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ABSTRACT 

 

The manufacture of Portland cement is energy intensive and is associated with carbon 
dioxide emission of approximately 7% of total global emission. The process also produces 
pollution in the forms of dust, noise, and vibration with operating machinery during 
blasting in quarries. Geopolymer material is formed through the reaction of silica and 
alumina oxides with alkali activator and has appeared as a viable alternative to the Portland 
cement in the construction field due to good properties such as high compressive, low 
permeability, more resistance to corrosion and fire, and good acid resistance. Furthermore, 
the production of geopolymer concrete offers a solution to the environmental issue as  
it utilized the industrial by-product materials that consist of silicon and aluminium such  
as fly ash and rice husk ash (RHA) from power plants. Being rich in silica, RHA can be 
used as a source material for making geopolymers. However, RHA contains very little 
aluminium, an additional source of aluminium is needed. Calcium aluminate cement (CAC) 
and ground granulated blast furnace slag (GGBFS) are aluminium-rich materials, which 
might be suitable as a source of aluminium when added to RHA to synthesize geopolymers. 

This dissertation consists of three main parts. The first part is to investigate the possibility 
of using RHA, CAC, and GGBFS to develop the RHA-CAC and RHA-GGBFS 
geopolymer mortars at ambient environment. The results showed that the RHA-based 
geopolymer mortars incorporated with CAC or GGBFS possessed the compressive 
strength varied from 11 to 73 MPa. The characteristics of CAC and GGBFS can 
significantly affect the strength development of the geopolymer mortars. The mortar 
specimens containing KOH had higher compressive strength at various ages up to  
120 days when compared with the mortar specimens containing NaOH. 

The second part of the dissertation examines the durability properties of RHA-CAC and 
RHA-GGBFS geopolymer mortars in terms of fire and sulfuric acid conditions. For fire 
resistance, the geopolymer mortars were heated in an electric furnace to temperatures of 
up to 500°C, 750°C, and 1000°C for 60 min at a heating rate 5°C/min. It was found that 
both types of the geopolymer mortars suffered strength loss after elevated temperature 
exposures. However, after exposure to 500°C, the geopolymer mortars prepared using 
CAC gained strength. The behavior of geopolymers exposed to high temperatures is 
attributed to two opposing effects: ongoing geopolymerization reaction and/or sintering 
leading to strength gain; thermal incompatibility leading to strength loss. Hence, the 
geopolymer mortar strength can either be increased or reduced depending on the dominant 
process. For sulfuric acid resistance, the geopolymer mortars were exposed to pH 1 and 
pH 2 sulfuric acid solutions by immersion up to 1, 2, 3, and 4 weeks. The results revealed 
that both types of the geopolymer mortars had no significant visual signs of deterioration 
after exposure in the solutions. Some minor corrosion could be observed in the specimens 
by the acid attack. The mortar specimens showed no noticeable change in color and were 
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seen to remain structurally intact. The important factors identified, which contribute to 
better resistance to sulfuric attack include the low content of calcium and low porosity that 
results in low permeability. 

The third and last part presents the lightweight foamed RHA-based geopolymer mortars 
using aluminium powder as foaming agent. In addition, lightweight expanded clay 
aggregate was used to partially replace quartz sand at 50% by volume. The findings 
indicated that the compressive strength of the lightweight foamed RHA-based geopolymer 
mortars in the range of 1 to 5 MPa and the density between 660 and 1100 kg/m3 could be 
made, suggesting that the lightweight foamed RHA-based geopolymers are comparable to 
those of the lightweight foamed ordinary Portland cement. 

As described above, in terms of mechanical and durability properties, the RHA-based 
geopolymers could be a cementitious material to replace Portland cement in infrastructure 
applications, such as roadway construction, building materials, as well as sewage pipes, 
which bring economic and environmental benefits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ZUSAMMENFASSUNG 

viii 

 

 

 

ZUSAMMENFASSUNG 

 

Die Herstellung von Portlandzement ist aufgrund der benötigten Brenntemperatur 
energieintensiv. Ca. 7% der weltweite durch Menschen verursachten CO2-Emissionen  
sind hierauf zurückzuführen. Ferner entstehen hierdurch Luftverschmutzung, sowie 
Lärmbelastungen. Geopolymer-Bindemitteln liegt die Reaktion von Silizium- und 
Aluminium-Oxiden, mit alkalischen Aktivatoren zugrunde. Diese Gruppe von 
Bindemitteln stellt eine Alternative zu Portlandzement in der Verwendung von Baustoffen 
dar. Begründet ist diese Substitutionsmöglichkeit durch hohe Druckfestigkeit,  
einer geringen Permeabilität, einem erhöhten Widerstand gegenüber Korrosion  
und Säureangriff, sowie einer gegenüber zementären Systemen verbesserten 
Feuerbeständigkeit. Zudem können durch die alkalische Aktivierung Abfallprodukte aus 
Kraftwerken, wie z.B. Flugasche oder Reisschalenasche, genutzt werden. Aufgrund des 
hohen Anteils an weitgehend amorphen Silizium-Dioxids, kann Reisschalenasche als 
Ausgangsmaterial für Geopolymere genutzt werden. Da Reisschalenasche allerdings nur 
einen geringen Gehalt an Aluminium aufweist, muss hierzu ein aluminiumreiches 
Ausgangsmaterial hinzugefügt werden. Tonerdeschmelzzement und Hüttensandmehl 
eignen sich als solche aluminiumreichen Ausgangsmaterialien für Reisschalenaschen 
basierte Geopolymere. 

Die vorliegende Dissertation ist in drei Teile gegliedert. Im Ersten Teil wird die 
Entwicklung, Optimierung und Charakterisierung des auf Reisschalenasche basierenden 
Bindemittels und Mörtels beschrieben. Neben den Bindemittelanteilen wurde ebenso der 
Anregertyp, die Kombination von Anregern und die Anregerkonzentration variiert. 
Hierbei kamen Kalium- und Natrium-Hydroxid sowie Natrium-Wasserglas zum Einsatz. 
Die Druckfestigkeiten erreichten hier maximale Werte von 73 MPa nach 120 Tagen.  
Es wurden sehr geringe Kapillarporositäten von teilweise unter 1 Vol.-% ermittelt.  

Im zweiten Teil der Arbeit wurde die Dauerhaftigkeit des im ersten Teil optimierten 
Mörtels untersucht. Für die Temperaturbeständigkeit wurden die Proben in einem 
elektrischen Ofen mit einer Heizrate von 5°C/min auf Temperaturen von 500°C, 750°C, 
und 1000°C gebracht und für 60 Minuten gehalten. Bis zur Temperatur von 500°C konnte 
eine Festigkeitssteigerung beobachtet werden. Bei 750°C und 1000°C kam es zu einem 
Druckfestigkeitseinbruch. In den Versuchen zur Säurebeständigkeit, wurden die 
Probekörper den pH-Werten 1 und 2 über den Zeitraum von 1, 2, 3 und 4 Wochen 
ausgesetzt. Beide Geopolymermörtel erwiesen sich als sehr beständig bezüglich der 
Säurelagerung. Keine signifikanten Ablösungen konnten makroskopisch festgestellt 
werden. Mikrostrukturell konnten auch nur geringe Anzeichen von korrosivem Angriff 
beobachtet werden. Diese hohe Beständigkeit ist auf die geringe Kapillarporosität, und im 
Vergleich zu zementären Systemen geringen Calcium-Gehalt, zurückzuführen.  
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Im dritten Teil der Arbeit wurde basierend auf dem in Teil 1 optimierten Mörtel ein 
mineralischer Schaum hergestellt, optimiert und untersucht. Zum Aufschäumen wurde 
Aluminiumpulver verwendet. Durch die Reaktion des Aluminiums mit dem Alkali-
Hydroxid bilden sich Gasblasen, welche die porige Struktur im Mörtel erzeugen. Zudem 
wurden Leichtzuschläge zur weiteren Dichtereduktion verwendet. Für diesen Schaum 
wurden Dichten zwischen 660 und 1100 kg/m3 erreicht, bei Druckfestigkeiten von  
1-5 MPa. 

Es konnte gezeigt werden, dass reisschalenaschenbasierte Geopolymere, insbesondere 
aufgrund der guten Eigenschaften in Bezug auf Druckfestigkeit und Dauerhaftigkeit, als 
Ersatz für Portlandzement in Infrastrukturanwendungen eingesetzt werden können. Zu 
möglichen Anwendungen zählen Betonsteine, z.B. für die Verwendung als Pflasterstein 
oder auch Abwasserrohre, welche aufgrund der hohen chemischen Belastung ein 
besonderes Anforderungsprofil darstellen. Diese erhöhten Anforderungen können durch 
das hier entwickelte und erforschte Bindemittel erfüllt werden. 
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CHAPTER 1 

INTRODUCTION 

 

1.1  Background 
It is widely known that the production of ordinary Portland cement (OPC) consumes 
considerable energy and at the same time contributes a large volume of carbon dioxide 
(CO2) to the atmosphere. However, OPC is still the main binder in concrete construction 
prompting a search for more environmentally friendly materials. Davidovits, a French 
scientist, created and applied the term geopolymers in 1978 to represent a kind of inorganic 
polymer with SiO4 and AlO4 tetrahedra being the structural units (Davidovits 1989). 
Geopolymers, have recently emerged as a novel engineering binder material with 
environmentally sustainable properties (Duxson et al. 2007a), are a term used to describe 
inorganic polymers based on aluminosilicates and can be produced by synthesizing 
pozzolanic compounds or aluminosilicate source materials (e.g. metakaolin, fly ash, ground 
granulated blast furnace slag) with highly alkaline solution (e.g. sodium hydroxide, sodium 
silicate) (Davidovits 1991). Nowadays, geopolymer studies are receiving noteworthy 
increasing attention because they may be used as a viable economical alternative to organic 
polymers and inorganic cements in diverse applications (He 2012). Moreover, the main 
advantage of geopolymers is it helps to reduce OPC contribution to CO2 emission during 
concrete production, while at the same time producing stronger materials that have high 
sustainability towards the corrosion especially from acid and water penetrability which 
provides good characteristic for the construction materials (Pauzi 2013). 

Rice husk ash (RHA) is an industrial by-product material produced by burning rice husk 
for the generation of electricity, a kind of sustainable biomass energy (Kroehong 2012). 
With proper burning and grinding, the amorphous reactive RHA could be produced and 
used as pozzolan (Della et al. 2002). RHA contains over 80% silica and a small proportion 
of impurities such as K2O, Na2O, and Fe2O3 (Real et al. 1996; Stroeven et al. 1999). Being 
rich in silica, RHA can be used as a source material for making geopolymers (Detphan and 
Chindaprasirt 2009). Because RHA contains very little aluminium, an additional source of 
aluminium is needed. Calcium aluminate cement (CAC) and ground granulated blast 
furnace slag (GGBFS) can be used as an additional source of aluminium. In this study, 
RHA is the major source material used. The RHA-based geopolymers provide the greatest 
opportunity for commercial utilization of this technology due to the plentiful raw material 
supply, which is derived from rice husk-fired electricity generation. As opposed to OPC, 
the manufacture of RHA-based geopolymers does not consume high levels of energy, as 
RHA is already an industrial by-product. This geopolymer technology has lower energy 
requirements and lower greenhouse gas emission during its production because high 
temperature calcining is not required (Rashad et al. 2012). 
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1.2 Objectives and motivation 

The main goal of this research is to investigate the possibility of using RHA, CAC, and 
GGBFS to develop the RHA-CAC and RHA-GGBFS geopolymer mortars at ambient 
environment as an alternative to the use of OPC in the production of concrete. The study 
builds on and contributes to the development of new environmentally friendly binders in 
concrete. Although there are numerous studies that assess the behavior of geopolymers 
using various types of source materials, many of these studies have focused on metakaolin 
and fly ash (Aughenbaugh et al. 2015). Only limited research conducted on the high 
volume RHA-based geopolymer mortars with reasonable compressive strength and there 
has not been an extended study incorporating with CAC or GGBFS. As such, this study 
provides additional insight into the high temperature and acid resistance properties and 
the geopolymer foaming. 

The study is divided into three parts. The first and most important part, in terms of effort 
and time spent is devoted to investigate and compare the geopolymer mortars formed by 
industrial by-product and additional source of aluminium, i.e., mixture of RHA-CAC, 
mixture of RHA-GGBFS. The second part is to examine the durability characteristics  
of RHA-CAC and RHA-GGBFS geopolymer mortars in terms of fire resistance and 
sulfuric acid resistance. The final part is to produce the lightweight foamed RHA-based 
geopolymer mortars using aluminium powder as foaming agent and lightweight expanded 
clay aggregate as part replacement of quartz sand. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Drawback of ordinary Portland cement 

Concrete is the most commonly used construction material worldwide and OPC, a major 
component of concrete, is the largest volume of construction material produced in the 
world (Adam 2009) and it will continue to grow as the result of continuous urban 
development all over the world. Since 1950 the cement industry has seen massive growth 
as our world has urbanized (Figure 2.1). From 133 million tonnes (Mt) in 1950, production 
has increased more than sevenfold to one billion tonnes (Bnt) in the 33 years to 1983, 
before hitting 2 Bnt in 2004, 3 Bnt in 2010, and 4 Bnt in 2013. In 2014 around 4.2 Bnt of 
cement were produced (Edwards 2015). 

 
Figure 2.1 Global cement production and percentage of global population in urban areas 

since 1950 (Edwards 2015). 
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OPC is an important binder applied in marking concrete. However, the production of 
OPC inherent some disadvantages to the environment in terms of CO2 emission that  
leads to global climate changes. The contribution of OPC towards CO2 emission is 
approximately 7% all over the world (Meyer 2009). According to Provis and Bernal (2014), 
the key causes of high CO2 emissions arising from OPC manufacture have been attributed 
to the calcination of limestone and the combustion of fuels. The carbon footprint of OPC 
is, on average, approximately 0.6-0.7 tonnes CO2 per tonne manufactured (Hoddinott 
2013). 

Although the use of OPC is still unavoidable until the foreseeable future, many efforts are 
being made in order to reduce the use of OPC in concrete. Geopolymers are such  
a material, which has the potential to replace OPC to produce more environmentally 
infrastructure materials. 

 

2.2  Background of geopolymers 

The first modern use of the combination of an alkali with an aluminosilicate to form  
a cementing binder dates to the early 1900s, when the German chemist Kühl (1908) 
reported and patented his studies on mixtures of basic blast furnace slag and alkaline 
components. Purdon (1940) published the first extensive laboratory study on cements 
consisting of high-calcium blast furnace slag and alkalis in 1940 and commercialized these 
materials in Belgium in the 1950s, including constructing several buildings that still stand 
more than 60 years later (Buchwald et al. 2015). For the next several decades, the main 
developments in this area were centred in Kiev, as the group initially led by Glukhovsky 
(1959), and later by Krivenko (1994), developed and produced alkali-activated mixes based 
on a very diverse range of precursor and activator chemistries, including both low-calcium 
and high-calcium binder systems. These materials were deployed in a wide range of 
applications (Shi et al. 2006) and have provided very good performance in service over  
a period of several decades (Xu et al. 2008). In the 1970s, Davidovits (2008) developed  
a series of binders derived from the interaction between metakaolin and alkaline solutions, 
which in 1979 he named geopolymers. This was a class of solid materials, produced by the 
reaction of an aluminosilicate powder and an alkaline liquid. The initial goal for the research 
done on these geopolymers was to find a more fire resistant binder material due to the 
high amount of fires in Europe at that time. This research led to the material being used 
as coatings for the fire protection of cruise ships, thermal protection of wooden structures, 
etc. The main focus shifted to a use in the construction industry after an observation that 
it was possible to produce high performance and reliable concrete with cement-like 
properties when fly ash was alkaline activated (Provis and Van Deventer 2009). 

 

2.3  Terminology 

Alkali activated material is the chemical reaction between a solid silicate precursor and  
an alkaline activator, having calcium silicate hydrate (C-S-H) as the main reaction products. 
As main precursors for producing alkali-activated materials industrial by-products such as 
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granulated blast furnace slag, fly ash or bottom ash are used, among others (Provis 2014; 
Provis and Bermal 2014). 

Geopolymer is defined as a solid aluminosilicate material containing little or no calcium 
formed by alkaline activator. The general example is the alkali activation of metakaolin or 
class F fly ash, and the reaction products are zeolite like polymers rather than the networks 
characteristic of C-S-H (Li et al. 2010; Provis 2014). 

The distinction between these classifications is shown schematically in Figure 2.2. 
Geopolymers are shown here with the highest Al and lowest Ca concentrations whereby 
shading indicates approximate alkali content; darker shading corresponds to higher 
concentrations of Na and/or K. 

 
Figure 2.2 Classification of alkali activated materials, with comparisons to geopolymers, 

OPC, and calcium sulfoaluminate binder chemistry (Provis 2014). 

 

2.4  Chemistry of geopolymers 

For the chemical designation of geopolymers, Davidovits (1989) suggests the name 
poly(sialate), in which sialate is an abbreviation for silicon-oxo-aluminate. The sialate 
network consists of SiO4 and AlO4 tetrahedra linked by sharing all oxygen atoms. Positive 
ions (Na+, K+, Li+, Ca2+, etc.) must be present to balance the negative charge of Al in  
4-fold coordination. Chains and rings may be formed and cross-linked together, always 
through a sialate Si-O-Al bridge. Polysialates are chain and ring polymers with Si4+ and Al3+ 
in 4-fold coordination with oxygen and range from amorphous to semi-crystalline.  
The amorphous to semi-crystalline three dimensional silico-aluminate structures were 
classified geopolymers of the types (Van Deventer et al. 2007). 
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An empirical formula for the poly(sialate) is given as follow: 

Mn (-(SiO2)z-AlO2)n
.wH2O 

where M is the alkaline element or cation such as potassium (K), sodium (Na), or calcium 
(Ca), the symbol - indicates the presence of a bond, n is the degree of polycondensation or 
polymerization, and z is 1, 2, 3, or higher up to 32 (Wallah and Rangan 2006).  
The structures of these polysialates can be schematized as in Figure 2.3. 

 
Figure 2.3 Chemical structures of poly(sialates) (Wallah and Rangan 2006). 

Geopolymerization that the precursor undergoes to become a geopolymer is significantly 
different than the hydration reactions the OPC undergoes to become a cement paste.  
The reaction process for geopolymers can be seen in Figure 2.4 (Duxson et al. 2007a). 
These precursors are mixed with an activator solution that causes a reaction which 
produces a disordered alkali aluminosilicate gel (also referred to as geopolymer gel). The 
activator solution provides alkali ions and hydroxyl ions. Once enough dissolution occurs, 
the aluminates and silicates undergo speciation equilibration and the aluminosilicate 
network begins to form a gel. The gel reorganizes and forms a highly polymerized gel 
structure and hardens. It should be noted that gelation, reorganization, and polymerization 
and hardening can occur simultaneously. Once the reaction is complete, the water is 
extracted from the reaction. This result confirms that water does not participate in the 
geopolymerization process. This water, expelled from the geopolymer matrix during the 
curing and further drying periods, leaves behind discontinuous nano-pores in the matrix, 
which provide benefits to the performance of geopolymers (Hardjito and Rangan 2005). 
The role of the water in the mixture is only to ensure workability of the fresh geopolymer 
concrete. This is in contrast to the chemical reaction of water in a Portland cement mixture 
during the hydration process. 
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Figure 2.4 Conceptual model for geopolymerization (Duxson et al. 2007a). 

Fundamentally, the geopolymerization process can be divided into three phase starting 
from deconstruction (dissolution of material in alkaline solution), then it continued with 
polymerization of alumina/silica-hydroxy species and oligomers, and the final phase is 
stabilization where small gels are formed and transform into large networks through 
reorganization (Muñiz-Villarreal et al. 2011). The schematic formation of geopolymer 
material can be shown as illustrated by the following two reactions (Xu and Van Deventer 
2000): 

n(Si2O5, Al2O2)+2nSiO2+4nH2O                           Na+, K++n(OH)3-Si-O-Al--O-Si-(OH)3 

                                                                                                               (OH)2          

(Si-Al materials)                                                                (Geopolymer precursor) 

 

n(OH)3-Si-O-Al--O-Si-(OH)3                                (Na+, K+)-(-Si-O-Al--O-Si-O-)+4nH2O 

                  (OH)2                                                                     O     O      O              

                                                                                          (Geopolymer backbone) 

NaOH/KOH 

NaOH/KOH 
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An example of the chemical structure of the aluminosilicate gel network is given in  
Figure 2.5. 

 
Figure 2.5 The schematic of geopolymer molecular structure (Davidovits 1989). 

 

2.5  Geopolymer binder constituents 

2.5.1 Raw materials 

Theoretically, any material that contains mostly silicon (Si) and aluminium (Al) in 
amorphous form is a possible raw material for the manufacture of geopolymers. Several 
minerals and industrial by-product materials have been investigated in the past: 

(a) Metakaolin (Davidovits 1991; Steveson and Sagoe-Crentsil 2005a; Duxson 
et al. 2007b; Latella et al. 2008; He et al. 2011); 

(b) Fly ash (Van Jaarsveld and Van Deventer 1999; Steveson and Sagoe-
Crentsil 2005b; Rattanasak and Chindaprasirt 2009); 

(c) Granulated blast furnace slag (Cheng and Chiu 2003; Zhang et al. 2007); 
(d) Combination of fly ash and ground granulated blast furnace slag (Puertas 

et al. 2000; Puertas and Fernandez-Jimenez 2003); 
(e) Combination of fly ash and kaolinite (Van Jaarsveld et al. 2002); 
(f) Combination of fly ash and metakaolin (Swanepoel and Strydom 2002; 

Kong et al. 2007); 
(g) Combination of granulated blast furnace slag and metakaolin (Cheng and 

Chiu 2003); 
(h) Combination of rice husk ash, aluminium hydroxide, and boric acid 

(Rattanasak et al. 2010); 
(i) Combination of diatomaceous earth and rice husk ash (Pimraksa et al. 

2011); 
(j) Combination of red mud and rice husk ash (He 2012); 
(k) Combination of fly ash and clay (Sukmak et al. 2013). 
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According to the reported studies, geopolymers exhibit a wide range of properties and 
characteristics that make them suitable for diverse applications, depending on the raw 
materials used in geopolymer synthesis (Van Jaarsveld et al. 2003). In fact, the starting raw 
materials play a vital role in the geopolymerization reaction, control the chemical 
composition, and microstructure of the final geopolymeric products. Different materials 
differ in their amorphous phases, Si/Al ratios, solubility in alkali solution, reactivity, and 
even the nonreactive crystalline phases. All these factors can result in the variability in 
curing duration and mechanical properties of geopolymers, which are two important 
factors to be considered in practical applications. 

Every source material has advantages and disadvantages. For example, metakaolin is 
preferred by the niche geopolymer product developers due to its high rate of dissolution 
in the reactant solution, easier control on the Si/Al ratio and the white colour (Gourley 
2003). However, metakaolin is expensive to produce in large volumes because it has to be 
calcined at temperatures around 500-700°C for few hours. In this respect using readily 
available, naturally occurring materials (e.g. kaolinite, diatomaceous earth) and industrial 
by-products or wastes (e.g. fly ash, ground granulated blast furnace slag, rice husk ash) for 
geopolymer synthesis is another advantage of the geopolymer technology, because of the 
significantly reduced costs associated with the geopolymer production. Furthermore, the 
utilization of industrial by-products or wastes in geopolymer production for construction 
can result in additional environmental benefits, leading to greener manufacturing and 
global sustainable development (Palomo et al. 1999; Giannopoulou et al. 2009; Maragkos 
et al. 2009). 

 

2.5.1.1 Rice husk ask (RHA) 

Rice husk is an agricultural residue generated by the rice milling process. During milling, 
about 78% of weight is received as rice, broken rice and bran, and the rest of the 22% is 
received as husk. This husk contains about 75% organic volatile matter and the balance 
25% of the weight is converted into ash, known as rice husk ash (RHA), during the burning 
process (Khan et al. 2012). This RHA in turn contains around 90% silica which is mostly 
in amorphous state, but depends on the burning temperature and time (Khan et al. 2012). 
The controlled temperature and environment of burning yield better quality of RHA as its 
particle size and specific surface area. Several researchers have shown that the main 
chemical composition of RHA is silica (SiO2), which has the highest amount of amorphous 
silica burnt between 500-700ºC (De Sensale et al. 2008; Nair et al. 2008). 

The residual ash from burning rice husk is known as RHA, which consists of highly porous 
particles that present a low bulk unit weight and a very large external surface area. Burning 
conditions (temperature and duration) affect both the silica content and mineral phases of 
the RHA significantly. Depending on the burning conditions of rice husk, the silica content 
in the RHA varies from 90% to 95%, which exists predominantly in an amorphous phase 
and partly in a crystalline phase (Xu et al. 2012). The amorphous silica in RHA is reactive 
and may be used as a pozzolan (He et al. 2013). Previous studies have indicated that  
RHA may be an effective additive in geopolymers when used in appropriate quantities 
(Venkatanarayanan and Rangaraju 2015). 
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RHA is generated as a by-product of burning rice husks for power or for other purposes. 
Rice husk is one of the main agricultural residues obtained from the pod of rice grains 
during the milling process (Givi et al. 2010). As a result, Food and Agriculture Organization 
of the United Nations (2017) reported world rice paddy production in 2017 at 
approximately 759 million tonnes. These volumes are sufficient to produce approximately 
42 million tonnes of RHA each year through rice husk incineration. In Thailand, RHA, 
which currently has no commercial use, is most often dumped into rivers where it is  
a source of serious environmental pollution (De Sensale 2006). 

Thailand is an agricultural developed country or the backbone of Thailand’s main 
development strategy is agricultural production. Following the data sheet from the Thai 
Rice Exporters Association (2017a), in 2017, Thailand was the world's second leading 
exporter of rice, 11.3 million tonnes, behind India, at 12.0 million tonnes. Vietnam was 
third, exporting 6.4 million tones. They (Thai Rice Exporters Association 2017b) also 
reported that the annual paddy rice production of Thailand has been 31.3 million tonnes 
for the year 2017 meaning a substantial amount of RHA production of 1.7 million tonnes. 
In the absence of its utilization, this huge quantity of RHA goes waste and becomes a great 
threat to the environment causing damage to the land and the surrounding areas in which 
it is dumped. If used wholly in the construction industry as pozzolanic material it would 
bring about a marked reduction of CO2 emission associated with the manufacturing of 
Portland cement. It would not only decrease the level pollutant as RHA is dumped as waste 
in quarries. Therefore, using it in geopolymers as a silica source will make a waste material 
into one of value. Moreover, it may be viable alternative to its disposal as waste, which has 
a damaging effect on the environment. 

 

2.5.1.2 Calcium aluminate cement (CAC) 

Calcium aluminate cement is obtained by fusing or sintering a mixture, of suitable 
proportions, of aluminous and calcareous materials and grinding the resultant product to 
a fine powder. The volume used each year is only about one thousandth of that of OPC. 
As they are considerably more expensive (four to five times), it is therefore not economic 
to use them as a simple substitute for OPC. However, they have several unique properties 
which make them the materials of choice in specialist applications where the performance 
of OPC is insufficient. Some of the properties that can be achieved through the use of 
CAC are rapid strength development, resistance to high temperatures, and resistance to  
a wide range of chemically aggressive conditions (Scrivener and Capmas 2003). 

The basic difference between OPC and CAC lies in the nature of the active phase that 
leads to setting and hardening. OPC contains lime (CaO) and silica (SiO2) as the principal 
oxides, in the form of tricalcium and dicalcium silicate (C3S and C2S). On reaction with 
water, calcium silicate hydrate (C-S-H) and crystalline calcium hydroxide (CH) are the 
principal hydrates formed. In contrast, CAC contains CaO and alumina (Al2O3) as the 
principal oxides, with little or no silica. These combine to give monocalcium aluminate 
(CA) as the principal active phase in the cement, which reacts with water to give calcium 
aluminate hydrates (C-A-H) (Scrivener et al. 1999). 
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CAC is also considered as a type of sustainable cement, containing different amounts of 
alumina ranging from 38% up to about 95%, which are manufactured by either fusing or 
sintering a proportioned mixture of limestone and bauxite (Vafaei and Allahverdi 2016). 
CAC is a cement whose main component is monocalcium aluminate that is high in alumina 
content (Scrivener and Capmas 2003) and compared with OPC has superior early strength, 
fire resistance, abrasion resistance, and acid resistance (Midgley 1990; Scrivener and 
Capmas 2003). High performance concrete from CAC has been also reported (Scrivener 
et al. 1999). In addition, CAC is extensively used in combination with other mineral binders 
(e.g. OPC, calcium sulfate, lime) and admixtures to contribute a wide range of properties 
including rapid setting and drying and controlled expansion or shrinkage compensation 
(Lawrence 2003). Due to its alumina content, CAC is potentially capable of being added 
to precursors of low alumina content in geopolymerization process to enhance the 
reactivity of the mix (Najafi Kani et al. 2012). 

 

2.5.1.3 Ground granulated blast furnace slag (GGBFS) 

Blast furnace slag (BFS) is formed when iron ore or iron pellets, coke, and a flux (either 
limestone or dolomite) are melted together in a blast furnace. When the metallurgical 
smelting process is complete, the lime in the flux has been chemically combined with the 
aluminates and silicates of the ore and coke ash to form a non-metallic product called blast 
furnace slag. During the period of cooling and hardening from its molten state, BFS can 
be cooled in several ways to form any of several types of BFS products. 

To process the BFS into a form suitable for use as a cementitious material one technique 
can be employed, namely granulation. It is essential that the slag be rapidly cooled to form 
a glassy disordered structure. If the BFS is cooled slowly this allows a crystalline well-
ordered structure to form which is stable and non-reactive (Moranville-Regourd 2003). 
Granulated blast furnace slag is rapidly cooled by large quantities of water to produce  
a sand like granule that is primarily ground into a cement commonly known as ground 
granulated blast furnace slag (GGBFS). 

GGBFS is known to have advantageous properties for the concrete industry as it is 
relatively inexpensive to obtain, highly resistant to chemical attack, and maintains excellent 
thermal properties. The major constituents of GGBFS include calcium and silica combined 
with aluminium and magnesium oxides. GGBFS contain much reactive silica and alumina 
and can be a good raw material to synthesize geopolymers (Cheng and Chiu 2003; Zhang 
et al. 2007). 

 

2.5.1.4 Silica fume (SF) 

Silica fume or microsilica is very fine non-crystalline silica produced in electric arc furnaces 
as a by-product of the production of elemental silicon or alloys containing silicon. SF is 
known to be highly pozzolanic, and it enhances the resistance of concrete against severe 
conditions (Gautefall 1986; Kohno et al. 1989; Khatri et al. 1995; Cheng et al. 2013). Due 
to its high fineness and high silica content (more than 90%), SF is utilized in conventional 
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concrete and also in ultra high performances concrete (UHPC) in order to enhance the 
properties of concrete, such as the compressive strength (Jayakumar 2004; Korpa and 
Trettin 2004). In addition, it is widely used to enhance the durability of concrete because 
it decreases the permeability of concrete as a microfiller (Dutta et al. 2010; Khater 2013) 
and enables it to resist corrosion (Khater 2013). In particular, the addition of SF to 
geopolymers reportedly improves their performance capabilities and leads to the formation 
of a more highly polymerized product with high acid resistance compared to geopolymers 
without SF (Provis et al. 2005; Yunsheng et al. 2010; Li et al. 2013; Okoye et al. 2016). 
Moreover, Khater (2013) studied the effect of SF on the compressive strength of 
geopolymers and found that SF addition up to 7% greatly enhanced the geopolymerization 
process with the formation of well-refined and compact matrix, while further increase of 
SF content led to the decrease in the mechanical characteristics of the reaction product. 

 

2.5.2 Alkaline activator 

The sort of alkali metal cation is any alkali and alkali earth cation used during geopolymer 
synthesis based on many factors where the most crucial one is the kind of source materials, 
such as the foreseen application of the produced geopolymers (Van Jaarsveld 2000; Zeng 
2014). Alkali can be utilized as the alkali element in geopolymerization reactions which the 
majority of the studies centered on the effect of sodium (Na) and potassium (K) ions (Van 
Jaarsveld and Van Deventer 1999; Xu and Van Deventer 2000). Alkali metal cations 
control and affect nearly all stages of geopolymerization and specifically during gel 
hardening and crystal formation, and the cations contribute to the structure formation of 
geopolymers (Van Jaarsveld 2000). 

The alkaline liquids are from soluble alkali metals that are usually sodium or potassium 
based. The most common alkaline liquid used in geopolymerization is a combination of 
sodium hydroxide (NaOH) or potassium hydroxide (KOH) and sodium silicate or 
potassium silicate. Palomo et al. (1999) concluded that the type of alkaline liquid plays an 
important role in the polymerization process. Reactions occur at a high rate when the 
alkaline liquid contains soluble silicate, either sodium or potassium silicate, compared to 
the use of only alkaline hydroxides. Xu and Van Deventer (2000) confirmed that the 
addition of sodium silicate solution to the sodium hydroxide solution as the alkaline liquid 
enhanced the reaction between the source material and the solution. 

 

2.6 Properties of geopolymers 

Properties of geopolymers compared to OPC, here are some other superior properties of 
geopolymers (depending on the source materials used for the synthesis, these properties 
may vary): 

(a) High early strength: Davidovits (1988) reported that geopolymer cement 
can harden rapidly at room temperature and gain the compressive strength 
in the range of 20 MPa after only 4 h at 20oC and about 70 to 100 MPa 
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after 28 days. Van Jaarsveld et al. (1997) also stated that 70% strength could 
be gained in the first 4 h of setting; 

(b) High compressive strength: The highest compressive strength values of 
100 to 160 MPa were obtained from geopolymers on the basis of a fly ash 
and ground granulated blast furnace slag mixture at a cure interval of 28 
days (Petermann et al. 2010). Chindaprasirt et al. (2010) also reported quite 
high strength such as 86 MPa; 

(c) Fire resistance: Geopolymeric cement was superior to OPC in terms of 
heat and fire resistance, as the OPC experienced a rapid deterioration in 
compressive strength at 300oC, whereas the geopolymeric cements were 
stable up to 800oC (Kong et al. 2007). The strength of OPC plummets 
above 300oC because the dehydration of Ca(OH)2 at about 450oC.  
While geopolymers do not suffer from this problem because they have no 
Ca(OH)2. Calcium in geopolymers could be in the form of C-S-H. 
Therefore they could potentially resist a much higher temperature (Zeng 
2014); 

(d) Acid resistance: Due to the low content of calcium in geopolymers, they 
have a superior acid resistance (Bakharev 2005a). As shown by the tests of 
exposing the specimens in 5% of sulfuric acid and chloric acid, geopolymer 
cements were relatively stable with the weight loss in the range of 5% to 
8% while the Portland based cements were destroyed and the calcium 
aluminate cement lost weight about 30% to 60% (Davidovits 1994); 

(e) Sulfate resistance: Unlike the OPC-based concrete that deteriorates when 
exposed to the sulfate environment, the strength of geopolymers could 
increase when they are immersed in sulfate solution (Bakharev 2005b). 
 

2.7 Factors affecting of compressive strength 

Measurements of compressive strength are employed by many researchers as an 
instrument to measure the success of geopolymerization due to the low cost and simplicity 
of compressive strength testing, along with of the truth that strength development is really 
a primary way of measuring the utility of the materials found in different applications of 
the construction industry (Provis et al. 2005). 

 

2.7.1 Effect of curing temperature and curing time 

Hardjito and Rangan (2005) concluded that both curing temperature and curing time 
influence the compressive strength of geopolymer concrete. Puertas et al. (2000) showed 
that at room temperature the geopolymerization was really slow. Higher temperature  
could accelerate the reaction and extend the degree of reaction (Sindhunata et al. 2006). 
Figure 2.6 shows the effect of curing temperature on the compressive strength of 
geopolymer concrete. Higher curing temperature resulted in larger compressive strength, 
although an increase in the curing temperature beyond 60°C did not increase the 
compressive strength substantially (Hardjito and Rangan 2005). 
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Figure 2.6 Effect of curing temperature on compressive strength (Hardjito and Rangan 

2005). 

Moreover, the water within geopolymers and its subsequent removal by evaporation plays 
a significant role in obtaining a crack-free geopolymer, which means that rapid drying 
during curing ought to be avoided, while curing at less relative humidity (e.g. 30%) is 
advised (Perera et al. 2004). Also, it had been found that when the curing temperature is 
high (approximately 90°C), the geopolymers will substantially lose the moisture (Bakharev 
2005c). 

The effect of curing time is illustrated in Figure 2.7. The curing time varied from 4 to  
96 h. Longer curing time improved the polymerization process resulting in higher 
compressive strength. The rate of increase in strength was rapid up to 24 h of curing time; 
beyond 24 h, the gain in strength is only moderate. Therefore, heat-curing time need not 
be more than 24 h in practical applications. However, other researches (Khalil and Merz 
1994; Van Jaarsveld et al. 2002) proved that curing for longer amounts of time at elevated 
temperature generally seems to weaken the structure, suggesting that small levels of 
structural water must be retained to be able to eliminate cracking and maintain structural 
integrity. It appears that prolonged curing at elevated temperatures breaks down the 
granular structure of the geopolymer synthesis mixture, leading to dehydration and 
excessive shrinkage, while long procuring at room temperature is good for strength 
development when utilizing fly ash as a raw material (Bakharev 2005c). 
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Figure 2.7 Effect of curing time on compressive strength (Hardjito and Rangan 2005). 

 

2.7.2 Effect of types and concentrations of alkaline solution 

Sodium (Na) and potassium (K) are the most commonly used alkali metals to synthesize 
geopolymers. Their effects on the geopolymerization have been investigated by Van 
Jaarsveld (2000) and Xu et al. (2001). The conclusion from their tests is that the choice of 
alkali metal mainly depends on the source material and the intended application. 

Alkaline concentration is a significant factor in controlling the leaching of alumina and 
silica from materials during dissolution phase; subsequently affect the mechanical 
properties and setting time of geopolymers. High alkalinity of the solution accelerates the 
dissolution of the raw materials, which shortens the setting time. It also enhances the 
compressive strength of geopolymers. Rattanasak and Chindaprasirt (2009) supported the 
idea effect of concentration alkaline activator by running the experiment to study the 
influence of concentration of NaOH on the synthesis of fly ash-based geopolymers.  
The experiment was conducted by varies different concentrations of NaOH at 5M, 10M, 
and 15M towards fly ash as raw material that rich with alumina-silica content. The result 
of the experiment is demonstrated in Figures 2.8 and 2.9. From both figures, the 
concentration of NaOH at 10M was higher due to high base of OH- for Si4+ and Al3+ 
leaching process and at 5M, the dissolution was low because of the relatively low base 
condition. However, for 15M NaOH, the dissolution was again reduced owing primarily 
to an increase in coagulation of silica (Bergna and Roberts 2006). The results also suggested 
that leaching time of 5 to 10 min was sufficient as an increase in leaching time to 20 and 
30 min did not seem to significantly increase the concentration of Si4+ and Al3+ ions. Use 
of 10M NaOH with 10 min leaching period was appropriate for synthesis of geopolymers 
when economy and practicality were considered. 
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Figure 2.8 Si4+ ion concentration with fly ash/NaOH = 3:1 in 5M, 10M, and 15M NaOH 

(Rattanasak and Chindaprasirt 2009). 

 

 
Figure 2.9 Al3+ ion concentration with fly ash/NaOH = 3:1 in 5M, 10M, and 15M NaOH 

(Rattanasak and Chindaprasirt 2009). 
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2.7.3 Effect of Si/Al ratio 

There have been many studies investigating the role of the silicon (Si)/ aluminium (Al) 
ratio, and how it relates to the mechanical properties of geopolymers. There is a strong 
correlation between the Si/Al ratio and the strength of a geopolymer. It has been shown 
that strength is related to composition and nanostructure of geopolymers. Theoretically, 
there should be a direct correlation with mechanical strength and silica content because 
increasing the amount of silica increases the amount of Si-O-Si bonds, which are stronger 
than Si-O-Al and Al-O-Al bonds (Davidovits 1991).  

It was found for metakaolin-based geopolymers with a Si/Al ratio lower than 1.40 that  
the geopolymers had a very porous matrix, which led to low compressive strength results. 
When the Si/Al ratio was increased over 1.65 the geopolymers had an increase in strength. 
The increase was attributed to a homogenous microstructure in the geopolymers. 
However, it was shown for metakaolin-based geopolymers the optimum strength was at 
an intermediate Si/Al ratio (Figure 2.10). It was found that the compressive strength 
increased linearly by approximately 400% between Si/Al ratios of 1.15 and 1.90, where it 
obtained its maximum value, before decreasing again at the highest Si/Al ratio of 2.15.  
The reduction in strength for high Si/Al ratio mixes was the result of unreacted material, 
which was soft and acted as a defect in the binder phase (Duxson et al. 2005a). 

 
Figure 2.10 Young’s moduli (  ) and ultimate compressive strengths (  ) of geopolymers 

(Duxson et al. 2005a). 
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2.7.4 Effect of calcium 

Van Jaarsveld et al. (2003) reported that calcium content affected the properties of 
geopolymers. It was revealed that the calcium content played a significant role in strength 
development and final compressive strength as the higher the calcium content resulted in 
faster strength development and higher compressive strength. Note that the source 
materials used in their experiments were all class F fly ash, with a highest calcium oxide 
(CaO) content of 9.4%. 

Granizo et al. (2002) analyzed the effect of calcium hydroxide in the products of 
geopolymerization. The source materials were metakaolin, calcium hydroxide, and 5M  
and 12M sodium hydroxide solutions. According to their findings, calcium silicate hydrate 
(C-S-H) was the predominant product when the hydroxyl concentration was low. With the 
increase of the concentration of hydroxyl, the geopolymerization degree increased and the 
reaction favors the formation of the geopolymer gel. This difference is due to the fact that 
the high hydroxyl concentration hinders the Ca2+ dissolution forcing the dissolved silicates 
and aluminum species to form geopolymer gel. On the other hand, when the hydroxyl 
concentration is low, the amount of Ca2+ dissolving increases and causes more C-S-H to 
form. 

Yip and Van Deventer (2003) did the macro-analysis of the C-S-H in the geopolymer 
binder. They found that two separate phases; calcium rich (C-S-H) and aluminosilicate rich 
(geopolymer gel), could co-exist in the product, depending on the alkalinity of the solution 
and the calcium concentration in the raw materials. In 2005, they (Yip et al. 2005) 
conducted other tests showing that the presence of both C-S-H and geopolymer gel in  
a geopolymer could have beneficial effects on strength because the C-S-H phase act like 
micro-aggregates for the geopolymer gel and forms a denser and more uniform binder. 
They also found that two phases only co-existed at low alkalinity. In higher alkalinity 
environment, calcium precipitated and scattered in the binder predominated by the 
geopolymer phase. 

 

2.7.5 Effect of aluminium 

Fernández-Jiménez et al. (2006) synthesized geopolymers from different fly ashes, which 
had similar chemical composition, with regarding to the overall content of silica and 
alumina, but different reactive alumina. They found that the quantity of reactive alumina 
played an important role on the reaction rate and the final mechanical strength.  

The amount of aluminium available and the rate of release throughout the reaction,  
affects the geopolymer strength, setting characteristics, microstructure, acid resistance, and 
control the strength development (Duxson 2009). The fact that geopolymerization is  
a strongly kinetically controlled process, factors such as the rate of release of aluminium as 
well as the availability of it must be understood. The amount of silica available is also 
important but not that critical as it can be added via the addition of a soluble silicate in the 
case of deficiency. By understanding the rate of release of aluminium in the binder from  
a precursor, it becomes possible to predict and control the properties of the geopolymers 
that will be generated (Duxson 2009). 
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2.7.6 Other factors 

Other factors that could affect the properties of geopolymers include: 

(a) Water content in the mixture: It was found that the compressive strength 
of geopolymer concrete decreases as the water to geopolymer solid ratio 
increases (Lloyd and Rangan 2010). The water content will also influence 
the workability of the fresh geopolymer concrete; 

(b) Mixing time: A longer mixing period yields higher compressive strengths 
and a lower fresh geopolymer concrete workability. Hardjito and Rangan 
(2005) suggested that the geopolymerization process is enhanced when the 
mixing time is increased, yielding higher compressive strengths; 

(c) Age of geopolymer: The compressive strength does not vary with the age 
of geopolymer concrete, when cured at 60°C for 24 h. Due to the chemical 
reaction of the heat-cured geopolymer concrete is substantially fast 
geopolymerization process. This observation is in contrast to the well-
known behavior of OPC concrete, which undergoes a hydration process 
and hence gains strength over time (Hardjito and Rangan 2005). 
 

2.8 Applications of geopolymers 

Geopolymer materials have a wide range of applications in different industry fields due to 
their enhanced durability, thermal and chemical resistance properties, rapid development 
of mechanical strength, and economic benefit as an industrial by-product material. These 
advantages open the way to many application fields of geopolymers as an alternative to 
Portland cement.  

Nowadays, geopolymer concrete has been successfully used in the precast industry  
to produce sewer pipes, railway sleepers, and other prestressed building components 
(Gourley and Johnson 2005; Cheema et al. 2009; Lloyd and Rangan 2010). This is mainly 
due to the early strength gain that geopolymer concrete provides and the fact that heat 
curing processes are already in use at precast factories. In addition, the suitability of 
geopolymers is assessed in making various geopolymeric products such as bricks, solid and 
hollow blocks, insulation concrete, lightweight foamed concrete, fire resistant panels, and 
buried pipeline (Sanjayan et al. 2015; Singh et al.2015). Moreover, the very good resistance 
to chemical attack makes these materials very promising for the use in aggressive 
environments such as mining, manufacturing industries, and sewer systems (Lloyd and 
Rangan, 2010). 

Other applications of geopolymer concrete include the immobilization of nuclear waste 
and toxic wastes (Van Jaarsveld et al. 1997). This is mainly due to the similar nature of 
aluminosilicate gel and zeolitic materials that are known to strongly bind the radioactive or 
toxic wastes chemically into the matrix (Provis and Van Deventer 2009). 
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2.9 Health and safety concerns 

In a developing country such as Thailand, labor is promoted in the construction industry 
and therefore it is essential to ensure that the materials that are worked with do not cause 
any health concerns. 

In general, geopolymer concrete has used a combination of sodium hydroxide (NaOH) or 
potassium hydroxide (KOH) and sodium silicate (Na2SiO3) or potassium silicate (K2SiO3) 
as the alkali-activator solution. These constituents can be dangerous to work with in 
normal circumstances. NaOH and KOH are both strong alkaline substances. It reacts with 
skin or eyes, which can lead to severe burns and irreversible damage. This problem is  
a major concern for the construction industry as it is will be difficult to work with fresh 
geopolymer concrete by labor. Working with these types of materials requires some safety 
precautions. The corrosive products must be handled with safety equipment such as 
glasses, gloves, and masks. The safety of employees is important and it must be ensured 
that the correct safety equipment is provided to the people that are working with the 
geopolymers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

21 

 

 

 

CHAPTER 3 

MIX DESIGN DEVELOPMENT 

 

3.1 Introduction 

Rice husk ash (RHA) is a good source of silica and can be used as a source material for 
making geopolymers (Detphan and Chindaprasirt 2009), but often it has not enough 
alumina to guarantee the geopolymer formation. RHA-based geopolymers normally 
contain high silicon to aluminium ratios by weight and show increasingly elastic behavior, 
deforming rather than normal geopolymers (Fletcher et al. 2005; Detphan and 
Chindaprasirt 2009). Prior studies (Khale and Chaudhary 2007; Komnitsas and Zaharaki 
2008) have shown that alkali activation of materials with optimum proportions of silica 
and alumina contents generate good cementitious binders. Hence, to obtain satisfactory 
strength development in the geopolymers, a minimum amount of silica and alumina in 
starting materials is needed. The proposed solution is to modify the silicon to aluminium 
ratios of initial mix formulation by addition of certain amount of alumina containing 
materials (Fernández-Jiménez et al. 2008; Arbi et al. 2013).  

Aluminium hydroxide (Al(OH)3), aluminium oxide (Al2O3), calcium aluminate cement 
(CAC), and ground granulated blast furnace slag (GGBFS) are aluminium-rich materials, 
which might be suitable as a source of aluminium when added to RHA to synthesize 
geopolymers. However, the high volume RHA geopolymers are relatively unstable and 
disintegrates in water, boric acid (H3BO3) has been used successfully to alleviate this 
problem (Chindaprasirt et al. 2009a). In addition, Khater (2013) studied the effect of silica 
fume (SF) on the compressive strength of geopolymers and found that SF addition up to 
7% greatly enhanced the geopolymerization process with the formation of well-refined 
and compact matrix, while further increase of SF content led to the decrease in the 
mechanical characteristics of the reaction product. 

The main objective of this experiment is to investigate the effect of Al(OH)3, Al2O3, CAC, 
and GGBFS as the external sources of aluminium on the RHA-based geopolymer mortars 
in respect to compressive strength characteristic. Moreover, the influence of the additives, 
i.e., H3BO3, boron trioxide (B2O3) on the stability of the RHA-based geopolymer mortars 
is also studied. 
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3.2 Materials and specimen preparation 

As there are no code provisions for the mix design of geopolymer mortars (Provis 2014), 
based on this work, a rigorous trial and error process and packing density software, which 
has been developed by the University of Kassel, were adopted to achieve geopolymer 
mortars with desired properties. All mortar mix proportions used are summarized in  
Table 3.1. 

RHA, aluminium source or additive, SF, and quartz powder were thoroughly mixed to 
obtain a homogeneous powder. A combination of Na2SiO3 and 10M NaOH as the alkali-
activator solution was then added and mixed for 7 min. This was followed by the addition 
of quartz sand for additional mixing of 3 min. The alkali-activator solution to binder was 
kept constant at 0.67 in all these samples. 

After mixing, the mortar specimens were molded into 50-mm test cubes. Additional 
vibration of 2 min was applied using a vibrating table. The specimens were covered with  
a cling film to avid moisture loss. Some of the mortar specimens were cured for 24 h at 
60°C and then kept in the controlled room under ambient conditions with the temperature 
of 20°C and 65% relative humidity. Other prisms were stored directly under ambient 
conditions. The compressive strength of mortars was determined at the age of 7 days.  
The reported results were the average of three samples. 
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Table 3.1 Details of the RHA-based geopolymer mortar mix proportions. 

Sample 
Content of materials (kg/m3) Curing 

condition 
Compressive 
strength (MPa) 

Solubility 
in water RHA Al-source 

or additive SF Quartz 
powder 

Quartz 
sand Na2SiO3 NaOH 

RHA 100RHA 604 - - - 906 242 161 60°C 23.3 Yes 

RHA-Al(OH)3 
D5Al(OH)310N15 574 30 - - 906 242 161 60°C 15.9 Yes 

D10Al(OH)310N15 544 60 - - 906 242 161 60°C 21.5 Yes 

RHA-Al2O3 

D5Al2O310N15 574 30 - - 906 242 161 60°C 21.9 Yes 

D10Al2O310N15 544 60 - - 906 242 161 60°C 20.7 Yes 

D15Al2O310N15 514 90 - - 906 242 161 60°C 17.7 Yes 

RHA-H3BO3 D5H3BO310N15 574 30 - - 906 242 161 60°C 12.5 No 

RHA-B2O3 
D5B2O310N15 574 30 - - 906 242 161 60°C 14.4 No 

D10B2O310N15 544 60 - - 906 242 161 60°C 21.1 No 

RHA-CAC 

D11CAC10N15 502 66 36 72 1014 242 161 ambient 24.8 No 

D22CAC10N15 435 133 36 72 1014 242 161 ambient 30.8 No 

D33CAC10N15 369 199 36 72 1014 242 161 ambient 26.5 No 

RHA-GGBFS 

D11GGBFS10N15 502 66 36 72 1014 242 161 ambient 20.9 No 

D22GGBFS10N15 435 133 36 72 1014 242 161 ambient 29.6 No 

D33GGBFS10N15 369 199 36 72 1014 242 161 ambient 42.9 No 
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3.3 Results and discussion 

The results of compressive strength of the geopolymer mortars based on RHA binder 
prepared using different aluminium sources are shown in Table 3.1. The results revealed 
that type and replacement level of aluminium source in binder had a significant effect on 
the compressive strength of the mortars with varying from 13 to 43 MPa. 

According to these findings, the addition of Al(OH)3, Al2O3, H3BO3, or B2O3 had no 
positive effect on the compressive strength development, lower than the initial value in 
100RHA production. The 100RHA geopolymer mortar disintegrated in water (Figure 3.1); 
however, H3BO3 or B2O3 was incorporated into the mixtures using the curing temperature 
of 60°C to solve this disintegration problem. Since there was a non-bridging oxygen in a 
high silica aluminosilicate structure, the addition of H3BO3 or B2O3 resulted in BO4 
tetrahedral in the matrix and enabled the oxygen to bridge again resulting in a more stable 
structure and the structure tends to be solidified (Chindaprasirt et al. 2009a). 

   
Figure 3.1. Photographs of the 100RHA geopolymer after 7 curing days (a) immediately 

and (b) 3-day after water exposure. 

Moreover, the RHA-based geopolymer mortars incorporated with CAC or GGBFS, cured 
at room temperature, improved both the compressive strength and stability of the mortars 
in terms of the disintegration in water. The results showed that the compressive strength 
of the mortars obviously increased with increasing CAC or GGBFS content. This behavior 
should be attributed to the increasing of aluminium and calcium in the geopolymer gel by 
addition of more CAC or GGBFS in the binder (Vafaei and Allahverdi 2016). Alumina 
plays an important role in the formation of geopolymer gel, which is critical to strength 
development in the geopolymers (Khale and Chaudhary 2007; Li et al. 2010). In addition, 
the available calcium oxide in CAC and GGBFS may react with alumina and silica forming 
C-S-H resulting in an increment of strength and improve the stability of the mortars 
(Chindaprasirt et al. 2009b; Arbi et al. 2013; Bernal et al. 2013). However, the mortar with 
CAC content of 33%, the compressive strength was found to decrease since rapid setting 
occurred in early state. The geopolymer mortar became sticky and consequently may 
inhibit the geopolymerization process (Heah et al. 2012). 

(a) (b) 

1 cm 1 cm 
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3.4 Summary 

Based on the obtained data, Al(OH)3, Al2O3, CAC, and GGBFS can be used as an 
aluminium source in conjunction with RHA to produce geopolymers. However, the 
addition of Al(OH)3 and Al2O3 has no positive effect on compressive strength and is not 
stable in water submersion. The incorporation of H3BO3 or B2O3 into the RHA-based 
geopolymer mortars can promote the binding capacity of the mortars and, hence, more 
stable mortars should be obtained. While addition of CAC or GGBFS into the RHA-based 
geopolymer mortars increases compressive strength under room temperature and shows 
no sign of disintegration in water. Compressive strength values increase with CAC or 
GGBFS addition. Although the addition of CAC in higher amount (33%), the compressive 
strength is found to decrease since fast setting takes place in early state. As reasonable 
compressive strength, the high volume RHA-based geopolymer mortars with the optimum 
level of CAC or GGBFS is found to be 22%. 

A comparison of  the compressive strength between four different mixture proportions  
of the RHA-CAC geopolymer mortars is shown in Figure 3.2. Although the 100RHA 
geopolymer mortar had good compressive strength, it was unstable in water. The addition 
of CAC and/or SF into the RHA-based geopolymer mortars, the compressive strength 
was found to increase and had no sign of disintegration in water. However, the geopolymer 
mortar without RHA, the CAC-SF geopolymer mortar was lower compressive strength 
than other conditions. Then it can be concluded that the RHA is not only a filler. In other 
words, the compressive strength of the geopolymers depends on the good combination of 
RHA, CAC, and SF. Similar results were obtained for the RHA-GGBFS geopolymer 
mortars (Figure 3.3). 
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Figure 3.2 A comparison of compressive strength of the RHA-CAC geopolymers. 

 

 
Figure 3.3 A comparison of compressive strength of the RHA-GGBFS geopolymers. 
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CHAPTER 4 

MATERIALS AND EXPERIMENTAL PROGRAM 

 

4.1 Introduction 

This chapter presents the details of the experimental program. The study is divided into 
three parts: 

In part 1, based on mix design development as stated in Chapter 3, calcium aluminate 
cement (CAC) and ground granulated blast furnace slag (GGBFS) are suitable as an 
additional source of aluminium in the RHA-based geopolymer mortars. The result showed 
the optimum content of CAC and GGBFS was 22% with reasonable compressive strength 
and had no sign of disintegration in water. In order to better understand and assess the 
performance of the RHA-CAC and RHA-GGBFS geopolymer mortars, an extensive 
characterization of the reaction products was investigated. 

In part 2, the main objective of this research is also to study the durability properties  
of the RHA-based geopolymer mortars in terms of fire and sulfuric acid conditions.  
The mortar specimens before and after fire/acid attack were compared by compressive 
strength testing and microstructure characterization to understand the changes in the 
geopolymer network. 

In part 3, the lightweight foamed RHA-based geopolymer mortars using aluminium 
powder as foaming agent and/or lightweight expanded clay aggregate (LECA) as part 
replacement of quartz sand were produced. This experimental work focused on the 
physical and mechanical properties of the lightweight foamed RHA-based geopolymer 
mortars. In addition, the microstructure of the mortars was also performed. 

An overview of the experimental procedure is shown in Figure 4.1.
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Figure 4.1 Experimental procedure. 

 

Compressive strength, FTIR, MIP, SEM, TGA, and XRD 

Part 2, 
Sulfuric acid resistance 

Part 3, 
Lightweight foamed 

geopolymer 

Part 2, 
Fire resistance 

0.5 wt% Al-powder 
and/or 50 vol% LECA 

Concentrations of  
pH 1 and pH 2 

Temperatures of 500°C, 
750°C, and 1000°C 

The best mixture proportions obtained previously 

Part 1, RHA-based geopolymer mortars: 
RHA/CAC/SF and RHA/GGBFS/SF ratios of 72/22/6; 

Na2SiO3/NaOH and Na2SiO3/KOH ratios of 1.5;  
Alkali-activator solution/binder ratio of 0.67 

 
 

Mechanical and microstructural characterization: 
Compressive strength (2, 7, 28, 56, 91, 120 d); FTIR; MAS NMR; MIP; SEM; XRD 

Mix design development, the optimum mixture proportions: 
RHA/CAC/SF and RHA/GGBFS/SF ratios of 72/22/6 

Characteristic of raw materials (RHA, CAC, and GGBFS):  
Blaine fineness; density; particle size; SEM; XRF; XRD 
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4.2 Materials 

The materials used in this study consist of solid materials and alkali-activator solutions.  
The solid materials were RHA, CAC, GGBFS, SF, and quartz powder. In addition, quartz 
sand with mean particle size (d50) of about 326 µm was used. The alkali-activator solution 
was prepared using a combination of sodium hydroxide (NaOH) or potassium hydroxide 
(KOH), and liquid sodium silicate (Na2SiO3). 

RHA is the major source material used in this research. The RHA sourced from a power 
plant in Nakhon Ratchasima, Thailand. The RHA powder was prepared by grinding the 
original rice husk ash in a ceramic ball mill in order to obtain mean particle size of about 
6.5 µm with corresponding Blaine fineness of 9.9 m2/g. The original rice husk ash used for 
the preparation of RHA was a residual of steam generation process, where rice husk pellets 
were burnt in a steam boiler at the temperatures of 700-900°C. The physical and chemical 
characteristics are given in Table 4.1. SiO2 is the major chemical component of RHA  
with 91.4% but only 0.1% Al2O3. While CAC is composed mainly of Al2O3 and CaO, 
GGBFS contains high levels of Cao and SiO2 with about 12%Al2O3. The average size of 
CAC and GGBFS is 8.6 and 9.4 µm, respectively. The scanning electron microscope 
(SEM) photos of the milled RHA and the as-received CAC and GGBFS as presented in 
Figure 4.2 indicate that the RHA has an irregular shape after the milling process, but the 
original rice husk ash sample has a honey-comb morphology with a cellular porous surface 
whereas those of CAC and GGBFS particles are angular and square shapes. 

Table 4.1 Chemical analysis of source materials and physical properties. 
Chemical composition (%) RHA CAC GGBFS 

SiO2 91.4 4.0 35.8 

Al2O3 0.1 38.7 11.7 

Fe2O3 0.5 15.3 0.4 

CaO 0.6 37.2 43.8 

MgO 0.4 0.5 5.8 

Na2O 0.05 0.04 0.2 

K2O 1.9 0.2 0.4 

SO3 0.04 0.04 0.2 

TiO2 0.02 1.8 1.1 

LOI 4.3 1.8 0.3 

Physical properties    

Density (g/cm3) 2.4 3.9 3.5 

Mean particle size (µm) 6.5 8.6 9.4 

Blaine fineness (m2/g) 9.9 1.2 0.7 
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Figure 4.2 SEM images of (a) original RHA, (b) milled RHA, (c) CAC, and (d) GGBFS 

particles. 

A solution of sodium hydroxide (NaOH) or potassium hydroxide (KOH) and sodium 
silicate solution (Na2SiO3) was used as the alkali-activator solution. The NaOH in white 
flake forms at 97% purity of technical grade were obtained from VWR International 
GmbH. The KOH used was technical grade and provided by Applichem GmbH in pellet 
types of 85% purity. The molarity (M) of NaOH and KOH was kept constant at 10M; 
to prepare the alkaline solutions, NaOH or KOH pellets were dissolved in 1 liter of 
distilled water in a volumetric flask. To ensure that the heat did not play a role in the 
geopolymer reaction, each solution was covered and sealed for 24 h, which allowed to cool 
back down to room temperature. The Na2SiO3 solution used was supplied by Woellner 
GmbH, with an approximate 36% solid content (27.8% SiO2, 8.2% Na2O, 64% H2O, and 
mass ratio of SiO2/Na2O = 3.4) and a specific gravity of 1.37 g/cm3. The Na2SiO3 was 
used without preparation. 

 

 

(c) CAC 

(a) Original RHA 

(d) GGBFS 

(b) Milled RHA 



4. MATERIALS AND EXPERIMENTAL PROGRAM 

31 

4.3 Experimental program 

4.3.1 Part 1: The RHA-based geopolymer mortars 

To determine the factors influencing strength development in the RHA-based geopolymer 
mortars, the effects of alkaline solutions (i.e. NaOH, KOH) and curing time on the 
mechanical properties and microstructures of the geopolymer mortars were investigated. 
Table 4.2 shows the mixture proportions by weight used in the geopolymer mortars. Based 
on mix design development as stated in Chapter 3, the ratio of binder (RHA/CAC/SF or 
RHA/GGBFS/SF) was fixed at 72/22/6 and the ratio of Na2SiO3/10M NaOH or 
Na2SiO3/10M KOH was 1.5 for all mixtures. Furthermore, alkali-activator solution/binder 
ratio of 0.67 was maintained in this investigation. The best mixture design (the highest 
compressive strength) was further used in part 2 and 3. 

The specimen notation used is shown as follow: 

D22A10B15 

where D is dense geopolymer mortar, 22A represents the 22% of CAC or GGBFS used 
in binder, 10B indicates the concentration of 10M sodium (N) or potassium (K) hydroxide 
solution, and 15 means the ratio of Na2SiO3/10M NaOH or Na2SiO3/10M KOH at 1.5. 

Table 4.2 Mixture proportions of the dense RHA-based geopolymer mortars. 

Sample 
Content of materials (kg/m3) 

RHA CAC GGBFS SF Quartz 
powder Sand Na2SiO3 NaOH KOH 

D22CAC10N15 435 133 - 36 72 1014 242 161 - 

D22CAC10K15 435 133 - 36 72 1014 242 - 161 

D22GGBFS10N15 435 - 133 36 72 1014 242 161 - 

D22GGBFS10K15 435 - 133 36 72 1014 242 - 161 

Prior to mixing the geopolymer mortars, all of the required materials were prepared 
according to their respective mixture proportions. A mechanical mixer was used to mix 
the materials uniformly. Dry powders at a pre-designed RHA, CAC or GGBFS, SF, and 
quartz powder ratio were firstly added into the mixture, after which the mixture was started 
on moderate speed setting. While the mixer was running, the alkali-activator solution was 
gradually added to disperse the dry powders and produce a viscose paste. The mixer 
continued to run for 7 min to allow leaching of ions. The quartz sand/dry powders ratio 
of 1.5 was then added into the mixture and mixing continued for another 3 min in order 
to mix the powders homogeneously into a mortar and to achieve complete chemical 
reactions between the fine-powder materials and the alkali-activator solution. The fresh 
mortar was poured into a plastic mold that measured 50×50×50 mm3 and then compacted 
on a vibrating table about 2 min. Finally, the mold was covered with cling film.  
The specimens were de-molded 24 h after casting and cured under ambient conditions 
with the temperature of 20°C and 65% relative humidity until the desired testing age of 2, 
7, 28, 56, 91, and 120 days. 
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4.3.2 Part 2: The durability characteristics of the RHA-based 
geopolymer mortars in terms of fire resistance and sulfuric 
acid resistance 

To study the fire resistance of the RHA-base geopolymer mortars through their mechanical 
and dimensional stability at elevated temperatures and to determine the durability of the 
RHA-based geopolymer mortars against sulfuric acid attack, the parameters are shown in 
Table 4.3. The use of these mixtures was due to the results of previous study, in part 1, 
which stated that the mixtures used produced the highest compressive strength. 

The specimen notation used is shown as follow: 

F22A10K15 

S22A10K15 

where F is fire resistant geopolymer mortar, S means sulfuric acid resistant geopolymer 
mortar. 22A represents the 22% of CAC or GGBFS used in binder, 10K indicates the 
concentration of 10M potassium (K) hydroxide solution, and 15 denotes the ratio of 
Na2SiO3/10M KOH at 1.5. 

Table 4.3 Mixture proportions of the RHA-based geopolymer mortars. 

Sample 
Content of materials (kg/m3) 

RHA CAC GGBFS SF Quartz 
powder Sand Na2SiO3 KOH 

F22CAC10K15 433 133 - 36 72 1014 242 161 

F22GGBFS10K15 435 - 133 36 72 1014 242 161 

S22CAC10K15 435 133  36 72 1014 242 161 

S22GGBFS10K15 435 - 133 36 72 1014 242 161 

For fire resistance test, after 28 days of the geopolymer mortars, the specimens were heated 
in an electric furnace to temperatures of up to 500°C, 750°C, and 1000°C with a heating 
rate of 5°C/min. Once the desired temperatures were attained, they were maintained for 
60 min before the specimens were allowed to cool at the same rate to room temperature 
in the furnace. Elevated temperatures exposure regime is shown in Figure 4.3. 
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Figure 4.3 Elevated temperatures exposure regime. 

To study the effect of exposure to acidic environment, after 28 days of the geopolymer 
mortars, the specimens were then exposed to sulfuric acid (H2SO4) immersion up to 1, 2, 
3, and 4 weeks. The solutions of H2SO4 had pH 1 and pH 2. The pH levels of the  
H2SO4 solution were monitored daily using a digital pH meter. Concentrated H2SO4 was 
periodically added to the solutions to maintain the pH levels within an acceptable range of 
the designed concentrations. The choice of acid solution and the concentrations was based 
on practical utilization of concrete as a construction material in sewage pipes, mining, and 
food processing industries. Testing procedure is shown in Figure 4.4. 

 
Figure 4.4 Sulfuric acid test arrangement. 
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4.3.3 Part 3: The lightweight foamed RHA-based geopolymer 
mortars 

To study the physical and mechanical properties of the lightweight foamed RHA-based 
geopolymer mortars, the various parameters are shown in Table 4.4. The mixture 
proportions which the highest compressive strength results obtained from part 1 were used 
in this study. 

The specimen notation used is shown as follow: 

L22A10K15LECA 

where L is lightweight foamed geopolymer mortar, 22A represents the 22% of CAC or 
GGBFS used in binder, 10K indicates the concentration of 10M potassium (K) hydroxide 
solution, 15 means the ratio of Na2SiO3/10M KOH at 1.5, and LECA denotes lightweight 
expanded clay aggregate used to partially replace quartz sand at 50% by volume. 

Table 4.4 Mixture proportions of the lightweight foamed RHA-based geopolymer 
mortars. 

Sample 
Content of materials (kg/m3) 

RHA CAC GGBFS SF Quartz 
powder Sand Al LECA Na2SiO3 KOH 

L22CAC10K15 171 52 - 14 28 398 1.2 - 95 63 

L22CAC10K15LECA 171 52 - 14 28 199 1.2 79 95 63 

L22GGBFS10K15 171  52 14 28 398 1.2 - 95 63 

L22GGBFS10K15LECA 171  52 14 28 199 1.2 79 95 63 

Based on D22CAC10K15 and D22GGBFS10K15 mixture proportions, which the highest 
compressive strength results obtained previously, two sets of the lightweight foamed 
RHA-based geopolymer mortar mixtures were produced: (1) using aluminium powder as 
foaming agent at 0.5% by binder weight; (2) combination of aluminium powder and 
lightweight expanded clay aggregate (LECA) as part replacement quartz sand at 50% by 
volume. When aluminium powder was required, it was added at the end of the mixture 
preparation. Mixed until a uniform mortar was obtained. This usually took about 15 s after 
aluminium powder was then added. The fresh mortar was poured into a plastic mold 
(50×50×50 mm3) which was only partly filled. Finally, the mold was covered with cling 
film. The mortar specimens were de-molded 24 h after casting and cured under ambient 
conditions with the temperature of 20°C and 65% relative humidity until the desired testing 
age of 2, 7, 28, 56, and 91 days. 

LECA was chosen due to its lightweight properties with good energy absorbing 
characteristic and good thermal insulator leading mainly to non-structural applications 
(Arioz et al. 2008). As illustrated in Figure 4.5, the pores of the LECA are mostly closed 
(not interlinked) and the LECA possesses a rather closed outer surface and cellular internal 
structure. 
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Figure 4.5 SEM pictures of LECA (a) outer surface and (b) cellular pore structure. 

 

4.4 Characterization techniques 

4.4.1 Compressive strength test 

The compressive strength of the geopolymer mortars was determined using a universal 
testing machine according to the BS/EN 196-1 test standard. The compressive strength 
tests were conducted on three prismatic specimens per age. The compressive strength at 
each age was defined as the mean value of the compressive strengths at the corresponding 
age. It was assumed in this study that the factor governing the strength is the reaction 
between the raw materials and the alkali-activator solution. Therefore, the tests were 
conducted on mortar to eliminate the effect of coarse aggregates. 

 

4.4.2 Mercury intrusion porosimetry (MIP) 

Mercury intrusion porosimetry is a powerful technique utilized for the evaluation of 
porosity, pore size distribution, and pore volume to characterize a wide variety of solid and 
powder materials. The instrument, known as a porosimeter, employs a pressurized 
chamber to force mercury to intrude into the voids in a porous substrate. As pressure is 
applied, mercury fills the larger pores first. As pressure increases, the filling proceeds to 
smaller and smaller pores. Both the inter-particle pores (between the individual particles) 
and the intra-particle pores (within the particle itself) can be characterized using this 
technique. Pores between about 500 µm and 3.5 nm can be investigated. However, one 
should realize that MIP also has limitations. One of the most important limitations is the 
fact that it measures the largest entrance towards a pore (Figure 4.6), but not the actual 
inner size of a pore. For obvious reasons it can also not be used to analyze closed pores, 
since the mercury has no way of entering that pore. Through various software techniques 
an interpretation of the pore-network (cross-linking structure between pores) can be 
achieved. However, one should realize that numerous assumptions are made in that 

(a) LECA-Outer (b) LECA-Inner 
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process and the final results are somewhat arbitrary (Giesche 2006). Abell et al. (1999) also 
stated that MIP is a widely used technique for characterizing the distribution of pore sizes 
in cement-based materials. It is a simple and quick indirect technique, but it has limitations 
when applied to materials that have irregular pore geometry. The relationship between 
MIP results and the actual pore distribution and connectivity can be better understood 
with the use of image analysis. 

 
Figure 4.6 Diagram representation of pores (Giesche 2006). 

The pressure required is a function of the pore size can be converted to equivalent pore 
width using the Washburn equation, which is given as follow: 

D=-4y cosθ/Pa 

where D is equivalent pore width (m), Pa is absolute pressure exerted (Pa), y is surface 
tension of mercury (N/m), and θ is contact angle between solid and mercury (degree). 

Application of MIP tests for cement and concrete has been widely criticized as 
inappropriate in the literatures. However, the MIP results may be appropriate for 
comparing different types of the geopolymer mortars studied here, rather than for 
establishing the actual pore sizes in these samples. Therefore, in this study, MIP results will 
only be used for comparative purposes. Before MIP test, samples were crushed or sawed 
from the interior part of a specimen, and then dried by oven drying or solvent replacement 
drying methods. 

 

4.4.3 X-ray diffraction (XRD) 

X-ray diffraction methods are the most powerful and commonly used as they provide 
information about basic crystal dimensions, chemical composition, and crystallite sizes. 
XRD techniques are also used to quantify mineral abundance in solid state and material 
science. 

X-rays are effective for analysis of crystal structures because their wave lengths of about  
1 Å are of the same order as the spacing of atomic planes in crystalline materials. One of 
the most commonly used interpretations of XRD is the Bragg reflection analogy, which 
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describes the uniqueness of XRD in terms of reflection of X-rays by planes of atoms in 
minerals. The most common expression of Bragg’s law is shown in follow: 

n λ=2d sinθ 

where λ is the wave length of X-ray, d is the distance between parallel atomic planes, θ is 
the angle between incident rays and parallel atomic planes, and n is an integer. Constructive 
interference occurs when the scattered waves satisfy this equation. The values of d and the 
number and types of atoms in each plane are unique for every mineral (He 2012). Since 
each mineral has its specific spacings of interatomic planes in three dimensions, the angles 
at which diffraction occurs can be used for identification. 

For the XRD sample preparation, both mortar and pestle were firstly employed to pre-
grind the samples to treat big particles. The finer particles were then obtained. The XRD 
scan was between 5° to 65° (2θ). Typically, the data was expressed in the plot between 
intensity of diffraction peaks and 2θ angle. The positions of diffraction peaks were 
compared with a reference data base compounds were identified. 

 

4.4.4 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is a technique which measures the change in the mass of  
a sample over a range of temperatures. A TGA machine consists of a sample pan which 
hangs off a hook and is connected by a microgram balance arm to a tare pan. The basic 
principle of TGA is that as a sample is heated, its mass changes. This change can be used 
to determine the composition of a material or its thermal stability, up to about 1500oC. 
Usually, a sample loses weight as it is heated up due to decomposition, reduction, or 
evaporation. A sample could also gain weight due to oxidation or absorption. While in use, 
the TGA machine tracks the change in weight of the sample via a microgram balance. 
Temperature is monitored via a thermocouple. The TGA can also track change in weight 
as a function of time. Data can be graphed as weight percent or time vs temperature (°C). 
TGA output curves can be analyzed in a number of ways. 

For each test, approximately 20-50 mg of powdered sample was heated from room 
temperature to 1000oC at a rate of 5oC/min. 

 

4.4.5 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy is a powerful and widely applicable spectroscopy 
method implemented to identify chemical functional groups. FTIR spectrometer is an 
analytical instrument used to study materials in the gas, liquid, or solid phase. FTIR has 
broad application in many fields of science and engineering. Over the years, FTIR 
spectroscopy has become one of the most important tools for both qualitative and 
quantitative characterization of organic materials, and in particular, polymers. FTIR 
spectroscopy is based on the interaction of infrared light with molecules. The energy 
absorptivity of chemical bands creates their FTIR spectrum. Mid-infrared light is defined 
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as light in the range of wavenumbers between 4000 and 400 cm-1. When molecules are 
radiated by infrared light, it can be absorbed and the absorbed energy causes vibration in 
the atomic bonds. The fact that different atomic groups absorb at different wavenumbers 
can be used to identify the structure of molecules. The plot of measured infrared 
absorbance versus wavenumber is called the infrared spectrum. A typical infrared spectrum 
with some characteristic bands is shown in Figure 4.7. Consequently, the infrared spectrum 
can be used as a fingerprint for molecules. For example, the chemical groups shown in 
Table 4.5 can identified by an absorption band at their characteristic wavenumber. 

At each specified age, the dried samples were ground by mortar and pestle to make them 
as homogeneous as possible. Infrared spectra were recorded from 4000 to 400 cm-1.  
All values presented in the current work were an average of ten times. 

 
Figure 4.7 Infrared spectra of geopolymers (Casarez et al. 2014). 
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Table 4.5 Characteristic infrared vibrational bands of geopolymers (Bakharev 2005b). 
Wavenumber (cm-1) Assignment 

3700-3600  Stretching vibration (-OH) 

3600-2200  Stretching vibration (-OH, HOH) 

1700-1600 Bending vibration (HOH) 

1200-950 Asymmetric stretching (Si-O-Si and Al-O-Si) 

850  Si-O stretching, OH bending (Si-OH) 

795 Symmetric stretching (Si-O-Si) 

688 Symmetric stretching (Si-O-Si and Al-O-Si) 

520-532 Double ring vibration 

424 Bending vibration (Si-O-Si and O-Si-O) 

 

4.4.6 Magic-angle spinning nuclear magnetic resonance (MAS 
NMR) 

Nuclear magnetic resonance (NMR) is performed on geopolymer samples to understand 
the structure, composition, and connectivity of the aluminum and silicon species in the 
geopolymers. For liquids, NMR relies on the rapid, random motion of molecules to 
average particular nuclear magnetic interactions to zero or discreet isotropic values, which 
results in narrow peaks in a spectrum. However, for solid-state materials, obtaining 
meaningful NMR spectra becomes more difficult. Solids produce a broad featureless 
resonance that covers individual peaks. These peaks provided useful information on the 
structural environment. Over time solid-state NMR has become more adept in addressing 
the line broadening issue with the development of magic-angle spinning, high-power 
decoupling, multiple pulse sequences and multiple quantum experiments (Engelhardt et al. 
1981). 

One technique utilized in this study was the magic-angle spinning (MAS). Samples used 
for magic-angle spinning nuclear magnetic resonance (MAS NMR) are spun at the magic-
angle to increase spectral resolution and produce narrower lines in the spectrum, which 
allow for better analysis. MAS NMR is currently making large strides, especially for those 
nuclei that have lager quadrupolar interactions including 23Na, 27Al, 17O, and 2H, which are 
of particular interest for geopolymer. A typical 27Al and 29Si MAS NMR spectral 
decomposition are demonstrated in Figures 4.8 and 4.9, respectively. 

For this study, in order to characterize any amorphous phases present in the samples, 
powders were analyzed using 27Al and 29Si MAS NMR. 
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Figure 4.8 Example of 27Al MAS NMR spectral decomposition (Rosales-Sosa et al. 2015). 

 

 
Figure 4.9 Example of 29Si MAS NMR spectral decomposition (Duxson et al. 2005b). 

 

4.4.7 Scanning electron microscope (SEM) 

Scanning electron microscope is a type of electron microscope that images the samples 
surface by scanning it with a high energy beam of electrons in a raster scan pattern.  
The electrons interact with the atoms that make up the sample producing signals that 
contain information about the sample’s surface topography (e.g. microstructure), 
composition. The types of signals produced by SEM include secondary electrons, 
backscattered electrons, characteristic X-rays, light, specimen current and transmitted 
electrons. Secondary electron detectors are common in all SEMs, but it is rare that a single 
machine would have detectors for all possible signals. The signals result from interactions 
of the electron beam with atoms at or near the surface of the sample. In the most common 
or standard detection mode, SEM can produce very high-resolution images of a sample 
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surface, revealing details about less than 1 to 5 nm size. Major components of SEM include 
vacuum, beam generation, beam manipulation, beam interaction, detection, signal 
processing, and display and record (Michael and Adaskaveg 1997). 

Secondary electron and backscattered electron (BSE) images were obtained and to 
investigate the chemical elemental analyses were also performed by an energy-dispersive 
X-ray spectroscopy (EDX) device equipped with the SEM system. Fracture specimens 
were placed on the sample holder supported by carbon tape. A variety of accelerating 
voltages, aperture sizes, and working distances were used, but generally were not below  
15 kV accelerating voltage. 

 

4.5 Specimen preparation 

For microstructural observation, selected specimens were cut with a saw blade into smaller 
pieces, as shown in Figure 4.10. The fragments were immersed in isopropanol for 24 h  
to stop any further geopolymerization reaction and then subsequently dried at 40°C for  
24 h. After drying, the specimens were collected and stored in a vacuum desiccator until  
a desired testing age. 

The analyses of the microstructure, i.e., MAS NMR, FTIR, XRD were performed on 
specimens fabricated using the paste in order to eliminate the effect of the strong signals 
of quartz in the quartz sand. 

 
Figure 4.10 Specimen preparation for microstructural observation. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 Part 1: The RHA-based geopolymer mortars 

5.1.1 Compressive strength 

The effect of using RHA, CAC, and GGBFS as binder materials and different types of  
the alkaline solutions on the compressive strength per age is presented in Figure 5.1.  
The results revealed that the compressive strength varied from 11 to 73 MPa with the 
highest value obtained from the RHA-based geopolymer mortars incorporated with CAC 
or GGBFS containing potassium hydroxide (KOH). As expected, the compressive 
strength of the mortar specimens developed with the curing time. The strength 
development of the RHA-GGBFS geopolymer mortars was rather fast compared to  
the RHA-CAC geopolymer mortars; however, the incremental change in strength  
was rather small in the geopolymer mortars prepared using GGBFS after 56 days.  
In contrast, the strength development of the RHA-CAC using KOH geopolymer mortars 
was clearly delayed. Although D22CAC10K15 strength at early ages was lower than 
D22GGBFS10K15, its strength development gradually increased until 120 days, exhibiting 
delayed strength development. The delayed strength development of geopolymers 
reported in previous studies has been attributed to curing temperature (Palomo et al. 2004; 
Somna et al. 2011), the particle size of materials (Somna et al. 2011), the concentration of 
alkali-activator (Bakharev 2005c; Criado el al. 2007b), the chemical composition, and 
vitreous phase content of material (Hajimohammadi et al. 2010; Jang and Lee 2106).  
In this current study, the curing condition, the concentration of alkali-activator, and the 
ratio of alkali-activator solution/binder were kept constant for all mixtures while the CAC 
and GGBFS had physicochemical properties different from each other. The results 
presented in this study showed that the characteristics of CAC and GGBFS can 
significantly affect the strength development of the geopolymer mortars. 

The alkaline solution causes the dissolution of the raw materials. The alkaline solution must 
be carefully selected because their composition has different impacts on the properties of 
fresh geopolymers and development of the mechanical properties in the hardened 
geopolymers. The two most common alkaline solutions used in geopolymerization are 
sodium hydroxide (NaOH) and KOH. The curing condition was made constant in order 
to effectively study the influence of the types of alkaline solutions to the mechanical 
properties of the RHA-based geopolymer mortars. Based on the compressive strength 
results, the alkaline solution which possesses highest activation potential, i.e., highest 
compressive strength was KOH that is consistent with the results by Yao et al. (2009) and 
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Nadoushan and Ramezanianpour (2016), which have shown KOH is positive to the 
strength of geopolymeric materials. 

For example at 28 days of curing, the mean compressive strength of the RHA-GGBFS 
geopolymer mortars containing KOH was 21% higher than that for the mortar specimens 
containing NaOH. The lower activation potential of NaOH compared to KOH was due 
to the difference in ionic diameter between sodium (Na+) (116 ppm) and potassium (K+) 
(152 pm). The size of the cations affects crystal structure, Na+, which has a smaller size 
than K+ shows strong pair formation with smaller silicate oligomers (such as monomers). 
Such pairs in turn do not readily pair with another silicate anion, which hinders the further 
formation of larger silicate oligomers (Xu and Van Deventer 1999). The larger size of K+ 
has a stronger affinity towards the formation of larger silicate oligomers with which 
Al(OH)4

- prefers to bind. Therefore, in KOH solutions more geopolymer precursors exist 
resulting in better setting and stronger compressive strength since K+ would promote a 
high degree of condensation (Phair and Van Deventer 2002). Okoye et al. (2015) also 
reported that KOH is more alkaline in nature should increase giving higher compressive 
strength. 

 
Figure 5.1 Compressive strength of the RHA-based geopolymer mortars at different ages 

of curing up to 120 days. 
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5.1.2 Porosity analysis 

The pore size distribution of the RHA-CAC and RHA-GGBFS geopolymer mortars 
measured at 7, 28, and 91 days is shown in Figures 5.2-5.5. Each designated pore size range 
is believed to originate from a different pore formation mechanism. There were two peaks 
in the differential curves of the RHA-based geopolymer mortars, corresponding to two 
pore systems: the gel pores of the geopolymers, with the diameter in the range of several 
nanometer to 0.03 µm are formed by the aluminosilicate gels (Sindhunata et al. 2006); the 
capillary pores are the space left by the dissolved raw materials (Ma et al. 2012), with pore 
size range of 0.03 to 10 µm. 

As illustrated in Figures 5.2-5.5, at early ages of all studied geopolymer samples, the critical 
pore diameter of gel pores (the diameter corresponding to the peak in differential curve)  
was slightly larger, but during aging the maximum volume shifted towards smaller pores. 
This shifting of mean pore size can be explained by gradual filling of larger pores  
with reaction products as the geopolymerization proceeds and thus make it denser.  
As geopolymer gel continues to grow, larger pores are being filled and the gel pore volume 
decreases. However, it was found that the volume and area of the capillary pores in the 
RHA-based geopolymer mortars, with pore size range of 0.03 to 10 µm were relatively  
very low. In general, the strength characteristics of concrete using cement show a reduction 
of the porosity with higher strength. The RHA-based geopolymers also exhibit tendencies 
similar to those of ordinary concrete. Previous studies (Kong et al. 2007; Rovnaník  
2010; Ryu et al. 2013) also reported similar observations on the pore characteristic of 
geopolymers. 
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Figure 5.2 Pore size distribution of D22CAC10N15 after 7, 28, and 91 days. 

 

 
Figure 5.3 Pore size distribution of D22CAC10K15 after 7, 28, and 91 days. 
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Figure 5.4 Pore size distribution of D22GGBFS10N15 after 7, 28, and 91 days. 

 

 
Figure 5.5 Pore size distribution of D22GGBFS10K15 after 7, 28, and 91 days. 
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5.1.3 XRD analysis 

The XRD patterns of the raw materials are shown in Figure 5.6. Cristobalite (C) is the 
main crystalline phases of RHA. CAC shows, as main crystalline phases, monocalcium 
aluminate (CA). While GGBFS consists mainly of amorphous products with traces  
of crystalline merwinite (M). After the geopolymerization process (Figures 5.7-5.10),  
a number of characteristic raw materials peaks decreased in the intensity and remained in 
the diffractogram of the geopolymer samples, indicating the occurrence of phase 
transformation in a higher disorder material. In addition, the main difference of the XRD 
patterns between the raw materials and the geopolymer specimens was the shift of the 
amorphous peak from around 22° (2θ) for the starting materials to almost 27-29° (2θ) for 
the activated materials, with no significant change in the intensity of the amorphous peak 
over the time of curing. The shift in the amorphous peak indicates that the precursors 
underwent a reaction to become a geopolymer (Barbosa et al. 2000). However, a slight 
increment in the intensity of this hump was observed in the geopolymer specimens 
containing KOH when compared with that NaOH (Figures 5.11-5.12), it is suggested that 
in KOH solutions promote the formation of the amorphous geopolymer gel phase higher 
than in the case of NaOH. 

Moreover, there was no new crystalline peak associated with the alkali activation of CAC 
or GGBFS. Therefore, it can be concluded that crystalline C-S-H is not a product or it is 
not a dominant product formed as a result of the alkali activation of CAC or GGBFS 
under the conditions used in this investigation. This is in agreement with previous findings 
by Van Jaarsveld and Van Deventer (1999) that crystalline C-S-H is not formed in a high 
pH environment. However, amorphous C-S-H within a geopolymeric gel could be part of 
the resultant product. 

 
Figure 5.6 XRD patterns of the raw materials used to synthesize the RHA-based 

geopolymers. 
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Figure 5.7 XRD patterns of D22CAC10N15 after 2 and 91 days. 

 

 
Figure 5.8 XRD patterns of D22CAC10K15 after 2 and 91 days. 
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Figure 5.9 XRD patterns of D22GGBFS10N15 after 2 and 91 days. 

 

 
Figure 5.10 XRD patterns of D22GGBFS10K15 after 2 and 91 days. 

 

C 
C C 

C 

C 
C C 

M C 

C 

C: Cristobalite    

C: Cristobalite; M: Merwinite 



5. RESULTS AND DISCUSSION 

50 

 
Figure 5.11 A comparison of the XRD patterns between the RHA-CAC geopolymers 

containing NaOH and KOH at 91 days. 

 

 
Figure 5.12 A comparison of the XRD patterns between the RHA-GGBFS geopolymers 

containing NaOH and KOH at 91 days. 
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5.1.4 FTIR analysis 

The FTIR curves of the RHA-based geopolymers for 7, 28, and 91 days are plotted in 
Figures 5.13-5.16. The spectrum of the raw materials is also presented for comparison 
purpose. The spectrum of the raw materials displayed a main broad band attributed to 
asymmetric stretching vibration of Si-O-T (T= tetrahedral Si or Al) around 1070 cm-1 and 
other bands, around 790, 620, and 460 cm-1, can be attributed to symmetric stretching of 
Si-O-Si, symmetric stretching of Si-O-Si and Al-O-Si, and bending vibration of Si-O, 
respectively (Bakharev 2005b; Zarina et al. 2015). These bands can be evidence of 
cristobalite, also identified by XRD, was corroborated in all the RHA-based geopolymers 
(Panias et al. 2007). The major difference of the FTIR curves between the raw materials 
and the reaction products was the shift in the band at about 1070 cm-1 to lower frequencies 
(~1030 cm-1), which has been attributed to the vibrations of the Si-O-T bonds is often 
referenced as an explanation of a geopolymer reaction process (Criado et al. 2007a; Dimas 
et al. 2009). The FTIR spectra of the geopolymer binders cured for different ages showed 
no significant differences. 

In addition, the bands assigned typically to CAC or GGBFS hydrates formed, which the 
signals appearing between 3200 and 3600 cm-1 (O-H stretching vibration) (Ismail et al. 
2014; Reig et al. 2016) were not detected, which implies that no significant amounts of 
these hydrates were formed. The results are in good agreement with those reported by Shi 
et al. (2011), who stated that when less than 30% CAC is used in alkali-activated calcium 
aluminate-blended cements, CAC does not undergo normal hydration since aluminate and 
calcium of CAC are taken up in the aluminosilicate gel (also referred to as geopolymer gel) 
formed in the activated process. Ismail et al. (2014) who activated GGBFS-fly ash blended 
system, also observed that highly alkaline solutions favor the dissolution of silicate and 
aluminate species from the fly ash, and it is likely that this affects the availability of calcium 
from GGBFS (which is suppressed at very high pH), leading to the predominance of the 
formation of an aluminosilicate type gel . Garcia-Lodeiro et al. (2011) also agreed that the 
type and characteristics of the formed gel are conditioned clearly by the working pH and 
the calcium concentration in the system. 
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Figure 5.13 FTIR spectra of the raw materials and the RHA-CAC geopolymers using 

NaOH. 

 

 
Figure 5.14 FTIR spectra of the raw materials and the RHA-CAC geopolymers using 

KOH. 
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Figure 5.15 FTIR spectra of the raw materials and the RHA-GGBFS geopolymers using 

NaOH. 

 

 
Figure 5.16 FTIR spectra of the raw materials and the RHA-GGBFS geopolymers using 

KOH. 

40080012001600200024002800320036004000

A
bs

or
ba

nc
e

wavenumber (cm-1)

40080012001600200024002800320036004000

A
bs

or
ba

nc
e

wavenumber (cm-1)

D22GGBFS10N15 (91d) 

D22GGBFS10N15 (28d) 

D22GGBFS10N15 (7d) 

RHA+GGBFS+SF 

D22GGBFS10K15 (91d) 

D22GGBFS10K15 (28d) 

D22GGBFS10K15 (7d) 

RHA+GGBFS+SF 



5. RESULTS AND DISCUSSION 

54 

5.1.5 SEM and EDX analyses 

Backscattered electron (BSE) micrographs of a 28-day cured selected geopolymer mortars, 
D22CAC10K15 and D22GGBFS10K15, which the highest compressive strength results 
obtained previously are shown in Figure 5.17. Both types of the geopolymer mortars 
showed typical microstructure of dense and homogeneous matrix consisting mainly of 
aluminosilicate gel (darker gray) results from the geopolymerization process as indicated 
by the EDX test presented in Figures 5.17b and d. It was found that major components 
of the geopolymer specimens were silicon (Si) and aluminium (Al) with a small amount of 
sodium (Na), Potassium (K), and calcium (Ca). Traces of calcium (light gray) within this 
geopolymeric phase originated from and diffused outward from CAC and GGBFS. 
Brough and Atkinson (2002) suggested that the average Ca/Si ratio of C-S-H gel formed 
in a KOH activated slag mortar with a mean value of 1.1, which is much higher to the 
Ca/Si ratio (ca. 0.15) obtained in the current study. The SEM results are in good agreement 
with those obtained in the XRD and FTIR analyses since a geopolymeric binder with no 
new phases was clearly identified in the RHA-CAC and RHA-GGBFS blended 
geopolymer samples. A similar observation was found by Yip et al. (2005) that the absence 
of C-S-H formation is dependent on the alkalinity used as well as the ratio between 
aluminocilicate and calcium sources. Moreover, the geopolymer gel of D22CAC10K15 
(Figure 5.17a) showed similar dense morphology to that which was identified in 
D22CAC10K15 (Figure 5.17c).  

   
Figure 5.17 BSE micrographs and EDX spectra of the RHA-based geopolymers at  

28 days. 
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Figure 5.17 (continued) BSE micrographs and EDX spectra of the RHA-based geopolymers  

at 28 days. 

 

5.1.6 27Al MAS NMR analysis 

In a 27Al MAS NMR spectrum, the four, five, and six coordinated aluminium denoted as 
Al(IV), Al(V), and Al(VI). The chemical shifts for four, five, and six coordinated 
aluminium are located at 49 to 80, 35 to 40, and -5 to 15 ppm, respectively (Kim 2012). 
After the geopolymerization process, the Al(V) and Al(VI) converted mostly into Al(IV), 
is a tetrahedral structure (Duxson el at. 2007a; Yao et al. 2009). 

The 27Al MAS NMR spectrum of the RHA-CAC geopolymer containing KOH 
(D22CAC10K15) at 28 days contained two major resonances located at 55.2 ppm 
corresponding to Al in a tetrahedral environment with an Al(IV) structure and a second 
small signal centred at 13.2 ppm (Al(VI)) attributed to octahedral aluminium (Figure 5.18a). 
The last component is mainly associated unreacted raw materials (Fernández-Jiménez et 
al. 2006). After 91 days, the tetrahedral aluminium signal was observed to shift from  
55.2 to 55.8 ppm (Al(IV)), indicating that the aluminium always remains tetrahedrally 
coordinated and the octahedral resonance was detected at 13.7 ppm (Al(VI)) (Figure 
5.18b). 

Moreover, the 27Al MAS NMR pattern of the RHA-GGBFS geopolymer containing KOH 
(D22GGBFS10K15) after 28 days contained two signals, one centred at 57.3 ppm (Al(IV)) 
related to tetrahedral aluminium and at 13.5 ppm (Al(VI)) was associated with octahedral 
aluminium (Figure 5.19a). During alkali activation, the resonance located at 57.1 ppm 
(Al(IV)) (Figure 5.19b). The position of this resonance is typical of well-formed 
geopolymers (Barbosa et al. 2000). The resonance at 12.2 ppm (Al(VI)) generated by the 
unreacted raw materials. A comparison of the 27Al MAS NMR spectra of the geopolymers 
resulting from D22CAC10K15 and D22GGBFS10K15 was similar in all cases. 
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Figure 5.18 27Al MAS NMR spectra of D22CAC10K15 at (a) 28 days and (b) 91 days. 

 

   
Figure 5.19 27Al MAS NMR spectra of D22GGBFS10K15 at (a) 28 days and (b) 91 days. 
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5.1.7 29Si MAS NMR analysis 

Herein, SiQ4(nAl) unit is the conventional notation used to describe the structural  
units in aluminosilicates in three-dimensional cross-linked sites (Yunsheng et al. 2009).  
The resonances are formed by five components associated with the presence of silicon 
surrounded by n = 0, 1, 2, 3, or 4 aluminium tetrahedron in the silico-aluminate gel, whose 
signals appear at around -108, -103, -96, -92, and -87 ppm (Park et al. 2016). 

A comparison between the 29Si MAS NMR spectra of the geopolymer derived from CAC 
(D22CAC10K15) and GGBFS (D22GGBFS10K15) after 91 days is shown in Figure 5.20. 
It can be seen that both spectra of amorphous geopolymers exhibited similar broad 
resonances between -80 and -100 ppm, typical of tetrahedral silicate centers with highly 
variable bond angle distributions surrounded by varying numbers of aluminium atoms 
(Duxson et al. 2005b; Duxson et al. 2007a). The resonance at approximately -96.3 ppm 
was assigned to typical of the SiQ4(2Al) structure occurring in geopolymers (Duxson et al. 
2005b; Duxson et al. 2007a; Barbosa et al. 2000). However, the resonance at -109 ppm was 
associated with the SiQ4(0Al) structure corresponding to the presence of crystalline silicon, 
present in the starting materials (Fernández-Jiménez et al. 2006). The results are in good 
agreement with those reported by Palomo et al. (2004), who showed that the spectra for 
fly ash geopolymers are similar to those of metakaolin geopolymers when the crystalline 
phases are removed from the fly ash, which indicates that the reaction products of 
geopolymers synthesized from different raw materials are structurally analogous. 

   
Figure 5.20 29Si MAS NMR spectra of (a) D22CAC10K15 and (b) D22GGBFS10K15. 
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5.2 Part 2: The durability characteristics of the RHA-based 
geopolymer mortars in terms of fire resistance and sulfuric acid 
resistance 

5.2.1 Fire resistance 

5.2.1.1 Physical observation 

Photographs of the physical observation of the unexposed and exposed RHA-based 
geopolymer mortars to the elevated temperatures of 500°C, 750°C, and 1000°C are 
illustrated in Figure 5.21. Since RHA has a black color and is the major source material 
used in this research, mixing of the RHA content makes the specimens dark before 
exposure to high temperatures (Figures 5.21a and b). However, after being exposed to high 
temperatures the specimens became lighter and showed deformation. The color changes 
in these geopolymer mixtures are similar to those observed in OPC mixtures after high 
temperature exposures, which primarily results from gradual dehydration of geopolymer 
binders and microstructural transformations occurring within the aggregate (Hager 2013). 
Moreover, the specimens exposed to 500°C (Figures 5.21c and d) kept their original 
dimension that there was no distortion, no peeling, and even no cracks on the surface. 
Nevertheless, the deterioration in the geopolymer mortars structure increased seriously as 
the specimens exposed to elevated temperatures of 750°C and 1000°C (Figures 5.21e-h). 
The dense matrix of the geopolymer mortars was swelled producing extensive superficial 
and thermal cracks on the surface of the specimens. The sharp swelling led to change the 
specimen’s size and shape. Evidence presented in this study suggests that the deformation 
of the mortars was caused by the differential thermal expansion between the geopolymer 
matrix and aggregates. It was reported that aggregates generally experience thermal 
expansion at high temperatures (Kong and Sanjayan 2010). When the expansion of 
aggregates dominates over the shrinkage of geopolymer paste, a net result of expansion 
occurs on geopolymer mortar at elevated temperatures and causes strength deterioration 
after exposure.  
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Figure 5.21 Photographs of the RHA-based geopolymer mortars, (a-b) unexposed and 

after exposed to (c-d) 500°C, (e-f) 750°C, and (g-h) 1000°C. 
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5.2.1.2 Compressive strength 

The compressive strength results before and after elevated temperature exposures for  
the RHA-based geopolymer mortars prepared using CAC and GGBFS are presented in 
Figure 5.22. Both types of the mortars suffered strength loss after elevated temperature 
exposures. However, after exposure to 500°C, the geopolymer mortar prepared using  
CAC showed different tendency in evolution of strength, which increased in strength.  
The result showed that a strength increase of 22% in CAC-synthesized specimen while 
GGBFS-synthesized counterpart had a strength drop of 56% after 500°C exposure. 
From the trend, it can be seen that F22GGBFS10K15 exhibited higher strength retention 
with 56% strength reduction after exposure to 750°C as compared with F22CAC10K15 
by 74% strength loss. Furthermore, the mortars showed very low strength after exposure 
to elevated temperature of 1000°C. The compressive strength decreases as the elevated 
temperature increases. 

 
Figure 5.22 Compressive strength of the RHA-based geopolymer mortars at various 

temperatures. 
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As reported by Kong and Sanjayan (2010), at temperatures above 100°C, geopolymer 
mortar experiences significant thermal incompatibility between geopolymer paste and 
aggregates as well as microcracks at the interfacial transition zone of geopolymer paste and 
aggregates, which will result in strength degradation at elevated temperatures. Therefore, 
the thermal incompatibility between geopolymer paste and aggregates is another main 
reason for strength loss of geopolymer mortar after exposure to temperatures above 
100°C. However, Pan et al. (2009) suggested that the strength evolution of geopolymer 
mortars after exposure to elevated temperatures depends on the dominant process of  
the following two factors: (1) further geopolymerization of the unreacted raw materials 
and/or sintering process leading to strength increase; (2) damages caused by thermal 
incompatibility leading to strength decrease. These two opposing processes are occurring 
simultaneously in the geopolymer mortars at elevated temperatures and whether the 
strength increase or decrease is dependent on the dominant process. Figure 5.23 
demonstrates the two parallel processes described above. The process (1), which causes 
increase in strength due to further geopolymerization and/or sintering process, is always 
positive. The process (2) is damage due to thermal incompatibility and is always negative 
causing strength reduction. The strength gain or loss observed in the experiments is the 
combined result of the two parallel processes. 

 
Figure 5.23 Diagram of the two parallel processes in the RHA-based geopolymers at 

elevated temperatures. 
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5.2.1.3 Thermal analysis 

The thermogravimetric analysis (TGA) curves of the geopolymer mortars, F22CAC10K15 
and F22GGBFS10K15, are represented in Figure 5.24. This test used for measuring the 
mass loss as a function of temperature from 25-1000°C at a rate of 5oC/min. Both of  
the geopolymer mortars experienced mass reductions with the increase of temperatures. 
The TGA curves illustrated a sharp decrease in mass before 300°C. The rate of mass loss 
after 300°C slowed down and almost no loss occurred in 900-1000°C range. The average 
of the mass remaining after the specimens being heated to 1000°C was 95% or the 
maximum mass loss of 5% after temperature exposures was recorded for the geopolymer 
mortars. This mass loss is believed to be entirely induced by evaporation of water in the 
specimens, and is another cause of degradation in strength of the geopolymer samples.  
As the external temperature increase to 300°C from ambient temperature, water within 
specimens, including free water and chemical bound water (Abdulkareem et al. 2014; 
Zhang et al. 2016), rapidly migrates towards the surface and evaporates, which causes 
damage to internal microstructure of specimens and consequently rapid degradation in 
strength in 100-300°C range. Beyond 300°C, evaporation of water diminishes, this is 
mainly induced by dehydroxylation process of geopolymers (Duxson et al. 2007b; Niklioć 
et al. 2016). The temperature-induced dehydroxylation makes the microstructure of 
geopolymer further damaged, thus leads to strength degradation. 

 
Figure 5.24 TGA curves of the RHA-based geopolymer mortars. 
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5.2.1.4 XRD analysis 

The XRD diffractograms for the RHA-based geopolymer mortars at ambient temperature 
and the materials heated for 60 min at 500°C, 750°C, and 1000°C are shown in Figures 
5.25 and 5.26. It can be observed that the XRD patterns of the geopolymer mortars, 
F22CAC10K15 and F22GGBFS10K15, unheated and heated were simple and similar. 
There was no new crystalline phase peak associated with the alkali activation of CAC or 
GGBFS after exposure to the elevated temperatures. In the present study, the major 
crystalline phases detected included quartz (Q) and cristobalite (C), present primarily in 
quartz sand and RHA, respectively. After exposure to a higher temperature of 1000°C, 
quartz and cristobalite phases in the geopolymer matrix remained unchanged. These 
crystalline phases may be regarded as practically inert to alkaline activation (Fernández-
Jiménez et al. 2010). Verdolotti et al. (2008) deemed these crystalline diffraction peaks to 
the unreacted feedstock crystal phases overlapped the amorphous baseline. Similar results 
were found by Bakharev (2006), Lemougna et al. (2011), and Martin et al. (2015) by 
studying the thermal properties of various materials based geopolymers. 

 
Figure 5.25 XRD patterns of F22CAC10K15 before and after thermal exposures. 
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Figure 5.26 XRD patterns of F22GGBFS10K15 before and after thermal exposures. 

 

5.2.1.5 FTIR analysis 

The FTIR spectra of the RHA-based geopolymer mortars before and after exposure to 
high temperatures are shown in Figures 5.27 and 5.28. For all specimens, cured at ambient 
temperature and heated at 500°C, 750°C, and 1000°C, there were three broad absorbance 
bands at 1200-850 cm-1, 800-600 cm-1, and 500-400 cm-1 , respectively. The absorption  
band located around 1200-850 cm-1 corresponds to vibration of asymmetric stretching of 
Si-O-T bonds (T: tetrahedral Si or Al) and emphasizes a major fingerprint of geopolymer 
matrix (Bakharev 2005b; and Criado et al. 2007a; Dimas et al. 2009). The existence of weak 
band 800-600 cm-1 is assigned to the symmetric stretching of Si-O-Si and Si-O-Al bonds 
(Fernández-Jiménez and Palomo 2005; Heah et al. 2012; Zarina et al. 2015) while the  
band between 500 and 400 cm-1 is associated with the deformation of SiO4 tetrahedra 
(Chindaprasirt et al. 2009b; Rattanasak et al. 2009). However, compared with unheated, 
the heated geopolymer mortars underwent a very small shift of its Si-O-T position to 
higher wavenumbers with alternating Si-O and Al-O bonds, thus the vibration at 1030  
cm-1 corresponding to Si-O and Al-O in the unheated geopolymer was shifted at 1070  
cm-1 . Such a shift is ascribed to the penetration of Al4+ atoms into the original arrangement 
of Si-O-Si skeletal occurred during the polycondensation process (Chindaprasirt et al. 
2009b). While only minutes differences were shown within 4000-400 cm-1 among the FTIR 
traces of unheated and heated geopolymer mortars, suggesting that most vibrant forms of 
the molecular chains were unaffected after high temperature exposures. 
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Figure 5.27 FTIR spectra of F22CAC10K15 before and after thermal exposures. 

 

 
Figure 5.28 FTIR spectra of F22GGBFS10K15 before and after thermal exposures. 
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5.2.1.6 SEM analysis 

The SEM micrographs of the RHA-based geopolymer mortars before and after exposure 
to the elevated temperatures are summarized in Figure 5.29. These micrographs present 
well-formed geopolymers of F22CAC10K15 and F22GGBFS10K15 after 28-day  
at ambient temperature curing (Figures 5.29a and b). The largely homogeneous 
microstructure suggests a well geopolymerization behavior. After heating to 500°C, as 
shown in Figure 5.29c, F22CAC10K15 showed more compact matrix, which results from 
further geopolymerization and/or sintering of the unreacted raw materials and thus leads 
to strength enhancement. However, F22GGBFS10K15 deteriorated as it was exposed  
to 500°C as presented in Figure 5.29d, the specimen showed the development in  
the microcracks due to the high water evaporation rate from the dense structure.  
The microcracks resulting from evaporated water are responsible for the compressive 
strength declination. Moreover, Figures 5.29e and f show that the geopolymer mortars 
exposed to 750°C underwent higher deterioration in the microstructure due to a significant 
increase of the average pore size. The development of a highly porous structure was 
accompanied by a high strength loss as shown by the mechanical investigation. In addition, 
Figures 5.29g and h indicate that the SEM micrographs of the geopolymer mortars after 
heating to 1000°C show severe deterioration in the microstructure appearance by the 
obvious destruction of the homogeneous geopolymeric gel matrix. The micrographs also 
show the increasing of the voids content in the exposed mortar microstructure, which 
might be caused by the partial collapse of the geopolymer matrix, which caused by weight 
loss, matrix decomposition, and phase transformations (Bakharev 2006; Zhang et al. 2012). 
This phenomenon makes the geopolymeric system porous and reduces the density, which 
have a negative effect on the compressive strength. The results support that the primary 
reason for observed strength loss at elevated temperatures of the geopolymer mortars is 
the thermal incompatibility between geopolymer matrix and its aggregate components of 
the mix. Due to the domination of expansion in fine aggregates over contraction in 
geopolymer binder, expansion occurs on geopolymer mortar. Differential thermal 
expansion between geopolymer paste and quartz sand is exacerbated by increasing the 
temperature over 500°C and causes strength deterioration after exposure (Ranijar et al. 
2014). The results are in good agreement with those reported by Kong and Sanjayan 
(2010), Ranijar et al. (2014), and Zhang et al. (2014) who studied the effect of elevated 
temperatures on geopolymers. 
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Figure 5.29 SEM images of the RHA-based geopolymer mortars, (a) unexposed and after 

exposed to (b) 500°C, (c) 750°C, and (d) 1000°C. 
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Figure 5.29 (continued) SEM images of the RHA-based geopolymer mortars, (a) unexposed 

and after exposed to (b) 500°C, (c) 750°C, and (d) 1000°C. 
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5.2.2 Sulfuric acid resistance 

5.2.2.1 Visual appearance 

Photographs of the RHA-based geopolymer mortars after immersion in pH 1 and pH 2 
concentrations of sulfuric acid solution are represented in Figure 5.30. Photographs of the 
specimens before acid exposure are also shown in this figure for comparison (Figures 5.30a 
and b). Both of the geopolymer mortars, S22CAC10K15 and S22GGBFS10K15, had no 
significant visual signs of deterioration after exposure in the solutions. These specimens 
showed no noticeable change in color and were seen to remain structurally intact. Some 
minor corrosion could be observed in the specimens by the acid attack. After exposure to 
pH 1 sulfuric acid solution, S22CAC10K15 seemed to be slightly damaged at the surface 
(Figures 5.30c and e). Furthermore, a layer of white material (probably gypsum formation) 
was found deposited on the surface. Also, there were relatively more damage, especially 
around the edges and corners of S22GGBFS10K15 (Figures 5.30d and f). In addition, after 
exposure to pH 2 sulfuric acid solution, the surface of all specimens was as smooth as 
before the test (Figures 5.30g-j). These specimens had a very small change in appearance 
after 4 weeks of immersion in the solution. The deterioration of the surface increased with 
exposure time and concentration of the acid solution. 
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Figure 5.30 Photographs of the RHA-based geopolymer mortars, (a-b) before and after 

exposed to (c-f) pH 1, and (g-j) pH 2 of sulfuric acid solution for 1 and 4 
weeks. 
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5.2.2.2 Weight change 

The relationship between the weight change due to sulfuric acid attack on the RHA-based 
geopolymer mortars and the immersed time is presented in Figure 5.31 and Table 5.1.  
The specimens showed fluctuating results of weight changes during the test duration. 
Weight loss at the end of 4 weeks was found to be about 5% in pH 1 sulfuric acid solution, 
whereas it was observed in the range of 0.3% to 3.1% in pH 2 sulfuric acid solution.  
But the net weight loss would be slightly higher after allowing for the weight of absorbed 
solution. 

 
Figure 5.31 Weight change of the RHA-based geopolymer mortars after 4 weeks in  

pH 1 and pH 2 of sulfuric acid solution. 

 

Table 5.1 Summary of weight changes of the RHA-based geopolymers after immersion in 
sulfuric acid solutions. 
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S22CAC10K15-pH 2 -4.5 -3.2 -3.2 -3.1 

S22GGBFS10K15-pH 1 -2.5 -3.9 -4.0 -4.5 
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This result conformed to the work of Sata et al. (2012), which reported that after 4 weeks 
of 3% sulfuric acid immersion, the lignite bottom ash geopolymer mortars had lost only 
between 0.8% and 2.5%. They also studied on OPC based binders showed that sulfuric 
acid had a highly deleterious effect on weight loss, which was 42.2% in the same 
environment. This is because sulfuric acid causes decomposition of the Ca(OH)2 and 
forms gypsum that deteriorates the matrix by scaling and softening (Sata et al. 2012). 
Moreover, Koenig and Dehn (2015) who studied the resistance of ultra high-performace 
concrete (UHPC) to pH 2 sulfuric acid attack for 56 days and also reported that the weight 
losses of UHPC were observed in the range of 3.0% to 8.2%. The lower mass loss of 
UHPC is due to a very high packing density and results from its low capillary porosity. 
Therefore, the weight losses observed in the CAC or GGBFS incorporated RHA-based 
geopolymer mortars were smaller than that can be expected in OPC based binders under 
the same exposure condition. 

 

5.2.2.3 Compressive strength 

The 28-day compressive strength of each RHA-based geopolymer mortar before exposure 
to the sulfuric acid solutions is used as a benchmark to compare the compressive strength 
after each exposure period of 1, 2, 3, and 4 weeks. The evolution curves of compressive 
strength of the geopolymer mortars are presented in Figures 5.32 and 5.33. S22CAC10K15 
had the best performance with 19% strength increase at the end of 4 weeks after immersion 
in pH 1 of sulfuric acid solution (Figure 5.32). In this solution, S22GGBFS10K15 started 
deteriorating in the first week of the exposure and was continuously deteriorated by 27% 
strength loss over the time of experiment. Some fluctuation of compressive strength  
was observed in both types of the mortars after exposed to pH 2 sulfuric acid solution 
(Figure 5.33). Compressive strength of the specimens finally equilibrated with 34% 
strength increase compared with the initial value in S22CAC10K15. However, in the same 
environment, the change in compressive strength on S22GGBFS10K15 during the  
4 weeks of exposure was negligible. 

Furthermore, it was clear that S22CAC10K15 immersed in sulfuric acid solutions behaved 
differently from S22GGBFS10K15 with respect to the compressive strength. At the end 
for 4 weeks of exposure to the solutions, S22CAC10K15 had the least impact on strength 
of the materials. The compressive strength of the mortars increased over the time of 
experiment. This result was supported by the findings of Bakharev (2005b) who reported 
that the specimens had between 4% and 12% increase of strength when immersed into 
sulfate solutions and also stated that the good performance is attributed to a more stable 
cross-linked aluminosilicate polymer structure. SEM study (as will be discussed later) 
confirmed the aluminosilicate gel showed more compact matrix and seemed to improve 
final strength of S22CAC10K15 regardless of sporadic gypsum formation when immersed 
into sulfuric acids. Nevertheless, S22GGBFS10K15 was found to be in highly deteriorated. 
Compressive strength of the mortars declined gradually over the 4 weeks of the 
experiment. This result is in agreement with previous studies (Allahverdi and Škvára 2006; 
Thokchom et al. 2009; Sata et al. 2012; Deb et al. 2016; Siad et al. 2016) who studied  
the resistance of geopolymers to sulfuric acid attack and also reported the calcium available 
in the matrix get reacted by acid resulting in formation of gypsum, which may contribute 
to the deterioration of the specimens in sulfuric acid solution. Moreover, a perceptible 
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increase in cracks of S22GGBFS10K15 was noticed after exposure to the solution, as 
confirmed by SEM examination that indicated the microcracks development could 
potentially result into the higher strength loss of the specimens. 

 
Figure 5.32 Compressive strength of the RHA-based geopolymer mortars exposed to  

pH 1 of sulfuric acid solution. 
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Figure 5.33 Compressive strength of the RHA-based geopolymer mortars exposed to  

pH 2 of sulfuric acid solution. 

 

5.2.2.4 Porosity analysis 

The pore size distribution curves of the RHA-based geopolymer mortars before and after 
exposure to pH 1 of sulfuric acid solution for 4 weeks are presented in Figures 5.34 and 
5.35. It can be seen that the RHA-CAC geopolymer (S22CAC10K15) revealed the 
decreased in the gel pores and the peak values shifted slightly towards to smaller pores area 
after acid exposure as compared with the unexposed geopolymer mortar (Figure 5.34).  
The capillary pores stayed about the same. It is evident that the geopolymerization 
continued and reaction products were produced even exposure to pH 1 of sulfuric  
acid solution for 4 weeks. Meanwhile, the gel pores of the RHA-GGBFS geopolymer 
(S22GGBFS10K15) decreased moderately; however, the capillary pores increased 
significantly during the 4 weeks of exposure, indicating a loose porous structure formed 
(Figure 5.35). The porosity analysis results of both geopolymer mortars correspond very 
well with the development of compressive strength discussed above. 
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Figure 5.34 Pore size distribution curves of the RHA-CAC geopolymers before and after 

exposed to pH 1 of sulfuric acid solution for 4 weeks.  

 

 
Figure 5.35 Pore size distribution curves of the RHA-GGBFS geopolymers before and 

after exposed to pH 1 of sulfuric acid solution for 4 weeks. 
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5.2.2.5 XRD analysis 

The difference between before and after of the RHA-based geopolymer mortars exposed 
to pH 1 and pH 2 of sulfuric acid solution after 4 weeks was examined by XRD. The XRD 
diffractograms are shown in Figures 5.36 and 5.37 confirmed the presence of gypsum (G) 
in all studied geopolymer mortars after exposure in the solutions. Better-defined peaks can 
be note in of the RHA-GGBFS geopolymer mortars (S22GGBFS10K) than in the RHA-
CAC geopolymer mortars (S22CAC10K15). The crystalline quartz (Q) and cristobalite (C) 
were still also visible after exposure in the solutions. Puertas et al. (2002) and Wallah and 
Rangan (2006) concluded that the higher calcium content in the alkali activated binder 
generates greater amounts of gypsum during acidic exposure and might precipitate into 
and cover the pores of the mortar. According to the XRF analysis, the calcium content of 
CAC is lower at around 37% as compared to the values of 44% for the GGBFS.  
The results confirmed that the low calcium content in RHA-CAC geopolymer mortars 
leads to more durability in the acid environment compared to high calcium content RHA-
GGBFS geopolymer mortars.  

 
Figure 5.36 XRD patterns of the RHA-CAC geopolymers before and after immersed in 

pH 1 and pH 2 of sulfuric acid solution for 4 weeks. 
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Figure 5.37 XRD patterns of the RHA-GGBFS geopolymers before and after immersed 

in pH 1 and pH 2 of sulfuric acid solution for 4 weeks.  
 

5.2.2.6 SEM and EDX analyses 

For the analysis, the specimens were taken from the surface (outer) and near the surface 
(inner) exposed to the solution. The SEM micrographs and EDX spectra of the RHA-
based geopolymer mortars after 4 weeks of immersion in pH 1 sulfuric acid solution are 
given in Figure 5.38. Images of the specimens before acid exposure are also presented for 
comparison purpose (Figures 5.38a and b). Although visual examination (Figure 5.30) of 
the geopolymer specimens did not reveal insignificant of deterioration after 4 weeks  
of immersion, SEM examination on the surface (Figures 5.38c and d) showed the 
development of cracks particularly in S22GGBFS10K15. Moreover, significant differences 
in microstructure were observed in all of the specimens after 4 weeks of sulfuric acid 
exposure. It can be seen that the relatively compact microstructure of S22GGBFS10K15 
before the acid exposure became more porous and disintegrated gel clusters after  
the exposure to pH 1 sulfuric acid solution. However, S22CAC10K15 showed less 
deterioration than S22GGBFS10K15 and quite dense microstructure developed (Figures 
5.38e and f). The EDX spectra at areas 1 and 2 (Figures 5.38g and h) revealed the presence 
of elongated crystalline structures of gypsum (G) as indicated by the large presence of 
sulfur (S), oxygen (O), and calcium (Ca). In S22GGBFS10K15 after the acid attack, 
abundant gypsum crystals could be seen in the morphological feature. For S22CAC10K15, 
gypsum was also detected but in much less quantities. This observation correlates well with 
the XRD results. 
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Figure 5.38 SEM images and EDX spectra of the RHA-based geopolymer mortars, (a-b) 

unexposed and (c-h) after 4 weeks of pH 1 sulfuric acid exposure. 
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Figure 5.38 (continued) SEM images and EDX spectra of the RHA-based geopolymer 

mortars, (a-b) unexposed and (c-h) after 4 weeks of pH 1 sulfuric acid 
exposure. 
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Moreover, backscattered electron (BSE) micrographs of a thin-section of S22CAC10K15 
and S22GGBFS10K15, both for unexposed and after 4 weeks exposed to pH 1 sulfuric 
acid solution are shown in Figure 5.39. The microstructures showed particles of unreacted 
or partially reacted raw materials embedded homogeneously in the matrix of the reaction 
products of a darker tone. Both types of the geopolymer mortars had insignificant 
difference after the test. The presence of microcracks could be observed in the specimens 
after exposure to the acid solution. The matrix of S22CAC10K15 was considerably less 
porous than that of S22GGBFS10K15. The result also correspond well with the findings 
of SEM images. 

   

   
Figure 5.39 BSE images of the RHA-based geopolymer mortars, (a-b) unexposed and  

(c-d) after 4 weeks of pH 1 sulfuric acid exposure. 
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5.3 Part 3: The lightweight foamed RHA-based geopolymer mortars 

5.3.1 Compressive strength and density 

The results of compressive strength and density of the lightweight foamed RHA-based 
geopolymer mortars with different curing times are given in Figures 5.40 and 5.41. The 
findings showed that the compressive strength of 1.0 to 5.0 MPa with the density between 
660 and 1100 kg/m3 could be produced by using aluminium powder as foaming agent 
and/or lightweight expanded clay aggregate (LECA) as part replacement quartz sand. 
The compressive strength of the lightweight foamed RHA-based geopolymer mortars 
without LECA, L22CAC10K15 were observed in the range of 2.0 to 4.7 MPa while 
L22GGBFS10K15 showed between 1.8 and 5.0 MPa. As expected, when quartz sand was 
replaced by LECA in the mixture by maintaining an equal volume, the porosity increased 
and related strength decreased due to its higher porosity. L22CAC10K15LECA and 
L22GGBFS10K15LECA had moderately lower compressive strength corresponding 
values in the range from 1.0 to 3.0 MPa. The strengths increased with the increases  
in curing time. However, the density of all lightweight foamed RHA-based geopolymer 
mixtures fluctuated over the time of experiment. The average density presented in  
Table 5.2. 

Furthermore, the relationship between 28-day compressive strength and density of  
the lightweight foamed RHA-based geopolymer mortars is shown in Figure 5.42.  
The compressive strength tended to increase linearly with the increasing density of the 
mortars as confirmed by Habib et al. (2015) who studied the lightweight foamed ordinary 
Portland cement with similar strength between 2.0 and 2.8 MPa. The result also suggests 
that the lightweight foamed RHA-based geopolymers are comparable to those of the 
lightweight foamed ordinary Portland cement. 
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Figure 5.40 Relationship between compressive strength and density of the lightweight 

foamed RHA-CAC geopolymer mortars with different curing times. 

 

 
Figure 5.41 Relationship between compressive strength and density of the lightweight 

foamed RHA-GGBFS geopolymer mortars with different curing times. 
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Table 5.2 Summary of the average density of the lightweight foamed RHA-based 
geopolymer mortars. 

Specimen 
Compressive strength (MPa) The average 

density (kg/m3) 2d 7d 28d 56d 91d 

L22CAC10K15 2.0 3.1 3.4 3.9 4.7 991 

L22CAC10K15LECA 1.1 2.4 2.7 2.8 3.0 767 

L22GGBFS10K15 1.8 2.9 3.3 3.6 5.0 815 

L22GGBFS10K15LECA 1.0 2.4 2.4 2.6 3.0 706 

 

  
Figure 5.42 Relationship between compressive strength and density of the lightweight 

foamed RHA-based geopolymer mortars as compared to the lightweight 
foamed ordinary Portland cement at 28 days. 
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5.3.2 Porosity analysis 

The pore size distribution curves of the lightweight foamed RHA-based geopolymer 
mortars after 28 days are presented in Figures 5.43 and 5.44. The dense RHA-based 
geopolymer mortar is also presented for comparison purpose. It can be seen from the 
results that the gel pores and the capillary pores of all lightweight foamed RHA-based 
geopolymer mortars were significantly higher than that of the dense RHA-based 
geopolymer mortar. The critical pore diameters shifted to larger pore diameters, indicating 
a loose porous structure formed. The addition of aluminium powder and/or LECA 
reduced the density due to the creation of gel pores and capillary pores in the geopolymer 
matrix, which resulted in higher porosity in the geopolymer. The effect of the porosity can 
be seen in the reduced compressive strength of the geopolymer mortars, as confirmed by 
the compressive strength results. 

 
Figure 5.43 A comparison of the pore size distribution curves between the lightweight 

foamed RHA-CAC geopolymer mortars and the dense RHA-CAC 
geopolymer mortars (D22CAC10K15) at 28 days. 
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Figure 5.44 A comparison of the pore size distribution curves between the lightweight 

foamed RHA-GGBFS geopolymer mortars and the dense RHA-GGBFS 
geopolymer mortar (D22GGBFS10K15) at 28 days. 

 

5.3.3 SEM analysis 

The SEM micrographs of the lightweight foamed RHA-based geopolymer mortars after 
28 days of curing are presented in Figure 5.45. It was clear that the continuous matrix in 
the lightweight foamed RHA-CAC geopolymer mortars (Figures 5.45a and b) appeared  
a more homogeneous morphology when compared with that the lightweight foamed 
RHA-GGBFS geopolymer mortars (Figures 5.45c and d), which the matrix showed 
heterogeneously distributed cavities, indicating a more porous microstructure. Moreover, 
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compared with that the presence of LECA in the lightweight foamed RHA-CAC 
geopolymer mortar, L22CAC10K15LECA, which pores larger than 1 mm, resulting from 
the liberation of hydrogen (H2) by using aluminium powder as foaming agent, can be 
observed. A similar observation was obtained for the lightweight foamed RHA-GGBFS 
geopolymer mortars. 
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Figure 5.45 SEM micrographs of the lightweight foamed RHA-based geopolymer mortars 

after 28 days of curing. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Summary and conclusions 

This dissertation consists of three main objectives. The first one is to make a great effort 
to investigate and compare the geopolymer mortars formed by industrial by-product, 
RHA, and additional source of aluminium, i.e., CAC, GGBFS. The second one is to 
examine the durability characteristics of the RHA-CAC and RHA-GGBFS geopolymer 
mortars in terms of fire and sulfuric acid conditions. The third one is to produce the 
lightweight foamed RHA-based geopolymer mortars using aluminium powder as foaming 
agent and LECA as part replacement of quartz sand. The conclusions can be drawn as 
follows: 

 

6.1.1 Part 1: The RHA-based geopolymer mortars 

The RHA-based geopolymer mortars incorporated with CAC or GGBFS possess the 
compressive strength varies from 11 to 73 MPa, comparable to Portland cement concrete. 
The characteristics of CAC and GGBFS can significantly affect the strength development 
of the geopolymer mortars. In addition, the mortars containing KOH have higher 
compressive strength when compared with the mortars containing NaOH. The lower 
activation potential of NaOH compared to KOH is due to the difference in ionic diameter 
between Na+ and K+. The larger size of K+ has a stronger affinity towards the formation 
of larger silicate oligomers with which Al(OH)4

- prefers to bind, resulting in better setting 
and stronger compressive strength. The pore size distribution, the critical pore diameter 
of gel pores is slightly larger at early ages; however, during aging the maximum volume 
shifts towards smaller pores. This shifting of mean pore size can be explained by gradual 
filling of larger pores with reaction products as the geopolymerization proceeds and thus 
make it denser. There is no new crystalline peak associated with the alkali activation  
of CAC or GGBFS as, confirmed by XRD and FTIR examinations. The RHA-based 
geopolymer mortars show typical microstructure of dense and homogeneous matrix 
consisting mainly of geopolymer gel results from the geopolymerization process as 
indicated by SEM and EDX.  
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6.1.2 Part 2: The durability characteristics of the RHA-based 
geopolymer mortars in terms of fire resistance and sulfuric 
acid resistance 

The RHA-based geopolymer mortars heated up to 500°C have the same physical aspect as 
the initial ones but from 750°C to 1000°C, the specimens deform shape and consist of 
microcracks. Both types of the geopolymer mortars, RHA-CAC and RHA-GGBFS 
geopolymer mortars lose their strength after exposure to temperatures of up to 1000°C; 
however, the geopolymer mortar prepared using CAC gains strength at 500°C. By contrast, 
the microstructure of the geopolymer mortars heated between 750°C and 1000°C is 
progressively damaged, which provokes decrease of compressive strength. Geopolymers 
sometimes can increase in strength and other times decrease in strength after exposure to 
high temperatures. This behavior is closely related to two opposing processes in action at 
high temperature exposures: further geopolymerization and/or sintering process leading 
to strength increase; damages due to thermal incompatibility between geopolymer matrix 
and aggregates leading to strength decrease. Hence, the geopolymer mortar strength can either 
be increased or reduced depending on the dominant process.  

The RHA-based geopolymer mortars are seen to remain structurally intact though surface 
turns a little softer after exposed to pH 1 and pH 2 of sulfuric acid solution for 4 weeks. 
The weight loss of the geopolymer mortars varies in the range of 0.3% to 5.3%  
after exposure in the solutions. The best performance is observed in the RHA-CAC 
geopolymer mortars. Theses specimens have between 19% and 34% strength increase. 
Good performance is attributed to a reduction in porosity and a more geopolymer gel that 
show more compact matrix and seem to improve final strength of the mortar specimens. 
Conversely, the RHA-GGBFS geopolymer mortars start deteriorating in first week of the 
exposure and have 27% final strength decrease after 4 weeks of sulfuric acid exposures. 
The higher calcium content in GGBFS generates greater amounts of gypsum during acidic 
exposure. Thus, a precipitation of gypsum possibly contributes to strength deterioration. 
The important factors identified, which contribute to better resistance to sulfuric attack 
include the low content of calcium and low porosity that results in low permeability. 

 

6.1.3 Part 3: The lightweight foamed RHA-based geopolymer 
mortars 

The compressive strength of the lightweight RHA-based foamed geopolymer mortars is 
related to their porosity, pore size, and pore distribution, which are controlled by the 
aluminium powder and/or LECA. The addition of aluminium powder and/or LECA 
reduces the density due to the creation of air voids in the geopolymer matrix, which results 
in higher porosity in the geopolymers. The effect of the porosity can be seen in the reduced 
compressive strength of the geopolymer mortars. The results show that the compressive 
strength of the lightweight foamed RHA-based geopolymer mortars in the range of 1.0 to 
5.0 MPa and the density between 660 and 1100 kg/m3 can be made, suggesting that the 
lightweight foamed RHA-based geopolymers are comparable to those of the lightweight 
foamed ordinary Portland cement. The lightweight foamed RHA-based geopolymer 
mortars have substantially lower compressive strength as compared to the dense RHA-
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based geopolymer mortars; however, these values are well set for lightweight building for 
masonry wall and partitions for non-load bearing structures. 

 

6.2 Recommendations for future work 

The research presented in this dissertation is the development of RHA-based geopolymers 
to understand their mechanical and durability behavior. From the knowledge gained during 
this study can be succinctly summarized that much work has been done, yet much work 
remains to be done. As described above, the synthesized geopolymers could be utilized  
in variable infrastructure applications due to their enormous properties, but there are  
still numerous challenges to manufacture the geopolymeric materials with consistent 
properties. 

The biggest challenge facing the applications of RHA-based geopolymers is lacking of a 
standard mix design because of the variance in source materials. Although the present 
work identified many salient parameters that influence the properties of fresh and 
hardened RHA-based geopolymers, a large database should be built on the engineering 
properties of various mixtures using RHA from different sources. The impurity elements 
(e.g. Ca, Mg, Fe) from source materials may add additional reaction pathways during 
geopolymerization (Duxson et al. 2007a), which cause some changes in material properties 
during synthesis and in the final properties. Moreover, the uncertainties of properties (e.g. 
particle size, morphology, composition, reactivity) of raw materials, especially industrial 
by-products, can make the properties of final geopolymeric products seriously variable (He 
2012). Such a database may identify additional parameters, and lead to familiarize the 
utilization of this material in many applications. 

In addition, durability studies under various and extreme conditions are needed to carry 
out to verify if RHA-based geopolymers are good for long-term function. It is a fact that 
the geopolymers are new materials, so their long-term behavior is still a mystery. This is 
likely one of the reasons why the geopolymers are not widely accepted by the industries  
so far. More efforts are necessary to demonstrate the geopolymer technology to industries 
since they are usually conservative in adopting new and innovative technologies and 
products that could replace existing ones. The geopolymer technology has the potential to 
go beyond making concrete; there could be possibilities in other areas of infrastructure 
needed by the community. 
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Appendix A: Particle size distribution 

 
Figure A.1 Particle size distributions of SF, RHA, CAC, and GGBFS. 
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Appendix B: Compressive strength 

Table B.1 Compressive strength of the RHA-based geopolymer mortars. 

Specimen 
Flow 

(mm) 

Compressive strength (MPa) 

2 

days 

7 

days 

28 

days 

56 

days 

91 

days 

120 

days 

D22CAC10N15 208 11.5 30.8 38.5 55.3 51.2 50.4 

D22CAC10K15 206 16.9 30.3 42.6 60.6 65.7 73.5 

D22GGBFS10N15 214 14.8 29.6 44.4 48.9 58.4 67.0 

D22GGBFS10K15 214 25.2 43.4 53.7 55.5 63.9 72.8 

 

Appendix C: Porosity analysis 

Table C.1 Total porosity and pore size percentage of the RHA-based geopolymer mortars. 

Sample  Age 
(day) 

Total 
porosity 
(%)  

Gel  
pores (%) 
(<0.03 µm) 

Capillary 
pores (%) 
(0.03-10 µm) 

Air  
pores (%) 
(>100 µm) 

D22CAC10N15 

7 21.1 18.4 1.3 1.4 

28 17.0 16.2 0.6 0.2 

91 20.3 17.7 1.2 1.2 

D22CAC10K15 

7 23.5 18.5 3.9 1.1 

28 19.4 15.1 1.5 2.9 

91 11.5 9.9 0.4 1.1 

D22GGBFS10N15 

7 19.2 10.7 7.7 0.9 

28 16.0 10.7 4.4 0.9 

91 15.2 9.3 5.1 0.8 

D22GGBFS10K15 

7 19.9 16.2 3.5 0.3 

28 15.9 15.4 0.1 0.5 

91 18.7 16.4 1.2 1.1 
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Table C.2 Total porosity and pore size percentage of the lightweight formed geopolymer 
mortars. 

Sample  Age 
(day) 

Total 
porosity 
(%)  

Gel  
pores (%) 
(<0.03 µm) 

Capillary 
pores (%) 
(0.03-10 µm) 

Air  
pores (%) 
(>100 µm) 

L22CAC10K15 28 28.2 15.4 9.0 3.8 

L22CAC10K15LECA 28 40.0 21.1 16.3 2.6 

L22GGBFS10K15 28 31.8 13.2 17.1 1.4 

L22GGBFS10K15LECA 28 34.6 18.6 12.7 3.2 

 

Table C.3 Total porosity and pore size percentage of the geopolymer mortars after 
immersed in pH 1 of sulfuric acid solution. 

Sample  Age 
(day) 

Total 
porosity 
(%)  

Gel  
pores (%) 
(<0.03 µm) 

Capillary 
pores (%) 
(0.03-10 µm) 

Air  
pores (%) 
(>100 µm) 

S22CAC10K15 28 13.7 7.6 2.8 3.3 

S22GGBFS10K15 28 12.8 5.1 6.0 1.8 

 


