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This thesis investigates the utilization of mineral wool (glasswool and rockwool) as precursor with metakaolin in 

geopolymerization. In 2015, mineral wool waste in Europe is estimated to be 2.4 metric tonnes, and it is currently 

landfilled. The utilization of this waste in geopolymer composites is one of the motivation towards this study. Indeed, 

addition of these mineral wools to metakaolin-based geopolymers matrices showed significant improvement in the 

mechanical properties.  

 

The literature section of this thesis describes the previous knowledge on geopolymerization, the materials used in 

geopolymer and the factors affecting the mechanical strength. In the experimental part, the first goal was to achieve 

mix composition with highest mechanical strength and also a workable paste of geopolymers. This was done with 

the following factors held constant: SiO2/Al2O3 = 3.8 and Na2O/Al2O3 = 1, and varying the following: H2O/Na2O 

from 10 to 13, SiO2/Na2O from 3.21 to 4.02, mineral wool/metakaolin mass ratio from 0–1, and water/binder (w/b) 

mass ratio from 0.42 to 0.55.  

 

The different mix compositions was calculated at varying substitution (10%, 20%, 30%, 40% and 50%) of metakaolin 

with mineral wool using both glasswool and rockwool in different matrices to determine the effect of mineral wool 

substitution on the properties of the geopolymer. Mechanical strength tests were done to determine the effects of 

mineral wool addition in the geopolymer. Results from the test shows maximum compressive strength of 33 MPa 

when 20% of the metakaolin was substituted with mineral wool. Further substitution was observed to reduce the 

mechanical properties of the geopolymer. 

 

Also, optimization of glasswool and rockwool in different compositional mixes was done to select a particular mineral 

wool to be used further in the course of the study. Glasswool precursor with metakaolin showed better compressive 

strength using the chosen SiO2/Al2O3 and Na2O/Al2O3 –ratios, compared to rockwool and was continued as the co-

binder with metakaolin during reinforcement with fibres. Additionally, during the investigation the matrices were 

cured at various temperatures (50, 60, 80 and 100 °C). Results showed best mechanical strength was achieved when 

the geopolymer matrices were cured at 50 °C.  XRD and TGA where used to characterize the behaviour of the raw 

materials and geopolymer samples and to verify geopolymer formations and its thermal stability respectively. 

 

Geopolymers in general during testing experiences brittle failure, this limitation can be corrected using fibre 

reinforcement. Geopolymer composites with glass, carbon and cotton/polyester fibres were investigated using a 

simple layering method. Data from these preliminary tests showed that cotton/polyester blend fibre exhibited better 

ductility and flexural strength than glass and carbon fibre.  
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SYMBOLS AND ABBREVIATIONS 

𝜌     Density 

𝜎𝐹  Flexural strength 

𝜎𝑐  Compressive strength 

˚C  Degree in Celsius 

A  Cross sectional area 

Al  Aluminium 

Al2O3  Aluminium oxide 

Al2O3.2SiO2  Hydrated metakaolin 

Al2O3.2SiO2.2H2O Unhydrated metakaolin 

ASTM  American society for testing and materials 

CaO  Calcium oxide 

CARG  Carbon reinforced geopolymer composite 

CDW   Construction and demolition waste 

CFRG  Cotton/polyester fabric reinforced geopolymer composite 

C-H   Carbon-hydrogen formation 

CO2  Carbon dioxide 

DI water  Deionized water 

EU  European Union 

Fe2O3  Iron (III) oxide 

FeO   Iron (II) oxide 

GGBFS   Ground granulated blast furnace slag 

GRGC  Glass reinforced geopolymer composite 

GW  Glasswool 

Hrs  Hours 

ICDD  International Centre for Diffraction Data 

K+   Alkali ions 

K2O + Na2O   Potassium oxide and Sodium oxide 
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kN/s  Kilo newton per second 

KOH  Potassium hydroxide 

MgO  Magnesium oxide 

MK or MT  Metakaolin 

MPa  Mega Pascal 

Mt.  Metric ton 

MT_50  Metakaolin composite cured at 50 degree in Celsius 

MW  Mineral wool 

N/A  Not available 

Na2SiO3  Sodium silicate 

 NaOH  Sodium hydroxide 

OH-   Hydroxyl ions 

P  Porosity 

PSD  Particle size distribution 

RW  Rockwool 

SEM  Scanning electron microscopy 

Si  Silicon 

SiO2  Silicon dioxide 

SRD  Synchrotron radiation diffraction 

TGA  Thermogravimetric analysis 

UCS  Unconfined compressive strength 

w/b   Water to binder mass ratio 

wt. %  Weight in percentage 

XRD  X-ray diffraction 

XRF  X-ray fluorescence  
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1 INTRODUCTION 

1.1 Background 

Geopolymers are inorganic materials that are synthesized from polymerization of 

aluminosilicate with an alkaline solutions. Its discovery has been as a result of research 

and studies into finding thermally (heat resistant), mechanically and environmentally 

suitable concrete composites and also to find an alternative for convectional Portland 

cement.  

Cement industry is a major contributor to the overall global CO2 emissions, according to 

Benhela et al. (2012: 142) the cement industry accounts for about 5-7% of global CO2 

emissions with one ton of CO2 released into the atmosphere during production of a ton of 

cement. The cumulative demand for concrete in growing industrialization and 

urbanization has led to studies into finding a substitute to cement in concrete production 

with less impact on the environment. 

Also, the need for the utilization of industrial waste materials such as fly ash, slags, 

mineral wools etc. has prompted the research for a better and greener alternatives as 

binder in concrete applications. Previously, most studied industrial waste materials used 

for geopolymer raw materials are fly ash and metallurgical slags. In this work, we explore 

the potential of mineral wool waste as a geopolymer raw material.  

However, geopolymers despite its appropriate properties for concrete applications 

experience brittle failure, this constraint can be subdued by using reinforcing materials 

such as fibres both organic (cellulose, cotton etc.) and inorganic (glass, carbon etc.). 

These fibres are readily available at low cost and also useful properties such as low 

density, stiffness, elasticity, specific strength and modulus (Alomayri et al. 2014b). In 

this study, the use of fibres such as cotton/polyester blend, carbon and glass fibres to 

reinforce geopolymer composite using metakaolin and mineral wool as precursors is 

being investigated. 
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Furthermore, the study is projected to achieve some of the ASTM standards for 

designation as seen in Table 1. 

Table 1. ASTM requirements for structural applications 

 

Notes: LB = load bearing non-exposed; *end construction use; **side construction use; 

SW = severe weathering; MW = moderate weathering; NW = negligible weathering, LBX 

= load bearing exposed; 

1.2 Structure of the Study 

The thesis is structured into different chapters to give the reader a comprehensive 

understanding of the research, the literature section gives introduction into the 

background of geopolymers and why the research is relevant, previous research done and 

introduction to the different materials used during the research. 

The experimental section details the processes, experimental setup, devices used and the 

chemical and physical composition of the materials. The results from all the analysis were 

discussed in the fourth chapter detailing each characterization methods used in analysing 

the geopolymer composites.  
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2 GEOPOLYMER 

This chapter provides a short review of relevant information on geopolymer composites 

and detailing previous studies in order to establish the fundamentals of this research study. 

2.1  Literature review 

Geopolymers – (also known in some literatures as ‘inorganic polymers’, ‘alkali-bonded 

ceramics’, ‘mineral polymers’, ‘alkali ash material’) - is a terminology used to describe 

the synthesis of an activator/alkaline solution with an aluminosilicate precursor (Provis 

and Van Deventer 2009). In the literature, fly ash, metakaolin, and metallurgical slags 

(which are rich in silica and alumina) are the main elements that have been used as 

precursors/starting raw materials in geopolymer matrix and their reactivity in an alkali 

activated solutions are well documented (Sabir et al. 2001; Duxson et al. 2005). 

In Fig. 1, the conceptual model for geopolymerization is described, it outlines the main 

synthesis involved in the alteration of an aluminosilicate precursor into a synthetic alkali 

aluminosilicate. These aluminosilicate precursors are mixed with an activating solution 

of sodium silicates/hydroxides (usually KOH or NaOH).  

The activator solution provides alkali ions, K+ and hydroxyl ions OH- which are 

responsible for the dissolution of the aluminosilicates which causes a reaction that 

produces a disordered alkali aluminosilicate gel. And contrasting from portland cement 

concrete synthesis, water is involved to provide an intermediary for the aluminosilicate 

reaction to happen and not to react with the aluminosilicates.  

 After the reaction is done, the water goes into the pores of the gel that is formed after 

sufficient dissolution happens and the aluminosilicates have undergone speciation to 

reach equilibrum, the gel restructures and forms a polymerized gel arrangement and 

strengthens. The last three reaction steps (gelation, reorganization and polymerization and 

hardening) as shown in Fig. 1 can follow concurrently (Duxson et al. 2007; Provis and 

Van Deventer, 2009; Kim 2012). 
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Figure 1: Reaction mechanism for geopolymerization. 

2.2 Precursors 

This section describes the various raw materials used in geopolymer matrix as precursors. 

These materials are typically waste or by-products from industrial production that exhibit 

cementitious properties when activated with alkali solution. It is important that these 

materials contains Si and Al in soluble form and in small particle size.   

2.2.1 Fly Ash 

Fly ash is used in various geopolymer synthesis as a precursor with other agents, it’s a 

by-product from the combustion of coal/and biomass with spherical like shaped particles. 

Fly ashes chemical composition is dependent on the type of fuel burnt and the combustion 

method, with reference to the chemical composition they are classified into class F (low 

Ca and high Al) and Class C (high Ca and low in Al). Class F usually used in geopolymer 

applications are low in calcium (Duxson 2009). 
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2.2.2 Metallurgy Slags 

Derived during metallurgy production as an industrial by-product of the melting 

processes, it chemical composition comprise of alloys of oxides; the foremost oxides 

composition in slags vital to concrete synthesises are SiO2, Al2O3, CaO, FeO and MgO.  

The commonly used slag in the structural applications is ground granulated blast furnace 

slag (GGBFS) an iron production by-product, its comparatively inexpensive to acquire, 

vastly resilient to chemical attack and exhibits excellent thermal properties. 

Its chemical composition is considerably dependable for usage in geopolymer synthesis 

due to quality control monitoring of slags chemical composition during blasting but may 

vary at different production locations owing to types of furnaces or ores of iron used in 

the blast (Duxson and Provis 2008). 

 Its comparative reactivity can also be mount up to its glass phase content, surface 

morphology and particle size distribution (particles below 2 µm react completely within 

a day time, while particles above 20 µm react slowly in alkali activated systems) (Duxson 

2009; Wang et al. 2005). 

Shi et al. (2006) reported the reactivity of various slags in alkali-activated solutions in 

relations to their workability, chemical composition, water demand, particle size, 

contraction etc.  

2.2.3 Metakaolin 

Metakaolin (MK) is obtained from the calcination of kaolinite clay mineral 

(Al2O3·2SiO2·2H2O), it’s an extremely reactive aluminosilicate material with a high 

surface area and a plate like particle form. Enclosed in Kaolin are hydroxyl ions that are 

attached to the aluminosilicate framework and whose structure can be changed by thermal 

treatment (temperatures between  550 °C - 850 °C), which as a result alter and reorganise 

the atomic lattice to form partially ordered structure of unhydrated metakaolin 

(Al2O3·2SiO2) with effective reaction to alkaline solutions.  
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Major chemical constituents of metakaolin are SiO2 (51% – 53%), and Al2O3 (42%-44%), 

other constituent exist in minimal fraction (Sanjay et al. N/A; Petermann et al. 2012). 

Metakaolin used in geopolymer synthesis varies according to different production sources 

in particle size, impurities concentration and crystallinity, also on the composition of the 

kaolin material used in production and the temperature at which calcination happens 

(heating kaolin more than 900 °C produces mullite), these aspects are paramount during 

the application of metakaolin in geopolymerization (Provis et al. 2009; Granizo et al. 

2007). 

Metakaolin is used in the construction industry as a component in concrete and Portland 

cement, it has good properties in this aspect to increase mechanical strength of concrete, 

durability and chemical attack resistance. Its high aluminosilicate content makes it a good 

element in geopolymer based composites.  

Metakaolin, when activated with an alkaline solution and water glass is effective in 

increasing strength in composite samples, sulphate attack resistance and durability. 

Granizo et al. (2007) concluded from their studies that the alkali activation of metakaolin 

with water glass and sodium hydroxide solution exhibits a greater mechanical strength of 

composite than with sodium hydroxide activation alone. Also that, the concentration and 

volume of the activator and the specific surface area of the metakaolin used influences 

the strength of the geopolymer. 

Generally, the use of metakaolin in geopolymer is partly due to its availability, it is an 

industrial mineral which can be acquired in a large amount with homogenous properties 

and also its production is environmentally friendly generating  80-90 % less CO2 than 

Portland cement (Rovnanik, 2010). 

2.2.4 Mineral wool 

Mineral wool (MW) is an umbrella term for rockwool, glasswool, mineral fibre, stone 

wool, and slag wool. Mineral wool is the most widely used insulation material in the 

World, and it has been recently been shown to act as a geopolymer precursor (Kinnunen, 

2015). There is currently no economical viable technology to recycle or reuse mineral 
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wool waste. In the European Union (EU), about 2.3 Mt of mineral wool waste is generated 

annually (Fig. 2), and significant amount of this ends up in landfill sites. Ecophon Oy, 

Finland the supplier of the glasswool used in this study generates 300 tons of this 

production waste yearly from its acoustic panel’s production. 

 

Figure 2. Estimated yearly mineral wool waste generation in EU27 countries (Väntsi, O. 

and Kärki, T. 2014). 

The reuse and recovery of these CDW has been taking up with the impending regulations 

outlined by the European Union; this regulation mandates EU countries to ensure 70% 

reuse, recovery and recycling of construction and demolition waste (CDW) waste by 2020 

(Directive 2008/98/EC of the European Parliament, 2008). 

The utilization of this aluminosilicate material in geopolymer is a meaningful option to 

reuse the mineral wool waste generated whose final composite product can be applicable 

in structural edifices. Good fraction of this mineral wool waste can be integrated to form 

geopolymer composite. These mineral wool act as a binding agent rather than fillers in 

geopolymer composites. 

Kinnunen et al. (2015) reported in their investigation, the utilization of up to 33% of 

rockwool co-binding with fly ash in geopolymer composites and obtaining a compressive 

strength of approx. 13 MPa. 
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The chemical composition of these materials made them an ideal precursors/cementitious 

binder in geopolymer, rockwool for example has a chemical composition of SiO2 (42%), 

Al2O3 (16.6%), Fe2O3 (11.3%), CaO (14.7%) MgO (12.2%), K2O + Na2O (2.1%) other 

constituents (1%). The usage in geopolymer has been discovered to have enhanced the 

compressive and flexural strength, and resistance to chloride-ion penetration of the 

geopolymer (Kinnunen et al. 2015; Cheng et al. 2011).  

Further investigation needs to be done on how various types of mineral wool substitution 

affects the geopolymer synthesis and also its micro and nano-structure and how these 

relate to the mechanical behaviour. 
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2.3 Activators 

To start geopolymerization synthesis, a chemical activator is a required to form the 

cementitious binder. Dissolution of the chemical constituents (i.e Al and Si) happens 

instantly when the alkaline activating solution interact with the aluminosilicate precursor. 

This alkali activator rapidly influence the precipitation and crystallization of the siliceous 

and aluminous species present in the binder solution, the alkali hydroxide ions acts as 

catalysts for the reactivity of the elements, while the metal cations help to form a 

structural element and stabilize the negative framework supported by the tetrahedral 

aluminium network (Petermann et al. 2012).  

While there exists various activators for geopolymers, common activators used in 

geopolymers are hydroxides of sodium and potassium (NaOH & KOH), these and other 

related activators are discussed in this section. 

2.3.1 Sodium Hydroxide (NaOH) 

Sodium hydroxide is widely used as an activator in geopolymerization synthesis, it can 

be sourced as an industrial waste and its use in geopolymer composite has an 

environmental sustainability motive. Also, its cheap with low viscosity and widely 

available to procure of all the alkali hydroxides used as activator, its popularity as an 

activator is furthermore partly due to its alkali cation (Na+) small size structure that can 

roam all through the paste network with minimal effort helping the introduction of zeolite 

into the matrix (Phair and Van Deventer, 2002; Provis et al. 2005b).  

The alkali metal cation provides charge balancing of the tetrahedral aluminium sites, the 

sufficiency of the alkali metal cation to charge balance affects the optimum properties 

obtained of the geopolymer, but not in excess abundance of the alkali metal cation in 

order to avoid efflorescence, excess alkali metals reacting with atmospheric CO2 to form 

sodium carbonate (Provis 2009; Komnitsas and Zaharaki, 2007). 

Compared with KOH, reviewed literature shows sodium hydroxide (NaOH) assisting in 

dissolution of aluminosilicates because of the small size of Na+ cation (Khale and 

Chaudhary 2007, Panagiotopoulou et al. 2007). And NaOH activated geopolymers 
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having greater compressive strength than KOH and also developed higher crystallinity 

and resistive to sulphates and acid attacks.  (García-Lodeiro et al. 2007; Abdul Rahim et 

al. 2015). 

2.3.2 Potassium Hydroxide (KOH) 

A more alkaline solution than NaOH, also exhibit zeolite formation but less crystallisation 

than metakaolin activated geopolymer, the alkali metal ion K+ encourages the dissolution 

of the silicates and have a tendency to increase polycondensation that increases the 

general strength of the composite. But while KOH due to its high level of alkalinity has 

better degree of dissolution, NaOH essentially holds a greater capability to release silicate 

and aluminate monomers, according to Panagiotopoulou et al. (2007), during activation 

of metakaolin using KOH and NaOH in separate matrix, almost 75% of the essential 

constituent (Si and Al) of the metakaolin precursor was released when activated with 

NaOH and 45% in the case of KOH. 

2.3.3 Sodium Silicate (Na2SiO3) 

Also known as water glass, sodium silicate is an important ingredient during geopolymer 

synthesis, it is not often used solely as an activator in matrix as it does not possess 

sufficient activation prospective to trigger geopolymer reaction unaided. It is rather 

utilized in addition with sodium or potassium hydroxide in geopolymer activation to 

enhance the alkalinity of the activator (Petermann et al. 2012). 

The water glass solution is available in different grades (powdered and liquid), the liquid 

solution is however efficient in geopolymerization with a higher performance than the 

powdered form. The ratio of the chemical constituent is also a factor in order to achieve 

good results, it was recommended in some studies SiO2 to Na2O mass ratio of 3.2 which 

is best appropriate for geopolymerization (Fernández-Jiménez et al. 2005; Petermann et 

al. 2012).  

Studies have shown geopolymers activated with soluble silicates and an alkali hydroxide 

produced significantly higher compressive strengths, greater inter-particle bonding of 

composites than geopolymers with just alkali hydroxides and no or low soluble silicates, 
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contrarily further research stated that under growing temperatures, composites with water 

glass reduce in strength while lone activator (NaOH or KOH) exhibits greater strength 

(Petermann et al. 2012). Fig. 3 shows typical raw materials and the activating solution in 

geopolymerization.  

 

Figure 3. Typical geopolymer starting materials (a) without mineral wool and (b) with 

mineral wool. 

 

 

 

 

 

Metakaolin (NaOH) Geopolymer paste DI Water 
Water glass  Mineral 

wool 

Metakaolin (NaOH) Geopolymer paste DI Water Water glass  

(a) 

(b) 
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2.4 Factors that affects the properties of geopolymer  

There are several factors that could influence the mechanical strength and other properties 

of the geopolymer matrix, these factors are discussed in this section. 

2.4.1 Chemical composition 

The chemical content ratio of the silicates and the aluminates in the overall mix has an 

important effect on the final geopolymer properties and so are the water to binder ratio 

and alkaline activator ratios.  

It has been studied how the composition ratios affect the mechanical strength of 

geopolymers. Barbosa V.F et al. (2000) studied the effect of varying molar ratio of all 

chemical compositions in matrix containing metakaolin activated by sodium silicate and 

NaOH, they concluded that ideal composition ratios are Na2O/SiO2 = 0.25, SiO2/Al2O3 = 

3.3 and H2O/Na2O = 10, molar ratio of H2O/Na2O = 25 were observed in their 

investigation to have decreased the mechanical strength. 

Also a study by Duxson et al. (2005), concluded that the maximum strength of 

geopolymer composite of metakaolin activated with NaOH and sodium silicate they 

studied was attained at SiO2/Al2O3 = 3.8 an increased in the ratio above 3.80 was observed 

to have slightly decrease the specimens compressive strength.  

To attain good strength and durability, various molar ratios as recommended by 

Davidovits (1999) based on his studying of zeolite chemistry are:  

 SiO2/Na2O = 1.85; 

 SiO2/Al2O3 from 3.5–4.5, Na2O/SiO2  from 0.2–0.48, Na2O/Al2O3 from 0.8–1.6; 

and 

 H2O/Na2O from 10–25. 

The varying optimum ratios gives evidence to the importance of reactive phase of the 

composing constituents than the molar ratio of the original constituent material, the 

original material used have varying amount of reactive aluminates and silicates. 

(Pacheco-Torgal et al. 2008). 
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2.4.2 Alkaline Activator Concentration and pH 

One of the critical factors in geopolymerization is the concentration of the activator 

irrespective of the types of activating solution used, activator concentration increment to 

an extent enhances the reaction rate (Petermann et al. 2012, Fernandez-Jimenez et al. 

1999).  

In metakaolin, an increment in molar concentration of NaOH results in significant 

increase in the amount of dissolved silicates (Panagiotopoulou et al. 2007), Luz Granizo 

et al. (2007) showed the effect on flexural strength, an increase in the activator 

concentration (Na increment) but excess activator concentration values (> 12 M) reduces 

the flexural strength, this according to the authors was due to crystallization formation of 

faujasite caused by surplus/unreacted sodium.  

Previous studies (Khale and Chaudhary 2007; Yusuf et al. 2014; Heah et al. 2013) have 

shown the influence of increasing activator concentration to an optimum level affecting 

the strength of geopolymer, while it is recommended that a higher concentration (in terms 

of molar) of alkaline activator enhance in increased strength of the mortar, an excessive 

concentration beyond the optimum limit can have a reverse effect on the mortar 

properties. 

Studies by Khale and Chaudhary (2007), showed good mechanical strength was achieved 

when the activating solution pH was between. Increasing the activating solution directly 

rises the pH which also as a result improves the rate of reaction. An improved degree of 

reactivity produces a thicker and durable matrix owing to less pores and unreacted 

elements, the viscosity of the matrix is also reduced which ensures easy workability of 

the geopolymer paste. 

A high degree of pH also enhances prevalence of minor chain oligomers and monomeric 

silicate that are readily reactive with soluble aluminium, lower concentration of 

monomers is achieved with lower pH levels (Khale and Chaudhary 2007; Petermann et 

al. 2012).  
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2.4.3 Curing 

Due to increase in reaction through heat, curing of fresh geopolymer is performed mostly 

at slightly elevated temperature. The duration of curing the geopolymer mortars and the 

temperature at which they are cured has an important effect on the mechanical strength 

of the final geopolymer product: 

Various researchers have studied how curing time and temperature affects the 

geopolymer, Fernandez-Jimenez et al. (1999) reported a decrease in strength of alkali 

activated slag (when the activator is made up of NaOH and Sodium silicate) when cured 

and a strength increase when the activator is just NaOH.  

Bakharev et al (1999) also reported an initial strength increment of alkali activated slag 

cured, but a decrease in strength as the curing time increases. However, the reduction 

according to Pacheco-Torgal et al. (2008) may be due to the formation of unreacted 

materials all over the slag particles with temperature increment.  

Kirschener and Harmuth (2004) reported having the maximum strength using alkali 

activated metakaolin cured at temperature 75 ̊ C for 4 hours. According to Van Jaarsveld 

et al. (2002), express curing or curing at high temperatures has a negative effect on the 

final product, with effects such as shrinkage reported.  

Criado et al. (2005) in the study of alkali-activated fly ash, recommended the sealing in 

plastic bags of the geopolymer matrix to reduce water loss by evaporation during curing, 

this helps in averting strength decrease and lowering of pH that are caused by water loss 

to evaporation (Pacheco-Torgal et al. 2008). 

Muñiz-Villarreal et al. (2011) investigated the effect of curing temperatures (30 ˚C, 40 

˚C, 50 ˚C, 60 ˚C, 75 ˚C and 90 ˚C) on compressive strength of a metakaolin-based 

geopolymer specimens, the specimens were cured in different curing temperature but the 

same curing time, the mechanical strength of the specimens increases with increasing 

curing temperature and peaked at 60 ̊ C (18 MPa), it however decreases at 75 ̊ C (14 MPa) 

and 90 ˚C (13 MPa), they observed the influence of a prime curing temperature at 60 °C 

which exhibits high compressive strength and low porosity. 



 

 

22 

This investigation is also confirmed by research done by Bing-Hui et al. (2014). In their 

investigation data as seen in Fig.4. They recorded optimum curing temperature at 60 ˚C 

and a compressive strength of 97.95 MPa after the metakaolin-based geopolymer 

specimen was cured for 7 days. 

 

Figure 4: Effects of curing temperatures on compressive strength (Bing-Hui et al. 2014) 

In alkali activation of fly ash, curing temperature is a vital phase due to the thermal barrier 

that has to be overcome for the synthesis to begin. At room temperature the reaction of 

fly ash is slow, therefore curing temperature above ambient temperature is required in fly 

ash geopolymers to attain a good mechanical strength. Fly ash unlike other precursors 

have a critical thermal barrier (Bakharev et al. 1999; Fernandez-Jimenez et al. 1999). 

From the literatures reviewed, it is evident that the properties of geopolymers are 

dependent on different factors which include curing temperature, precursor materials, 

curing time and alkaline activator used and its concentration.  

2.4.4 Water/Solid Ratio 

Water in cured geopolymers is not chemically bonded to the gel structure unlike in 

Portland cement (water is involved in hydration process in Portland cement). But simply 

enables workability and dissolution of the mixture in the course of specimen preparation. 
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The water leaves the hardened mortar over a period of time during synthesis, the amount 

of water content in geopolymer matrix can cause complications such as cracking and 

shrinkage due to pores formation (Provis et al. 2009; Rangan 2009).  

In this report, the water binder ratio is defined as the ratio of the total H2O content (extra 

water added, water used to prepare the activating solution) in the solution to the total solid 

content (precursor, and the solid elements in the activating solution; SiO2 and Na2O) in 

the matrix by mass.  

The water to solid ratio has a significant role on the properties of a geopolymer. Studies 

have shown geopolymers with a smaller amount of water/solid ratio exhibits greater 

strength gain, while geopolymer with higher water/solid ratio shows less strength gain 

but better workability (Vora and Dave 2013; Xie and Kayali 2013). 

Water as explained earlier does not bond in the chemical reaction but helps in the 

dissolution of the starting materials reacting constituents. Also ensuring the active ions 

and the alkali activation to move unhindered during gelation and reorientation. During 

polymerization and hardening of the composite as seen in Fig.1, unwanted water from the 

synthesis evaporates out of the geopolymer composite.  

The evaporation of this redundant water has to be done over a period of time by curing 

and not immediate, most geopolymer composites after casting are sealed to avoid open 

curing situations which might increase the rate of water loss from the synthesis thereby 

affecting the availability of water for the polymerization and increasing the porosity and 

reducing the mechanical strength of the geopolymer composite. 
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2.5 Fibre-reinforced geopolymer composites 

Geopolymers despite their good mechanical properties are susceptible to brittle failure, 

which can be improved by reinforcing the composite with fibres such as cotton, carbon 

or glass.  

Several investigations have been done on how addition of fibres and the 

dispersion/orientation in the composite mix influence the mechanical strength of 

geopolymers. Major improvement have been observed in the properties exhibited when 

compared to non-reinforced fibre geopolymer. These properties include increased 

flexural strength and fracture toughness (Silva and Thaumaturgo, 2003; Alomayri et al. 

2014a, Natali et al. 2011). 

The fibre content used in reinforcing geopolymer to some degree has an effect on the 

mechanical properties of the reinforced geopolymer. Alomayri et al. (2013) in their study 

using cotton fibre as reinforcement material, observed that the optimum fibre content 

exhibiting good mechanical strength was achieved at 0.5 wt% and an increment reduces 

the strength due to reduced workability of the fibres with the matrix which created cavities 

and fibre clusters. 

In another investigation, Alomayri et al. (2014a), using placement of cotton fibres in 

between multiple thin layers of geopolymer paste established that the flexural strength 

increases with increased layers (cotton fibres content). The increased cotton layers 

permits stress transfer amongst the cotton fibres and the matrix improving the flexural 

strength. Comparatively, the flexural strength increased from 8.2 MPa for a neat 

geopolymer used as reference to 31.7 MPa for the reinforced cotton fibre geopolymer.  

The orientation/dispersion methods used in reinforcing the geopolymer also plays a 

significant role in increasing the strength. The effect of fibre orientation (cotton fibres; 

vertical and horizontal) in geopolymer reinforcement on its mechanical properties was 

studied by Alomayri et al. (2014b). The authors observed that when the cotton fabrics are 

lined up horizontally to the direction of the force, it accommodates great load and 
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resistivity to deformation in contrast to vertical oriented cotton fibre reinforced 

geopolymer.  

Several reinforcing procedures of the geopolymer composites (Alomayri et al. 2014b; 

Welter, 2013; He et al. 2010) involves layer by layer unidirectional preparation of the 

fibre with geopolymer resin in a mould and to remove the entrapped air voids in the 

moulds. This ensures better penetration of the resins into the reinforcing fibre when the 

moulds are placed on a vibrating machine. Another procedure used in reinforcing 

geopolymer composite is by integrating short fibres in the mixer and mixed 

simultaneously with other precursors to form a homogenous matrix. Potential setback in 

this particular procedure is poor dispersion of fibres in the matrix, which can lead to fibre 

agglomeration and could lead to reduction in mechanical strength of the geopolymer 

(Alomayri et al. 2013).  

Amongst reinforcing fibres used in geopolymer composite, carbon fibres which possess 

high strength, low thermal expansion, and high modulus are widely used. It has been 

reported that inorganic reinforced composite matrix can withstand temperatures greater 

than 1000 °C without generating smoke. Carbon fibre reinforced composite retains about 

63% of its original strength after exposure to 800 °C. Several organic fibres used in 

composite reinforcement loose strength and ignite at temperatures between 400-600 °C 

which is not acceptable in high fire resistant applications, their end-use are in less fire 

resistive demanding structural applications (Papakonstantinou and Balaguru, 2006). 

In this study, reinforcement of geopolymer composite with fibres (cotton/polyester, 

carbon and glass fibres) in unidirectional were studied. 
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3 MATERIALS AND EXPERIMENTAL METHODS 

3.1 Geopolymer matrix system  

3.1.1 Starting materials 

The geopolymer matrix was prepared using metakaolin achieved by calcination of kaolin 

at 750 °C for 12 hrs and mineral wool as seen in Fig.5. Both materials are the 

aluminosilicate source in the synthesis. Other materials used during the geopolymer 

synthesis includes sodium hydroxide pellets (> 99% purity from several suppliers), 

sodium silicate solution (Zeopol 25) with chemical composition of, 42.25% SiO2, 17.34% 

Na2O and 40.04% water by mass. Starting materials used also includes micro silica and 

deionised water. 

 

 

Figure 5. Optical images of starting materials: (i) Rockwool (ii) Metakaolin and (iii) 

Glasswool. 

2 mm 

(i) 

2 mm 

(ii) 

2 mm 

(iii) 
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The width and length of both glasswool and rockwool as determined using optical 

microscopy was roughly 12 µm and 1 mm respectively.  

 

The kaolin/metakaolin was supplied by Aqua minerals Oy, Finland, and the rockwool and 

glasswool was supplied by Paroc panels Oy, Finland and Ecophon Oy, Finland 

respectively. The chemical composition of the precursors as determined using x-ray 

fluorescence is shown in Table 2. The particle size distribution of the metakaolin analysed 

using laser diffraction particle size analyser (LS 13320 Beckman Coulter, USA) is 

represented in figure 6. 

Table 2. Chemical composition of metakaolin and mineral wool, as determined by 

XRF.  

Oxide (wt. - 

%) CaO SiO2 Al2O3 Fe2O3 Na2O K2O MgO P2O5 TiO2 SO3 

Rockwool 14,7 42 16,6 11,3 1,6 NA 12,2 NA NA NA 

Metakaolin 0,10 51,78 38,27 1,86 0,17 2,27 1,13 0,11 0,09 0,10 

Glass wool 8,53 47,05 3,81 0,41 10,39 0,52 1,75 0,59 0,67 0,31 

 

 

 

Figure 6: The particle size distribution (PSD) of the AQM metakaolin 
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3.1.2 Reinforcing fibres 

To investigate the behaviour and properties of geopolymer composites, woven fibres were 

used to reinforce the geopolymer matrix.  Fibres under investigation were glass fibres, 

cotton/polyester blend, and carbon shown in fig. 7. An outline of the fibres used in this 

experiment is shown below in Table 3. 

 

Figure 7. Appearance of the reinforcing fibres when captured under optical microscopy 

(i) Cotton/polyester (ii) Glass fibre (iii) Carbon fibre 

 

2 
mm 

(i) 

2 mm 

(ii) 

2 mm 

(iii) 

2 mm 
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Table 3. Examined fibres and available properties as detailed by the supplier 

                 Fibre Supplier Type Density (g/m2) 

Carbon fibre unidirectional 

fabric with bonded weft 218g 

12k 0.5m wide 

Composite4U Ready-made 

material 

218 

Glass fibre woven roving 300g 

plain weave 1m wide 

Composite4U Ready-made 

material 

300 ± 5% 

Cotton fabric fibre (65 % 

polyester and 35 % cotton) 

Lindström Waste 

material 

210 - 245 

 

3.2 Composition and fabrication of unreinforced specimens. 

The task in this section was to optimize the molar and mass ratios of different mix 

proportions and assess their workability during fabrication. Some molar ratios were kept 

constant in all mix categories, these includes: SiO2/Al2O3 = 3.8 and Na2O/Al2O3 = 1, 

while these varied: SiO2/Na2O from 3.21 to 4.02, H20/Na20 from 10 to 13, mineral 

wool/metakaolin mass ratio from 0–1 and water/binder (w/b) mass ratio from 0.42-0.55. 

Preliminary studies was done on various composition mixes: Mix C1-C4, D1-D4, E1-E4, 

F1-F4 and G1-G4 to determine the most suitable mix (workability, mechanical strength 

etc.) for further investigation. The composition mixes varies as stated in the last 

paragraph, for example G1, G2, G3 & G4 varies in water/binder mass ratio but constant 

SiO2/Al2O3 and Na2O/Al2O3 molar ratio and mineral wool/metakaolin mass ratio. The 

preliminary studies matrix were cured in different temperatures between 50 and 100 °C 

 After series of analysis Mix E3, F3 and G3 were chosen for the next round of analysis, 

below in Table 4 & Table 5 the composition data and the molar ratios for the selected 

mixes using rockwool and glasswool respectively.  
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During fabrication of the geopolymer paste, some mix compositions paste were not 

casted. This was as a result of their less workability, while some were casted and 

mechanically tested but because of their low mechanical strength were not considered for 

further analysis.  

The ratios calculation in this thesis was done by calculating the total mass content of each 

chemical constituent in the starting materials and the molar ratios were calculated on the 

assumption that the chemical constituent were 100% soluble during synthesis.  

Table 4. Detailed mix proportions and calculated molar ratios of selected mixes using 

rockwool (RW) 

 RW30% RW20% RW10% 

Zeopol mass [g] 250 261 270 

NaOH 100 % mass [g] 30 33 34 

Water mass [g] 30 30 30 

Microsilica mass [g] 17 27 39 

Metakaolin mass [g] 182 208 234 

Rockwool (PP) mass [g] 78 52 26 

SiO2/Al2O3 [molar ratio] 3,80 3,79 3,81 

Min wool/ metakaolin [mass ratio] 0,43 0,25 0,11 

Na2O/Al2O3 [molar ratio] 1,00 0,99 0,95 

SiO2/Na2O [molar ratio] 3,80 3,83 4,02 

H2O/Na2O [molar ratio] 11,99 11,67 11,71 

w/b [mass ratio] 0,50 0,49 0,49 

 

Table 5. Detailed mix proportions and calculated molar ratios of selected mixes using 

glasswool (GW) 

  MT0% GW30% GW20% GW10% 

Zeopol mass [g] 360 180 280 320 

NaOH 100% mass [g] 33 22 22 28 

Water mass [g]  50 5  - 

Microsilica mass [g] 30  - -  15 

Metakaolin mass [g] 260 182 208 234 

Glasswool (PP) mass [g]  78 52 26 

SiO2/Al2O3 [molar ratio] 3,81 3,81 3,80 3,81 

Min wool/ metakaolin [mass ratio] 0,00 0,43 0,25 0,11 

Na2O/Al2O3 [molar ratio] 1,00 1,00 1,00 1,01 

SiO2/Na2O [molar ratio] 3,82 3,79 3,78 3,77 

H2O/Na2O [molar ratio] 11,93 11,63 11,59 11,54 

w/b [mass ratio] 0,53 0,49 0,50 0,51 
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For a comprehensive mix proportions and testing results, see Appendix 2 & 3. 

 Each unreinforced and reinforced geopolymer composite were prepared with an alkaline 

solution of sodium silicate (Na2O3Si) which was mixed with sodium hydroxide (NaOH) 

pellets using magnetic stirrer and in some mix with micro silica. They were prepared a 

day before the experiment, this was done to allow equilibrium and cooling of the 

exothermic solution to room temperature.  

The alkaline solution was stored in a plastic container after mixing. Glass containers were 

avoided, due to risk of dissolving glass.  

In the mix proportions where glasswool was used instead of rockwool, the glasswool was 

pre-treated before it was used in the fabrication. The binders used in the formation of the 

glasswool were first handpicked and separated from the glasswool and then the separated 

glasswool was blended using a Waring laboratory blender (GWB, USA), this was done 

to disperse the fibres of the glasswool before mixing with metakaolin and the activating 

solution.  

The metakaolin sample and mineral wool were first added and mixed together in a 

Kenwood mixer at low speed for 3 min until the mixture becomes partially homogenous. 

Then followed with the addition of the alkaline solution into the mixer, the speed was 

maintained for another 3 min, after which the walls of the mixer was scrapped to ensure 

mixing consistency. Mixing was then continued for another 3-4 min on high speed before 

the matrixes were cast in the silicone moulds.  

3.2.1 Casting and processing of specimens 

The matrix paste was cast in square silicone moulds of 35 mm × 35 mm and rectangular 

silicone moulds of 48 mm × 27 mm × 10 mm created for compressive and flexural testing 

respectively, and then vibrated on Vovtex-Genie 2 vibrating machine (Prolab Oy, 

Finland) for 2-3 min.  
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Each specimen were sealed in plastic bags to avoid loss of water during curing and cured 

at temperatures 50 ºC, 60 ºC, 80 ºC and 100 ºC for 48 hrs and for 24 hrs at room 

temperature before they were mechanically tested. In the preliminary investigation, 

curing temperature varying between 50 to 100 ºC were undertaken in relationship with 

the mechanical strength to ascertain an ideal curing temperature for the specimens. 50 ºC, 

60 ºC, and 80 ºC were chosen for the next stage of analysis to further examine the ideal 

curing conditions for the specimen.  

Fig. 8 shows the casting of the geopolymer paste after mixing in squarely shaped silicon 

moulds before it was cured in the oven. Fig. 9 shows unmoulded samples of geopolymer 

from moulds after curing. The samples in the figure were casted for both compressive and 

flexural testing. 

 

Figure 8. Fabrication of unreinforced geopolymer composite in cubic moulds in 

preparation for curing and compressive strength. 

The goal in this aspect was to find out the matrix with the highest compressive and 

flexural strength and equally workable matrix for further analysis. During the matrix 
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preparations, the geopolymer paste was visually analysed to ascertain its workability and 

with the mechanical strength testing results. The mix composition with 10%, 20% and 

30% mineral wool content was chosen for further consideration.  

To test the suitability of glass wool for geopolymerization, mixes GW10%, GW20% and 

GW30% were prepared substituting rockwool with glasswool. The workability and 

mechanical strength under different curing temperatures were analysed for these samples 

as well.  

 

Figure 9: Unmoulded samples of unreinforced geopolymer after curing 
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3.3 Composition and fabrication of crude fibre reinforced 

specimens 

From the second stage tests of unreinforced composites done in the previous sections, 

GW20% and GW30% were chosen for further study by fibre unidirectional 

reinforcement. 

They were chosen because of their mix proportions which maximised the use of glasswool 

in the binder and yielded also considerable compressive and flexural strength. Curing 

temperature of 50 ºC for 48 hours and 24 hours in room temperature had considerable 

mechanical strength results in previous experiments and was chosen for the continuation 

of the investigation.  

The main goal in this stage was to define the mechanical and microstructural performance 

of each mixture (GW20% and GW30%) when reinforced with fibres, which in this studies 

are cotton/polyester, glass and carbon fibres. The preparation of the specimens and 

characterization methods are presented in the following sections. 

3.3.1 Casting and processing of reinforced specimens 

The geopolymer binder was prepared in the same manner as before with the mix 

proportions of GW20% and GW30% as seen in Table 3. To ensure workability over an 

extended fabrication time of the binder with fibres the mixing time was increase which 

thus reduced the viscosity of the binder, also during intervals the binder paste was mixed 

to ensure reduction in setting time of the binder.  

Fabrication time for unreinforced specimens varied between 30 to 40 minutes. For 

reinforced specimens it was between 60 and 90 minutes, each fibre reinforcement was 

prepared by cutting into shape of 64 and 30 mm rectangles. 
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Figure 10. Crude fibre (carbon) reinforcement of the geopolymer sample 

Small amount of the geopolymer binder was then used to layer each fibre sample on both 

sides using a roller as seen in Fig. 10. The fibres were layered in between the geopolymer 

paste, trimmed and sealed in a plastic bag. Each sample was five layers thick.  The 

samples were cured in the oven at 50 ºC for 48 hours and stored at room temperature for 

24 hours before testing.   

For each reinforced composite, the fibre and the geopolymer binder ratio by mass was 

calculated, varying between approximately 6 to 15 % of fibre content in the composites. 

The inconsistency in mass content was due to the variability in the sample preparation 

and the varying mass of the different fibres. 

3.4 Characterization methods 

3.4.1 X-ray diffraction (XRD) 

Siemens D500 x-ray powder diffractometer (Siemens AG, Germany) configured with Cu- 

Kα radiation was used to collect the diffraction patterns by matching diffraction patterns 

to the ICDD (The international Centre for Diffraction Data 2006) database using EVA 

2.0 software in order to identify the crystalline phase formation in the selected 
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geopolymer samples. The diffraction pattern of each sample was derived using a 

wavelength of 40 mA, step interval 0.04°/step, count step of 2.5 s/step and angle interval 

range of 10-60°. Each sample was prior to analysis prepared by grinding into fine pieces. 

3.4.2 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) using PrepASH (PrepASH 129 Precisa, Switzerland) 

was carried out for the glass, carbon and cotton fibres, metakaolin, glasswool, 

unreinforced geopolymer GW20% and GW30% and fibre reinforced geopolymer 

composites under atmospheric conditions.  

The temperature range scanned between 24 ℃ and 1100 ℃. The weight of all specimens 

was maintained under 9.8 g. The geopolymer composite samples were prepared by cutting 

into pieces before each was filled into the crucibles. 

3.4.3 Density, porosity and pH. 

Both density and porosity calculation were executed to determine the properties of the 

geopolymer composites. The bulk density of the matrix was calculated using the 

dimensions and the weight of the composite bars using the formula in equation (1).  

𝜌𝐵 =
𝑀

𝑉
      (1) 

Where  M is the mass of the composite bar in grams (g), 

  V is the volume of the composite bar (cm3) and  

  𝜌𝐵 is the bulk density in g/cm3. 

   

While the true density (𝜌𝑇) in g/cm3 was obtained using helium gas pyconometer 

(Micromeritics AccuPyc II 1340, USA).  

Porosity (P) for each selected samples was determined using equation (2). 

  

𝑃 = 1 −  
𝜌𝐵

𝜌𝑇
      (2) 
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Where  𝜌𝐵 is the bulk density in g/cm3 and 

  𝜌𝑇 is the true density in g/cm3. 

The porosity can also depicted in percentage multiplying the value P by 100.  

 

The pH of the geopolymer composites was determined using pH/conductivity meter 

(Accumet model 20, USA), the selected samples were grinded to fine pieces (roughly 

under 2 mm pieces) and 10 g of this grinded piece was mixed in 200 g of DI water and 

allowed to leach for 30 s before the degree of alkalinity was measured.   

3.4.4 Mechanical properties 

The compressive strength test was carried out using Zwick Z100 material testing machine 

(Zwick Roell Group, Germany) with maximum load capacity of 100 kN at a compressive 

speed of 2.4 kN/s. Flexural tests (three point bending mode) was also carried out over a 

supported span of 40 mm with a centre-point load using the same testing machine at a 

speed of 0.05 kN/s as shown in Fig. 11a and 12. Before testing, the geopolymer composite 

sample surfaces were polished flat with a sandpaper for a balance force impact on the 

sample. 

 

Figure 11: Mechanical testing of geopolymer matrixes, (a) Three point bending test and 

(b) compressive strength test 

(a) (b) 
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The unconfined compressive strength (UCS) of the cube specimen was calculated using 

equation (3): 

𝜎𝑐 =
𝐹

𝐴
      (3) 

Where   𝜎𝑐 is the compressive strength (MPa), 

F is the maximum load at crack point (N), 

A the area of the square specimen (m2), 

 

The flexural strength of the rectangular bars (fig. 11a & 12) was calculated using equation 

(4) adapted from SFS-EN 196-1. 

𝜎𝐹 =  
3𝐹𝑑

2𝑏𝑥2
       (4) 

Where  𝜎𝐹  is the flexural strength (MPa), 

  F is the maximum load at crack point (N), 

d is the length of the support span (mm), 

b is the width of the sample (mm) and, 

x is the thickness of the sample (mm). 

 

   

Figure 12: Three (3) point bending beam for flexural test. 

3.4.5 Water absorption test 

Water absorption test was done to determine the rate of water absorption by the selected 

geopolymer composites. All the selected samples were pre-dried in the oven at 105 °C 

for 48 hrs and then weighed (Md), they were then immersed in water for 72 hrs.  

The water saturated geopolymer sample was then removed from the water and dried with 

a damp cloth before they were all weighed (Mw) separately.  

F 

x 

d 
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Water absorption (Wm) was then calculated in percentage using equation (5) below. 

𝑊𝑚 
= 

(𝑀𝑤− 𝑀𝑑)
𝑀𝑑

⁄
. 100     (5) 

3.4.6 Optical microscopy 

Optical microscopy images of the selected geopolymer samples was taken using Leica 

optical microscope (Leica IM50, Leica microsystems, UK). The fractured surface and the 

outer surface of both un-reinforced and reinforced geopolymer samples were analysed. 
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4 RESULTS AND DISCUSSION 

The result of this study is presented in two sections, the first section presents the analysis 

of the investigation of unreinforced geopolymer specimens and the basis in choosing the 

geopolymer mixtures for further characterisation and reinforcement. The second part 

presents the results of the fibre reinforced geopolymer composites. The below paragraphs 

shows the detailed undertakings in the study: 

 Optimizing the mixture proportions and the workability of each mix;  

o Constant molar ratios 

 SiO2/Al2O3 = 3.8  

 Na2O/Al2O3 = 1 

o Variables  

 SiO2/Na2O  from 3.21 to 4.02 

 H2O/Na2O from 10 to 13 

 Mineral wool/metakaolin mass ratio from 0 to 1. 

 Compare metakaolin geopolymer with metakaolin/mineral wool geopolymer 

(rockwool & glasswool); 

 Optimize curing temperature for mineral wool geopolymer matrix; 

 Test the suitability of the geopolymer for fibre reinforcement;  

 Determining the mechanical properties (flexural and compressive strength) of 

each specimen; and 

 Analysis of pH, density, porosity, and microstructure 

4.1 Optimizing metakaolin constituent in geopolymer with 

mineral wool (glasswool and rockwool) and its relationship 

with mechanical strength and curing temperature. 

One of the aims of this study was to investigate the utilization of mineral wool waste 

materials in the synthesis of geopolymer composites as a co-binder in the composite, and 

verifying the effect of its addition on the mechanical strength and density of the 

geopolymer composite. As seen in Fig. 13, MT0%_50°C is a geopolymer with metakaolin 
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precursor, while GW30%_50°C and RW30%_50°C are metakaolin geopolymers with 

glass wool and rockwool as precursors respectively. Both mix composition is as seen in 

Table. 4 & 5 and all cured at 50°C.  

 

Figure 13. Flexural strength graph of selected geopolymer matrices 

 

The addition of mineral wool to the matrices (RW20%_50°C and GW20%_50°C) can be 

deduced to have induced significant changes to the mechanical properties of the 

geopolymer composites by increasing flexural strength and ductility. It also modifies the 

fracture behaviour of the composites from brittle failure as experienced by MT0%_50°C 

to a more ductile pattern with GW30%_50°C and RW30%_50°C.  

The three geopolymer samples compared in Fig. 13 had constant SiO2/Al2O3 and 

Na2O/Al2O3 molar ratios but varying mineral wool/metakaolin mass ratio, see Table 5. 

Typical crack pattern of an unreinforced geopolymer matrix is as seen in Fig. 14. 
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Figure 14. Picture of a cracked geopolymer composite surface after flexural test. 

The effects of glasswool and rockwool content as precursors with metakaolin and curing 

temperature on the mechanical strength of geopolymer composites are shown in Figs. 15 

to18.  

Fig. 15 graph shows that the compressive strength of the metakaolin/glass wool 

geopolymer composites increases with increasing  glass wool content of up to 20 wt.%, 

in the matrix and then decreases thereafter from 30 wt.% addition of glass wool in the 

matrix.  

Also the curing temperature effect on the composite showed increase in the compressive 

strength as curing temperature decreases, with the highest compressive strength recorded 

at 50 °C. The reduction in compressive strength of the geopolymer composites with 

increased temperature might be connected with the elevated surface energy of the gel as 

evaporation occurs. From the pores of the gel, water is released causing dry out and partial 

collapse of the porous gel linkage (Bernal et al. 2012; Kong et al. 2008). 

0,5 mm 
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Figure 15. Compressive strength graph as a function of glasswool/metakaolin mass ratio 

 

The flexural strength relationship with the amount of glass wool in the geopolymer 

composite was in this study not conclusive because of varying results as the amount of 

glasswool is increased and cured at 50 and 60°C. Nonetheless, the highest flexural 

strength was achieved at 20 wt.% of glass wool when the composite was cured at 80°C.  

However, compared with metakaolin geopolymer (MT0%) in Fig. 16, the 

metakaolin/glass wool geopolymer had better flexural strength at each corresponding 

wt.% (10, 20 & 30) compared to MT0%. 

 

Figure 16. Flexural strength graph as a function of glasswool/metakaolin mass ratio. 
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Similarly with metakaolin/rockwool geopolymer composites in Fig. 17, the compressive 

strength tends to increase with increasing content of rock wool in the matrix; up to 20 

wt.% of the precursor’s total mass. With the only exception when the composites was 

cured at 80 °C, which had better UCS at 30 wt.% of rockwool than at 20 wt.%.  

Further increment of rockwool more than 20 wt.% of rockwool in the 

metakaolin/rockwool mix composition for matrixes cured at 50 and 60°C decreased the 

compressive strength. Similarly further increment more than 30 wt.% of rockwool cured 

at 80°C decreases the compressive strength. 

The equal amount of metakaolin (50wt.%) and rock wool (50wt.%) in the geopolymer 

matrix (RW50%_80°C) resulted in same compressive strength of 11 MPa with MT0% 

but a better flexural strength of 7 MPa for RW50%_80°C to 3 MPa for MT0%. (See 

appendix I for RW50% mix composition). 

  

 

Figure 17. Unconfined compressive strength of geopolymers with varying rockwool 

substitution. 
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In Fig. 18, the flexural strength tends to increase when the rockwool content in the 

geopolymer matrix was increased up to 20 wt.% for composites cured at 50 & 60 °C and 

decrease when the rockwool content is increased more than 20 wt.%. 

 

Figure 18. Flexural strength graph as a function of rockwool/metakaolin mass ratio 

 

Furthermore, mechanical strength decrement in both rockwool and glass wool/metakaolin 

geopolymer composites with increasing mineral wool content in the matrix might be as 

result of the difficulty in mixing the high content of the mineral wool in the alkaline 

activator and incomplete or partial dissolution of the mineral wool.  

While the boost in strength may be attributed to the good dispersion of the mineral wool 

fibres throughout the matrix helping to increase the homogeneity and adhesion between 

the precursors.  

For further mechanical properties comparison, the graph below (Fig. 19) shows the 

variation of the fracture behaviour of composites during flexural test at different 

temperatures. At elevated temperature (80 °C) the composite experienced brittle failure 
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pattern and a ductile pattern at low temperature (50 °C). This shows the influence of 

curing temperature on the behaviour of the composite during mechanical testing.  

  

Figure 19. The fracture pattern of GW30% cured at different temperatures.  

 

Overall, glasswool optimization in the geopolymer matrix showed significant mechanical 

strength and was chosen for further investigation. Optimum curing temperature at 50 °C 

seems ideal for further geopolymer curing as it improved the compressive strength of the 

sample and was also chosen for further investigation.  
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4.2 Relationship of curing temperature, glasswool/metakaolin 

optimization with density, porosity, geopolymerization and 

mechanical strength. 

The bulk density and porosity of some selected geopolymer matrixes are shown in Table 

6, the relationship of glass wool addition in the geopolymer matrix on density and porosity 

and also the curing temperature effect is analysed in this section, pure metakaolin 

geopolymer was used to compare composites to understand the physical behaviour of the 

selected samples.  

Table 6. Calculated densities and porosities of selected geopolymer composites 

Curing 
temp. 
(C)  

Glass 
wool (%) 

Metakaolin 
(%) 

True 
density 
(g/cm3)  

Bulk Density 
(g/cm3) 

Porosity 
(%) 

UCS 
(MPa) 

Flex. 
Strength 

80 0 100 2,21 1,8 18,81 11 ± 1,1 3 ± 1,2 

60 0 100 2,21 1,84 17,09 17 ± 1,4 7 ± 0,1 

50 0 100 2,13 1,86 13,04 14 ± 2,2 5 ± 1,0 

80 20,0 80 2,31 1,67 27,78 22 ± 2,0 14 ± 3,2 

60 20,0 80 2,18 1,8 17,47 24 ± 6,9 8 ± 0,1 

50 20,0 80 2,25 1,85 18,06 33 ± 3,6 8 ± 0,3 

80 30,0 70 2,26 1,5 33,63 23 ± 2,6 9 ± 0,7 

60 30,0 70 2,22 1,74 21,88 15 ± 2,3 8 ± 0,4 

50 30,0 70 2,19 1,86 15,29 27 ± 2,8 9 ± 0,2 

 

From Table 6, porosity value of the selected samples varied as a function of temperature 

and the amount by wt.% of glass wool in the geopolymer composites (Fig 20). Also, bulk 

density of each composite sample increases with reduction in temperature. 

From Fig. 20, it can be deduced that the wt.% blends of glasswool and metakaolin in the 

geopolymer composites affects the porosity of the samples, this deduction was done in 

comparison with metakaolin geopolymer composites (MT0%).  

Metakaolin geopolymer composites at each respective curing temperatures had the lowest 

porosity compared to glass wool/metakaolin geopolymer composites. Therefore, it can be 

hypothesized that the increment of the glasswool content in the geopolymer composites 

increases porosity. This is most likely due to entrapped air in between the undissolved 
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fibres of the glass wool, and could therefore be fixed by better rheology and mixing 

methods. 

 

Figure 20. Graphical representation of porosity, curing temperature and glass wool 

content. 

 

Also, the curing temperature of the composites had effects on the level of porosity, an 

increase in the curing temperature was observed to have increases the porosity of the 

geopolymer composite, see also Fig.33.  

Which is understood to have partly been as a result of the prompt loss of water from the 

matrix generating the development of micro-cavities which directly leads to increase 

porosity (Muñiz-Villarreal et al. 2011).   

Metroke et al. (2010) deduced in their investigation of curing conditions on the porosity 

characteristics of metakaolin-fly ash geopolymers, that the porosity that occurs in 

geopolymer are anticipated as an outcome from free Al(OH)4- ions condensation with 

silicate to obtain Si-O-Al bonds. And likewise as a result of silicate-silicate condensation 

to form Si-O-Si bonds.  
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Somewhat surprisingly, there was no correlation between UCS and porosity of the 

samples (In Fig. 21). Which would suggest that samples with higher porosity need to have 

stronger matrix in order to achieve the same UCS as samples with lower porosity. 

 

Figure 21. Graphical representation showing the relationship between porosity and UCS 

 

However the relationship between porosity and flexural strength showed a slight positive 

correlation, Fig. 22. An increase in porosity was found to have increased the flexural 

strength, which is a counter-intuitive result, which may be a result from the fibrous nature 

of the mineral wool additives. These results may be of importance when fabricating 

geopolymer composites with high porosity and flexural strength. 

 

Figure 22. Graphical representation of porosity as a function of flexural strength. 

Further investigation need to be done on what fuels the increment of flexural strength 

when porosity level of the geopolymer composite increases.  
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In Fig. 23, the relationship between the geopolymer composites porosity and bulk density 

showed relative trend in characteristics. Bulk density of the selected samples reduces as 

porosity increases, this obeyed equation (1), bulk density of a sample is defined as the 

division of mass of a sample over the volume (which includes inter granular pores). 

Therefore, bulk density decreases when the particle and pore void volume of the sample 

increases. This is a natural results considering that the true density did not differ 

considerably between samples (Table 6).   

 

Figure 23. Graph representation of bulk density versus porosity. 
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4.3 Optimizing fibre reinforcement in geopolymer composite. 

Flexural strength tests is commonly used to characterise the mechanical properties of 

reinforced materials as they provide a simple way of defining the bending and ductility 

response of the composite (Abanilla et al. 2006). The strength test as seen in Fig. 24 

shows the flexural strength of cotton/polyester fabric, glass and carbon fibre reinforced 

geopolymer composites and unreinforced geopolymer flexural strength for comparison.  

Unless indicated otherwise, the below parameters applies to all specimens in this section: 

• Matrix composition: GW30% and GW20%  

• Fibre volume content: Approx. 6 - 15 % 

• Curing: 50°C and 48 h (sealed), 24 h ambient curing 

• Test method: Three-point bending 

• Testing pivot span: 40 mm 

  

Figure 24. Flexural strength of reinforced and unreinforced geopolymer composites  

 

The thickness of each sample varies according to the fibre used in reinforcing the 

geopolymer. Glass fibre reinforced composite was the thinnest, which might be as a result 

of the lower density of the fibre which enables better binder impregnation.  
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In Fig. 24 above, the composites reinforced with cotton/polyester fabric exhibited the 

highest flexural strength of all the composites at 27 MPa and 16 MPa for GW20%_RF 

and GW30%_RF respectively. Also the cotton/polyester fabric reinforced geopolymer 

composites (CFRG) during testing did not experience brittle failure and at peak load did 

not break completely bridging the crack propagation. 

 

This result can be explained with the microstructure images in Fig. 35, it depicts good 

permeation of geopolymer paste into the yarns of the cotton bundle of the fabric which 

are finely distributed in the paste, thus enhancing adhesion between the cotton fabric and 

the geopolymer composite ensuring stress transfer and better flexural strength.  

Also, the elasticity properties of the cotton/polyester fibres might have contributed to the 

ductile behaviour of the reinforced composite during testing. 

 

Related outcomes in the interaction of the fabric and the matrix have been reported by 

Alomayri et al. (2014a) in the determination of the synthesis and mechanical properties 

of CFRG.  

 

The use of carbon fibre and glass fibre in reinforcing geopolymer composites did not 

result in increase of the mechanical strength, which is most likely an artefact of the 

preparation method. It may also be due to relatively weak bonding between the fibre and 

the geopolymer matrix. The poor bonding resulting in delamination of the fibre and the 

matrix was also evident in the brittle behaviour of the carbon fibre reinforced geopolymer 

composite. 

 

An inclusive comparison is shown in Fig. 25, to compare the reinforcement of 

geopolymer composites and the unreinforced geopolymer matrix. The graph shows the 

stress pattern during flexural testing of the samples. Reinforced composites exhibited 

better ductility compared to unreinforced geopolymer matrices as seen from the graph.  

This shows the effect of fibre reinforcement on the stress behaviour of the geopolymer 

composites. 
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Figure 25. Stress curve of unreinforced and reinforced geopolymer composites.   
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4.4 X-ray diffraction 

X-ray diffraction pattern indicated the presence of amorphous structure of geopolymer. 

The X-ray diffraction patterns of the mineral wool (rockwool and glass wool) used is as 

shown in Fig. 26. The diffraction pattern for the mineral wool indicates complete 

amorphous structure for the materials. Rockwool achieved highest peak centred at 30° 2θ 

and glass wool highest peak centred at 25° 2θ. 

 

Figure 26. XRD patterns of rockwool and glass wool materials. The lack of peaks 

indicates a completely amorphous structure.  

 In Fig. 27, XRD patterns for the metakaolin used, some relevant geopolymer composites 

(GW20%_80°C, RW20%_50°C and GW10%_60°C) are shown.  

The XRD patterns for metakaolin displayed a broad halo from 15 – 35° 2θ indicating 

mainly amorphous structure which is important for geopolymer synthesis. Also present 

where the typical peaks attributed to quartz (SiO2). The three samples of the geopolymer 

composites displayed typical amorphous characteristics with a broad halo shift at roughly 

18 - 38° 2θ with some crystalline peaks, which were identified as quartz an impurity from 

the metakaolin unreactive in the synthesis.  

Glass wool 
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Figure 27. XRD patterns of (a) metakaolin (b) RW20%_50°C (c) GW20%_80°C (d) 

GW10%_60°C  

The shift in the amorphous halo of the geopolymer composites compared with the halo in 

metakaolin was described by Williams et al. (2011) to have resulted from the restructuring 

during geopolymerization of the aluminosilicates.  

Some crystalline peaks in the metakaolin was unidentifiable during analysis but after 

alkali activation these peaks were altered or decreased in peak which might suggest these 

unidentifiable peaks to be reactive in the activation.  

In Fig. 27, the mineral wool geopolymer XRD patterns can be used to explain the 

solubility of mineral wool in the matrix. Its amorphous structure shows high solubility of 

the mineral wool in the matrix (and therefore may actually be better precursors than 

metakaolin in terms of solubility). 

 

 

Metakaolin 

Rockwool geopolymer (RW20%_50) 

Glass wool geopolymer at 80 C (GW20%_80) 

Glass wool geopolymer at 60 C (GW20%_60) 
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4.5 Thermogravimetric analysis  

The thermal behaviour in terms of relative mass loss as a function of temperature under 

atmospheric conditions of some selected geopolymer composites (reinforced and 

unreinforced) and the starting materials (metakaolin, rockwool and glasswool) were 

determined using thermogravimetric analysis (TGA). The graphs were all normalized at 

105 °C to not show the initial drying of the samples. 

The TGA graphs of the starting materials are shown in Fig. 28. Metakaolin was prepared 

by calcining kaolin clay at 750 °C, however there was a slight loss of mass (< 1%) of 

metakaolin below 750 °C, which may be due to humidity of the storing environment or 

imperfect initial calcination. While glass wool partly due to the degradable organic binder 

constituent used in its formation showed major loss of mass from 200 to 500 °C (roughly 

10%).  

Rockwool also experiences weight loss after 100 °C losing 4% relative mass and 

stabilizing at 470 °C, a sharp increase was noticed from 730 °C which might be due to 

formation of new phases in the sample. 

 

Figure 28: TGA curves for the starting materials of metakaolin, rockwool and glass wool 
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The analysis of the fibres used in reinforcing the geopolymer composites is shown in Fig. 

29. Glass fibre experienced no mass loss which is attributed to its high melting point, 

glass fibre degrades or start softening up from temperature above 1200 °C (Gupta and 

Kothari, 1997). Carbon fibre in turn starts degrading at 300 °C and at a rapid rate when 

analysed at 580 °C experiencing almost 100% weight loss at the end of the analysis.  

Cotton/polyester fabric fibre completely degrades from 280 to 580 °C with 100% mass 

loss at 580 °C.  

 

Figure 29: TGA curves for reinforcing fibres 

 

In Fig. 30, the geopolymer matrix made with metakaolin, rockwool and glass wool 

(RW20%, RW30% and GW20%, GW30%) thermogram is analysed.  

From 105 °C, they all exhibited similar degradation with 8-10% weight loss drift at 150-

440 °C and stabilizing thereafter till the end of the thermal analysis. This weight loss 

between 150-440 °C might be due to the organic content of the mineral wool in the 

geopolymer composites. Overall, RW30% had a slight higher onset of decomposition 

temperature during the thermal analysis. 
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Figure 30. TGA curves for unreinforced geopolymer composites 

  
Samples of reinforced geopolymer composites (GW30%_carbon, GW30%_glass and 

GW30%_cotton) and an unreinforced geopolymer composite (GW30%) were analysed 

in the TGA and the thermogram represented in Fig. 31.  

All the samples endured the thermal environment from 105-120 °C with no weight loss 

exhibited. Second stage decomposition of the solid content of the samples begins 

thereafter with similar weight loss between 150-200 °C. After 200 °C, all the samples 

enter the third stage of decomposition with GW30%_cotton continuing to degrade at a 

rapid rate than the other samples losing 15% relative mass in the process, and stabilizing 

at 500 °C. 

Similarly, GW30%_carbon in the third stage of decomposition continue to decompose 

until 500 °C losing 10% of its weight in this stage, further decomposition was exhibited 

by the sample between 500-700 °C experiencing a further 10% weight loss in the process 

and thereafter stabilizing. 

GW30%_glass and GW30% showed a similar decomposition trend as both experienced 

weight loss in the third stage decomposing 5% and 7% of their weight respectively. 

Overall, GW30%_glass had a higher onset of decomposition temperature during the 

thermal analysis and interestingly more than unreinforced GW30% matrix. 
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Figure 31. TGA curves for reinforced geopolymer composites with GW30% 

 

Similarly in Fig. 32, samples of reinforced geopolymer composites (GW20%_carbon, 

GW20%_glass and GW20%_cotton) and an unreinforced geopolymer composite 

(GW20%) were analysed. The samples exhibited similar thermal behaviour as seen in 

Fig. 31. 

 

Figure 32. TGA curves for reinforced geopolymer composites with GW20% matrix 

 

Interestingly, it seems cotton and carbon degrades faster in the geopolymer composites 

(Fig. 31 & 32) than when alone as raw materials (Fig. 29). These thermogravimetric 

analysis will help in determining the applications of the reported geopolymer composites 

where thermal stability/properties are required. 
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4.6 pH of geopolymer composites 

The pH was determined to ascertain the degree of alkalinity in the composites, high pH 

of reacting materials increases the degree of reaction and mechanical strength (Khale and 

Chaudhary 2007). However if too high the resulting geopolymer has excessively high pH 

as well. The selected geopolymers pH were determined and from the result obtained the 

pH of the composites ranges from 11.75 to 12.05, which is considered normal value 

(Davidovits, 2005). 
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4.7 Water absorption  

The data below in Table 7, was the result derived from the water absorption test done to 

determine the rate of water absorbed by the selected geopolymer matrix over a period of 

72 hrs.  

Table 7. Water absorption of selected geopolymer matrices. 

  WATER ABSORPTION (%)  

 Curing 

Temp. (°C) RW30% RW20% GW30% GW20% GW10% 

80 24  24  27  16  15  

60 25  23  27  23  22  

50 25  24  27  23  20  

 

Table 8. Compressive strength of selected geopolymer matrices. 

 UCS (MPa)  

 Curing 

Temp. (°C) RW30% RW20% GW30% GW20 % GW10 % 

80 19 17 23 22 17 

60 20 26 15 24 24 

50 19 32 27 33 30 

 

From the ASTM requirement for structural applications (see Table. 1), applications of the 

fabricated geopolymers might be relevant in various structural specifications except 

pedestrian and light traffic paving brick under severe weathering (SW), where the 

minimum compressive strength and maximum water absorption were set at 55.2 MPa and 

8% respectively. And pedestrian and light traffic paving brick under moderate weathering 

(MW) where the maximum water absorption was set at 14%. 
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4.8 Microstructural characterization 

Microstructural images using optical microscopy were taken and analysed to evaluate the 

adhesion between the fibre and the geopolymer matrixes and the pores in the specimens, 

Fig. 33, 34 & 35, shows microstructures of selected geopolymer composites after curing. 

From the figure below, the outer pores of the geopolymer matrix increases as the curing 

temperature increases, this might be attributed to the increase evaporation of water from 

the matrix creating pores as it escapes the walls of the geopolymer. 

 

 

Figure 33. Microstructural images of GW30% geopolymer composites after curing at 

different temperature ( (a) 50 °C (b) 60 °C (c) 80 °C) 
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Below in Fig. 34, the inner surface of the geopolymer is shown after fracture, all three 

selected samples showed inner pores in the geopolymer. The first picture showed a big 

pore with a diameter approx. 1mm and some micropores, GW30%_80°C had a high 

volume of micropores in the focus region of the geopolymer captured. 

However, the inner pore volume of the selected geopolymer matrices and its relationship 

with curing temperature cannot be concluded base on these optical images. 

 

Figure 34. Microstructural images of fractured inner surface of GW30% geopolymer 

matrices after testing (a) Cured at 50 °C (b) Cured at 60 °C (c) Cured at 80 °C 

The fractured surfaces of fibre reinforced geopolymer composites are shown in Fig. 35, 

cotton/polyester reinforced geopolymer had good impregnation of the geopolymer paste 

into the yarns of the fabric. Carbon reinforced composite showed bundles of fibres and 
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less geopolymer matrix on the outer surface of the fibre, the matrix experienced 

delamination and fibre pull-out during testing.  

Glass fibre reinforced geopolymer experienced similar behaviour with Carbon reinforced 

composite but good adhesion of the matrix to the fibre. 

 

Figure 35. Microscopic images of fractured inner surface of the reinforced geopolymer 

composites (a) cotton reinforced (b) carbon reinforced (c) glass reinforced. All cured at 

50 °C 
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5 SUMMARY 

 This project was undertaken to examine the utilization of mineral wool (production waste 

materials) as precursor with metakaolin and also to study the reinforcement of the 

resulting geopolymer matrix with fibres. To achieve this, metakaolin which is the primary 

precursor in the synthesis of this study geopolymer was substituted with varying shares 

of mineral wool. 

During this optimization, the molar composition and mass ratio of each mix composition 

were also optimized, where SiO2/Al2O3 = 3.80 and Na2O/Al2O3 = 1 were both kept 

constant in all mixes. The following factors were varied: SiO2/Na2O from 3.21 to 4.02, 

H2O/Na2O from 10 to 13, mineral wool/metakaolin mass ratio from 0 to1, and 

water/binder (w/b) mass ratio from 0.42 to 0.55. 

Based on the test results from these above stated analysis, the following conclusion can 

be drawn: 

 The addition of mineral wool in the metakaolin-geopolymer matrices increases 

compressive strength and porosity of the resulting geopolymer sample. 

 Geopolymer consisting of 20% mineral wool and 80% metakaolin had the highest 

compressive strength properties. 

 Increasing the mineral wool substitution further decreases the compressive 

strength. 

 Geopolymer consisting of 50% rockwool and 50% metakaolin had the same 

compressive strength (11 MPa) and a better flexural strength (7 MPa) than 

metakaolin-geopolymer (11 MPa and 3 MPa). 

 In terms of compressive strength, the optimum curing temperature for the tested 

mineral wool geopolymers is 50 °C. 

For the following section, the geopolymer matrix with highest compressive strength 

was selected for fibre-reinforcement study. Glass, carbon and cotton/polyester blend 

fibres were introduced in order to increase the ductility of the geopolymer. 
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A crude method was used to fabricate fibre composites which involved layering of the 

fibres with matrix. From these experiments, the following conclusions can be drawn: 

 Geopolymer reinforced with cotton/polyester fibre blend showed significant 

increase in flexural strength (from 8 to 27 MPa for GW20% matrix and 9 to 15 

MPa for GW30% matrix) and ductility. This accrued strength may have been as a 

result of the elasticity of the fabric and good retention of the matrix on the yarns 

of the fabric. 

 Mechanical strength was not increased when reinforced with glass or carbon 

fibres, which may be due to unoptimized preparation method or poor fibre-matrix 

bonding.  

The thermogravimetric analysis showed the thermal properties of the analysed materials 

and composites from which the application of both reinforced and unreinforced 

geopolymer can be determined. 

For future studies in geopolymer reinforcement, moulds coated to prevent geopolymer 

from sticking to the walls off the moulds after curing should be employed. Also varying 

number/layers of fibres should be investigated to determine the effect of the fibre content 

on the behaviour of the composites. Also, reinforcement of the matrix using chopped 

fibres disperse and mix in the geopolymer paste. 

Furthermore, future research can investigate how curing of geopolymer composites over 

an extended duration of curing in ambient temperature affect the mechanical strength and 

geopolymerization of the matrix.  
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APPENDIX 1 Mechanical testing results for unreinforced matrix 
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APPENDIX 3 Mix composition and rheology (II) 
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