOH. Long et al., (2017) 

found that Na2SiO3 consumed 8.5 MJ/kg of the total EE (3408.12 MJ/m3) for AA slag 

materials, slightly higher values than the present study. 
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Table 7-3 Compressive strength and environmental impact of the alkali-activated GGBS materials (3:1 - sand: GGBS). COVs AA GGBS=0.01-

0.48. * from (Kishar et al., 2018). ** These values are higher than G1-G3 due to curing at 60 0C. 

 

 Curing  GGBS  
Sand 

 

NaOH 

(6M)  
Na2SiO3  CS  

Embodied Energy 

(total) 

Embodied 

Carbon 

(total) 

*Density 

Embodied 

Energy 

(total) 

Embodied 

Carbon 

(total) 

(°C) (%) (%) (%) (%) (MPa) (MJ/m3) (kgCO2/m3) (kg/m3) (MJ/kg) (kgCO2/kg) 

G1 20 22.37 67.11 1.02 3.31 25.70 1019.61 73.61 2150 0.47 0.03 

G2 20 22.37 67.11 2.55 — 17.56 840.75 63.58 2150 0.39 0.03 

G3 20 21.74 65.22 — 6.85 5.21 1234.50 87.32 2150 0.57 0.04 

G4 60 22.37 67.11 1.02 3.31 33.69 1066.69 73.61 2150 **0.50 0.03 

G5 60 22.37 67.11 2.55 — 12.03 887.83 63.58 2150 **0.41 0.03 

G6 60 21.74 65.22 — 6.85 2.92 1281.58 87.32 2150 **0.60 0.04 

CEM II 20 — 46.37 — — 37.18 1778.63 305.03 2208.23 0.81 0.14 

 

Table 7-4 Embodied energy and carbon contribution of each material as a percentage of the alkali activated GGBS materials. 

 

 EE ECO2 

GGBS sand NaOH Na2SiO3 GGBS sand NaOH Na2SiO3 

(%) (%) (%) (%) (%) (%) (%) (%) 

G1 58.85 8.94 7.17 25.05 42.28 7.34 17.95 32.43 

G2 71.36 10.84 17.80 — 48.95 8.49 42.55 — 

G3 48.60 7.38 — 44.02 35.65 6.18 — 58.17 

G4 56.25 8.54 6.85 23.94 42.28 7.34 17.95 32.43 

G5 67.58 10.26 16.85 — 48.95 8.49 42.55 — 

G6 46.82 7.11 — 42.40 35.65 6.18 — 58.17 

Arithmetic 

mean (%) 
58.24 8.85 12.17 33.85 42.29 7.34 30.25 45.30 
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7.5 EMBODIED ENERGY AND EMBODIED CARBON OF AA BAUXITE 

MATERIALS 

 

To calculate the environmental impact of the AA bauxite materials, the values of quarrying the 

bauxite were first calculated. As aforementioned, bauxite is the principal ore for aluminium. 

Extraction is adjusted to local conditions and is carried out mechanically or with explosives. 

The environmental impact of producing aluminium from bauxite is high, and the GHG 

emissions arising from the process are an environmental concern. However, the bauxite mining 

emissions are negligible when compared to the rest of emissions generated during aluminium 

production. Georgitzikis et al. (2021) indicate that, of the total GHG emissions (16.6 tonnes of 

CO2e per tonne of primary Al), electrolytic smelting is responsible for 12.8 tonnes while 

mining only accounts for 0.05 tonnes of CO2e per tonne of Al. The majority of the emissions 

of aluminium production (61%) arise from the electricity that powers electrolysis during the 

smelting process, while the rest (39%) arise for all the other steps in production including 

mining, refining (or Al2O3 production) and semis production (i.e. sheet, strip, plate, profiles, 

rod and bar, tube, wire and forgings) (Georgitzikis et al., 2021, based on data by the 

International Aluminium Institute -IAI- dating from 2020). On view of these results, and 

despite the wide use and numerous applications of aluminium in today’s world, it can be argued 

that an alternative use for bauxite (other than Al production) would lower environmental 

impacts worldwide.  

Norgate and Haque, (2010) carried out a comparative study of the environmental impact of 

mining operations, indicating that bauxite mining uses considerably less energy and has much 

lower impact than iron ore or copper concentrate mining. The impact categories considered 

gross energy requirement (or embodied energy) and GHG emissions expressed as global 

warming potential- GWP). The authors included: drilling equipment (explosive loader trucks 

and several types of drills run with electricity and diesel power); the energy consumed in the 

blasting process derived from the chemical energy contained in the blasting agents; excavators; 

pumping for dewatering; dump trucks; and auxiliary equipment such as dozers, graders, 

excavators and water tankers used for road construction, maintenance and dust suppression. 

The authors also considered crushing and grinding plants (usually powered by electricity 

generated onsite using diesel generator) and assorted physical separators when needed or just 

screening (for bauxite). They note than most of these assets use diesel fuel for their operation.  



195 
 

Their results evidenced that bauxite mining requires much lower energy (54.9 MJ/tonne) than 

mining copper and iron ore (at 8,329.0 and 152.7 MJ/tonne of ore respectively). Therefore, the 

embodied energy of mining bauxite is much lower than that of mining other ores. Furthermore, 

the authors state that the GWP of bauxite mining (4.9 kg CO2e /t) is also much smaller than 

those of mining copper and iron ore (628.0 and 11.9 kg CO2e /tore respectively) (Norgate and 

Haque, 2010). 

The bauxite in this research is quarried in the Az Zabirah and Al Bai’tha mines. The Az Zabirah 

mine supplies kaolin to the phosphate industry and low-grade bauxite to local cement 

companies, while the Al Bai’tha is quarried for high-grade bauxite for aluminium production 

(Mujabar and Dajkumar, 2019). As mentioned in the methods, the bauxite was quarried from 

a deposit located in a remote desert area of central/northern Saudi Arabia, predominantly in the 

province of Ha'il. The Ma'aden's exploration area covers approximately 6,000 km2. The Az 

Zabirah and Al Bai’tha mines are open-pit operations located approximately 20 km apart, North 

of the city of Qibah, in the Al Qassim and Hail provinces of central Saudi Arabia.  

Details of the mining process were provided by (B.A.M. Sidiya, Kaolin Processing and 

Management Ma’aden, 2021). The mining process starts with stripping the overburden by 

bulldozer ripping and dozing. The strip waste is then loaded into dump trucks and hauled to 

dumps outside the pit. Once exposed, the bauxite is ripped and piled in heaps by bulldozer. The 

ore is then screened and blended to meet customer requirements in terms of size and chemistry. 

Finally, the product is loaded into trucks and dispatched to costumers. During overburden 

stripping, a 0.5 to 1 meter soil cap is removed with a bulldozer, loaded into trucks and sent to 

landfill. Following overburden removal, the bulldozer rips the bauxite layer (0.5 meter per 

pass) and gathers it in heaps. The mine utilizes Cat D9R bulldozers for both the overburden 

and the ore. The material is then hauled to blending areas for screening and blending. All the 

batches are sampled and analyzed for chemical specification. The screening is carried out using 

front end wheel loaders and mobile screens. The loaders collect the material passing the sieve 

and stockpile it as the final product. Auxiliary equipment includes one grader and one 

compactor for road maintenance.  

Therefore, according to the producers, the primary energy used in bauxite quarrying and 

production is diesel fuel (B.A.M. Sidiya, Kaolin Processing and Management Ma’aden, 2021). 

The CO2 emissions estimated based on the quantity of diesel used and the activity of the 
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Alzabirah mine, amount 3.3 kg CO2/t bauxite. This calculation considers a diesel consumption 

of 3,144 l/day producing 8,237.3 kg CO2. 

The bauxite selected to produce the AAMs was grounded in a digital ball mill with 20 mm Ø 

stainless steel balls at 150 r.p.m. (24 hours, and then the fraction under 0.5 mm for 3 hours). 

The energy and emissions due to processing were calculated as explained in Chapter 3 

(Methods) and included in the calculations below. The grounded bauxite was calcined at 

800 0C. As aforementioned, this sintering temperature was selected because it yielded the best 

AAMs. Sintering at 800 0C has slightly raised the environmental impact but nearly doubled the 

strength compared to the equivalent CEM II product. The highest environmental impact of the 

bauxite processing was due to drying and sintering (0.06 MJ/kg); mining and grinding account 

for 0.007 MJ/kg and 0.006 MJ/kg respectively.  

The results agree with the aforementioned literature; the Na2SiO3 is the main contributor to 

environmental impact (Table 7-6). As expected, the environmental impact values for the 

different mixes are similar due to the close composition and processing of the raw materials 

(Table 7-5). In general, increasing NaOH concentration and Na2SiO3 / NaOH ratio and rising 

curing temperatures enhances strength at the expense of the environmental impact. However, 

the results (Table 7-5) show that even the AA materials with the highest impacts (EE=0.62-

0.64 MJ/kg) have outstanding strength (15-22 MPa), and that their impacts are small when 

compared with some of the most common construction materials used today such as blocks, 

steel, aluminium, glass and PC materials included below. 

The environmental impact of the AA bauxite materials designated as best by the DOE was also 

calculated- Table 7-9 and Table 7-10. According to the results, the DOE software yielded the 

highest strengths and lowest embodied energy (EE=0.44-0.47 MJ/kg) when compared to the 

CEM II and the other AA bauxite specimens, and the DOE mixes have similar E carbon (0.04 

kgCO2/kg) than the other AA bauxite mixes. 
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Table 7-5 Compressive strength and environmental impact of the AA bauxite - FA materials (3:1 - sand: bauxite/FA).  

Mix 
NaOH Na2SiO3/ 

NaOH 

Curing bauxite FA sand NaOH Na2SiO3 CS EE (total) ECO2 (total) Density EE (total) ECO2 (total) 

M (0C) (%) (%) (%) (%) (%) (MPa) (MJ/m3) (kgCO2/m3) (kg/m3) (MJ/kg) (kgCO2/kg) 

1 8 1 20 100 — 58.34 2.69 5.83 7.35 986.91 88.05 1909.24 0.52 0.05 

2 12 1 20 100 — 58.05 3.67 5.93 9.54 1065.94 101.30 1990.75 0.54 0.05 

3 8 3 20 100 — 58.18 1.36 8.83 20.38 1165.52 96.93 1977.13 0.59 0.05 

4 12 3 20 100 — 58.07 1.83 8.89 16.58 1204.02 103.32 1983.34 0.61 0.05 

5 8 1 60 100 — 58.34 2.69 5.83 6.69 1034.00 88.05 1914.26 0.54 0.05 

6 12 1 60 100 — 58.05 3.67 5.93 10.43 1113.03 101.30 1928.07 0.58 0.05 

7 8 3 60 100 — 58.18 1.36 8.83 22.52 1212.61 96.93 1925.84 0.63 0.05 

8 12 3 60 100 — 58.07 1.83 8.89 15.11 1251.10 103.32 1943.21 0.64 0.05 

9 8 1 20 50 50 60.81 2.29 4.97 12.99 779.34 74.33 2009.12 0.39 0.04 

10 12 1 20 50 50 60.41 3.15 5.11 12.25 851.32 86.03 2074.1 0.41 0.04 

11 8 3 20 50 50 60.56 1.17 7.58 19.95 932.21 82.30 2020.16 0.46 0.04 

12 12 3 20 50 50 60.14 1.61 7.80 18.32 985.14 89.80 2032.06 0.48 0.04 

13 8 1 60 50 50 60.81 2.29 4.97 14.35 826.43 74.33 1969.59 0.42 0.04 

14 12 1 60 50 50 60.41 3.15 5.11 15.93 898.41 86.03 2048.99 0.44 0.04 

15 8 3 60 50 50 60.56 1.17 7.58 18.75 979.30 82.30 1986.33 0.49 0.04 

16 12 3 60 50 50 60.14 1.61 7.80 15.92 1032.23 89.80 2041.77 0.51 0.04 

17 10 2 40 75 25 60.54 1.56 6.75 26.45 957.85 79.69 2066.07 0.46 0.04 

18 10 2 40 75 25 60.54 1.56 6.75 27.76 957.85 79.69 2076.23 0.46 0.04 

19 10 2 40 75 25 60.54 1.56 6.75 27.84 957.85 79.69 2077.62 0.46 0.04 

20 8 2 40 75 25 60.08 1.61 6.96 29.65 984.90 82.57 1983.81 0.50 0.04 

21 12 2 40 75 25 59.52 2.23 7.22 21.25 1055.13 92.81 2000.53 0.53 0.05 

22 10 1 40 75 25 59.50 1.97 7.23 4.96 1038.81 89.77 2012.2 0.52 0.04 

23 10 3 40 75 25 59.25 2.00 7.35 20.23 1054.78 91.50 2037.34 0.52 0.04 

24 10 2 20 75 25 60.54 1.84 6.75 30.72 944.60 82.96 1995.92 0.47 0.04 

25 10 2 60 75 25 60.54 1.84 6.75 36.42 991.69 82.96 2000.04 0.50 0.04 

26 10 2 40 100 — 58.65 2.08 7.63 30.33 1131.90 94.98 1957.21 0.58 0.05 

27 10 2 40 50 50 60.89 1.79 6.58 23.28 914.99 81.23 2001.95 0.46 0.04 

28 10 2 40 75 25 60.54 1.56 6.75 27.85 957.85 79.69 2071.15 0.46 0.04 

29 10 2 40 75 25 60.54 1.56 6.75 29.79 957.85 79.69 2046.92 0.47 0.04 

CEM II — — 20 — — — — — 37.18 1778.63 305.03 2208.23 0.81 0.14 
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Table 7-6 Embodied energy and carbon of each component as a percentage of the total (AA bauxite/FA materials).  

Mix 

EE ECO2 

bauxite FA sand NaOH Na2SiO3 bauxite FA sand NaOH Na2SiO3 

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

1 19.96 — 9.23 18.41 52.40 1.70 — 6.13 37.26 54.90 

2 18.48 — 8.55 23.36 49.61 1.48 — 5.33 44.39 48.79 

3 16.90 — 7.82 7.89 67.39 1.55 — 5.57 17.14 75.74 

4 16.36 — 7.57 10.30 65.77 1.45 — 5.23 21.68 71.64 

5 19.05 — 8.81 17.57 50.01 1.70 — 6.13 37.26 54.90 

6 17.70 — 8.19 22.38 47.51 1.48 — 5.33 44.39 48.79 

7 16.25 — 7.51 7.59 64.77 1.55 — 5.57 17.14 75.74 

8 15.75 — 7.28 9.91 63.29 1.45 — 5.23 21.68 71.64 

9 12.64 2.41 11.69 19.05 54.21 1.01 2.52 7.27 36.07 53.14 

10 11.57 2.20 10.70 24.15 51.38 0.87 2.18 6.28 43.15 47.52 

11 10.57 2.01 9.78 8.14 69.51 0.91 2.28 6.56 16.65 73.60 

12 10.00 1.90 9.25 10.68 68.17 0.84 2.09 6.01 21.16 69.91 

13 11.92 2.27 11.03 17.96 51.12 1.01 2.52 7.27 36.07 53.14 

14 10.96 2.09 10.14 22.88 48.68 0.87 2.18 6.28 43.15 47.52 

15 10.06 1.91 9.31 7.75 66.16 0.91 2.28 6.56 16.65 73.60 

16 9.54 1.82 8.83 10.19 65.06 0.84 2.09 6.01 21.16 69.91 

17 15.42 0.98 9.51 10.58 60.23 1.41 1.18 6.78 22.96 67.68 

18 15.42 0.98 9.51 10.58 60.23 1.41 1.18 6.78 22.96 67.68 

19 15.42 0.98 9.51 10.58 60.23 1.41 1.18 6.78 22.96 67.68 

20 15.00 0.95 9.25 10.70 60.91 1.36 1.14 6.54 23.05 67.92 

21 14.00 0.89 8.64 13.99 59.51 1.21 1.01 5.82 28.71 63.25 

22 14.22 0.90 8.77 12.54 60.55 1.25 1.04 6.02 26.19 65.49 

23 14.01 0.89 8.64 12.61 60.88 1.23 1.02 5.90 26.24 65.60 

24 15.64 0.99 9.65 12.64 61.08 1.36 1.13 6.51 26.00 65.01 

25 14.90 0.95 9.19 12.04 58.18 1.36 1.13 6.51 26.00 65.01 

26 17.40 — 8.05 12.31 59.46 1.58 — 5.69 26.49 66.24 

27 10.76 2.05 9.96 12.66 61.14 0.92 2.31 6.65 25.75 64.38 

28 15.42 0.98 9.51 10.58 60.23 1.41 1.18 6.78 22.96 67.68 

29 15.42 0.98 9.51 10.58 60.23 1.41 1.18 6.78 22.96 67.68 

Arithmetic mean 

(%) 

14.51 1.46 9.15 13.47 59.24 1.27 1.64 6.22 27.53 63.85 
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Table 7-7 Compressive strength and environmental impact of the AA bauxite - GGBS materials (3:1 - sand: bauxite/GGBS).  

Mix NaOH Na2SiO3/ 

NaOH 

Curing bauxite GGBS sand NaOH Na2SiO3 CS Embodied 

Energy 

(total) 

Embodied 

Carbon 

(total) 

Density Embodied 

Energy 

(total) 

Embodied 

Carbon 

(total) 

M (0C) (%) (%) (%) (%) (%) (MPa) (MJ/m3) (kgCO2/m3) (kg/m3) (MJ/kg) (kgCO2/kg) 

1 8 1 20 100 — 58.34 2.69 5.83 7.35 986.91 88.05 1909.24 0.52 0.05 

2 12 1 20 100 — 58.05 3.67 5.93 9.54 1065.94 101.30 1990.75 0.54 0.05 

3 8 3 20 100 — 58.18 1.36 8.83 20.38 1165.52 96.93 1977.13 0.59 0.05 

4 12 3 20 100 — 58.07 1.83 8.89 16.58 1204.02 103.32 1983.34 0.61 0.05 

5 8 1 60 100 — 58.34 2.69 5.83 6.69 1034.00 88.05 1914.26 0.54 0.05 

6 12 1 60 100 — 58.05 3.67 5.93 10.43 1113.03 101.30 1928.07 0.58 0.05 

7 8 3 60 100 — 58.18 1.36 8.83 22.52 1212.61 96.93 1925.84 0.63 0.05 

8 12 3 60 100 — 58.07 1.83 8.89 15.11 1251.10 103.32 1943.21 0.64 0.05 

9 8 1 20 50 50 60.99 2.26 4.91 69.59 1052.06 87.02 2140.88 0.49 0.04 

10 12 1 20 50 50 60.24 3.19 5.17 52.98 1142.18 100.89 2143.44 0.53 0.05 

11 8 3 20 50 50 60.38 1.18 7.68 45.47 1224.45 97.11 2117.14 0.58 0.05 

12 12 3 20 50 50 60.31 1.59 7.71 64.75 1254.80 102.27 2036.07 0.62 0.05 

13 8 1 60 50 50 60.99 2.26 4.91 72.32 1099.15 87.02 2137.22 0.51 0.04 

14 12 1 60 50 50 60.24 3.19 5.17 69.25 1189.27 100.89 2141.37 0.56 0.05 

15 8 3 60 50 50 60.38 1.18 7.68 52.98 1271.54 97.11 2117.84 0.60 0.05 

16 12 3 60 50 50 60.31 1.59 7.71 71.12 1301.89 102.27 2069.18 0.63 0.05 

17 10 2 40 75 25 60.19 1.88 6.91 44.55 1137.92 92.09 2040.74 0.56 0.05 

18 10 2 40 75 25 60.19 1.88 6.91 39.30 1137.92 92.09 2050.73 0.55 0.04 

19 10 2 40 75 25 60.19 1.88 6.91 39.68 1137.92 92.09 2093.33 0.54 0.04 

CEM 

II 

— — 20 — — — — — 37.18 1778.63 305.03 2208.23 0.81 0.14 
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Table 7-8 Embodied energy and carbon of each component as a percentage of the total (AA bauxite/GGBS materials).  

Mix 

EE ECO2 

bauxite  GGBS sand NaOH Na2SiO3 bauxite   GGBS sand NaOH Na2SiO3 

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

1 19.96 — 9.23 18.41 52.40 1.70 — 6.13 37.26 54.90 

2 18.48 — 8.55 23.36 49.61 1.48 — 5.33 44.39 48.79 

3 16.90 — 7.82 7.89 67.39 1.55 — 5.57 17.14 75.74 

4 16.36 — 7.57 10.30 65.77 1.45 — 5.23 21.68 71.64 

5 19.05 — 8.81 17.57 50.01 1.70 — 6.13 37.26 54.90 

6 17.70 — 8.19 22.38 47.51 1.48 — 5.33 44.39 48.79 

7 16.25 — 7.51 7.59 64.77 1.55 — 5.57 17.14 75.74 

8 15.75 — 7.28 9.91 63.29 1.45 — 5.23 21.68 71.64 

9 9.36 28.52 8.66 13.90 39.56 0.86 17.88 6.21 30.34 44.71 

10 8.62 26.27 7.98 18.27 38.86 0.74 15.43 5.35 37.35 41.13 

11 8.04 24.50 7.44 6.29 53.72 0.77 16.03 5.56 14.32 63.32 

12 7.85 23.91 7.26 8.26 52.72 0.73 15.22 5.28 18.30 60.47 

13 8.96 27.29 8.29 13.30 37.87 0.86 17.88 6.21 30.34 44.71 

14 8.28 25.23 7.66 17.55 37.33 0.74 15.43 5.35 37.35 41.13 

15 7.75 23.59 7.17 6.06 51.73 0.77 16.03 5.56 14.32 63.32 

16 7.57 23.04 7.00 7.96 50.81 0.73 15.22 5.28 18.30 60.47 

17 13.00 13.18 8.01 10.81 52.24 1.22 8.45 5.86 24.13 60.34 

18 13.00 13.18 8.01 10.81 52.24 1.22 8.45 5.86 24.13 60.34 

19 13.00 13.18 8.01 10.81 52.24 1.22 8.45 5.86 24.13 60.34 

Arithmetic 

mean (%) 
12.94 21.99 7.92 12.71 51.58 1.17 14.04 5.63 27.05 58.02 
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Table 7-9 Compressive strength and environmental impact of the AA bauxite materials declared as optimum by the DOE compared with 

equivalent CEM II materials (3:1 - sand:bauxite/GGBS-FA).  
 

bauxite  

 

FA  GGBS  Curing  NaOH  Na2SiO3  CS  Embodied 

Energy 

(total) 

Embodied 

Carbon 

(total) 

Density Embodied 

Energy 

(total) 

Embodied 

Carbon 

(total) 

(%) (%) (%) (°C) (%) (%) (MPa) (MJ/m3) (kgCO2/m3) ( kg/m3) (MJ/kg) (kgCO2/kg) 

Bauxite+GGBS  50 — 50 20 2.26 4.91 60.41 1052.06 87.06 2252.40 0.47 0.04 

Bauxite+FA  50 50 — 20 3.75 6.62 33.12 883.63 81.26 2025.17 0.44 0.04 

CEM II — — — 20 — — 37.18 1778.63 305.03 2208.23 0.81 0.14 

 

Table 7-10 Embodied energy and carbon contribution of the material components as a percentage of the total.  

 EE ECO2 

bauxite  GGBS FA sand NaOH Na2SiO3 bauxite  GGBS FA sand NaOH Na2SiO3 

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

Bauxite +GGBS  9.36 28.52 — 8.66 13.90 39.56 0.86 17.88 — 6.20 30.37 44.69 

Bauxite +FA  11.15 — 2.12 10.31 13.11 63.31 0.92 — 2.31 6.64 25.77 64.35 

 

Table 7-11 Summary of environmental impact vs strength results of AA RM, bauxite and GGBS materials compared with their CEM II (A/L) 

equivalents. EE (MJ/kg). ECO2 (kgCO2/kg). COVs = 0.06 – 0.62. CEM II (A/L): EE= 0.81; ECO2=0.14; CS=37MPa. 

 
AA RM AA GGBS AA Bauxite+GGBS AA Bauxite + FA AA Bauxite 

DOE AA Bauxite + 

GGBS 
DOE AA Bauxite + FA 

 

EE ECO2 CS EE ECO2 CS EE ECO2 CS EE ECO2 CS EE ECO2 CS EE ECO2 CS EE ECO2 CS 

Arithmetic 
mean 

0.49 0.04 11.76 0.49 0.03 16.19 0.56 0.05 56.54 0.48 0.04 22.14 0.58 0.05 13.58 0.47 0.04 60.41 0.44 0.04 33.12 
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7.6 DISCUSSION 

 

The AA bauxite-FA material projected as best by the DOE has the lowest environmental 

impact- Table 7-11. This is due to lower NaOH concentration, lower ratio of Na2SiO3/NaOH, 

and curing at ambient temperature.  

The environmental impact of all the AAMs studied is lower than their CEM II equivalents. 

With the exception of the AA bauxite-GGBS materials, their strength is lower, however 

significant, and suitable for many applications.  

The AA bauxite-GGBS materials are outstanding, not only in properties but also with regard 

to environmental impact, with an embodied energy and embodied carbon 30.86% and 64.29% 

(respectively) lower that their CEM II equivalents. 

Manufacturing GGBS has higher EE and ECO2 than FA because it needs to be ground after 

quenching (Ostwal and Chitawadagi, 2014). Manufacturing GGBS requires 1 ton of 1300 MJ, 

with CO2 emission of 0.07 tons (Cabeza et al., 2013). Therefore, using GGBS as precursor 

elevates the environmental impact of AAMs. However, the AAMs including GGBS displayed 

high densities of outstanding strength. Therefore, it can be argued that the slight increase in 

environmental impact is offset with a superior durability that increases sustainability. 

Furthermore, the impact due to the inclusion of GGBS as precursor is still very small when 

compared with PC products, as the energy use to produce a 1 ton of PC is about 5000 MJ, with 

at least 1 ton of CO2 emitted into the atmosphere.  

The RM is produced as waste and contributes zero to embodied energy and carbon. However, 

RM drying, grinding, and sintering contributed to an average EE of 0.04 MJ/kg. 90% of the EE 

value of the AA bauxite materials is due to the processing of the bauxite including drying, 

grinding, and sintering, aimed at enhancing reactivity.  

Based on the results, the main contributor to carbon emission and EE of the AAMs studied is 

the Na2SiO3 activator. This agrees with previous authors. However the % contributions 

assigned to the activator are slightly different due to the different formulations. Alsalman et al. 

(2021) note that the Na2SiO3 activator can contribute up to 48% and 42% (EE and ECO2 

respectively) of the total impact of alkali-activated concrete. According to Mathew et al. 

(2013), Na2SiO3 accounts for 49% of the embodied energy of FA-GGBS geopolymer. The 

melting and drying processes of Na2SiO3 manufacturing is responsible for a high embodied 
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energy (Ostwal and Chitawadagi 2014). In addition, the production of Na2SiO3 evolves 

significant CO2 into the atmosphere and it is a costly process (Torres and Puertas, 2017).  

In contrast, the NaOH activator has lower EE and ECO2 as it is usually made in brine solution 

electrolysis which produces chlorine gas at the cathode and a weak alkali at the anode (Erixon, 

1999). However, increasing the NaOH concentration led to an increase in EE and ECO2.  

The AAMs produced present values comparable to other AAMs in the literature (Table 7-12). 

The overall results show that even the AA materials with the highest impacts (EE=0.62-0.64 

MJ/kg) have outstanding strength (15-22 MPa), and that their impacts are small when compared 

with some of the most common construction materials used today such as blocks, steel, 

aluminium, glass and PC materials (Table 7-13). 

 

Table 7-12 EE and ECO2 values in the literature 

Materials EE ECO2 References 

AA FA/PC materials (25% PC replacement 

with FA) 
3.52 MJ/kg - 

Kalaw et al. 

(2016) AA FA/PC materials (50% PC replacement 

with FA) 
2.43 MJ/kg - 

AAMs made with high-volume FA 881.2 MJ/m3 45.5 kg CO2/m
3 

Faridmehr et al. 

(2021) 

FA-silica fume geopolymer activated with 

NaOH (10-16% of FA) 

1189.7 - 1729.8 

MJ/m3 
- 

Tempest et al. 

(2009) 

AA slag, with 4% of Na2O dosage at modulus 

of silica (MS=1.25) 
4162 MJ 271 kg CO2 

Kumar et al., 

(2020) 

(75:25) AA slag: FA, with 4% Na2O at 

modulus of silica (MS=1.25) 
3768 MJ 247 kg CO2 

(50:50) AA slag: FA, with 4% Na2O at 

modulus of silica (MS=1.25) 
3374 MJ 223 kg CO2 

(95:05) AA FA-RHA, activated with 12M 

Na2SiO3/NaOH = 0.5-1 
1.64 MJ/kg 0.117 kg CO2/kg 

(Kalaw et al., 

2016) 

(85:15) AA FA/ bottom ash, activated with 

12M Na2SiO3/NaOH = 0.5-1 
1.64 MJ/kg 0.117 kg CO2/kg 

(85:10:05) AA FA/RHA activated 12M  

Na2SiO3/NaOH = 0.5-1 
1.64 MJ/kg 0.117 kg CO2/kg 
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Table 7-13 Impact of some of the most common construction materials (Hammond and Jones 

2011). 
 

Material Energy MJ/kg Carbon kg CO2/kg Material density kg/m3 

Aggregate 0.083 0.0048 2240 

PC Concrete (1:1.5:3) 1.11 0.159 2400 

Bricks (common) 3 0.24 1700 

Concrete block (Medium density) 0.67 0.073 1450 

Aerated block 3.5 0.3 750 

PC mortar (1:3) 1.33 0.208 - 

Steel 20.1 1.37 7800 

Stainless steel  56.7 6.15 7850 

Expanded Polystyrene insul. 88.6 2.55 15–30 

Polyurethane insulation (rigid) 101.5 3.48 30 

Aluminium (33% recycled) 155 8.24 2700 

Glass  15 0.85 2500 

PVC 77.2 2.41 1380 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Concrete
https://en.wikipedia.org/wiki/Steel
https://en.wikipedia.org/wiki/Stainless_steel
https://en.wikipedia.org/wiki/Glass
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8. CONCLUSIONS AND FURTHER RESEARCH 
 

 

8.1 PRECURSORS 

 

All the precursors are highly reactive. Not only they are pozzolanic, but they can also be 

successfully activated with alkali solutions of NaOH and silicate. The FA and GGBS comply 

with building standard requirements for the use of SCMs in PC.   

The slag is a high-calcium precursor, all the others being low calcium. In addition, with the 

exception of the bauxite (with high alumina content of 53%), all the precursors show a medium 

alumina content (12-23%).  

The GGBS shows outstanding qualities to produce AA binders being highly reactive and basic 

(CaO+ MgO/SiO2 =1.56). Furthermore, it is highly amorphous, and has a CaO/SiO2 ratio of 

1.41 and a SiO2/Al2O3 ratio of 0.34 which are considered suitable for alkali-activation.  

The water demand is determined by the nature of the particles, mainly by the presence of 

layered structures, and their fineness rather than by the presence of carbon: the FA has the 

greatest carbon content and yet the lowest water demand, while the GGBS –which is the finest- 

and the bauxite have the highest water demand. As the water demand of the precursors to 

achieve specific workability is different, obtaining a workable mixture will require different 

volumes of activator solution, which will be difficult to control. Therefore, the activator ratio 

needs to be calculated by weight. 

The RM is reactive mainly due to its layered phases gibbsite and boehmite (inherited from the 

parent bauxite), and its zeolite/feldepathoid phases: cancrinite, chantalite and sodalite, formed 

during the refining (Bayer) process. The Bayer process determined the reactivity of the RM: 

• The Saudi RM is pozzolanic (not cementitious) because in Ma’adem the refining 

temperature (270°C) is low. 

• The calcium oxide (CaO), added twice during refining, caused the occurrence of 

cancrinite which produces pozzolanic hydrates when the RM is activated with lime.  
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The Saudi RM is suitable for the production of AAMs and pozzolanic materials. It has high 

SiO2 content and high alkalinity, the chloride and carbon contents are low and it doesn’t include 

any toxic elements. It presents abundant specific surface area available for reaction, superior 

to commercial CEM II and other pozzolanic and cementitious materials such as FA and GGBS. 

The RM is moderately pozzolanic, and its activity is mainly due to the reaction of feldspathoid 

cancrinite and the formation of zeolitic and feldspathoid-based hydrates. 

Thermal treatments enhance reactivity: the heated RMs make hydrated lime set two-three times 

faster than the lime alone. The RM sintered at 300-400°C sets the fastest, combines the most 

lime, and reached the greatest strengths and mechanical index.  

The Saudi Arabian bauxite is highly reactive due to the layered atomic structures of its main 

components gibbsite, boehmite and kaolinite, which provide high specific surfaces (superior to 

CEM II and other pozzolanic and cementing materials such as FA and GGBS) and active 

hydroxyls that enhance adsorption, hence nucleation, precipitation and dissolution. 

All the tests evidenced a high pozzolanic activity.  

Heating, even at low temperature, significantly increases the SSA of the bauxite particles (at 

300°C the SSA rises by over 60%). 

Calcination, even at low temperature 300°C, increased reactivity due to the dehydroxylation of 

kaolinite. The 550°C bauxite (highest SSA) is the most active initially (hours-2 days) but at 

later ages, the 700°C -800°C bauxites (with the highest amorphous alumina content) are the 

most reactive reaching the highest strengths.  

 

8.2 AA GGBS materials 

 

The rheology and setting times are of the AA slag-materials are within practical limits, 

comparable to others in the literature. Cracking due to drying shrinkage, one of the challenges 

of AA materials, is hindered thanks to the high calcium content of the slag. 

The Na2SiO3+NaOH activated GGBS materials showed the greatest strengths and 

microstructure. When cured at 60°C, they develop hydrogarnet–gehlenite hydrate cements that 

may be responsible for their high strength at 270 days (94MPa). The Na2SiO3 activator 

produces an excessive %Na2O by mass of slag, and the NaOH activator produced an excessive 

alkalinity that lower strength.  
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The results agree with the chemistry and properties of the slag which suggests that it does not 

need an eminent alkalinity but it should be activated with either alkali silicates or low-

concentration, alkali hydroxides. The GGBS is too reactive (too fine and amorphous) for a 

successful activation with high alkali hydroxide concentrations. Therefore, the best activator is 

a combination of Na2SiO3 and a low molarity (< 6M) alkali hydroxide. 

Increasing the curing temperature to 60°C, enhances strength and microstructure when 

Na2SiO3+NaOH is the activator. In general early strengths (3, 7 days) increase but ultimate 

strengths (28, 270 days) either slighly increase or lower when compared with ambient-curing. 

The materials produced at ambient temperature are sound, and suitable for a wide range of 

applications.  

 

8.3 AAM RM materials 

 

All the AA RM materials achieved high strengths and some reached outstanding values. Even 

the materials made with RM alone reached significant flexural (up to 5 MPa) and compressive 

strengths (c.7 MPa). 

Replacing RM with FA increased strength, and GGBS substitution increased strength further. 

The best RM materials were those with 50%GGBS replacement. They showed the highest 

density and shortest setting times, and the greatest strengths 39 – c.41 (activated with Na2SiO3 

/ 6M NaOH = 1 and 2.5 respectively). 

The RM precursor welcomes silica content in the activator up to a certain threshold: increasing 

the silica content in the Na2SiO3 / 6M NaOH activator enhances strength, but using Na2SiO3 

alone lowers it. 

The microstructure of AAMs made with RM alone show little cements. However, when 

blended with FA and GGBS, cementing N-A-S-H hydrates are evident. 

The AAMs made with RM alone did not resist laboratory weathering being particularly 

vulnerable to frost action. Replacing RM with FA increases durability but some specimens 

failed. In contrast, the AA RM materials blended with GGBS showed outstanding resilience, 

and those with 50% GGBS show better laboratory cycling resistance than their PC equivalents. 
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8.4 AAMs bauxite materials 

 

The bauxite alone is suitable for synthesising geopolymers binders, reaching compressive 

strength up to c.35 MPa, but replacing bauxite with FA/GGBS increases strength and lowers 

porosity increasing density, and the effect is more pronounced as the % replacement grows. 

According to the limited experiments, the best formulation for both the AA bauxite materials 

and the AA bauxite with FA replacement is curing at ambient temperature and activating with 

high silica content (Na2SiO3/NaOH = 3) and medium molarity (8M NaOH). The optimum mix 

for the AA bauxite - FA materials according to the DOE should be cured at ambient 

temperature, and have a slightly lower silica content (Na2SiO3/NaOH = 2) and higher molarity 

(NaOH 10M). 

The GGBS-bauxite materials need a different formulation. The greatest strength (over 90 MPa 

at 90 days and over 72 MPa at 28 days) was achieved by the bauxite-50%GGBS materials 

activated with Na2SiO3/ NaOH (8M) = 1, cured at 60 degrees. The experimental conclusion 

agrees with the optimum mix forecasted by the DOE. The DOE validated the experimental 

methods and the method used for the modelled predictions for the AA materials in the range 

studied. 

The cementing geopolymers of the AA bauxite materials are scarce when bauxite is used alone. 

However, when FA or GGBS are introduced, the main cementing phase in an aluminate–

silicate gel, with low-Ca and some sodium substitution, with a greater Al content in the GGBS 

materials. 

 

8.5 ENVIRONMENTAL IMPACT  

 

Bauxite can create outstanding AAMs of low environmental impact. Using bauxite for AAM 

production, rather than for aluminium production, would lower environmental impact 

worldwide. Bauxite mining has a negligible environmental impact (3-5 kg CO2e/t) when 

compared to even the low-impact PCs (CEM II releases 620-700 kg CO2e/t). 
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The results evidence that, in alkali activation technology, an appropriate design leads to lower 

environmental impact and superior strength and microstructure. In the AA GGBS materials, 

the right activator procured a strength similar to the equivalent CEM II mixes at approximately 

half of their embodied energy and carbon emissions. Activators constitute the main 

environmental impact of AAMs. An excessive activator concentration or wrong molar ratio 

can increase the environmental impact while simultaneously lowering strength. Therefore, they 

must correctly selected and formulated.  

Pyro-processing waste precursors at relatively low temperature can report great strength 

increase with a low increase in environmental impact: sintering the bauxite at 800 oC slightly 

raised the environmental impact of the resultant material, but it nearly doubled the strength 

when compared to the equivalent CEM II product.  The process of sintering bauxite consumes 

only 0.02 MJ/kg of energy, much less than the production of clinker, which according to 

Schorcht et al., 2013, consumes 30 MJ/kg of energy during the calcination of limestone. 

Blending, even with a high environmental impact precursor, can offset impact on account of a 

greatest durability: increasing FA in the AA RM materials, nearly doubles the 28-day 

compressive strength without increasing environmental impact. The GGBS slightly rises 

environmental impact but significantly increases strength and improves microstructure. 

 

8.6 LIMITATIONS AND FURTHER RESEARCH 

 

This research evidenced that a number of the AAMs designed and produced are quality 

materials that can be used in several applications such as structural frames, precast construction 

and paving units. The results also evidenced that the physical testing methods and analytical 

techniques used are adequate for AAMs. However, the standardisation and mass production of 

these materials is still undone. Therefore, further research into mass production and 

commercialisation is needed in order to introduce AAM into mainstream construction. Further 

investigation on the pore system of the AMMs investigated should be undertaken using BET 

(Brunauer–Emmett–Teller) or mercury porosimetry. 

The properties and composition of precursors from different locations vary depending on the 

raw material and the production process. For example, not all the RMs in the world result from 

the Bayer refining process, and the Bayer process varies in different alumina producers. 

Therefore, a first step can be to establish limits and adequate ranges for certain elements in the 
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precursor including C, Ca, Al and Si. The alkali content and the content of anions (S, Cl, N) 

capable of forming salts should also be established.  

A correspondence between the precursor composition and the most efficient activator needs to 

be established including activator type, concentration and ratio. Further research is also needed 

on leaching and toxicity to examine the potential impact of any leached heavy metals. It would 

also be relevant to conduct further research on the long-term durability of AAMs with regards 

to specific applications. 

Water demand and workability are particularly important in alkali activation. In AAMs, to 

produce a workable mix, the precursor is mixed with the activator solution instead of water, 

and the demand is determined by the fineness, specific surface area and the structure/ porosity 

of the precursor particles. Therefore, the activator/solid ratio should be determined 

experimentally and calculated by weight. 

The presence of minor elements in RM and bauxite (e.g., TiO2 Fe2O3 and MgO), can affect the 

geopolymerization process and hence change material properties. This should be investigated 

as it can alter the materials properties in the long-term, and create environmental impact.  

According to Alayed et al., (2021), the structural concrete frames of Saudi Arabian villas 

typically account for 30-40% of the overall wall surface area. In addition, Saudi Arabia will 

require approximately 2.32 million new houses by 2020 due to growing population (Sidawi, 

2009; Asif, 2016). This will rapidly increase the demand for materials. In light of the 

environmental benefits of AA RM and AA bauxite binders and their lower EE and ECO2, onsite 

research should be conducted aimed at replacing current PC structural frames with the strongest 

AAMs in this research.  
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3- Alelweet O. and Pavia S., Durability of Alkali-Activated Materials Made with a High-
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Appendix B. ANALYSIS AND OPTIMISATION OF THE 

DESIGN OF ALKALI-ACTIVATED BAUXITE USING 

DESIGN OF EXPERIMENTS (DOE) 
 

 

This section shows the analysis of the design of experiments (DOE) used for AA bauxite, which 

were not included in Chapter 6. 

 

B.1 ANALYSIS OF AA BAUXITE BLENDED WITH FA AT 28 DAYS  

 

B.1.1 Flexural strength (28 FC) 

 

As shown in Figure B-1 the Pareto chart demonstrates the magnitude of each input factor's 

standardised effect and the significance of the interaction found. The horizontal bars refer to 

the factors and interactions crossing the segmented vertical reference line that is treated as 

statistically significant.   

The results show that the total number of single, double interaction and 2-way interaction terms 

was four. According to the results, (Na2SiO3/NaOH* Na2SiO3/NaOH) had the highest effect, 

followed by (Na2SiO3/NaOH), (T * T), and Na2SiO3/NaOH*FA% terms cross the reference 

line of the statistical significance located at 2.093, indicating that these effects are statistically 

significant. 

 

 

Figure B-1 Pareto chart of the standardised effects for AA bauxite with FA of (28 FC) at a 

95% confidence interval. 
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Figure B-2 shows the Probability plot of (28 FC) model that the data points are located between 

red lines. Furthermore, the P-Value is 0.406, which is greater than the significance level of 

0.05, indicating that the data follows a normal distribution according to the null hypothesis 

(Alshalif et al., 2021). The mean (28 FC) was 5.16 MPa, which lowers than control value (CEM 

II) by 14%. 

 

 

Figure B-2 Probability plot of (28 FC) at 28 days. 

 

Figure B-3 (A) and (B) show the main effects plots of (28 FC) responses. In our case, one term 

that has a significant effect on (28 FC) is Na2SiO3/NaOH, besides one interaction term, 

Na2SiO3/NaOH*FA%, which are the significant factors with the most important influence on 

the response. 

Figure B-3 (A), the increasing Na2SiO3/NaOH from 1 to 2 has increased the (28 FC) from 3 to 

7 MPa. However, further increases in Na2SiO3/NaOH have decreased (28 FC) from 7 to 5 MPa.  

Figure B-3 (B), the significant 2-way interaction of Na2SiO3/NaOH*FA% shows that a higher 

(28 FC) was obtained at average FA% and Na2SiO3/NaOH levels. It is worth noting that higher 

levels of FA at 50% exhibited higher (28 FC) when Na2SiO3/NaOH was at ratio 1. In contrast, 

the lower FA at 0% levels exhibited higher levels of (28 FC) when Na2SiO3/NaOH was at 

higher levels at ratio 3. 
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Figure B-3 The main effect and interaction plot for (28 FC), main effect plot (A), and 

interaction plot (B) of bauxite and FA. 

 

B.1.2 compressive strength (28 CS) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order: Na2SiO3/NaOH* Na2SiO3/NaOH term was found to have the greatest impact 

on the 28 CS followed by Na2SiO3/NaOH, T*T and Na2SiO3/NaOH*FA%, terms cross the 

reference line of the statistical significance located at 2.101 as presented in Pareto chart Figure 

B-4.  

 

Figure B-4 Pareto chart of the standardised effects for AA bauxite with FA of (28 CS) at a 

95% confidence interval. 

A) 

B) 
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From Figure B-5, it can be seen that the data points are approximately located between the red 

lines. The P-Value is 0.69, which is greater than the significance level, indicating that the data 

follows a normal distribution according to the null hypothesis. From Figure B-5, the mean 

value was 19.78 MPa, a lower control value (CEM II) by 47%. 

 

 

Figure B-5 Probability plot of (28 CS) at 28 days. 

 

Figure B-6 (A) shows the main effects plots of 28 CS responses. In our case, one linear term 

has a significant effect, which is Na2SiO3/NaOH. The 28 CS was increased with increasing 

Na2SiO3/NaOH up to 2.5 of Na2SiO3/NaOH, then the 28 CS decreased. Figure B-6 (B) shows 

the interaction factor between Na2SiO3/NaOH at a higher level, and a lower level of FA% gives 

a higher strength at Na2SiO3/NaOH=2.5. 

 

Figure B-6 The main effect and interaction plot for (28 CS), main effect plot (A), and 

interaction plot (B) of bauxite and FA. 

A) 

B) 
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B.1.3 porosity (28 P) 

 

The greatest impact on the (28 P) was FA% followed by FA%*FA%, NaOH M and NaOH 

M*NaOH M, terms cross the reference line of the statistical significance located at 2.093 based 

in Pareto chart Figure B-7.  

 

 

Figure B-7 Pareto chart of the standardised effects for AA bauxite with FA of (28 P) at a 95% 

confidence interval. 

 

Figure B-8, the Probability plot of (28 P) shows the data is located very close to the straight 

red line, and the P-Value is 0.050, which is greater than the significance level of 0.05, indicating 

that the data follows a normal distribution according to the null hypothesis. According to the 

data, the mean porosity was 18.39%, which is higher than CEM II, which was 7.31%. 

 

 

Figure B-8 Probability plot of (28 P) at 28 days. 

 

Figure B-9 show the main effects plots of (28 P) response. The significant effects on P are 

NaOH M and FA%. The results show that increasing the porosity was decreased with 



218 
 

increasing NaOH M up to 10 M, then increased, as the same of FA%, which has the lower 

porosity at 25% and increases with increasing FA% replacement.  However, the 

Na2SiO3/NaOH and T show that the variables have almost identical horizontal lines, indicating 

that there is no main effect for 28 P. 

 

 

Figure B-9 The main effect and interaction plot for 28 P. 

 
 

B.1.4 bulk density (28 BD) 

 

The following is the distribution of ranking the model terms according to their significance, 

given in the following order as in Pareto chart Figure B-10: FA% term has the greatest effect 

on the 28 BD, followed by the FA%*FA%, NaOH M, NaOH M*NaOH M, and T, terms cross 

the reference line of the statistical significance located at 2.086.  

 

 

Figure B-10 Pareto chart of the standardised effects for AA bauxite with FA of (28 BD) at a 

95% confidence interval. 

 

Figure B-11 shows the Probability plot. The results show that the data points are approximately 

in a straight line. The P-Value is 0.56, which is greater than the significance level of 0.05, 
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meaning that the data follows a normal distribution as per the null hypothesis. The main BD 

was 2003 kg/m3, a lower control value of 9%. 

 

 

Figure B-11 Probability plot of (28 BD) at 28 days. 

 

Figure B-12 shows the main effects plots of the 28 BD response. The significant effects on 28 

BD are NaOH M and FA%. Since the results were shown at 10 M of NaOH and 25% FA 

replacement, the bulk density was higher (28 BD) at 2050 kg/m3.  However, the Na2SiO3/NaOH 

and T show that the variables have almost identical horizontal lines, indicating that there is no 

main effect for 28 BD. 

 

 

 

Figure B-12 The main effect and interaction plot for 28 BD. 

 

B.1.5 water absorption (28 WA) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order as in Pareto chart Figure B-13:  FA% had the most significant impact on the 

28 WA, followed by FA%*FA%, NaOH M, NaOH M*NaOH M, and NaOH 

A) 
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M*Na2SiO3/NaOH, intersect the reference line of the statistical significance located at  2.093. 

Each factor's effect on the 28 WA. 

 

 

 

Figure B-13 Pareto chart of the standardised effects for AA bauxite with FA of (28 WA) at a 

95% confidence interval. 

 

Figure B-14 show the Probability plot that the data points are located between the red lines. 

Furthermore, the P-Value is 0.25, which is greater than the significance level of 0.05, indicating 

that the data follow a normal distribution according to the null hypothesis, and the mean value 

of 28 WA was 8.58%. In comparison, the CEM II was 3.21%. 

 

 

Figure B-14 Probability plot of (28 WA) at 28 days. 

 

Figure B-15-(A), (B) shows the main effects plots of the 28 WA responses. In our case, two 

linear terms that significantly affect 28 WA are NaOH M and FA%. Consequently, in Figure 

B-15 (A), the lowest WA (7%) was recorded at 10 M NaOH and 30% FA, and the WA 
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increased after that.  However, the Na2SiO3/NaOH and T show that the variables have almost 

identical horizontal lines, indicating that there is no main effect for 28 WA. 

The interaction between NaOH M and Na2SiO3/NaOH as in Figure B-15 (B) shows that the 

lower level of 28 WA was recorded at 10 M when activated by a higher or lower ratio of 

Na2SiO3/NaOH.  

 

 

Figure B-15 The main effect and interaction plot for 28 WA, main effect plot (A), and 

interaction plot (B) of bauxite and FA. 

 

B.2 ANALYSIS OF AA BAUXITE BLENDED WITH FA AT 90 DAYS 

 

B.2.1 flexural strength (90 FC) 

 

The distribution of ranking the model terms in order of significance is shown in the following 

order as in Pareto chart Figure B-16: The Na2SiO3/NaOH term was found to have the greatest 

impact on the 90 FC, followed by Na2SiO3/NaOH* Na2SiO3/NaOH, T*T, NaOH M, and the 

lower impact was FA%, which meets the reference line of the statistical significance located at 

2.093.  

A) 

B) 
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Figure B-16 Pareto chart of the standardised effects for AA bauxite with FA of (90 FC) at a 

95% confidence interval. 
 

From Figure B-17, it can be seen that the data points are located between the red lines in 

Probability plot. Furthermore, the P-Value is 0.129, which is greater than the significance level 

of 0.05, likely points to the data following a normal distribution according to the null 

hypothesis. Also, the mean FC was 7.60 MPa which is higher than CEM II by 4%. 

 

 

Figure B-17 Probability plot of (90 FC) at 90 days. 
 

The main effects plots of the 90 FA responses are shown in Figure B-18 that terms significantly 

affect 90 FC: NaOH M, Na2SiO3/NaOH, T and FA%. Increasing NaOH M from 8 to 12 

decreases the mean of 90 FC from 9 to 7 MPa. However, increasing Na2SiO3/NaOH from 1 to 

2 increases the mean of 90 FC from 3 to 9 MPa, and a further increase in Na2SiO3/NaOH further 

decreases the mean of 90 FC from 8 to 6 MPa. Increasing T from 20 0C to 40 0C led to a 

decrease in the mean of 90 FC from 10 to 8 MPa. However, increasing T from 40 0C to 60 0C 

increased the mean of 90 FC from 8 to 10 MPa, and increasing FA% from 0 to 40% led to a 

slightly increased mean of 90 FC.  
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Figure B-18 The main effect and interaction plot for 90 FC. 

 

B.2.2 compressive strength (90 CS) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order as in Pareto chart Figure B-19: The Na2SiO3/NaOH* Na2SiO3/NaOH term was 

found to have the greatest impact on the 90 CS, followed by Na2SiO3/NaOH, NaOH M, T*T, 

Na2SiO3/NaOH*FA%, and the lower impact T, which crosses the reference line of the 

statistical significance located at 2.086.  

 

 

Figure B-19 Pareto chart of the standardised effects for AA bauxite with FA of (90 CS) at a 

95% confidence interval. 

 

From Probability plot Figure B-20, it can be seen that the data points are located between the 

red lines. The P-Value is 0.45, which is greater than the significance level of 0.05, indicating 

that the data follow a normal distribution according to the null hypothesis. The mean 

compressive strength was 24.03 MPa, which is lower than CEM II by 49%. 

 

A) 
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Figure B-20 Probability plot of (90 CS) at 90 days. 

 

Figure B-21-(A), (B) shows the main and the interaction effects plots of the 90 CS responses. 

In our case, three terms that significantly affect 90 CS are NaOH M, Na2SiO3/NaOH, and T. 

As shown in Figure B-21-(A), increasing NaOH M decreases the mean of 90 CS slightly from 

35 MPA to 28 MPa, and increasing Na2SiO3/NaOH from 1 to 2 increases the mean of 90 CS 

from 10 to 30 MPa. However, increasing Na2SiO3/NaOH from 2 to 3 decreases the mean of 90 

CS to 20 MPa, and increasing T from 20 to 40 0C led to decreases in the mean of 90 CS from 

40 to 30 MPa. However, increasing T from 40 to 60 0C led to an increasing the mean of 90 CS 

from 30 to 35 MPa, and the FA% show that the variable has almost identical horizontal lines, 

indicating that there is no main effect for of 90 CS. 

The interaction plot in Figure B-21 (B) for Na2SiO3/NaOH and FA% shows that their 

interaction has affected the response differences between each factor's low, and high levels. 

When Na2SiO3/NaOH is at the lowest level of 1, a higher mean of 90 CS is obtained at the 

highest level of FA% (50), and the mean of 90 CS is increased by increasing Na2SiO3/NaOH 

from 1 to 2.5. However, when Na2SiO3/NaOH exceeds 2.5, the mean of 90 CS decreases and 

a higher mean of 90 CS (30 MPa) is obtained at the lowest level of FA% (0). 

 



225 
 

 

Figure B-21 The main effect and interaction plot for 90 CS, main effect plot (A), and 

interaction plot (B) of bauxite and FA. 

 

B.2.3 porosity (90 P) 

 

The distribution of ranking the model terms according to their significance can be seen with 

Pareto chart Figure B-22 as follows: The FA% term was found to have the most significant 

impact on the 90 P, followed by NaOH M*NaOH M and Na2SiO3/NaOH* Na2SiO3/NaOH, 

which cross the reference line of the statistical significance located at 2.093.  

 

 

Figure B-22 Pareto chart of the standardised effects for AA bauxite with FA of (90 P) at a 

95% confidence interval. 

A) 

B) 
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From Probability plot Figure B-23, it can be seen that the data points are located between red 

lines. However, only 1 point exceeded the limit, confirming that the error in the property plot 

at 90 P results. Consequently, the data analysis is highly accurate because the allowable error 

is below 10 % (Al-Shalif, 2020). The P-Value is 0.427, greater than the significance level of 

0.05, this implies that the data follows a normal distribution according to the null hypothesis. 

The mean porosity was 20.83%, higher than CEM II, which was 8.51%. 

 

 

Figure B-23 Probability plot of (90 P) at 90 days. 

 

Figure B-24 shows the main effects plots of the 90 FA responses. Increasing NaOH M from 8 

to 10 decreases 90 P from 22 to 19%. However, increasing NaOH M from 10 to 12 increases 

90 P from 19 to 22%, and increasing Na2SiO3/NaOH from 1 to 2 increases 90 P from 18 to 

20%. However, increasing Na2SiO3/NaOH from 2 to 3 decreases 90 P. However, increasing 

the T from 20 to 40 0C led to a decrease of 90 P slightly. However, increasing T from 40 to 60 

0C increases 90 P from 20 to 21, and increasing FA% by more than 40% decreases 90 P 

significantly from 21 to 19%. 

 

 

Figure B-24 The main effect plot for 90 P of bauxite and FA. 
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B.2.4 bulk density (90 BD) 

 

The model terms' ranking according to their significance is given in the following order as in 

Pareto chart Figure B-25: The FA% term was found to have the greatest impact on the 90 BD, 

followed by Na2SiO3/NaOH, T, NaOH M*NaOH M, and T*T, crosses the reference line of the 

statistical significance located at 2.08.  

 

 

Figure B-25 Pareto chart of the standardised effects for AA bauxite with FA of (90 BD) at a 

95% confidence interval. 
 

From the Probability plot in Figure B-26, it can be seen that the data points are approximately 

on a straight line. The P-Value is 0.069, which is greater than the significance level of 0.05, 

indicating that the data follows a normal distribution according to the null hypothesis. The 

mean BD was 1970 kg/m3, which was lower than CEM II by 7%. 

 

Figure B-26 Probability plot of (90 BD) at 90 days. 



228 
 

Figure B-27 shows the main effects plots of 90 BD responses. As shown, increasing NaOH M 

from 8 to 10 M increases the mean of 90 BD from 1970 to 2010 kg/m3. However, increasing 

NaOH M from 10 to 12 decreases the mean of 90 BD from 2010 to 1980 kg/m3. Moreover, 

increasing Na2SiO3/NaOH increased 90 BD from 1980 to 2030 Kg/m3. In addition, increasing 

the T from 20 to 40 0C led to increasing the mean of 90 BD from 1990 to 2010 kg/m3. However, 

increasing T from 40 to 60 0C decreases the mean of 90 BD from 2010 to 1960 kg/m3, and 

increasing FA% increases the mean of 90 BD to recorded 2040 kg/m3 at 50% FA. 

 

 

Figure B-27 The main effect plot for 90 BD of bauxite and FA. 

 

B.2.5 water absorption (90 WA) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order as in Pareto chart Figure B-28: The FA% term was found to have the greatest 

impact on the 90 WA, followed by NaOH M*NaOH M, Na2SiO3/NaOH* Na2SiO3/NaOH, and 

T, which cross the reference line of the statistical significance located at 2.086. The effect of 

each factor on the 90 WA. 

 

 

Figure B-28 Pareto chart of the standardised effects for AA bauxite with FA of (90 WA) at a 

95% confidence interval. 
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From Probability plot Figure B-29, it can be seen that the data points are approximately on a 

straight line. The property plot at 90 WA resulted in only one point over the limit. Therefore, 

the data analysis is highly accurate since the allowable error is below 10%. The P-Value is 

0.521, which is greater than the significance level of 0.05, indicating that the data follows a 

normal distribution according to the null hypothesis. The mean WA was 9.63%, while the WA 

of CEM II was 3.84%. 

 

 

Figure B-29 Probability plot of (90 WA) at 90 days. 

 

Figure B-30 shows the main effects plots of 90 WA responses. As shown, increasing NaOH M 

from 8 to 10M led to a decrease in the mean of 90 WA from 10.5 to 9 %. However, increasing 

NaOH M from 10 to 12 led to an increase in the mean of 90 WA from 9 to 10 %. However, 

increasing Na2SiO3/NaOH led to increases in the mean of 90 WA, and a further decrease in 

Na2SiO3/NaOH decreased the mean of 90 WA. In addition, increasing the T from 20 to 40 0C 

decreased WA slightly. However, increasing T from 40 to 60 0C raises the means of 90 WA 

from 9 to 10%. In addition, increasing FA% decreases the mean of 90 WA from 9.5 to 8% at 

50% FA. 

 

Figure B-30 The main effect plot for 90 WA of bauxite and FA. 

 



230 
 

B.3 ANALYSIS OF AA BAUXITE BLENDED WITH GGBS AT 28 DAYS 

 

B.3.1 Flexural strength (28 FC) 

 

The model terms' ranking according to their significance is given in the following order as the 

Pareto chart depicts in Figure B-31: The GGBS% term was found to have the greatest impact 

on the 28 FC, followed by Na2SiO3/NaOH*GGBS%, which cross the reference line of the 

statistical significance located at 2.31. 

 

 

Figure B-31 Pareto chart of the standardised effects for AA bauxite with GGBS of (28 FC) at 

a 95% confidence interval. 

 

In terms of the Probability plot in Figure B-32, it can be identified that the data points are 

roughly on a straight line. The P-Value is 0.31, which is greater than the significance level of 

0.05, this suggests that the data follows a normal distribution according to the null hypothesis. 

The mean FC was 6.42 MPa, which was higher than CEM II by 7%. 

 

 

Figure B-32 Probability plot of (28 FC) at 28 days. 



231 
 

Figure B-33-(A), (B) shows the main effects plots and the interaction plot of 28 FC responses. 

For example, in Figure B-33-(A), the main effects plot for 28 FC shows that three terms (NaOH 

M, Na2SiO3/NaOH, and T) have approximately horizontal lines, indicating no main effect for 

the prementioned linear terms, and different levels of each factor affect the response the same. 

Meanwhile, the GGBS% term exhibited a non-horizontal line, indicating that it has a main 

effect. As seen, increasing GGBS% from 0 to 50 increased the mean of 28 FC from 4 to 9 MPa. 

Figure B-33-(B) presents the interaction between factors. The interaction of Na2SiO3/NaOH 

and GGBS% shows that at lower levels of Na2SiO3/NaOH, the highest of GGBS at 50% has 

higher means of 28 FC compared to the lowest GGBS at 0%. However, increasing 

Na2SiO3/NaOH from 1 to 3 has decreased the mean of 28 FC at the highest of GGBS at 50% 

and increased the means of 28 FC at the lowest of GGBS.  

 

Figure B-33 The main effect and interaction plot for 28 FC, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

 

B.3.2 compressive strength (28 CS) 

 

The distribution of ranking represented with a Pareto chart of the model terms according to 

their significance is given in the following order as in Figure B-34 : The GGBS% term was 

found to have the greatest impact on the 28 CS followed by NaOH M* 

A) 

B) 
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Na2SiO3/NaOH*GGBS%, Na2SiO3/NaOH*GGBS%, Na2SiO3/NaOH*GGBS% , NaOH M* 

Na2SiO3/NaOH, T, and the lower effect of T*GGBS%, crosses the reference line of the 

statistical significance located at 2.45.  

 

 

Figure B-34 Pareto chart of the standardised effects for AA bauxite with GGBS of (28 CS) at 

a 95% confidence interval. 

 

The Probability plot, as shown in Figure B-35, shows that the data points are approximately on 

a straight line. The P-Value is 0.069, which is greater than the significance level of 0.05, 

suggesting that the data maintains a normal distribution according to the null hypothesis. The 

mean CS was 38.45 MPa, which was higher than PC by 3%. 

 

 

Figure B-35 Probability plot of (28 CS) at 28 days. 

 

Figure B-36-(A), (B) shows the main effects plots and the interaction plot of 28 CS responses. 

For example, in Figure B-36-(A), the main effects plot for 28 CS shows that three of the linear 

terms (NaOH M, Na2SiO3/NaOH, and T) have horizontal lines, indicating that there is no main 

effect for the prementioned linear terms, and different levels of each factor affect the response 
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the same. Meanwhile, the GGBS% term has exhibited a non-horizontal line, indicating that it 

has a main effect. As seen, increasing GGBS from 0 to 50% increased the mean of 28 CS from 

20 to 50 MPa. 

In Figure B-36-(B), the interaction of NaOH M and Na2SiO3/NaOH shows that the higher mean 

CS recorded 30 MPa when the higher and lower level of Na2SiO3/NaOH intersect at the centre 

of NaOH M, which was at 10 M. 

The interaction of Na2SiO3/NaOH and GGBS% shows that at lower levels of Na2SiO3/NaOH, 

the highest of GGBS at 50% has higher means of 28 CS compared to the lowest GGBS at 0%. 

However, increasing Na2SiO3/NaOH from 1 to 3 has decreased the mean of 28 CS at the highest 

of 50% GGBS. On the other hand, increasing Na2SiO3/NaOH at a lower level of GGBS (0%) 

led to an increase the 28 CS. 

The interaction of T and GGBS% indicated that higher means of 28 CS are obtained when 

GGBS is at the highest at 50%. However, the mean of 28 CS was increased when the T level 

increased from 20 to 60 0C. On the other hand, no change was seen at the lower of GGBS% 

between the highest and lowest levels of T. 

 

Figure B-36 The main effect and interaction plot for 28 CS, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

A) 

B) 
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B.3.3 porosity (28 P) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order as in Pareto chart Figure B-37: The GGBS% term was found to have the 

greatest impact on the 28 P, followed by Na2SiO3/NaOH*GGBS%, Na2SiO3/NaOH, and NaOH 

M* Na2SiO3/NaOH, converges with the reference line of the statistical significance located at 

2.20.  

 

 

Figure B-37 Pareto chart of the standardised effects for AA bauxite with GGBS of (28 P) at a 

95% confidence interval. 

 

The Probability plot in Figure B-38 shows that the data points are almost on a straight line. The 

P-Value is 0.262, which is greater than the significance level of 0.05, indicating that the data 

follows a normal distribution according to the null hypothesis. The mean P was 16.90%, and 

the P for CEM II was 7.31%. 

 

Figure B-38 Probability plot of (28 P) at 28 days. 
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Figure B-39- (A), (B) shows the main effects plots and the interaction plot of 28 P response. In 

Figure B-39- (A), the main effects plot for 28 P shows that two of the linear terms (NaOH M, 

and T) have horizontal lines. Meanwhile, the GGBS% and Na2SiO3/NaOH terms have 

exhibited non-horizontal lines, indicating the main effect. As seen, increasing GGBS from 0 to 

50 % decreased the mean of 28 P from 22 to 12%. In addition, increasing Na2SiO3/NaOH from 

1 to 3 elevated the mean of 28 P from 16 to 18%. 

Figure B-39- (B) shows the interaction between factors. The interaction of NaOH M and 

Na2SiO3/NaOH indicated that a higher mean of 28 P was obtained when Na2SiO3/NaOH was 

at the highest at the ratio 3, which increased by increasing NaOH M level. On the other hand, 

in the lowest of Na2SiO3/NaOH at the ratio 1, the mean of 28 P was reduced by increasing the 

NaOH M level to the recorded 15% at NaOH 12M. 

The interaction of Na2SiO3/NaOH and GGBS% shows that the lower GGBS% does not affect 

the increasing Na2SiO3/NaOH because the line is almost horizontal, which recorded a higher 

28 P. However, increasing Na2SiO3/NaOH from 1 to 3 at 50% GGBS has increased the mean 

of 28 P from 10% to 15%. 

 

Figure B-39 The main effect and interaction plot for 28 P, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

A) 

B) 
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B.3.4 bulk density (28 BD) 

 

The model terms' ranking according to their significance is given in the following order as in 

the Pareto chart Figure B-40: The GGBS% term was found to have the most significant impact 

on the 28 BD, followed by Na2SiO3/NaOH*GGBS%, which crosses the reference line of the 

statistical significance located at 2.18.  

 

 

Figure B-40 Pareto chart of the standardised effects for AA bauxite with GGBS of (28 BD) at 

a 95% confidence interval. 

 

From the Probability plot in Figure B-41, it can be identified that the data points are nearly on 

a straight line. The P-Value is 0.097, which is more than the significance level of 0.05, meaning 

that the data follows a normal distribution according to the null hypothesis. The mean BD was 

2035 kg/m3, which was lower than CEM II by 37%. 

 

 

Figure B-41 Probability plot of (28 BD) at 28 days. 
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Figure B-42- (A), (B) shows the main effects plots and the interaction plot of 28 BD response. 

In Figure B-42- (A), the main effects plot for BD shows that three of the terms (NaOH M, 

Na2SiO3/NaOH, and T) have almost horizontal lines, indicating that there is no main effect for 

the prementioned linear terms, and different levels of each factor affect the response the same. 

Meanwhile, the GGBS% term has exhibited a non-horizontal line, indicating that it has a main 

effect. As seen, increasing replacement of GGBS from 0 to 50% increased the mean of 28 BD 

from 1950 to 2100 kg/m3. 

Figure B-42- (B) presents the interaction between factors. The interaction of Na2SiO3/NaOH 

and GGBS% shows that at lower levels of GGBS at 0%, the mean of 28 BD increases with 

increasing Na2SiO3/NaOH. However, increasing Na2SiO3/NaOH from 1 to 3 has decreased the 

mean of 28 BD at a higher level of GGBS corner at 50% from 2150 kg/m3 to 2075 kg/m3. 

 

 

Figure B-42 The main effect and interaction plot for 28 BD, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

 

 

 

 

 

 

 

 

A) 

B) 
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B.3.5 water absorption (28 WA) 

 

The model terms' ranking according to their significance is given in the following order as in 

the Pareto chart Figure B-43: The GGBS% term was found to have the most significant impact 

on the 28 WA, followed by Na2SiO3/NaOH*GGBS% and Na2SiO3/NaOH, cross the statistical 

significance reference line located at 2.26.  

 

 

Figure B-43 Pareto chart of the standardised effects for AA bauxite with GGBS of (28 WA) 

at a 95% confidence interval. 

 

From Probability plot Figure B-44, it can be seen that the data points are approximately in a 

straight line. The P-Value is 0.285, which is greater than the significance level of 0.05, 

indicating that the data follows a normal distribution according to the null hypothesis. The 

mean of WA was 7.73%, higher than CEM II, which was 3.21%. 

 

 

Figure B-44 Probability plot of (28 WA) at 28 days. 
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Figure B-45-(A), (B) shows the main effects plots and the interaction plot of 28 WA responses. 

In Figure B-45-(A), the main effects plot for WA shows that two of the terms (NaOH M, and 

T) have horizontal lines, indicating that there is no main effect for the prementioned linear 

terms, and different levels of each factor affect the response the same. Meanwhile, the 

Na2SiO3/NaOH and GGBS% terms have exhibited a non-horizontal line, indicating that it has 

a main effect. As shown, increasing Na2SiO3/NaOH from 1 to 3 raised the mean of 28 WA 

from 7 to 8%. In contrast, increasing the replacement of GGBS from 0 to 50% led to decreases 

in the mean of 28 WA from 10 to 5.5%. 

Figure B-45-(B) shows the interaction between factors. The interaction of Na2SiO3/NaOH and 

GGBS% shows that at lower levels of Na2SiO3/NaOH, the lowest of GGBS at 0% has a higher 

mean of 28 WA compared to the highest GGBS at 50%. In contrast, the 28 WA increased by 

increasing Na2SiO3/NaOH at 50% GGBS. 

 

 

Figure B-45 The main effect and interaction plot for 28 WA, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

 

 

 

 

 

A) 

B) 
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B.4 ANALYSIS OF AA BAUXITE BLENDED WITH GGBS AT 90 DAYS 

 

B.4.1 Flexural strength (90 FC) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order as in Pareto chart Figure B-46: The Na2SiO3/NaOH term was found to have 

the greatest impact on the 90 FC, followed by Na2SiO3/NaOH*GGBS%, NaOH M, 

T*GGBS%, and GGBS%*GGBS%, dissect the reference line of the statistical significance 

located at 2.093.  

 

 

Figure B-46 Pareto chart of the standardised effects for AA bauxite with GGBS of (90 FC) at 

a 95% confidence interval. 

 

The Probability plot in Figure B-47 shows the data points are approximately on a straight line. 

The P-Value is 0.097, which is more than the significance level of 0.05, this means that the 

data follow a normal distribution according to the null hypothesis. The mean FC was 7.46 MPa, 

which is higher than CEM II by 1%. 

 

 

Figure B-47 Probability plot of (90 FC) at 90 days. 
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Figure B-48-(A), (B) show the main effects plots and the interaction plot of the 90 FC response. 

In our case, as shown in Figure B-48-(A), the NaOH M effect on 90 FA is linear, implying that 

increasing the NaOH M resulted in a decrease in 90 FC. On the other hand, at lower NaOH at 

8 M, the FC was 9 MPa, while when increasing the NaOH to 12 M, the 90 FC was 7 MPa. In 

contrast, the 90 FC increased from 7 MPa with an increasing Na2SiO3/NaOH ratio to 9 MPa at 

a Na2SiO3/NaOH ratio of 3. In other words, 90 FC is directly proportional to the interaction of 

T and GGBS%. However, increasing T above 40 0C increases the mean of 90 FC from 8 to 10 

MPa. In addition, increasing the replacement of GGBS from 0 to 20 % led to increasing the 

mean of 90 FC from 4 to 9 MPa. However, increasing GGBS above 20 % decreased 90 FC 

from 9 to 6 MPa. 

Figure B-48-(B) show the interaction between factors. The interaction of Na2SiO3/NaOH and 

GGBS% shows a higher level of GGBS at 50% and a lower level of GGBS at 0% were 

intersected at 2.5 of Na2SiO3/NaOH to record the higher mean of 90 FC at 8 MPa. Also, the 

interaction of T and GGBS% shows that higher means of 90 FC are obtained at lower levels of 

T and the lowest level of GGBS%. Meanwhile, higher values for means of 90 FC are obtained 

at higher levels of both T and GGBS at 50%. 

 

 

Figure B-48 The main effect and interaction plot for 90 FC, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

A) 

B) 
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B.4.2 compressive strength (90 CS) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order as in the Pareto chart Figure B-49: The GGBS% term was found to have the 

most significant impact on the 90 CS, followed by Na2SiO3/NaOH*GGBS%, T*GGBS%, and 

NaOH M*Na2SiO3/NaOH, which crosses the reference line of the statistical significance 

located at 2.10.  

 

 

Figure B-49 Pareto chart of the standardised effects for AA bauxite with GGBS of (90 CS) at 

a 95% confidence interval. 

 

The Probability plot in Figure B-50 highlights that the data points are approximately on a 

straight line. In 90 CS results, only one point exceeded the probability limit, this confirms that 

the error is normal. Since the allowable error is below 10%, the data analysis is highly accurate. 

The P-Value is 0.084, which is greater than the significance level of 0.05, tells us that the data 

follows a normal distribution in line with the null hypothesis. The mean CS was 35.17 MPa, 

which is lower than CEM II by 25%. 

 

Figure B-50 Probability plot of (90 CS) at 90 days. 
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Figure B-51-(A), (B) shows the main effects plots and the interaction plot of 90 CS responses. 

The main effects plot for 90 CS, Figure B-51-(A), shows that NaOH M and T are close to 

horizontal lines, indicating that this interaction was weak between 35 MPa and 42 MPa. While 

the Na2SiO3/NaOH shows the parabolic curve of 90 CS, the higher 90 CS was recorded at 

Na2SiO3/NaOH=2, which was 40 MPa. On the other hand, increasing GGBS replacement led 

to increasing the 90 CS to 60 MPa at 50% of GGBS. 

Figure B-51-(B) shows an interaction between factors. The interaction between NaOH M and 

Na2SiO3/NaOH shows the higher and lower level of Na2SiO3/NaOH intersecting at 10 M of 

NaOH to record the mean CS (25 MPa). 

In an interaction between Na2SiO3/NaOH and GGBS%, the mean of CS decreased with 

increasing Na2SiO3/NaOH at a higher level of GGBS. In contrast, at the lower level of GGBS 

at 0%, the mean of CS increases with the increasing molarity of Na2SiO3/NaOH. 

The interaction of T and GGBS% shows that at a higher level of GGBS at 50%, the mean of 

CS increases with increasing T. Nevertheless, at the lower level of GGBS at 0%, the mean of 

CS reduced with increasing T. 

 

 

Figure B-51 The main effect and interaction plot for 90 CS, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

A) 

B) 
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B.4.3 porosity (90 P) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order as in Pareto chart Figure B-52: The GGBS% term was found to have the 

greatest impact on the 90 P followed by Na2SiO3/NaOH*GGBS%, NaOH M*T, and GGBS%* 

GGBS%, which crosses the reference line of the statistical significance located at 2.12.  

 

 

Figure B-52 Pareto chart of the standardised effects for AA bauxite with GGBS of (90 P) at a 

95% confidence interval. 

 

The Probability plot in Figure B-53, shows that the data points are approximately on a straight 

line. One point exceeded the probability limit, confirming that 90 P results are normal. As a 

result, the allowed error is below 10%, giving highly accurate results. The P-Value is 0.05, 

which is the same significance level of 0.05, indicating that the data follows a normal 

distribution according to the null hypothesis. The mean P was 19.15% higher than CEM II by 

double, which was 8.51. 

 

 

Figure B-53 Probability plot of (90 P) at 90 days. 
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Figure B-54-(A), (B) shows the main effects plots and the interaction plot of the 90 P response. 

In our case, one linear term that significantly affects 90 P is GGBS%. As shown in Figure B-54-

(A), the main effects plot for 90 P, NaOH M, T, and Na2SiO3/NaOH have a horizontal line, 

indicating that they have no impact on 90 P. On the other hand, 90 P decreases with increasing 

the GGBS from 25 to 17% at a 50% level of GGBS. 

Figure B-54-(B) shows the interaction between factors. The interaction between NaOH M and 

T shows the higher and lower levels of T intersecting at 11 M of NaOH to record 16% of 90 P. 

The interaction between Na2SiO3/NaOH and GGBS% had a horizontal line at the lower level 

of GGBS%. In contrast, at GGBS 50%, the P increased with increasing Na2SiO3/NaOH. 

 

 

 

Figure B-54 The main effect and interaction plot for 90 P, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

 

B.4.4 bulk density (90 BD) 

 

The distribution of ranking the model terms according to their significance is given in the 

following order as in the Pareto chart Figure B-55: The GGBS% term was found to have the 

A) 

B) 
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most significant impact on the 90 BD, followed by GGBS%*GGBS% and Na2SiO3/NaOH* 

GGBS%, which crosses the reference line of the statistical significance located at 2.11. 

 

 

Figure B-55 Pareto chart of the standardised effects for AA bauxite with GGBS of (90 BD) at 

a 95% confidence interval. 

 

The Probability plot in Figure B-56 illustrates that the data points are roughly on a straight line. 

However, only 2 points exceeded the probability limit, confirming that the error is normal in 

90 BD results. Consequently, the data analysis is highly accurate because the allowable error 

is below 10 %. The P-Value is 0.133, which is more than the significance level of 0.05, 

implying that the data follows a normal distribution according to the null hypothesis. The 

means 90 BD was 2016 kg/m3, lower than CEN II by 5%. 

 

 

Figure B-56 Figure B-57 Probability plot of (90 BD) at 90 days. 

 

Figure B-58 - (A), (B) shows the main effects plots and the interaction plot of 90 BD responses. 

In our case, one term that has a significant effect on 90 BD is GGBS%. This is shown in Figure 

B-58 - (A), the Na2SiO3/NaOH, and T have horizontal lines, and NaOH M shows a parabolic 
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curve which means mirror-symmetrical, indicating no main effect for the terms as mentioned 

above on 90 BD. On the other hand, increasing GGBS% from 0 to 35 has increased the 90 BD 

significantly, from 1800 kg/m3 to the higher BD value of 2100 kg/m3. However, increasing the 

GGBS by more than 35% resulted in a slight decrease in the 90 BD to record 2000 kg/m3 at 

50% GGBS. 

At the centre level of GGBS at 25% in Figure B-58-(B), the interaction between 

Na2SiO3/NaOH and GGBS% had a horizontal line, indicating the main effect of GGBS at 25% 

does not affect the Na2SiO3/NaOH. However, the higher 90 BD was 2000 kg/m3 at the higher 

level of GGBS% and lower level of Na2SiO3/NaOH, which was reduced by increasing 

Na2SiO3/NaOH. In contrast, at the lower level of GGBS at 0%, the 90 BD increased by 

increasing Na2SiO3/NaOH to record 1900 kg/m3 at a higher level of Na2SiO3/NaOH. 

 

 

Figure B-58 The main effect and interaction plot for 90 BD, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 

 

B.4.5 water absorption (90 WA) 

 

The model terms' ranking according to their significance is given in the following order as in 

Pareto chart Figure B-59: The GGBS% term was found to have the most significant impact on 

A) 

B) 
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the 90 WA, followed by Na2SiO3/NaOH*GGBS%, and GGBS%*GGBS%, which crosses the 

statistical significance line at 2.11.  

 

 

Figure B-59 Pareto chart of the standardised effects for AA bauxite with GGBS of (90 WA) 

at a 95% confidence interval. 

 

From Probability plot Figure B-60, it can be seen that the data points are approximately on a 

straight line. There was only one point beyond the probability limit, which confirms the error 

is normal. Since the allowable error is below 10%, the data analysis is highly accurate. The P-

Value is 0.115, which is greater than the significance level of 0.05, indicating that the data 

follows a normal distribution according to the null hypothesis. The mean WA was 8.80%, 

higher than CEM II, which was 3.85%. 

 

Figure B-60 Probability plot of (90 WA) at 90 days. 

 

Figure B-61-(A),(B) shows the main effects plots and the interaction plot of 90 WA responses. 

In our case, one term that significantly affects 90 WA is GGBS%, besides one interaction term  

Na2SiO3/NaOH*GGBS% and one square term GGBS%*GGBS%, are the significant factors 

with the most important influence on the response.  Figure B-61-(A) shows the main effects 
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plot for 90 WA. It shows that NaOH M, Na2SiO3/NaOH, and T have horizontal lines, 

indicating no main effect for the aforementioned linear terms on 90 WA. On the other hand, 

the mean 90 WA decreased with increasing GGBS replacing up to 50% to a record 8% of WA.  

The interaction plot Figure B-61-(B) for 90 WA of Na2SiO3/NaOH and GGBS%, at the lower 

level of GGBS, the 90 WA decreased with increasing Na2SiO3/NaOH. Meanwhile, at a higher 

level of GGBS at 50%, the 90 WA increased with increasing Na2SiO3/NaOH. 

 

 

Figure B-61 The main effect and interaction plot for 90 BD, main effect plot (A), and 

interaction plot (B) of bauxite and GGBS. 
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Appendix C.    
 

 

C1. Hydrated lime data sheet (CL90s) 
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C2. Calcium oxide (CaO) 
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C3. Chemical analysis test of CEM II 
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C4. Saudi red mud 
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C5. Saudi bauxite 
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C6. Sodium silicate solution (Na2SiO3) 
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C7. Sodium hydroxide (NaOH) – pearl  
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