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Abstract 

This PhD thesis deals with a new class of cement-free building materials also known as geopolymers. 

Geopolymers are obtained through the reaction of a low-calcium solid aluminosilicate source in alkaline 

conditions. In the last 20 years, the interest towards this class of materials has grown exponentially together 

with the growing concern on global warming due to greenhouse emissions in the atmosphere and the awareness 

of the detrimental contribution of the cement industry on this issue. This increasing interest is motivated by 

the fact that to produce geopolymers, waste powders can be used as amorphous aluminosilicate sources and 

Portland cement additions are not necessary. 

With the aim to go forward on the research on geopolymers and to pursuit a sustainable product, this thesis 

investigates geopolymer systems obtained by room temperature alkali activation of Italian low-calcium fly ash 

for applications in civil engineering. In view of developing products potentially ready for the market, 

geopolymers were produced, characterized and tested according to the conventional procedures used for 

cementitious binders. Geopolymers were investigated as cement-free alternative binders for applications where 

cement-based materials can show critical issues (e.g. compatibility with existing structures and high 

temperature resistance). To do that, the mix design was changed by adding different types of aggregates 

depending on the application. 

Geopolymer mortars were obtained using fine quartz aggregate. A preliminary investigation of using 

commercially available superplasticizers to improve the workability of geopolymer mortars and to facilitate 

the in-situ applications was carried out. The experimental findings showed that the addition of polycarboxylic 

ether-based superplasticizer improved the workability, without compromising the final strength of the 

hardened material. The feasibility of using geopolymer mortars for strengthening existing structures by using 

composites based on fibre reinforced geopolymer matrix (FRGM) technology was demonstrated. Furthermore, 

results showed that if galvanized steel fibres are used as reinforcement, a reduction in molar concentration of 

NaOH activating solution is preferable to increase the strengthening effect. 

An extensive study on the mechanism of cracking of geopolymer matrix exposed to high temperature 

treatments was carried out. Results indicated crack formation for temperature higher than 550°C, mainly 

occurring during the cooling period. The thermal dimensional stability of geopolymers was improved by 

adding recycled refractory particles to the matrix, thus producing geopolymer composites. The recycled 

refractory particles did not hinder the alkali activation process, significantly reduced the heat induced cracking, 

increased the maximum temperature of dimensional stability, and improved the linear dimensional stability 

during heating.  

Lightweight geopolymer mortars were developed using expanded perlite as fine lightweight aggregate and 

studied as passive fire protection systems for steel substrates. A comprehensive study was carried out starting 

from the optimization of the mix design up to the testing of the developed mortars by a medium-scale fire test 

setup. Experimental fire tests demonstrated that the developed lightweight geopolymer mortars were able to 

provide protection to the steel substrate for more than 30 minutes under cellulosic fire conditions, thus 

representing an important safety measure against accidental fires with no evidences of explosive spalling 
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during heating. This aspect is particularly advantageous compared to ordinary Portland cement-based 

materials, which can be prone to spalling phenomena. 

The experimental findings highlighted the strong potential of geopolymers for all the investigated 

applications. In particular, geopolymers used as both FRGM composites and fireproofing materials showed 

performance comparable and even better than the commercial products currently used in these fields. 
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1.1 Research objectives  

Data recently presented at the UN Climate Change Conference (November 2017, Bonn, Germany) revealed 

that industrial emissions of carbon dioxide are projected to rise of 2 % in 2017 after a three-year plateau [1]. 

The control of CO2 emissions to keep the global average temperature increases below 1.5 °C, as signed in the 

Paris agreement in 2015, is an urgent concern in all research fields. In the field of material science related to 

the civil engineering, this concern translates into the research of alternative and more sustainable building 

materials. Among all the building materials, concrete is by far the most widely used one and its consumption 

is constantly increasing for the increasing demand from developing countries such as China and India. It can 

be estimated that nowadays, the cement industry accounts for approximately 8% of global anthropogenic CO2 

emissions considering that the production of 1 t of cement releases about 0.73–0.99 t of carbon dioxide in 

atmosphere and cement consumption is expected to rise to more than 5000 Mt/year by 2050 [2]. 

In this scenario, a new class of cement-free materials known as geopolymers, considered part of the broad 

category of alkali activated materials, has raised some interest. This technology is based on the reaction 

between a solid aluminosilicate source and an alkali activator to obtain a mainly amorphous 3D network of 

aluminosilicates with binding properties. The remarkable growth of research interest on geopolymers over the 

last years can be ascribed to their widely advertised low CO2 emissions when compared to ordinary Portland 

cement (OPC). Indeed, one of the main advantages of geopolymers consists in the possibility of using waste 

powders as amorphous aluminosilicate source, taking advantage of their reactivity in sodium and/or potassium 

hydroxide and silicate solutions. Furthermore, previous studies showed that, if industrial wastes are used as 

aluminosilicate source and reactions and relevant consolidation process take place at low temperature (T ≤ 100 

°C), these materials achieve a reduced greenhouse effect when compared to Portland cement-based products, 

in the range of 44-64% [3]. 

In the building sector, cementitious materials make up 30-50% of everything the human kind produce. 

Therefore, thinking about replacing them with geopolymers is an unrealistic prospective. However, the 

approach used in this research is instead investigating the possibility of using the alkali activation technology 

to provide a possible alternative to cement-based materials for some selected applications. More in detail, this 

research focuses on coal fly ash-based geopolymers activated at room temperature. The activation of fly ash 

at room temperature is particularly challenging. Indeed, fly ash originates from waste streams and, for this 

reason, its microstructure is much more complex than other geopolymer precursors such as calcined clays. In 

addition, when fly ash is used as precursor, the heat curing usually boosts the activation process, increasing 

the degree of reaction and final products performance. Nevertheless, it was chosen to use a waste as precursor 

and to avoid high temperature production processes in order to enhance the environmental and economic 

benefits for the obtained geopolymers.  

The main objectives of this research can be summarized as follows: 
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 improvement of the workability of the geopolymer mixture by means of commercially available 

superplasticizers to facilitate the in-situ applications;  

 development and characterization of fly ash-based geopolymers as mortars for strengthening 

application of concrete and masonry structures. Fibre reinforced geopolymer matrix (FRGM) 

composites were obtained by embedding continuous fibres on concrete or masonry surfaces through 

geopolymer mortars. The stress transfer mechanism between the composite and the substrate in 

FRGM-substrate joints was analysed; 

 development and characterization of fly ash-based geopolymers for high temperature applications. 

After an extensive study of thermal properties and high temperature behaviour, geopolymer 

composites were developed with enhanced dimensional thermal stability. In addition, lightweight 

geopolymer mortars were developed and tested as passive fire protection systems for steel structures. 

Macroscopic results are discussed together with microstructural characterization in order to give a 

comprehensive overview of the final products properties. 

The research project was developed at the Department of Civil, Environmental and Materials Engineering 

(DICAM) of the University of Bologna and, for a period of six months, at the Bundesanstalt für 

Materialforschung und -prüfung (BAM) in Berlin, Germany. 

1.2 Organisation of the Thesis 

An updated literature review of fly ash-based geopolymers is presented in Chapter 2.  

In Chapter 3, details of the source materials used in this study as well as the mix design and the mixture 

procedures used for synthesizing the geopolymers are reported. In addition, the techniques adopted for 

characterizing fresh and hardened properties of the final products are also showed. 

In Chapter 4, the influence of commercially available superplasticizers on properties of geopolymers and 

geopolymer mortars is investigated. Fresh and hardened properties of the final products are analysed with a 

special focus on porosity and its distribution. 

In Chapter 5, an interdisciplinary approach to study newly developed fibre reinforced geopolymer matrix 

(FRGM) composites for strengthening applications of reinforced concrete and masonry structures is presented. 

Physical, mechanical, and microstructural properties of geopolymer mortars are measured to characterize 

completely the material. FRGM strips are bonded to concrete and masonry prisms and single-lap direct shear 

tests are performed to study the stress transfer mechanism between the composite and the substrates. 
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In Chapter 6, the behaviour of the geopolymers exposed to high temperature is investigated. Firstly, the 

damages induced by heat treatments on geopolymers are investigated in details through acoustic emission 

measurements, SEM and XRD analysis. Secondly, the mix design of the geopolymers is implemented by 

adding recycled refractory particles, thus obtaining composites with enhanced thermal dimensional stability. 

In Chapter 7, the possibility of using fly ash-based geopolymers as passive fire protection (PFP) system 

for steel components is investigated. A comprehensive study is presented. The first part of the study aims at 

optimizing the mix design in order to produce lightweight geopolymer mortars with increased thermal 

insulation and low weight load. Physical, mechanical and thermal properties of the obtained lightweight 

mortars are investigated. According to the experimental findings, the behaviour of the fireproofing 

geopolymers during a fire accident is simulated through finite volume method simulations. In the second part 

of the study, experimental tests are conducted on prototypes of steel covered by the lightweight geopolymer 

mortars by means of medium-scale fire test setup. Cellulosic and hydrocarbon standard fire curves are adopted. 

Furthermore, acoustic emission measurements are used to analyse cracking phenomena occurring during the 

fire tests.  

In Chapter 8, the main conclusions of this study and suggestions for future research are reported. 
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In this Chapter, an updated overview of literature on low-calcium geopolymers technology is presented 

linking fundamental geopolymer chemistry to the use of these binders for producing construction materials. 

The state of the art regarding the processing, chemistry and performance of geopolymers is reported, followed 

by an overview on the applications. Major attention will be given to fly ash-based systems, since the thesis 

investigates materials based on them. Metakaolin-based systems will be also described as far as comparison 

between the two systems is considered useful.  

2.1 Background and definition 

Geopolymers are a new class of materials with the potential to become an important tool in the construction 

industry. Geopolymers are obtained through the reaction of a solid aluminosilicate (named the “precursor”) 

under alkaline conditions (induced by the “alkaline activator”) [4].  

It was the French researcher J. Davidovits who in 1979 introduced the term geopolymer [5], indicating 

inorganic polymers consisting of chains or networks of mineral molecules linked with covalent bonds. Raw 

materials used in the synthesis were mainly calcined kaolinitic clay precursors, an aluminosilicate oxide better 

known under the generic term of metakaolin. For the chemical designation of geopolymers, Davidovits 

proposed the name “poly(sialate)” where sialate is an abbreviation for silicon-oxo-aluminate. The poly(sialate) 

has the following empiric formulae: 

Mn{-(SiO2)z –AlO2}n · wH2O 

Where n is a degree of polycondensation, M is a cation (e.g., Na+ , K+), z is 1, 2, or 3.  

The reaction of an alkali source with an alumina- and silica-containing solid precursor to form a material 

comparable to hardened Portland cement, had been already investigated by the German cement chemist and 

engineer Kühl in 1908 [6,7]. Since then, the most important and pioneering investigations and developments 

in the field of alkali activation binders are represented by the studies of Purdon in 1940s [8] and Glukhovsky 

in the late 50s [9]. Purdon, by studying the activation of blast furnace slags with NaOH solutions concluded 

that the alkali hydroxides acted as catalysts. Glukhovsky developed the so-called “soil cements”, discovering 

the possibility of producing binding materials using low-calcium or calcium-free aluinosilicates and solutions 

of alkali [10]. He also investigated the activation of blast furnace slag and identified the hydration products as 

being composed by calcium silicate hydrates and calcium and sodium aluminosilicate hydrates [11]. 

Nowadays, geopolymers are recognised as a subset of the broadest category of alkali-activated materials. 

According to State-of-the-Art Reports of the RILEM Technical Committee 224 (TC-224-AMM) [6], the group 

of alkali-activated materials (AAMs) encompasses any binder system derived by the reaction of an alkali metal 

source (solid or dissolved) with a solid silicate powder. This solid source can be a calcium silicate as in alkali-

activation of more conventional clinkers, or a more aluminosilicate-rich precursor such as a metallurgical slag, 

natural pozzolan, fly ash or bottom ash. Geopolymers are identified as low-calcium or calcium-free systems 

where the binding phase is almost exclusively aluminosilicate and highly coordinated. This definition is often 
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considered misleading, according to the inventor of the term geopolymer. However, the term geopolymer is 

widely diffused and accepted in the scientific community to describe a low-calcium alkali activated system 

and this will be the meaning given to this term all through the thesis. 

2.2 Geopolymer reaction model 

The two main constituents used in preparing geopolymers are alkaline liquids and source materials rich in 

silica and alumina. Considering the atomic and nanoscale, the alkali activation mainly consists of three stages 

that overlap: dissolution, polycondensation, and reorganization [12]. Figure 2.1 describes in a schematic way 

the process and reaction products of the alkaline activation of a solid aluminosilicate precursor [13]. 

 

Figure 2.1: Descriptive model of alkali activation of aluminosilicates [13]. 

At the beginning, a dissolution of the solid aluminosilicate source by the alkaline hydrolysis occurs and 

silicate and aluminate species are released, most likely in the monomeric form. Due to the high pH, the 

dissolution phase is rapid and quickly creates a supersaturated aluminosilicate solution. At this point, silicate 

and aluminate species undergo condensation resulting in the formation of a gel (denoted “gel 1”). This process 

releases the water that plays the role of a reaction medium, but resides within pores in the gel. This initial 

aluminosilicate network continues to rearrange and reorganize up to the formation of a more interconnected 

aluminosilicate network (denoted “gel 2”) [12,14,15]. The time for the supersaturated aluminosilicate solution 

to form the gel is dependent on raw materials, composition of the alkaline solutions, and synthesis conditions 

[16]. The alkali aluminosilicate gel is characterized by a highly disordered and cross-linked three-dimensional 

structure in which the Si4+ and Al3+ cations (often referred to as “T atoms”) are tetrahedrally coordinated and 

joined by oxygen bonds. The negative charge of the AlO4
- group is charge-balanced by the presence of alkaline 
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cations (often referred to as “M+”, typically Na+ and/or K+). K cations are more rapidly and tightly included 

into the gel structure than Na at early age [17].  

The notation used to indicate aluminosilicate gel is Qn(mAl) [18], where: 

 n is the coordinator number of the silicon centre; 

 m is the number of Al neighbours and depends on the Si/Al ratio of the gel; 

 0 ≤ m ≤ n ≤ 4.  

The molecular structure of geopolymers has been deeply investigated during years. The use of 29Si, 27Al 

and 23Na MAS NMR (i.e. nuclear magnetic resonance) allowed investigating the chemical ordering of silicon 

and aluminium in geopolymers and the relative extent of incorporation of each type of T-atom into the 

geopolymer gel framework. It was found that the structure of the gel is significantly influenced by raw material 

and reaction conditions, as well as by the nature of the alkali cations present [16,18,19]. In particular, the role 

of reactive alumina in the raw material has been highlighted. When the aluminosilicate source is in contact 

with the alkaline environment, the Al-O bonds are more readily broken than Si-O bonds. Therefore, for short 

reaction times, the gel will be constituted by an Al-rich phase. As the reaction progresses, the gel will evolve 

in a more stable Si-rich phases. However, a certain minimum amount of reactive Al is always necessary to 

favour the formation of the gels [19].  

A distinction in the type of gel that dominates the structure can be made based on the calcium content in 

the system.  

 

Figure 2.2: Pseudo-ternary plot of alkali-activated binder gel composition. Binders are synthesized by sodium 
metasilicate activation of fly ash (FA), slag (BFS), and a 1:1 mixture of these two precursors [20]. 
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In the case of systems rich in calcium, a calcium-alumina-silicate hydrate (C-A-S-H) type gel is formed. 

Conversely, systems poor in calcium tends to form N-A-S-(H) gel. Depending on the cases, the substitution of 

potassium for sodium up to 100% replacement can be found and in this case a K-A-S-(H) gel is formed. Figure 

2.2 shows how the composition of the precursor (i.e. 100% low-Ca precursor (fly ash-FA), 100% High-Ca 

precursor (blast furnace slags- BFS) and a mix of the previous (50 wt% FA + 50 wt% BFS) affect the obtained 

alkali-activated binder gel compositions. 

Recently, coarse-grained Monte Carlo (CGMC) modelling technique was used to simulate the reaction of 

an aluminosilicate particle in a highly alkaline solution [12]; information on the structural changes that occur 

during the formation of geopolymer gel at the mesoscale were obtained. It was found that Si/Al ratio has major 

influence on the structural evolution of the gel, regardless the precursor particle morphology that was found 

irrelevant in terms of the nature of the gel growth. Increasing the Si/Al ratio of the system, the percentage of 

clusters (i.e. nonmonometric species: small oligomers such as dimers and trimers) at the end of the alkali-

activation process decreases, leading to an increased amount of silicate and aluminate monomers in the pore 

solution of the hardened gel. In addition, the Si/Al resulted to influence also the T-O-T linkages in the final 

gel. For increasing Si/Al ratio of the system, a linear increase in the percentage of Si-O-Si linkage and a linear 

decrease of Si-O-Al linkages was found. Furthermore, almost no Al-O-Al linkages were found. This is in 

agreement with the “Loewenstein rule” [21], which states that Al-O-Al bonds are strongly disfavoured in 

tetrahedral structures [17]. However, the structure is not completely determined as a function of Si/Al ratio but 

also the cation type has influence on the molecular structure of geopolymer gels. In particular, when potassium 

is present, aluminium is preferentially incorporated into the framework of the geopolymer gel. In addition, 

sodium affects geopolymerization by increasing the dissolution rate and promoting a greater short-range 

ordering and crystallinity of systems than potassium-based system that instead, shows a more disordered 

structure with higher presence of Al-O-Al linkages. In addition, potassium accelerates the polycondensation 

reactions leading to a faster setting [18]. 

Geopolymers are often described as ‘X-ray amorphous’, since they present an amorphous hump at 

approximately 27–29 ° 2θ when analysed by X-ray diffraction (XRD). Indeed, geopolymers have a highly 

disordered structure beyond a length scale of approximately 10 Å. However, similarities between geopolymer 

gel (N,K-A-S-(H)) structure and structure of zeolites can be found. In particular, X-ray and neutron pair 

distribution function analysis of metakaolin-based geopolymers, showed that in length scales of up to 5-8 Å, 

the local structures of the geopolymer binder shows significant structural ordering, similar to the local structure 

of crystalline zeolitic structures with corresponding Si/Al ratio [14,22]. This information is important for 

structural modelling of nanostructural properties of these materials. Crystalline zeolites and related phases are 

the most common secondary phase found in geopolymer systems, often present when high temperature or 

steam curing is applied [6,14,17]. 
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2.3 Designing a geopolymer: raw materials  

The most common precursors used in geopolymers (i.e. low-calcium alkali activated materials) are 

metakaolin and coal fly ash. Both these sources have been already widely investigated as supplementary 

cementitious material in Portland cement-based systems.  

Metakaolin (MK) originates from the calcination of kaolinite clays at temperatures of around 500–800 °C. 

The kaolinite is a hydrous aluminium silicate of approximate composition 2H2O·Al2O3·2SiO2. Generally, 

kaolin is mined directly as a pure mineral but it can be also sourced in less-pure form from mine tailings or 

paper industry wastes [14]. The calcination of kaolinite at temperature between 500-800 °C induces a process 

of dehydroxilation and leads to the breaking down or partial break down of the structure forming a transition 

phase which is responsible for the reactivity of metakaolin under alkaline conditions. MK typically contains 

50–55% SiO2, 40–45% Al2O3 and other oxides present in small amounts including Fe2O3, TiO2, CaO and MgO. 

MK particles are generally one-half to five microns in diameter [23]. Due to the controlled nature of the 

processing MK powders are very consistent in appearance and performance [23]. For this reason, metakaolin 

is often used to obtain geopolymers for “ceramic-like” applications and for laboratory test because of its 

relatively pure composition compared to other precursors [6,24,25].  

Fly ash is a by-product of coal-fired electricity generation. Coal is the world’s most abundant and widely 

distributed fossil fuel and it is the second source of primary energy (roughly 30%), mostly used for power 

generation. As a result, the global coal industry produces approximately 1090 Mt per year [26] of by-products, 

mainly in form of coal fly ash. More in details, fly ash is the fine particle residue transported by flue gas 

through the boiler furnace and collected in the chimneys by electrostatic precipitators. Fly ash consists of 

powdery particles predominantly spherical in shape and usually characterized by 40-80 wt% amorphous phase 

[27]. The morphology of fly ash particles depends on the combustion temperature and subsequent cooling rate. 

Generally, fly ash consists of solid spheres or hollow spheres (cenospheres), and irregular unburned carbon as 

reported in Figure 2.3. Fly ash is characterized by fine particles with an average size of < 20 μm and has low 

to medium bulk density (0.54–0.86 g/cm3) and high surface area (300–500 m2/kg) [28].  

The principal components of coal fly ash are silica, alumina, iron and calcium oxide, with varying amounts 

of carbon measured by the loss on ignition (LOI). The chemical composition of the fly ash depends on the 

initial coal composition, and the mineralogical composition depends on the power station design and the power 

station operating conditions. According to ASTM C618 [30], fly ash can be classified as Class F and Class C 

based on their calcium oxide contents: 

 Class F fly ash has a low calcium content and total SiO2, Al2O3 and Fe2O3 content over 70 wt%, and 

are produced from the burning of bituminous coals or anthracites;  

 Class C has total SiO2, Al2O3 and Fe2O3 content between 50 and 70 wt% and high in CaO, normally 

produced from the burning of lignites or sub-bituminous coals.  

Similarly, the EN 450-1:2012 European standard [31] classifies fly ash as siliceous and calcareous. Siliceous 

fly ash contains not more than 10 wt% of CaO and not less than 25 wt% of SiO2. Because of its pozzolanic 
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properties, Class F fly ash is commonly used as supplementary cementitious material (SCM) in concrete mix 

to lower permeability and reduce initial heat evolution [32]. However, the world average reuse of fly ash 

amounts to only 16% of the total [33], whereas the remaining part is generally dumped in landfills, thus making 

the disposal of fly ash a serious environmental problem and consequently a very strong candidate as raw 

material in the production of sustainable materials.  

 

Figure 2.3: SEM micrographs of fly ash [29]. 

In addition to a reactive aluminosilicate source, the alkali activation requires an alkaline component that 

in the majority of the cases is in aqueous form. The most used alkali activators are a mixture of sodium or 

potassium hydroxide (NaOH or KOH) solutions and sodium or potassium silicate solutions (a combination of 

Na2O or K2O, SiO2 and water). Alternatively, lithium, rubidium and caesium hydroxides can be also used with 

limitation for large-scale application due to their costs and scarcity. Analogously, the high costs and currently 

limited production volumes of rubidium and caesium silicates restrict their usage in geopolymers production. 

Concentration of the hydroxide solution is one of the determining factors for geopolymer synthesis, since 

higher concentration of NaOH favours the dissolution rate of the aluminosilicate precursor [34]. At the same 

time, the use of highly concentrated alkali hydroxide solutions can cause efflorescence (i.e. formation of white 

carbonate or bicarbonate crystals that deposit on the surface of the samples). Efflorescence is generally more 

marked in the presence of sodium than potassium in hydroxide activated binders [6]. The use of silicate 

solutions increases the viscosity of the geopolymer. Viscosities of a silicate solution increase dramatically at 

higher silica content and generally potassium silicate solutions show a much lower viscosity than sodium 

silicates of comparable composition [6].  
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2.4 Fly ash–based geopolymers 

Fernández-Jiménez et al. [35] proposed a model describing the formation of fly ash-based geopolymer 

binder (Figure 2.4a). The activator attacks the fly ash particle and a part of the glassy shell is dissolved (a). 

The external dissolution continues, while the alkaline solution penetrated into the particle begins to dissolve 

the sphere from the inside out (b). At this point, the reaction products (aluminosilicate gel) form on both the 

inside and the outside of the sphere. The dissolution process is not always uniform and the reaction of smaller 

particles (e) can be hindered by the reaction products that block the alkaline liquid from reacting with them. 

As a result, in fly ash-based geopolymers is often found a coexistence of the geopolymer gel and partially or 

completely unreacted fly ash particles bound together by the gel (d) [35]. SEM micrograph showing the 

microstructure of a fly ash-based geopolymer sample is reported in Figure 2.4b. It can be clearly distinguished 

the presence of both unreacted fly ashes and geopolymer gel, as described in the model. 

 
(a) 

 
(b) 

Figure 2.4: Descriptive model of the formation of fly ash-based geopolymer binder (a) [35]; Back-scattered 
electron image of geopolymer sample produced by the reaction of fly ashes (b). 

When fly ash is used as raw material, it has to be considered that the reactive component in the alkali 

activation process is the amorphous part of fly ash. For this reason, the quantification of the amorphous 

component of the precursor is of primary importance. When geopolymers are formulated using the amorphous 

composition, the control on the geopolymerization processes and on the final properties of the material is 

higher. However, this procedure is challenging and implies the use of different techniques (X-ray fluorescence 

and quantitative X-ray diffraction) and a rigorous refinement with XRD data [27], and therefore it is not always 

performed. In addition to the amorphous content, other important compositional parameters to take into 

account are: 

 the amount of aluminium that affects both fresh and hardened properties of the product, among those 

mechanical strength and strength development profile, setting time, and acid resistance [36]; 

 the unburned content of the fly ash that comprises of porous and rough not reactive particles whose 

high specific surface increases the liquid demand necessary to prepare a workable mixture [37].  
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 The alkali content and calcium content that influence the nature of the gel formed through alkaline 

activation. Indeed, all alkali metal and alkali earth cations can act as network modifiers in 

aluminosilicate glasses. Duxson and Provis [36], proposed a simplified pseudoternary classification 

for fly ashes, correlating the bulk composition of fly ash with three classes of strength development. 

It can be seen that generally, the strength increases for increasing network modifiers and alumina 

content. 

 Calcium and iron contained in fly ashes can be considered as impurities in geopolymer systems. Their 

presence has the effect of adding reaction pathways during geopolymerization, thus affecting the 

properties of the material such as setting time, workability, strength and shrinkage [16].  

Because of the large variation of physical, crystallographic and chemical characteristics of fly ashes, their 

suitability as precursor for geopolymer production is often a matter of debate. In this regard, Zhang et al. [38], 

proposed the adoption of “reactivity index” to evaluate the suitability of fly ashes for the production of high-

strength geopolymer concrete. In particular, they correlate the index of mechanical strength to some of the 

general parameters of the fly ash: their specific surface area, the inter-particle volume (IPV) defined as gaps 

between packed particles, the total charge of network modifiers (i.e. Na, K, Ca, Mg, Fe), and the molar number 

of network formers (i.e. Si, Al, Fe, Ti). In this way, an accurate characterization of the precursor allows to 

predict the final mechanical properties of the geopolymer obtained from it. The development of indexes based 

on approaches similar to the one herein briefly described could be helpful for increasing the acceptance of 

geopolymers as building materials, since it allows to verify the suitability of the local fly ash for the production 

of a geopolymer with pre-determined properties.  

The complexity of the alkali activation process, increased by the large variety of the precursors, is evident 

and it is impossible to define a unique optimal geopolymer composition. However, some significant parameters 

for designing geopolymers can be identified. The compositional parameters that mainly influence the nature 

and the development of the gel generally are Si/Al, M+/Si and M+/Al ratio. Furthermore, water content and 

curing conditions have relevant influence on the physical and mechanical properties of the geopolymers.  

Ma et al. [39] deeply investigated the pore structure and the permeability of fly ash-based geopolymers. 

They concluded that geopolymers generally present pore sizes with diameter in the range of several nm to 0.02 

μm corresponding to the gel pores, and pore size ranges of 0.1–1 μm (or larger) representing the capillary 

pores. The presence of large cavities (in the range of several microns to larger than 10 μm in diameter) owed 

to the dissolved fly ash particles, were also observed. The compositional parameters such as alkali and silica 

content largely affect the pore structure of the hardened material. Generally, increased alkali and silica content 

leads to a less porous systems with finer gel pore and a denser microstructure [39,40]. In addition, increasing 

the curing temperature reduces the pore sizes [40,41]. Geopolymers synthesized at low temperature (i.e. room 

temperature curing) are more prone to present pore larger than 0.2 μm [41,42]. The humidity of curing also 

plays an important role in the pore structure of geopolymers. Indeed, even if a thermal curing is performed, 
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curing at low relative humidity leads to a granular, porous material. On the contrary, curing at high relative 

humidity yields a compact material, whose mechanical strength significantly increases over time [43]. 

The development of the mechanical strength is related to the evolution of the reaction process. In particular, 

during the dissolution stage, no mechanical strength is observed. During the formation of “gel 1” a big part of 

the reactive aluminium is incorporated in the gel, but not all the silicon. Therefore, certain mechanical strength 

is developed but it is not considered significant. The most important phase in terms of strength development 

is represented by the period in which “gel 1” is transforms in “gel 2” that is a Si-rich gel. When the content of 

“gel 2” is higher than “gel 1”, the obtainable mechanical strength increases to 80 MPa [19]. This is the reason 

why Si/Al ratio has a strong influence on the mechanical properties of the geopolymer. In particular higher 

Si/Al leads to a more likely development of high strength [44]. The development of high strength is also 

promoted by an increase in the concentration of the hydroxide solution used and by the joint use of hydroxide 

and silicates solutions [45–47].  

2.5 Fly ash-based geopolymers as binder for the production of mortars and concrete 

As discussed in the previous paragraph, a geopolymer binder is composed of a low-calcium aluminosilicate 

precursor and generally one or more activators containing alkali metal ions (e.g. alkali silicates and 

hydroxides). Water, sand, aggregates and other components can be used to obtain a mortar or concrete. As in 

OPC concrete, usually the aggregates occupy about 80 wt% of geopolymer concrete. It is important to note 

that geopolymer mortar and concrete can be manufactured by adopting the conventional techniques used in 

the manufacture of Portland cement concrete. 

For the production of mortars and concrete in civil engineering fields, fly ash-based geopolymers often 

resulted more suitable than metakaolin-based ones. Although the use of metakaolin as precursor allows a better 

control on final properties, because of its plate-shaped particles metakaolin-based geopolymers are more water 

demanding and present increased possibility of rheological problems. In addition, the relatively high cost of 

metakaolin compared to fly ash can be a driving consideration when large amounts of material has to be 

produced, as in the case of construction materials.  

In the last years, many studies conducted on fly ash-based geopolymer mortar and concrete proved their 

strong potential as building materials; with a tailored mix design high mechanical strengths and good durability 

performances can be achieved [45,48]. Hardjito et al. [49], conducted a parametric study on the development 

of compressive strength in fly ash-based geopolymer concrete. They concluded that the compressive strength 

is positively influenced by a higher concentration of sodium hydroxide solution, higher sodium silicate/sodium 

hydroxide liquid ratio by mass, and high temperature curing. Heat curing is generally recommended for low 

calcium-based geopolymer systems to accelerate the hardening of the mixtures and to increase the final 

mechanical properties [50]. The need of a thermal curing can put limitation on the industrial-scale applicability 

of this technology, limiting the fields of application to pre-cast components. However, the need for this 

treatment is related to the reactivity of the precursor and to the mix design [4,42]. In addition, to obtain good 
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results in terms of strength development also at room temperature, a high control is required on the choice of 

the activator concentration and composition according to the chemistry of the precursor. Furthermore, attention 

has to be put on curing which must be conducted under sealed conditions to prevent drying or microcracking, 

and on water/binder ratio, which must be as low as possible [20].  

The water/binder ratio represents a fundamental parameter also in Portland cement-based systems and the 

necessity to reduce the mix-water without decreasing the workability and mechanical strength of the material 

led, in the past years, to the development of superplasticizers (SP). The introduction of superplasticizers is 

considered as one of the key developments in the chemistry of Portland cement-based concretes. These 

admixtures hinder flocculation of cement particles by electrostatic or steric repulsion. Therefore, adding a 

small amount of SP can reduce the water/cement (w/c) ratio without influencing workability of concrete and 

thus ensuring its mechanical and durability performances. Because the commercially available 

superplasticizers have been specifically tailored to be compatible with the chemistry of Portland cement, their 

effectiveness in alkali activated binders has to be demonstrated. In most cases, SP seem to degrade in the high 

alkaline environment and hence found to be not very effective in geopolymer mortars and pastes [6,51]. 

However, some SP have demonstrated to work also in geopolymer systems. In a previous study on fly ash 

based geopolymers [52] it was investigated the rheological behaviour of fly-ash geopolymer activated with a 

mix of sodium hydroxide (12M NaOH) and of sodium silicate solution. It was found that polycarboxylates 

based superplasticizer was the most effective one, causing an increase in workability and a decrease in yield 

stress and plastic viscosity of fly-ash systems. Other authors [53] investigated the rheological behaviour of 

alkali-activated fly-ash concrete containing superplasticizers. The authors indicated a critical value of 

concentration of the sodium hydroxide solution equal to 4 M, below which SP tested improved workability of 

concrete. In particular, lignin-based plasticizer was the most effective. Moreover, a good correlation between 

rheological parameters and slump test results was found. It is clear that results obtained so far in the academic 

community are not yet conclusive and further research is essential on this topic. 

Investigating the suitability of using geopolymer concrete in civil engineering also means investigating its 

durability performance. Durability is considered by some authors as the factor that overrides all other 

technological drivers in determining the success or failure of geopolymer technology in the construction 

industry [54]. In the thesis, it is investigated in depth the durability in terms of thermal resistance of fly ash-

based geopolymers, and the state of the art on that will be reported in dedicated paragraphs. Therefore, only a 

short overview is presented on the other aspects related to durability of alkali activated materials. Among all 

the geopolymers features, geopolymers result excellent in terms of resistance to chemical attack by chloride 

(including sea water), various acids, alkali and sulphate [54]. Large part of the research on the durability issue, 

focuses on the study of corrosion of embedded steel reinforcing bars in geopolymer mortars or concrete [20,55–

57]. When a rebar is embedded in concrete, it is essential that the pore solution pH is sufficiently high (above 

approximately pH 10–12) to passivate it and this condition has to be maintained throughout the service life of 

the material. Considering the alkaline solutions used for producing geopolymers, this should not be considered 

as an issue. However, what is missing in geopolymers is a pH-buffering solid hydroxide phase (i.e. Ca(OH)2 
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in Portland cement based concrete) [20]. Generally, the mass transport properties of the hardened binder 

material are essential in determining the durability of a concrete because the loss of passivation usually takes 

place due to the ingress of aggressive species such as chloride, and/or the loss of alkalinity by processes such 

as carbonation [6]. Once again, the durability of alkali activated materials is strongly dependent on several 

parameters such as the type of precursor and the nature and concentration of the activator which impact on the 

nano and microstructure of the reaction products forming in these systems and the chemistry of the pore 

solution [20]. The importance of the investigation of alkali activated materials durability is also highlighted by 

the establishment in 2012 of a RILEM Technical Committee (TC 247– DTA - Durability testing of alkali 

activated materials - https://www.rilem.net/groupe/247-dta-durability-testing-of-alkali-activated-materials-

290). The main objective of the TC 247-DTA is to provide recommendations regarding appropriate test 

methodologies and protocols for the analysis of the durability of alkali-activated binders, mortars and 

concretes, with particular reference to resistance to frost, carbonation, penetration of chlorides and other 

aggressive media. 

2.6 Fly ash-based geopolymers: thermal properties 

Geopolymers can be considered intrinsically resistant at high temperature due to their ceramic-like 

structure that retains its structural integrity at elevated temperatures [58]. A large number of studies 

investigated the thermal properties of geopolymers, such as thermal induced microstructural modification, 

thermal shrinkage, thermal conductivity, mechanical strength retention. Results proved that geopolymers 

exhibit remarkable thermal resistance compared to the conventional materials. These advantages can be 

summarized in mechanical strength retain [59] and dimensional stability [60]. Even if it is generally recognised 

that geopolymers are resistant to high temperature, also the thermal properties are largely influenced by the 

raw materials, Si/Al compositional ratio, the alkali cation, and impurities, especially when by-products are 

used for geopolymers production. 

The majority of the research on thermal behaviour of low-calcium geopolymers focuses on metakaolin 

(MK)-based systems because of the relatively pure oxide composition of this precursor. Results obtained so 

far show that the thermal behaviour of geopolymers is sensitive to the Si/Al ratio and to the alkali activator 

chosen for the process [61,62]. When properly designed and cured, MK-geopolymers withstand up to 1300°C 

without significant changes in their structure [63].  

Duxson et al [64] investigated the effect of Si/Al on thermal shrinkage and weight loss of MK-based 

geopolymers activated by sodium silicate solution. They found in all cases a minimal shrinkage up to 100 °C 

while large amount of free water evaporated. Furthermore, 80% of all weight loss was observed below the 

temperature of 300 °C, suggesting that the bulk water in the structure of geopolymer material is present as 

freely evaporable water. For increasing temperature, a rapid shrinkage occurred which was correlated to the 

Si/Al compositional ratio. The onset temperature of this region of shrinkage was lower for low Si/Al ratio. 

Finally, a second rapid shrinkage was found only for sample with Si/Al > 1.65 and related to densification and 
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sintering processes. Both the rate of weight loss and the onset temperature of shrinkage decreased with 

increasing Si/Al ratio. Rahier et al. [65] indicate the change in slope of the expansion curve as the glass 

transition temperature (Tg) for aluminosilicates. They also specify that changes in Na2O/Al2O3 ratio and/or in 

water content have large effects on Tg. Indeed, considering the geopolymeric gel, SiO2 is a network former, 

whereas Na2O or K2O are network modifiers and lowers Tg and viscosity in the melt. 

An extensive study on the thermal behaviour of fly ash-based geopolymer was presented by Rickard et al. 

[60,66,67]. They suggested a descriptive model of the dimensional changes induced by high temperature 

exposure of fly ash based geopolymer (Figure 2.5). In particular, although the temperature ranges can be 

variable and dependent on sample composition and heating rates, six different regions were found in the 

temperature range from room temperature up to 1000°C. As soon as the geopolymer is heated up, a slight 

expansion of the solid gel is verified up to 150°C. As the temperature increases, the water contained in the 

material, either as adsorbed water in the pores or as chemically bond water in the structure, starts to evaporate. 

This dehydration and further dehydroxilation cause shrinkage, the amplitude and the extension of which is 

proportional to the water content in the sample. More in details, between 100°C and 300 °C a significant 

shrinkage is related to dehydration of water whereas between 250°C and 600 °C minimal shrinkage is due to 

dehydroxilation. A further thermal shrinkage is usually found between 550 °C and 900 °C and it is connected 

to the sintering of the gel and the subsequent densification of the sample. Beyond the densification region, no 

consistent trend in thermal expansion has been reported. The observed differences can be related to the 

differences in the composition. When an expansion is observed, it can be related to the swelling of partially 

depolymerized silicate gels and/or to the crack formation and to increase in porosity [60,66,68] .The final 

region is usually identified by a rapid shrinkage due to a continued densification or melting of the sample 

and/or to a collapse of the pore structure  

 

Figure 2.5: Descriptive model of the dimensional changes induced by high temperature exposure of fly ash 
based geopolymer fly ash geopolymers. Si/Al = 2.3, H2O/SiO2 = 2.0 [67]. 
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An important difference between geopolymer and OPC occurs at temperatures greater than 500 °C and is 

due to the different nature of the water contained in the material. Indeed, in hardened cement approximately 

90 % of the water is chemically bound to cement precursors in the form of hydrates. The dehydroxilation of 

this water causes the destruction of the binding phase, failure of the material and an associated large shrinkage 

[69]. Conversely, water is not a major structural component of geopolymer gel [14] and is mainly found as 

free water in large pores, available for evaporation. Water is also present in small percentage (approximately 

<5%) either physically bound in small pores or chemically bound as hydroxyl groups attached to the Si–Al 

framework structure [64,65,70]. For this reason the dehydroxilation does not provoke significant shrinkage 

generated by the rupture of the binding phase [71]. 

Pan et al. [72], studied the effect of the alkali cation on the softening temperature of fly ash-based 

geopolymers. They found that the use of potassium instead of sodium as the alkaline cation, leads to an increase 

of the softening temperature from 610 to 800 °C. However, when mixed alkali cation (Na/K based 

geopolymers) are used the softening temperature dropped to 570 °C. Bakharev [73] investigated the influence 

of the alkali cation on thermal stability up to 1200 °C of fly ash-based geopolymer .The Na-based geopolymer 

developed cracking when exposed to 800 °C, with increasing cracking for increasing water content. In addition, 

an increased compressive strength was found after heating to 800°C followed by a rapid deterioration for 

higher temperature. From the mineralogical point of view, the initially amorphous structure of Na-geopolymer 

crystallized to form nepheline AlNaSiO4 after 800°C, Na-feldspars NaAlSi2O6 after 1000°C, and albite 

NaAlSi3O8 after 1200°C. The crystallization of Na-feldspar on firing was related to the presence of unreacted 

sodium and was assumed responsible for the loss of the strength at 1000°C. The use of potassium instead of 

sodium favoured a strength retention also after exposure to temperature exceeding 800°C and no significant 

modification of the amorphous gel occurred up to 1200°C; after this temperature, traces of crystalline kalsilite 

and leucite were observed. 

Because of the large variety in fly ashes composition and in fly ash-based geopolymer formulations, the 

mix design of FA-geopolymers often needs to be optimized in order to obtain a high thermal dimensional 

stability.  

2.7 Fly ash-based geopolymers as fire resistant materials  

Geopolymers are substantially inorganic based and are considered incombustible, emitting no toxic fumes 

or smoke when exposed to fire, and therefore considered a highly competitive material when resistance to fire 

is required. One of the main problems of cement-based material exposed to fire is the spalling phenomena. 

During fire, steam pressure build-up in the concrete pores; when the internal pore pressure exceeds the tensile 

strength of the material it causes spalling [74]. Explosive spalling is characterised by large or small pieces of 

concrete being violently expelled from the surface, thus leading to disintegration of concrete structure in an 

accidental fire [74].  
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Conversely, geopolymers retain a high structural stability after exposure to fire and the rapid dehydration 

of the weakly bound water does not cause significant damages to the binding structure. This aspect is 

particularly advantageous compared to ordinary Portland cement (OPC). 

Kong et al.[75], compared the performance of fly ash- and metakaolin based-geopolymers exposed up to 

800°C. FA-based geopolymers showed an increased residual strength (+ 6%), whereas the heat exposure had 

a detrimental effect on the mechanical properties of metakaolin-based geopolymers (-34%). They related this 

behaviour to the different permeability of the materials, which in case of fly-ash-based geopolymers was 

higher, thus providing reduced damage to the matrix caused by the escaping of moisture in the matrix. Zaho 

et al. [74] compared the spalling behaviour of geopolymer and OPC concretes with the same strength class. 

None of the geopolymer specimens exhibited spalling when exposed to simulated fire conditions. On the 

contrary, OPC specimens underwent increasing damages for increasing strength level. The authors also 

valuated the permeability of both concretes by sorptivity tests. Results highlighted that the more porous 

structure of geopolymer concrete specimens than the Portland cement concrete specimens facilitates the release 

of the internal steam pressure during heating, and therefore is responsible for the absence of spalling. 

Rickard et al. [59] analysed the mechanical and microstructural properties of high temperature exposure 

of two different geopolymer concrete containing quartz aggregate and expanded clay, respectively before, 

during and after high temperature exposure. Significant compressive strength loss in both concrete types 

between 100 °C and 300 °C, was observed and related to the dehydration. However, for temperature of 

exposure up to 700°C geopolymer concrete demonstrated good hot strength and strength retention after 

cooling, considered higher than the one of OPC concrete. Masi et al. [76], tested the fire resistance of fly ash-

based geopolymers foamed panels (50 mm thickness) reinforced with either organic (PVA) or inorganic 

(basalt) short fibres. Both panels exhibited comparable density values and although the PVA foamed fibre 

showed slightly higher performance under cellulosic fire conditions, it was concluded that the nature of the 

fibres added did not significantly influence the performance of geopolymers under simulated fire conditions.  

Due to the remarkable performance at high temperature, geopolymers have been also investigated as 

passive fire protection system [5,6,71,77]. Attempts have been made in investigating the feasibility of 

geopolymer as intumescent coatings, mainly using metakaolin as starting material [78,79]. Sakkas et al. [80–

82], extensively studied the possibility of using geopolymer from ferronickel slags activated with either sodium 

or potassium hydroxide as passive fire protection of concrete substrates. They found that the Na-based 

geopolymer is a good passive fire protection system for cellulosic fire (ISO 834-1 standard [83]). When more 

aggressive fire condition is tested (RWS-curve) the Na-based geopolymer failed the test and disintegrated 

during test. Conversely, the K-based geopolymer showed excellent resistant also in the most harsh fire test 

conditions.  

Studies  focused on the use of fly ash based geopolymer as passive fire protection system for the protection 

of metal substrates [84,85], highlighted the strong influence of the compositional Si/Al ratio on the 

compatibility of the coating with the steel substrates in terms of adhesive strength and thermal deformations. 

In addition, they investigated the possibility of using a lightweight aggregate (i.e. vermiculite) for producing a 
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spray coating. The use of lightweight aggregate (i.e. perlite, vermiculite, pumice, etc.) is largely diffused for 

the production of commercially available insulation and fire resistant materials based on OPC [86]. Indeed, 

fireproofing materials, besides their intrinsic thermal stability, must also exhibit good thermal insulation and 

low weight load. Both these characteristics can be implemented by introducing air in the material structure. 

One of the most effective foaming agent already successfully experimented in geopolymers is hydrogen 

peroxide (H2O2) [87–89].  

It has to be noted that almost in all the reported investigations, a thermal curing was carried out, thus 

limiting the in-situ application. 

2.8 The sustainability issue 

Geopolymers have been widely advertised as ‘green’ and sustainable materials because of the possibility 

of using by-product as starting material that is very attractive when an alternative to Portland cement is 

researched. Imbabi et al. [2] reviewed the available alternatives to Portland cement and stated that the 

production of geopolymers emits 95% less CO2 than OPC, considering the NaOH and KOH solutions as carbon 

free. However, there is an open-debate on the real sustainability of geopolymers compared to OPC, generated 

by a large variety of the results presented by the scientific community.  

McLellan et al. [3], analysed the lifecycle cost and carbon impacts of geopolymers in an Australian context, 

estimating an improvement in greenhouse emissions over OPC in the range of 44-64% and highlighting the 

strong impact of the transportation on the calculation. Reduced benefits in terms of sustainability were found 

by Turner et al. [90]. They compared the CO2-e emitted due to the activities necessary for producing 1m3 of 

fly ash-based geopolymer concrete and 1m3 of OPC concrete, including energy expending activities associated 

with mining and transport of raw materials, manufacturing and concrete construction. A thermal curing was 

considered in the case of the geopolymer concrete. A reduction of 9% in terms of CO2 footprint was found in 

favour of geopolymer concrete. 

As proved by the variety of data reported in the literature, it is impossible to provide a unique and specific 

value to describe the sustainability of geopolymers compared to conventional cements and concretes because 

of the large variety of parameters involved in the geopolymers production (e.g. mix design, dosage of 

activators, transport distances, source of electricity). In addition, baselines are often inconsistently between 

reports and are largely influenced by local as well as the choice of mix design for assessment. 

All the inputs (material and processes) to take into account for the environmental assessment of an alkali-

activated concrete based on two-part system are presented in a descriptive diagram recently published by 

Provis. Independently for the different case studies reported in the literature, all of them clearly show that the 

alkali activator, especially sodium silicate solution, is the major contributor to the environmental footprint 

(Figure 2.6).  
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Figure 2.6: CO2-e concrete mixtures with OPC and geopolymer binders [90]. 

Although geopolymer always showed low CO2 footprint in the global warming potential category of LCA, 

the use of alkali activators adversely affects other categories, among which acidification and eutrophication. It 

has to be noted that the data available in the databases on the productive process of sodium silicate solutions 

are not updated to the modern production practices, therefore when included in the life cycle assessment this 

process results to be extremely unsustainable from the environmental point of view [4].  

The best way for increasing the sustainability of geopolymers is to use raw materials recognised as 

industrial waste. There are ongoing investigations on the possibility of using recycled silica source as activator, 

instead of chemically produced one [91–94]. In particular, the use of rice husk ash (RHA), if locally available, 

reduces environmental impacts, including acidification and eutrophication categories, by more than 60%. 

Thermal curing also increases the impact of geopolymer production. Avoiding the application of heat during 

the curing, which is the approach adopted in this thesis, is estimated to further increase the sustainability of 

geopolymers [91,95]. 

2.9 The standardization issue 

A fundamental step towards the commercialisation of alkali-activated materials is represented by 

standardization. The proposal of the RILEM Technical Committee on Alkali Activated Materials (TC 224-

AAM) is to use a performance-based approach for developing recommendations for standards. A performance-

based approach means that is suggested not to prescribe the materials to be used, but rather to define the basic 

performance requirements which must be met by the materials [6]. RILEM TC 224-AAM proposed that the 

following information about an alkali-activated binder should be provided to the customer: 

Raw materials (upon request) 

• Origin of material(s) 

• Elemental composition, loss on ignition 
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• Mineral composition, X-ray diffraction analysis 

• Density, specific surface, sieve residue (e.g. 45 μm) 

Properties before hardening (classification) 

• Workability, rheological properties (e.g. flow curve, spread diameter), upon request 

• Setting time at a given temperature (some materials set very slowly and need heat treatment) 

• Heat of hydration 

Properties after hardening (classification) 

• Mechanical properties (early, late), definition of mix composition and curing conditions needed 

• Compressive strength (early, late) 

• Flexural strength, upon request 

• Tensile strength, upon request 

• (potentially) Shrinkage and/or creep under specified conditions 

The worldwide current situation of standardization of alkali activated materials can be summarized as 

follows [4,6]: 

- Europe: In Switzerland, alkali-activated slags are incorporated into national guidelines [96]; in the UK 

a Publicly Available Specification for alkali-activated cements and concretes has been published [97]; 

Ukraine (and former USSR) developed and implemented over 60 standards between 1961 and 2007. 

Most of these standards are technical specifications to prescribe the materials which are suitable to be 

used in the AAM applications, to regulate various types of concrete made with AAM or to guide 

manufacturing and application processes. 

- Australia: standardization has been driven by specifiers rather than by national regulations. In the state 

of Victoria are nowadays available specifications for the use of alkali-activated concretes as general 

concrete paving, drains and pipes, drainage pits, and safety barriers. 

- USA: the ASTM standardization regime includes the ASTM C1157 [98] which gives performance 

requirement on hydraulic cements for both general and special applications, without giving restrictions 

on the composition of the cement or its constituents. Therefore, AAM can be classified under this 

standard, as long as the required performance is met. However, ASTM C 1157 [98] acceptance is 

currently limited to only in five states in the US. 

- China: the use of AAMs for chemical resistance applications is described in GB/T2923-2012 [99].  
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This Chapter reports details of the source materials used in this study as well as the mix design and the 

mixture procedures used for synthesizing the geopolymers. The techniques adopted for the characterization of 

the fresh and hardened properties of the obtained materials are also reported. 

3.1  Materials 

3.1.1 Aluminosilicate precursor 

Coal fly ash (FA) was used as precursor for the synthesis. The FA was sourced by the Italian coal-fired 

power station of Torrevaldaliga Nord (Rome) and supplied by Imola Cooperativa Trasporti (Bologna, Italy). 

This FA complies with EN 450-1 standard [31] and it is approved for the use in the cement and concrete 

industry. Previous studies carried out in our research group deeply investigated the nature and the suitability 

of this FA for the geopolymerization process [42,100]. The chemical composition of the investigated FA, 

composed of spherical shaped particles with an average diameter of 22.1 μm, is reported in Table 3.1. A low 

content of calcium and iron oxides is observed, while the silicon and aluminium oxides constitute nearly 80% 

by mass of the precursor.  

Table 3.1: Chemical composition of the fly ash. 

Oxide SiO2 Al2O3 Fe2O3 CaO TiO2 MgO K2O SO3 Na2O BaO Cr2O3 LOI 
Insoluble 

residue 

(wt%) 49.37 29.23 2.71 6.63 1.59 1.05 0.60 0.33 0.05 0.07 0.02 3.28 5.07 

 

XRD analysis of FA are reported in Figure 3.1: it is clearly visible the presence of the typical amorphous 

hump for 2θ values between 20 and 30° and of some crystalline phases, such as quartz, mullite and magnetite. 

The amorphous phases content, identified by using a Rietveld refinement, is equal to 65.3 ± 0.7 wt%, composed 

of SiO2 (35.1 wt%), Al2O3 (13.5 wt%), CaO (6.6 wt%), Fe2O3 (1.3 wt%) and other oxides (8.8 wt%) [42]. 

 

Figure 3.1: XRD pattern of the fly ash. 
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3.1.2 Alkaline activators 

Geopolymers studied in this thesis can be classified as two part geopolymers, since a solid source plus a 

liquid alkaline activator are involved in the process.  

Aqueous solutions of sodium silicate (SiO2 = 29.86%, Na2O = 14.43%, H2O = 55.71%, SiO2/ Na2O ratio 

= 2.07, ρ at 20°C = 1.53 g/cm3, kindly supplied by Ingessil Srl, Verona, Italy) was always used in combination 

with either sodium hydroxide solution (NaOH) or potassium hydroxide solution (KOH). If not differently 

specified, a 8 M sodium or potassium hydroxide solution was used. In some cases, the concentration of the 

sodium hydroxide solution was modified to obtain 6 M or 4 M NaOH solution, according to the research aim. 

The hydroxide solution was prepared by dissolving solid sodium (or potassium) hydroxide pellets in deionized 

water according to the desired concentration. 

3.1.3 Fine aggregate 

Two different geopolymer mortars (GMs) were produced which differ in amount and maximum size of the 

quartz fine aggregate used, as follows:  

 GM: fly ash-based geopolymer mortar containing 56.2 wt% of commercial quartz sand with maximum 

diameter dmax = 1 mm. 

 GM2: fly ash-based geopolymer mortar containing 65.7 wt% of EN 196-1 [101] sand with the 

maximum diameter dmax = 2 mm. 

The particle size distributions of the two sands are reported in Figure 3.2. 

 

 

Figure 3.2: Particle size distributions of sands used for producing GM and GM2. 

3.1.4 Refractory particles 

Geopolymer composites (GCs) were produced by adding recycled aluminosilicate refractory particles 

(RRP) (dmax = 2 mm, kindly supplied by Keratech, Gorizia, Italy) obtained by milling industrial scraps of 

refractory roller production. The chemical composition, provided by the producer, is reported in Table 3.2.  

Table 3.2: Chemical composition of the investigated recycled refractory particles (RRP). 
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Oxide SiO2 Al2O3 ZrO2 CaO 

(wt%) 17 78 4.7 ≤ 0.3 

 

By XRD analysis, RRP show a crystalline nature comprised of mullite, corundum and baddeleyite (Figure 3.3) 

which is consistent with the chemical composition reported in Table 3.2. 

 
Figure 3.3: XRD pattern of the recycled refractory particles (RRP) [176]. 

3.1.5 Lightweight fine aggregate 

Lightweight geopolymer mortars (LWGs) were produced using expanded perlite (EP) as fine lightweight 

aggregate. As the name states, expanded perlite is obtained by the thermal treatment of perlite, an amorphous 

volcanic silicate/alumina rock, which can be expanded from 5 to 20 times its original volume when rapidly 

heated at 900–1200 °C. Italy is one of the main six countries in terms of perlite production. Expanded perlite 

is very attractive in building materials industry because of its interesting properties such as low bulk density, 

high surface area, low sound transmission, low thermal conductivity, high heat resistance and chemical 

inertness [102]. In this study, Peralit 20 sourced by Perlite Italiana, Corsico (Milan, Italy), was used. The 

expanded perlite used has a maximum diameter of 2 mm, the chemical composition reported in Table 3.3 and 

the properties listed in Table 3.4. 

Table 3.3: Chemical composition of the expanded perlite (data supplied by the technical data sheet [103]). 

Oxide SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O 

(wt%) 74-78 11-14 0.5-1.5 1-2 0-0.5 2-4 3-6 

 

Table 3.4: Physical properties of the expanded perlite (data supplied by the technical data sheet [103]). 

Properties of the expanded perlite 

Aspect and colour The particles are white, hollow, and porous with many shapes 
Density (g/cm3) 0.09 - 0.10 ± 15% 
Thermal conductivity (W/mK) 0.02 
Specific heat (J/kg K) 837 
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3.1.6 Superplasticizers 

Seven types of commercially available superplasticizers (SP), commonly used in OPC concrete industry, 

were used. Their chemical structure and main physical characteristics are reported in Table 3.5 together with 

the identification labels. The SP were added in the mixture as supplied with the only exception of LGa and 

LGb which were diluted with water before use, according to the technical data sheet. Two different amounts 

were tested expressed as a weight percent by mass of fly ash (i.e. 0.6 and 1.0 wt%). 

Table 3.5: Chemical and physical properties of the investigated superplasticizers (data supplied by the 
technical data sheets). 

Label Chemical structure Solid content (wt%) Appearance color Density (g/cm3) 

LGa Lignosulphonate 48 Brown liquid 1.20 

LGb Sodium lignosulphonate 50 Brown liquid 1.27 

SNF Polynaphthalenmethan sulphonate 100 White powder 0.55 

SMF Sulphonated melamine 100 Brown powder 0.80 

PCE Polycarboxylic ether 17 Brown liquid 1.04 

ACRa Modified acrylic 31 Yellow liquid 1.09 

ACRb Acrylic acid copolymer 21 Yellow liquid 1.08 

 

3.1.7 Foaming agent 

Hydrogen peroxide solution (H2O2, 30 wt /wt in H2O) was used as foaming agent. Previous studies already 

assessed the effectiveness of H2O2 as foaming agent for the production of low density geopolymers [88]. 

Indeed, hydrogen peroxide is thermodynamically unstable and can be easily decomposed to water and oxygen 

gas according to the following reactions:  

H2O2 + OH¯ HO2¯ + H2O  

HO2¯+ H2O2 H2O + O2+ OH¯  

If added during geopolymer mixing, the bubbles of O2 produced by the reaction are trapped within the matrix 

producing closed porosities.  

3.1.8 Steel textile 

Steel textile was used for the investigation of geopolymer mortar as external strengthening system of 

existing structures. The steel textile employed in this study was supplied by Kerakoll spa. Additional 

information on the fibres are reported in Table 3.6, according to the technical data sheet. 
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Table 3.6: Description and main mechanical properties of the steel textile employed in the realization of fibre 
reinforced geopolymer matrix composites (data supplied by the technical data sheet [104]). 

GeoSteel G600 

Actual area of a cord 3x2 (5 wires) mm2 0.538 

 

Equivalent thickness of the textile mm 0.084 

Tensile strength by unit of width kN/cm > 2.35 

Elastic modulus of the textile GPa > 190 

Tensile strength of the textile MPa > 2800 

Strain at failure  % >1.50 

 

3.2 Synthesis 

3.2.1 Mix design 

Two different formulations of geopolymer matrices were used for the realization of the majority of the 

mixtures investigated in this study. The formulations are listed in Table 3.7 and are identified by the label G 

(geopolymer) followed by either the letter A (G_A) or B (G_B). Both formulations have the same 

activators/precursor ratio equal to 0.45 (wt/wt). However, the ratio between the sodium silicate and sodium 

hydroxide solutions used as activators was adjusted in order to modify the compositional parameters as 

presented in the Table 3.7.  

 

Table 3.7: Mix design and significant parameters of the investigated geopolymer matrices. 

 Mix design (wt%) Significant compositional parameters 

label 

Fly ash 
8 M 

NaOH 

Sodium 
silicate 
solution 

Activators
Precursor  

bulk 

n
SiO2

Al2O3
 

bulk 

n
NaO2

SiO2
 

amorphous 

n
Si

Al
 

amorphous 

n
Na

Al
 

G_A 69 5 26 0.45 3.52 0.12 2.91 0.88 
G_B 69 20 11 0.45 3.14 0.17 2.51 1.16 

 

If not differently specified, the mixtures were realized using either the G_A or the G_B formulation. When a 

subscript is present in the label, it refers to a change in the sodium hydroxide solution component. In particular, 

the following subscripts can be found: 

- K (i.e. G_AK ): indicates the use of 8 M KOH solution; 

- 4 M or 6 M (i.e. G_A4M): indicates the use of 4 M or 6 M NaOH solution, respectively. 

Starting from the geopolymer matrix produced using either G_A or G_B formulation, as a function of the final 

application, different fine aggregates/particles were used and the amount of extra-water added during the 

mixing procedure was adjusted. In Table 3.8 are summarized all the mixtures studied in this thesis; the total 

water content, calculated as the sum of extra water and the water coming from the solutions (i.e. NaOH 

solution, sodium silicate solution) is also reported. 
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 In particular, mixtures can be classified in four categories: 

- G: Geopolymer Paste without aggregates; 

- GM: Geopolymer Mortars containing quartz fine aggregate;  

- GC: Geopolymer Composites containing recycled refractory particles (RRP); 

- LWG: Lightweight Geopolymer mortar containing lightweight fine aggregate (expanded perlite). 

Table 3.8: Mix design of the investigated geopolymers. Values are reported a weight percent by the total mass.  

 Label Additional components 
Extra water 

(wt%) 

Total water 

(wt%) 

Other 

additions 

C
h

ap
te

r 
4 G_A - 4.6 21.8 Either 0.6 or 1.0 

wt% of 

superplasticizers GM2_A 
65.7 wt% of fine quartz aggregate 

(dmax = 2 mm) 
1.1 7.3 

C
h

ap
te

r 
5 GM_A 

56.2 wt% of fine quartz aggregate  

(dmax = 1 mm) 
3.0 

10.3  

GM_A6M 10.5  

GM_A4M 10.7  

C
h

ap
te

r 
6 

G_A - - 18.0  

G_AK - - 17.3  

GC_A_10 10 wt% of RRP 0.6 16.5  

GC_A_20 20 wt% of RRP 2.8 16.5  

GC_A_30 30 wt% of RRP 4.9 16.5  

GC_A_40 40 wt% of RRP 7.1 16.5  

C
h

ap
te

r 
7 

G_A - 8.8 25.2  

G_B - 6.6 25.1  

LWG_A_10 10 wt% expanded perlite 10.9 25.1  

LWG_B_10 10 wt% expanded perlite 9.0 25.0  

LWG_A_10_HP 10 wt% expanded perlite 10.7 25.1 0.3 wt% of H2O2 

LWG_B_10_HP 10 wt% expanded perlite 8.7 25.0 0.3 wt% of H2O2 

LWG_A_13 13 wt% expanded perlite 11.6 25.1  

LWG_B_13 13 wt% expanded perlite 9.8 25.1  

LWG_A_13_HP 13 wt% expanded perlite 11.3 25.1 0.3 wt% of H2O2 

LWG_B_13_HP 13 wt% expanded perlite 9.5 25.1 0.3 wt% of H2O2 

LWG_AK_13 13 wt% expanded perlite 11.6 24.6  

LWG_BK_13 13 wt% expanded perlite 9.8 23.1  
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3.2.2 Mixing procedure and curing conditions 

All mixtures were prepared using a Hobart mixer. The mixing procedures were modified according to the 

specific case and are summarized as follows: 

 G: Geopolymers were prepared by mixing fly ash with alkaline solutions for 90 s after which water, 

when present, was gradually added. The mixing was performed for further 150 s, stopped for 90 s, and 

resumed for additional 60 s. Superplasticizers, when present, were added in the last minute of the 

mixing process.  

 GM: Geopolymer mortars were prepared by mixing fly ash with alkaline solutions and water. The 

compound was mixed for 5 minutes after which sand was gradually added for the next 30 s. Afterward, 

mixing was performed for 30 s, then paused for 90 s, and resumed for additional 60 s. 

 GM2: Geopolymer mortars (type 2) were prepared by mixing fly ash with alkaline solutions and water. 

Mixing was operated for 30 s after which sand was gradually added during the following 30 s. 

Afterward, water was introduced, followed by the superplasticizer, when present. The mixing was 

paused for 90 s and resumed for additional 60 s.  

 GC: Fly ash and refractory particles were pre-mixed and then poured in the Hobart mixer where 

alkaline solutions were added together with extra water. After 6 minutes of mixing, the mixer was 

paused for 60 s and then resumed for further 3 minutes.  

 LWG: Fly ash and perlite were manually pre-mixed and then poured in the Hobart mixer where 

alkaline solutions and sodium silicate solutions were successively added. After mixing for 90 s, water 

was gradually added and mixed for additional 150 s. After a pause of 60 s, hydrogen peroxide, when 

present, was added and mixed for further 60 s. 

The fresh properties of the materials were assessed immediately after mixing as described in paragraph 

3.3.1. The mixtures were poured in different size moulds (which varied according to the test procedure), 

vibrated, and cured sealed in plastic bags to prevent the fast evaporation of the water at laboratory conditions 

(T=21±2 °C). After at least 24 hours and no more than 72 hours, the hardened specimens were demoulded and 

cured at the aforementioned conditions until the day of the test, which if not differently specified, corresponded 

to 7 and/or 28 days. 

Only for GC specimens a heat curing (T = 70 ± 1 °C) for the first 24 h was also performed. After the first 

24 h in the oven at 70 ± 1 °C, all the specimens were demoulded and cured sealed in plastic bags at room 

temperature for further 6 days.  

For tests that involve the use of specific specimens (i.e. fire test, bond tests) a detailed description of the 

specimens preparation and curing is reported in the dedicated paragraphs, together with the test procedure. 
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3.3 Methods 

3.3.1 Fresh properties  

Workability of geopolymers was evaluated through the minislump test [105]. After mixing, geopolymer 

mixture was poured into a truncated conical mould (dmin = 19 mm, dmax = 38 mm, h = 57 mm). The mould 

was lifted up and the mean diameter of spread paste was measured after one minute. This test was performed 

immediately after mixing (t=0’). When superplasticizers are investigated, the test was repeated after 5, 15 and 

30 minutes on the same mixture, in order to evaluate the variations of workability during time.  

Workability of the geopolymer mortars was measured by means of the conventional flow table test, in 

accordance with the EN 1015-3 [106]. The workability, expressed in terms of consistency %, was determined 

as the percentage of the difference between the average diameter of the spread mixture and the diameter of the 

conical ring (100 mm) divided by the diameter of the conical ring (100 mm).  

In order to evaluate the influence of SP on the air entrainment in the fresh mixture, the air content of the 

fresh geopolymer mortars was determined according to EN 1015-7 [107] using a 1L porosimeter.  

3.3.2 Microstructure and physical properties  

Scanning electron microscope was used to investigate the adhesion between steel fibres and geopolymer 

mortars (see Chapter 5) using a SEM, EVO 40XVP-M, Carl Zeiss Microscopy GmbH. In addition, to analyse 

the microstructural changes due to the high temperature exposure (see Chapter 6), SEM analysis of 

representative samples regions were obtained in backscattered electrons of polished sections. In the latter case, 

SEM observations were carried out by a Tescan Vega 3 microscope. 

X-ray diffraction analysis were conducted on powdered samples with a Rigaku Ultima IV device. Data 

were collected in the angular range of 10-65° 2θ with a step size of 0.02° and a scanning speed of 0.5° 2θ    

min-1. The analysis of quantitative mineralogical compositions of the samples studied in Chapter 6, were 

determined by PW3830 X-ray diffractometer. Powdered specimens, diluted with 10 wt% of rutile as internal 

standard, were side loaded to minimize preferred orientation. Data were collected in the angular range 10-80° 

2θ with steps of 0.02° and 5 s/step and the Rietveld refinements were performed using GSAS27 [108]. 

Fourier transform infrared spectroscopy (FT-IR) for the admixtures characterization were carried 

out by means of PerkinElmer Spectrum Two instrument. The spectra were recorded by Attenuated Total 

Reflection (ATR) sampling technique on samples of PCE and ACRa admixtures, previously dried in a vacuum 

dryer. In order to test the chemical stability of PCE and ACRa in the alkaline solution media, the 

superplasticizers were also mixed with an 8M NaOH solution (weight ratio 1:1). After 30 min stirring, the 

solution was dried in a vacuum dryer and the sample spectra was registered. 
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The bulk density (ρbulk) of specimens was obtained as dry mass divided by the geometric volume. Drying 

was performed in oven at T = 105 ± 2 °C for 24 hours or until the specimens reached constant mass ± 0.1 %. 

The water absorption (WA%) of specimens was obtained by soaking dried samples in water for at least 

24 h or until the specimens reached constant mass ± 0.1 %. Results are expressed as percentage of the 

difference of saturated surface dry mass (mssa) and dry mas (md) divided by the dry mass, according to the 

equation: 

WA% = 
mssa - md

md
 

In some cases (see Chapter 7), water absorption test was also conducted under vacuum conditions (WAuv%). 

The pore size distribution of samples was investigated by mercury intrusion porosimetry (MIP) (Carlo 

Erba 2000) equipped with a macropore unit (Model 120, Fison Instruments). This technique is based on the 

intrusion of a non-wetting fluid (mercury) into the pore structure under increasing pressure. A wide range of 

pores (pore radius in the range of 0.004 – 70 μm) can be explored and a pore size distribution can be obtained. 

The Washburn equation [109] is used to relate the pressure to pore size: 

r= 
-4γcosθ

P
 

Where: 

r = pore radius; 

γ = surface tension of the liquid (0.48 N/m); 

θ = contact angle of intrusion liquid of 141.3° 

P = pressure of liquid. 

Low magnification imaging was performed using the Olympus SZX10 optical microscope. In some cases, 

the optical microscopy analysis was used in combination with the image analysis software LAS V3.8 for 

obtaining information on the porosity of the hardened specimens.  

Capillary water absorption tests were performed according to EN 15801 [110] (results in Chapter 4) or 

EN 13057 [111] (results in Chapter 5) in order to evaluate the interconnectivity of the pores. As required by 

the standard, the amount of water absorbed per unit area at the time ti was expressed by the capillary water 

absorption curve. 

Drying shrinkage was investigated according to EN 12617-4 [112] using 40 × 40 × 160 mm prisms. The 

length of the prisms was measured at the age of 1, 3, 7, 14, 21, 28 and 56 days. Shrinkage was determined as 

the specific length variation, i.e. the change in length over the initial specimen length. The average of the 

specific length of three prisms for each age was used to study shrinkage for each matrix type. 
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3.3.3 Mechanical tests  

The mechanical characterization of geopolymer mortars was carried out by performing compressive and 

flexural strength test according to EN 196-1 [101] on prisms (40 × 40 × 160 mm). Flexural and compressive 

strengths were determined by a Wolpert machine (maximum load: 100 kN) at a constant displacement rate of 

50 mm/min.  

Dynamic modulus of elasticity (Ed) was determined using a commercial ultrasonic testing instrument 

(Matest) composed of a pulse generator and two transducers (55 kHz) that were positioned at opposite ends of 

160 mm long sample. The dynamic modulus of elasticity is calculated as: 

Ed= v2ρ 
(1+ )(1- 2) 

(1- ) 
 

Where: 

v = ultrasonic pulse velocity (m/s) 

 = bulk density (kg/m3) 

 = Poisson’s ratio (assumed equal to 0.25) 

3.3.4 Bond tests 

Single-lap direct-shear tests were performed on specific specimens in order to analyse the bond behaviour 

of the composite-concrete joints. In order to produce the specimens for the test, geopolymer mortar (GM) 

prepared as described in 3.2.2 was used as matrix for embedding high strength textiles on concrete or masonry 

substrates. The textile used for this study are descripted in more detail in paragraph 3.2.5. The matrix was used 

only in the bonded area to embed the textiles and bond the composite to the substrate. Two different substrates 

were considered for the experimental investigation: 

 a concrete prism (150 × 150 × 600 mm) characterized by a compressive strength equal to 23.5 MPa 

(CoV = 0.06). The surface of application of the concrete prism was previously sandblasted to favour 

the adhesion between the composite and the substrate. The bonded length was equal to 450 mm and 

the bonded width was equal to 50 mm (Figure 3.4). The fibres were left bare outside the bonded area, 

which started 50 mm from the top edge of the prism. 

 

Figure 3.4: Schematic representation of the FRGM-composite bonded to concrete blocks (dimensions in mm). 
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 A masonry prisms (125 × 125 × 380 mm) made of six 125 × 125 × 55 mm clay bricks (having 20.3 

N/mm2 (CoV 0.17) compressive strength, 3.16 N/mm2 (CoV 0.12) tensile strength and 7.3 GPa (CoV 

0.29) Young’s modulus) and five mortars joints. The bonded length was equal to 300 mm and the 

bonded width was equal to 50 mm (Figure 3.5). The fibres were left bare outside the bonded area, 

which started 35 mm from the top edge of the prism. 

 
Figure 3.5: Schematic representation of the FRGM-composite bonded to masonry blocks (dimensions in 
mm). 

In both cases, a 4 mm layer of mortar was applied on one face of the substrate; fibres were applied on the 

first layer of mortar and covered by a second layer (4 mm) of mortar. Specimens were cured at room 

temperature covered by a PVC film until the day of the test (Figure 3.6).  

 

(a) 

 

(b) 

Figure 3.6: Curing of the FRGM composites bonded to concrete (a) and masonry (b) substrates. 

After at least 7 days of curing, single-lap direct-shear tests were performed on these specimens. Before 

testing, a 75 mm-long epoxy tab was constructed with a thermosetting epoxy at the end of the fibre sheet and 

used to improve gripping during testing. The classical push-pull configuration was adopted for the direct shear 

test, where fibres were pulled while the prism was restrained. Direct shear tests were conducted under 

displacement control using a close-loop servo-hydraulic universal testing machine. Two Linear Variable 

Displacement Transducers (i.e. LVDTs named LVDTa and LVDTb) were mounted on the concrete surface, 

close to the top edge of the bonded region. The LVDTs reacted off of thin aluminium Ω-shaped plate that was 

attached to the bare fibre surface adjacent to the beginning of the bonded area (Figure 3.7). The average of the 
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two LVDT measurements was defined as the global slip. The global slip was increased at a constant rate equal 

to 0.00084 mm/s. A detailed description of the test setup is reported elsewhere [40]. 

 

(a) 

 

           (b) 

 

(c) 

Figure 3.7: Single lap direct shear test setup-dimensions in mm (a) [113]; Photos of direct shear tests (b,c). 
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Pull-off tests were performed to obtain insight into the adhesion between the mortar and the substrate and 

between the mortar and the fibre. To perform this test, specific specimens were produced. A 4 mm layer of 

mortar (GM_A4M) was applied on one face of the substrate, the steel-fibre textile was applied on the first layer 

of mortar and covered by a second layer (4 mm) of mortar. Specimens were cured at room temperature covered 

by a PVC film for 28 days.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.8: Pull off test procedure. 

The test was performed following the guidelines of EN 1542 [114]. The method of test is by direct dolly 

pull-off using a dolly bonded to the surface of the repair product or system, with the test area having been 

defined by coring through the surface (Figure 3.8 a and b). The test was performed by means of a DYNATEST 

measurement device (load cell of 16 kN) that displays the exerted force by an analogue system test (Figure 3.8 

c and d).  

The outputs of the test are: 

 the tensile bond strength, obtained dividing the failure load by the area of the test specimen; 

 the failure mode, determined from a visual assessment. 

3.3.5 Thermal analysis  

The weight loss during high temperature exposure was measured using thermogravimetric analysis 

(TGA). Results presented in Chapter 6 were obtained through a STA 449 C Jupiter instrument, heating at 

constant rate of 10°C/min in nitrogen atmosphere up to 1000 °C. To remove the initial moisture equilibrium 

at 40°C was performed for 30 minutes. Results presented in Chapter 7 were obtained by a TGA Q500 

instrument heating at a constant rate of 10°C/min in air up to 900°C. In this case, the sample was pre-dried at 

105°C before starting the test.  
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Thermodynamic processes were measured using differential scanning calorimetry (DSC). DSC was 

performed with a DSC Q10, TA Instrument, under nitrogen flow. Sample was placed in an aluminium pan and 

heated up to 280 °C with a constant heating rate of 20°C/min. From DSC measurements it was possible to 

calculate the specific heat (cp) of the material in the temperature range 30 - 200 °C, according to the EN 821-

3 [115]. In order to calibrate this output, the test piece was replaced by α-alumina to use as calibrant of known 

specific heat and the baseline behaviour was determined by a test with an empty test piece cell. The specific 

heat of the test piece at any temperature T was calculated as follows: 

𝑐௦ =
(𝑆௦ − 𝑆) ∙ 𝑚 ∙ 𝑐

(𝑆 − 𝑆) ∙ 𝑚௦
 

Where: 

cps: specific heat of the test piece  

cpc : specific heat of the calibrant 

Ss : output signal of the test piece; 

Se : output signal of the empty cell; 

Sc : output signal of the cell plus calibrant (α-alumina); 

ms : mass of the test piece; 

mc : mass of the calibrant.  

 

Thermal conductivity was analysed by a Transient Plane Source (TPS) method. The method is based on 

the use of a transiently heated plane sensor consisting of an electrically conducting pattern in the shape of a 

double spiral. This spiral is sandwiched between two thin sheets of an insulating material (e.g. Kapton, Mica, 

etc.). TPS1500S from Hot Disk® AB equipped with kapton-insulated sensors (room temperature tests) and 

mica-insulated sensors (150°C-700°C tests) was used. The system applies the transient plane source technique 

described in ISO 22007-2 [116] and is applicable over a wide range of temperatures. The plane Hot Disk sensor 

is fitted between two pieces of the sample, each one with a plane surface facing the sensor. By passing an 

electrical current, high enough to increase the temperature of the sensor between a fraction of a degree up to 

several degrees, and at the same time recording the resistance (temperature) increase as a function of time, the 

Hot Disk sensor is used both as a heat source and as a dynamic temperature sensor [117]. The Hot Disk 

technique provides a direct measure of the thermal conductivity (k) of the material.  

Sensors with 9.719 mm radius were used; the power provided to the sensor in the test was between 35 -75 

mW, depending of temperatures conditions, the measuring time was 160 s. Two rectangular slabs of material 

(80 × 80 × 30 mm) were used as tested samples. Sample and sensor assembly was setup as described from ISO 

22007-2 [116] (Figure 3.9). The thermal conductivity is sensitive to the moisture content of a material. 

Therefore, all the specimens used for this test were pre-dried in oven with the aim to avoid errors during the 

measure owed to differences in the initial moisture content. For the high temperature measurements, the sample 

assembly was located in a Chamber Furnace (LF2 SP from Vecstar Ltd). The furnace chamber was 

conditioned, before the start of each test, by removing the air from the system by a vacuum pump, filling with 
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nitrogen and repeating this cycle more times. During the experimental runs, the furnace chamber was purged 

by pure nitrogen with a flowrate of 7.5 mL/min. Each measurement is the mean of five individual 

measurements, with variation of ± 0.01 Wm-1 K-1. 

 

Figure 3.9: Test setup: sensor assembled in between two slabs of specimens. 

 

The linear dimensional variations were measured by a dilatometer 402 E, Netzsch GmbH. Prismatic 

samples of 5 × 9 × 25 mm were heated from ambient temperature up to 1000°C at a constant rate of 10 °C/min. 

A heating optical microscope (HSM, Expert System) was used with the aim to follow up the behaviour 

of the product during heating. Samples of 3 × 3 × 5 mm were heated at a constant rate of 5°C/min until the 

complete melting of the sample was achieved.  

Acoustic Emissions were measured during the thermal treatment in a muffle furnace to study the cracking 

mechanism occurring during a high temperature exposure. Cracking and crack growth in brittle materials is 

accompanied by the emission of elastic waves. Detection and analysis of these transient signals (‘hits’) 

therefore gives insight into the processes taking place at different times during the experiments. Both the 

heating and cooling period were investigated. For this test, specimens were heated at 2°C/min up to several set 

temperatures (i.e. T = 500, 550, 600, 650, 800 °C), maintained for 1 h at the set temperature and then allowed 

to cool naturally back to room temperature. Photos of the test setup are reported in Figure 3.10. Three samples 

(40 × 40 × 50 mm) were tested for each run. Two of them were in contact with waveguides on their top surface 

and equipped with acoustic emission (AE) sensors. A third sample was drilled in its lateral surface in order to 

obtain a hole (3 mm diameter and 20 mm length) where a thermocouple was arranged for measuring the 

temperature inside the sample during the test. In this way, it was possible to obtain temperature-time curve to 

correlate with the hits-time curve resulting from the acoustic emission measurements. 
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Figure 3.10: Setup for measuring acoustic emissions during thermal treatments in the muffle furnace. 

Different thermal treatments using a muffle furnace were performed to obtain insight into the thermal 

behaviour of the geopolymer composites (GC series - paragraph 6.3). For this test, the as cured specimens 

were heated at 5°C/min up to the two different set temperatures of 800 and 1000°C. The set temperature was 

maintained for 2 hours and then the samples were left inside the oven and allowed to cool naturally back to 

room temperature. Specimens before and after the thermal exposure were characterized. 

3.3.6 Fire tests 

In order to test the fire resistance of various elements of construction, standard heating conditions have 

been established by standards. In particular, the heating conditions reported in standards define a temperature-

time relationships simulating those occurring in real fire. The most commonly adopted fire curves are the so 

called cellulosic and hydrocarbon fire curves (Figure 3.11). The former is the most appropriate for testing the 

fire resistance of fire protection systems in ordinary buildings since is based on the burning rate of general 

combustible building materials and building contents [58].  

The temperature development of the cellulosic fire curve is defined in several standards (e.g., ISO 834 – 1 

[83], EN 1363 – 1 [118]) and it has to follow the relationship: 

 

T = 345 log (8t+1) + 20 

Where: 

 

T is the average furnace temperature, in degree Celsius; 

t is the time from the start of the test in minutes. 
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The hydrocarbon (HC) fire curve simulates harsher conditions than the cellulosic one, where small petroleum 

fires might occur; higher temperatures and a rapid rate of growth characterize such fires. According to EN 

1363-2 [119], a temperature-time curve to be designed as the hydrocarbon curve shall be defined by the 

following expression:  

T = 1080 [1 - 0.325 e-0.167t - 0.675 e-2.5t] + 20 

Where: 

 

T is the average furnace temperature, in degree Celsius; 

t is the time from the start of the test in minutes. 

 

Figure 3.11: Standardized temperature-time fire curves. 

Fire tests were conducted using a medium-scale (i.e. furnace with an internal volume of approximately 

1m3 – Figure 3.13 a) testing set-up. Specific specimens were realized for this test: the mixture was poured in a 

silicon mold (80 × 80 × 50 mm) containing a stainless steel plate (75 × 75 × 2 mm) on the bottom. The steel 

plate was arranged in order to have the sandblasted surface in contact with the mortar. The specimens (Figure 

3.12 a,b) were cured in sealed conditions at room temperature (T = 21 ± 2 °C). After 24 h, the specimens were 

demoulded and cured in the aforementioned conditions for further 27 days. After the 28th day of curing the 

specimens were allowed to dry in a climate chamber (T = 23 ± 2 °C, RH = 50 ± 5 %) for at least one week and 

until the day of the test (Figure 3.12 c). In this way, the moisture content of the test specimens approximated 

to those expected in normal service. Before testing, two thermocouples (type K) were spot-welded onto the 

backside of each specimen to continuously record the temperature of the cold side of the steel plate during the 

fire exposure. In addition, a steel waveguide (Figure 3.12 d) was also welded on the backside of the steel to 

couple the acoustic emission sensor (type VS 150). An AMSY 6 acoustic emission system was used to process 

and store the detected signals. One specimen for each formulation and a bare steel plate were positioned in a 

vermiculite sample holder containing nine square openings (side 80 mm – Figure 3.13 b). For each fire test, 

two sample holders were prepared in order to obtain an average measurement for each formulation. The sample 

holders were attached to the opening in the sides of the furnace (Figure 3.13 c). Afterwards, the waveguides 

were equipped with pre-amplifiers and frequency filters to increase signal amplitudes and to minimize noise 
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(Figure 3.13 d,e). Both the so arranged waveguides and the thermocouples were connected to the data-

recording systems.  

Three fire tests (Figure 3.14 f) were performed according to the experimental program reported in Table 

3.9.  

 

Table 3.9: Fire tests. Experimental program. 

Test Fire curve- Standard 
Thickness of 

the mortar layer 
Time of 
firing 

Recorded data 
Temperature-

time curve 
Acoustic 
emissions 

1 Cellulosic fire - ISO 834-1 15 mm 45 min x x 
2 Cellulosic fire - ISO 834-1 20 mm 60 min x - 
3 Hydrocarbon fire – EN 1363-2 20 mm 35 min x x 

The temperature-time curves were recorded to identify the time after which the temperature of the cold 

side of the steel plate exceed 500°C which is identified as the critical threshold for the properties of steel, since 

steel loses about one-half of the strength at 500 °C [120]. The fire was stopped 20 minutes after the 

achievement of 500°C by all the specimens. In addition, acoustic emissions were recorded during both heating 

and during cooling for one more hours, to have insights into the mechanism of cracking related to the thermal 

exposure. 

 

Figure 3.12: Photos of the specimens produced for the fire tests. 
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Figure 3.13: Photos of the medium-scale fire test setup. 

3.3.7 Test campaign 

An overview of the performed tests is reported in Table 3.10. 

Table 3.10: Test campaign. 

 Mixture Characterization test 

C
h

ap
te

r 
4 

Superplasticizers Fourier transform infrared spectroscopy (FT-IR) on PCE and ACRa 
G_A Workability - minislump test 

GM2_A 

Workability - flow table test - EN 1015-3 [106] 
Air entrainment in the fresh mixture - EN 1015-7 [107] 
Bulk density 
Optical microscopy analysis in combination with the image analysis 
Mercury intrusion porosimetry 
Capillary water absorption - EN 15801 [110] 
Mechanical characterization - EN 196-1 [101] 
Determination of Ed 

C
h

ap
te

r 
5 

GM_A 
GM_A6M 
GM_A4M 

SEM analysis  
Workability - flow table test - EN 1015-3 [106] 
Bulk density 
Water absorption 
Mercury intrusion porosimetry 
Capillary water absorption - EN 13057 [111] 
Mechanical characterization - EN 196-1 [101] 
Determination of Ed 
Drying shrinkage - EN 12617-4 [112] 
Single-lap direct-shear test on FRGM composites 
Pull-off test on FRGM composites 
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C
h

ap
te

r 
6 

G_A 

Acoustic emissions measurements during heat treatment 
X-ray diffraction analysis 
SEM analysis in backscattered electrons of the polished sections 
Thermogravimetric analysis – TGA in nitrogen atmosphere 
Quantitative XRD analysis  
Thermal treatments using a muffle furnace 
Optical microscopy analysis 
Bulk density 
Water absorption 
Heating optical microscope 
Dilatometer 

G_AK 
Acoustic emissions measurements during heat treatment 
X-ray diffraction analysis 

GC_A_10  
GC_A_20 
GC_A_30 
GC_A_40 

Thermal treatments using a muffle furnace 
Optical microscopy analysis 
Bulk density 
Water absorption 
Heating optical microscope 
Dilatometer 
Quantitative XRD analysis (only on samples GC_A_30 and GC_A_40) 
Determination of the compressive strength (GC_A_40) 

C
h

ap
te

r 
7 

 

 
G_A  
G_B  
LWG_A_10  
LWG_B_10 
LWG_A_10_HP 
LWG_B_10_HP 
LWG_A_13 
LWG_B_13 
LWG_B_13_HP 
LWG_A_13_HP 
 

Bulk density 
Water absorption 
Water absorption under vacuum 
Mercury intrusion porosimetry 
Thermogravimetric analysis – TGA in air 
Differential scanning calorimetry - DSC 
Determination of specific heat (cp) - EN 821-3 [115] 
Thermal conductivity at T = 20 °C 
Determination of Rc 
Determination of Ed 
Optical microscopy analysis was used in combination with the image analysis (only on 
samples LWG_B_13_HP and LWG_A_13_HP) 
Thermal conductivity up to 700 °C (only on samples G_B, LWG_B_13_HP, and 
LWG_A_13_HP) 
 

 Additional test 

LWG_A_13 
LWG_B_13 
LWG_A_13_HP 
LWG_AK_13 
LWG_BK_13 
GM_A 

Medium-scale fire tests 

 

 

 

  



 

 

4 Chapter 4:  

Implementing geopolymers fresh properties:  

the use of superplasticizers 
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4.1 Background and research aims 

Superplasticizers (SP) are widely used in concrete technology. These admixtures can be used as water 

reducer maintaining a fixed workability or as plasticizers increasing workability without modifying the mix 

design. First applications of chemical admixtures as water reducers date back to the 1940s with the adoption 

of lignosulfonate (LS) followed by the development in the 1960s of high water reducer based on sulphonated 

naphthalene formaldehyde (SNF) and sulphonated melamine formaldehyde (SMF). Finally, in the early 1980s, 

a new generation of superplasticizers based on polyacrylate polymers was designed [121]. Several studies 

[122–126] have been conducted on the chemistry and the operating principle of superplasticizers in cement 

matrix, confirming that their use allows to enhance mechanical and microstructural properties and durability 

performances of concrete. Therefore, the adoption of SP can be considered one of the most important 

improvements in concrete technology that contributed to its worldwide diffusion [121,126].  

As happened for OPC concrete, understanding the effectiveness and influence of superplasticizers in 

geopolymer systems is one of the essential requirements for its large-scale acceptance as building material. 

The superplasticizers currently available have been specifically designed to work with the chemistry of 

Portland cement. Despite the fact that in terms of performances geopolymer and OPC based materials can be 

comparable, it has to be highlighted that the reaction mechanism and products of these two systems are 

completely different [14,15].  

However, in the absence of specific superplasticizers designed for alkali activated systems, it is useful to 

understand if the available SP can be successfully adopted for the production of geopolymers. Research 

conducted on this topic are often contradictory on establishing which is the chemical structure of the 

admixtures that can promote a significant plasticizing effect [52,53,127–130]. In addition, it is well known that 

in the case of traditional OPC concrete the use of SP can increase the air-entrainment during the mix or can 

affect porosity and pore size distribution of the hardened material [131,132]. For this reason, research focused 

on this topic is necessary, being porosity strictly connected to the durability issues of final products. 

In this chapter, the influence of commercially available superplasticizers designed for OPC concrete on 

properties of geopolymers (G_A) and geopolymer mortars (GM2_A) are investigated. Seven types of 

commercially available superplasticizers (see paragraph 3.2.3), commonly used in OPC concrete industry were 

used. Both geopolymers and geopolymers mortar were labelled according to the chemical structure of the 

admixture (Table 3.5), followed by its amount expressed in percentage by mass of precursor (i.e., PCE_06 

refers to a mixture containing 0.6 wt% of polycarboxylic ether by mass of fly ash). Furthermore, a reference 

mixture without superplasticizer was prepared and named either G_A or GM2_A. Fresh and hardened 

properties were analysed with a special focus on porosity and its distribution in order to get a more 

comprehensive overview of the influence of superplasticizers in geopolymer materials. 
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4.2 Effect of superplasticizers on fresh properties 

Workability 

Workability test on fly ash-based geopolymer was carried out in order to evaluate the effectiveness of the 

investigated SP and it has been expressed as relative spread for geopolymers and consistency for mortars. The 

relative spread was defined as the difference, expressed in percentage, between the spread of the tested 

mixtures containing SP and the spread of G_A mixture divided by G_A spread diameter. Figure 4.1 reports 

the results of the minislump test as function of time (0, 5, 15, 30 min after mixing).  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.1: Workability of geopolymer expressed as relative spread (increase or decrease in %) of the 
geopolymer mixtures immediately after mixing (a), after 5 minutes (b), 15 minutes (c)  and 30 minutes (d)  [133]. 

Lignosulphonate and naphthalene based admixtures (LGa, LGb, SNF) did not significantly improve 

workability of geopolymers either in case of the added amount of 0.6 wt% or when 1.0 wt% of SP was used. 

Moreover, in the cases of LGb_06 and SNF_1 mixtures, the results showed a reduction in spread when 

compared to G_A. On the contrary, geopolymers containing SMF, PCE, ACRa and ACRb superplasticizers 

showed a spread higher than G_A during all the tested times (0, 5, 15 and 30 minutes). Increasing the amount 

of SP from 0.6 to 1.0 wt% was effective only when PCE was used, whereas it did not always correspond to an 
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increase in workability for SMF, ACRa and ACRb. At t=0’, the relative spreads of SMF_06, PCE_1, ACRa_06 

and ACRb_06 mixtures were equal to 6.1%, 10.1%, 5.5% and 7.2% respectively, thus highlighting an increase 

in the flow diameter of these mixtures up to 10.1% compared to G_A. For this reason, these SP were also 

tested on geopolymer mortar specimens. 

Figure 4.2 shows the flow table test results obtained on mortar samples. Consistency was expressed as 

average of four different tests per mixture. At t=0', PCE_06, PCE_1, ACRa_06 and ACRb_06 showed a 

consistency in the range of 74 - 87%, which was higher than the reference one (GM2_A). ACRa_06 and PCE_1 

mixtures exhibited the highest values and at t=30’ they showed consistency equal to 69 ± 2% and 68 ± 4% 

respectively, thus exhibiting a workability very close to the one of GM2_A at t = 0’ (73 ± 4%). 

As a general trend, mortar workability decreased with time with a similar rate for all the investigated 

mixtures and for PCE higher values were always registered for superplasticizer content of 1 wt% rather than 

0.6 wt%.  

 
Figure 4.2: Consistency of geopolymer mortars as function of time (average of four measurements, PCE_1 (), 
ACRa_06 (), PCE_06 (), ACRb_06 (), SMF_06 (), GM2_A ()). Standard deviation is not reported in the plot 
for clarity sake however it is in the range of ±5 [133]. 

Results concerning the consistency of the geopolymers and mortars show that the latest generation 

admixtures (PCE and acrylics based types) are more effective in terms of workability improvement than 

lignosulphonate, naphthalene and melamine based SP. Such differences can be ascribed to the different 

chemical structure. Indeed, LS, SNF and SMF based superplasticizers rely on an electrostatic repulsion: in the 

cement based materials, the electrostatic attractive forces among cement particles, which generate 

agglomeration, are neutralized by the adsorption of anionic polymers negatively charged for the presence of 

the SO3¯ groups on the surface of cement particles. The dispersion is obtained by the electrostatic repulsion 

produced by the negatively charged SO3¯ groups on the opposite side of the main polymer chain [134] .  
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Regarding the latest generation of SP, the dispersion mechanism is more related to a steric hindrance effect 

generated by the side chains of the polymer, than to the presence of negatively charged anionic COO¯ group, 

which is responsible for the adsorption of the polymers on the surface of cement particles[134].  

Although a study [129] related to the efficiency of SP in alkali activated slag systems revealed that the 

majority of SP used for OPC based binder seems to degrade in the high alkaline environment, the chemical 

structure of PCE based superplasticizer and the presence on numerous lateral side chains can prevent the 

tendency of binder particles to agglomerate [52]. Moreover, a recent study [135] on adoption of PCE based 

superplasticizer in alkali activated slag pastes confirms that by acting on the molecular architecture of the PCE, 

its performances as superplasticizer are improved. Finally, it has to be mentioned that setting occurred regularly 

when the different SP were added and no delay was registered in demoulding procedure. 

Air content 

The determination of air content is essential for understanding if the detected workability improvement is 

ascribed to an increase of air entrainment due to the use of SP rather than to their plasticizing effect [136]. The 

air content test was conducted on the reference geopolymer mortar (GM2_A) and on PCE_1 and ACRa_06, 

the two mixtures showing the best results on the flow table test.  

The consistency of mortars immediately after mixing (t=0’) and the relevant air content % are reported in 

Table 4.1. From the results, no correlation between the workability improvement and air content was found. 

Indeed, PCE_1 mix exhibited an equal or lower air content than the other tested mixtures, even if it showed 

the highest consistency. 

Table 4.1: Consistency and air content of GM2_A, PCE_1 and ACRa_06 (average values of four and two 
measurements, respectively) [133]. 

 Consistency (%) Air content (%) 

GM2_A 73±4 4.9±0.5 
PCE_1 87±3 4.9±0.1 
ACRa_06 83±5 5.1±0.1 

 

4.3 Superplasticizers chemical stability in alkaline environment 

Infrared spectroscopy is technique largely used for studying superplasticizers in cement and alkali activated 

materials [51,129,137,138]. The infrared spectra for PCE and ACRa dried in a vacuum dryer and after mixing 

with an 8M NaOH solution are reported in Figure 4.3. Comparing the spectrum of the dried admixture (red) 

with the one where the admixture was treated with NaOH solution (black), for both PCE and ACRa 

superplasticizers, the band at 3450-3400 cm-1 corresponding to OH¯ group, slightly increased thus indicating 

a good chemical stability of PCE and ACRa in the alkaline medium. Indeed, this peak usually strongly 

increases when polymer degradation occurs according to the increase content of the OH terminal chain group 

formed during hydrolysis. Moreover, for ACRa spectra (Figure 4.3 a) the band at 1730 cm-1, which corresponds 
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to C=O carboxylic derivatives, remained almost unchanged when the alkaline treatment is carried out, 

confirming a good chemical stability. Conversely, for PCE (Figure 4.3 b) the band at 1725 cm-1 practically 

disappeared, but only one (at 1418 cm-1) of the two characteristic bands (1575 and 1418 cm-1) corresponding 

to carboxylate groups appeared as a shoulder of the peak at 1447 cm-1. Thus, for PCE a certain degree of main 

chain degradation can be hypothesized, however a large part of the lateral chains comprising ether bond (peak 

at 1100 cm-1) still remains bound and able to exert its action of steric hindrance [129].  

 

 
(a) 

 

 

(b) 

Figure 4.3: FT-IR spectra for ACRa (a) and PCE (b) superplasticizers dried in a vacuum dryer and after mixing 
with an 8M NaOH solution [133]. 

 

4.4 Effect of superplasticizers on microstructure and mechanical properties 

Figure 4.4 shows the cross sections of the geopolymer mortar specimens investigated in this study after 28 

days of curing. Externally, hardened geopolymer mortars had a dark grey colour and they did not present any 

efflorescence on the surface.  
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Figure 4.4: Photos of the cross section of hardened geopolymer mortar specimens. 

Flexural (Rf) and compressive (Rc) strength were evaluated to determine if the use of SP affects the 

mechanical properties of the hardened materials. The results are presented in Figure 4.5: the reference sample 

GM2_A showed a compressive strength equal to 60.0 ± 1.5 MPa and the relevant values for the samples 

containing SP were between 60-62 MPa. A similar behaviour is also detected for flexural strength, where 

GM2_A exhibited a value of 7.7 ± 1.1 MPa and samples with SP are about 9 MPa. All the ultrasonic pulse 

velocity measurements are in the range of 3.4-3.7 km/s. During the test, the ultrasonic pulse can be reflected 

or refracted if discontinuities, voids or cracks are present in the sample. Therefore, all the samples appeared 

quite similar, indicating that the addition of SP did not affect substantially the final product. This result is 

confirmed by the bulk density, which was found in the range of 2.1 - 2.2 g/cm3 for all the investigated 

specimens. The mechanical properties highlighted that the presence of SP did not interfere with the 

development of compressive and flexural strength, thus proving that the action of SP was limited to increase 

the workability of the fresh mixture, as expected. Such a behaviour was particularly evident when PCE was 

used. In this case, higher workability and very similar mechanical performance were found for increasing 

amount (from 0.6 to 1.0 wt%) of PCE used. Therefore, their addition did not disturb the geopolymerisation 

process and promoted the formation of products with performance comparable with those usually determined 

for a high strength class cement (e.g. 52.5 MPa). 
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Figure 4.5: Mechanical properties of hardened geopolymer mortars after 28 days of curing at room 
temperature (values are reported as average of three measurements) [133]. 

In order to better elucidate the effect of SP on samples microstructure, optical microscopy analysis and 

mercury intrusion porosimetry were carried out on the reference mix GM2_A and the best performing mixtures 

PCE_1 and ACRa_06, after 28 days of curing.  Figure 4.6 shows representative optical microscopy images of 

geopolymer mortars cross section. GM2_A sample showed a large number of spherical pores of diameter up 

to 1.57 mm, whereas PCE_1 and ACRa_06 showed pores with a maximum diameter of 0.87 and 1.07 mm, 

respectively.  

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 4.6: Optical images of geopolymer mortars after 28 days of curing: PCE_1 (a), ACRa_06 (b), GM2_A (c). 
(Magnification 8x) [133]. 
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In Figure 4.7 is reported the content % of pores arranged per ranges of pore diameters (d) obtained by 

imaging analysis of two cross sections per sample. Results confirmed that GM2_A was the sample with the 

highest amount of pores with d ≥ 0.50 mm. The content of pores with diameters in the range 0.05 ≤ d < 0.25 

mm and 0.02 ≤ d <0.05 mm was similar for all the formulations. The total porosity (Pt) determined by imaging 

analysis followed this order Pt_GM2_A (11.7%) > Pt_ACRa_06 (9.0%) > Pt_PCE_1 (6.8%), indicating that 

even if the air content in the mortar at the fresh state was similar, the lowest workability of GM2_A did not 

allow the entrapped air to easily escape, thus promoting large pores formation. 

 

 

Figure 4.7: Pore distribution obtained via image analysis of two sections of hardened mortar (Investigated 
area = 145 mm2) [133]. 

 

The results of MIP analysis are plotted in Figure 4.8. Unlike microscopy analysis, MIP allows to investigate 

open porosity between 0.004-70 μm. Similar pore size distribution curves of GM2_A, PCE_1 and ACRa_06 

(Figure 4.8a) were found, characterized by 40% of pores in the capillary range (0.1–1µm) in accordance with 

the typical pore size distribution of fly ash- based geopolymer [39]. The addition of PCE_1 and ACRa_06 

favoured a pore refinement, slightly decreasing the average pore radius and increasing the pores content with 

dimension in the range 0.1-0.3 m (Figure 4.8b). In particular, the detected average pore radius was 0.21, 0.12 

and 0.16 μm for GM2_A, PCE_1 and ACRa_06, respectively.  

Capillary water absorption test was also carried out in order to investigate the pores interconnectivity. 

Results (Figure 4.9) showed that all the three mortars at the end of the test, reached similar values of water 

absorbed per unit area thus indicating a similar total open porosity. However, GM2_A sample saturated after 

225 min ( 4 hours), whereas ACRa_06 and PCEa_1 samples reached the saturation after 700 min ( 12 hours) 

and 900 min (15 hours), respectively. The different distribution in capillary pores as detected by MIP, played 

an important role in the saturation rate. The highest content of small capillary pores (0.1 ≤ r < 0.3 μm) found 

for PCE_01 and ACRa_06 samples slowed down the saturation rate [139] and, consequently, increased the 

material durability [20,55,56]. 
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Figure 4.8: Pore size distributions curves of the investigated geopolymer mortar samples (a); Content % of 
pores arranged per ranges of pore radius (r) within the range of 0.1 ≤ r < 1 µm (b) [133]. 

 

Figure 4.9: Capillary water absorption test results for GM2_A, PCE_1 and ACRa_06 samples. The time of 
saturation for each sample is indicated with a vertical line [133]. 
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4.5 Main remarks 

The results here discussed allow drawing the following conclusions: 

- among the seven different commercially available superplasticizers investigated in this study, 

polycarboxylic ether (PCE) and modified acrylic (ACRa) based ones showed the highest efficacy 

in improving the workability of fly ash-based geopolymer mixtures. Therefore, were considered 

worthy of further investigation. 

- PCE and ACRa superplasticizers were found stable in the alkaline medium and even when some 

degradation occurred (for PCE), the steric hindrance due to the side chains was still effective to 

break fly ash particles agglomeration, thus avoiding workability loss. 

- Both PCE and ACRa, belonging to the last generation of admixtures, provided a satisfying 

workability improvement in the geopolymer mixtures without increasing the air content at the fresh 

state and affecting the mechanical properties developed during the room temperature curing. 

- Modified acrylic and polycarboxylic ether based superplasticizers allowed to obtain geopolymer 

mortars with a more compact microstructure. This can be related to the increased workability that 

facilitated the entrapped air evacuation during the casting procedure and favoured the refinement 

of the average pore radius. 

 

 



 

 

5 Chapter 5:  

Investigation of geopolymer mortars 

 for external strengthening of existing structures 
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5.1 Background and research aims 

In this chapter, fibre reinforced geopolymer matrix (FRGM) composites are investigated as a new tool in 

strengthening and rehabilitation of existing reinforced concrete and masonry structures.  

Due to durability issues or damages caused by external events, strengthening or repair interventions of 

existing structures are often required in order to preserve their load-carrying capacity or to extend their original 

service life. In the last few decades, externally bonded composite materials have been widely and successfully 

used to strengthen structures. In particular, the so called fibre reinforced cementitious matrix (FRCM) 

composites were recently introduced as an alternative to traditional fibre reinforced polymer (FRP) composites 

[140–144]. FRCMs and FRPs are comprised of continuous high strength fibres embedded within a matrix. 

FRCM composites employ an inorganic matrix, rather than epoxy as in FRPs, which improves the high 

temperature and Ultra-Violet (UV) resistance and the vapour permeability with respect to the substrate [145]. 

Currently, the main applications of FRCM systems involve the restoration of historical buildings and 

particularly the reinforcement of masonry structures, the improvement of structures in seismic areas with 

increase of strength and ductility of masonry and reinforced concrete elements and the reinforcement of tunnels 

and structures which need high fire resistance [141]. When a mortar is considered as a repair material, it is 

highly recommended the selection of a material with similar features to those of the existing structure in terms 

of microstructural, physical, and mechanical properties [146]. However, this condition is not always achievable 

using epoxy or cementitious materials. The possibility of studying alternatives to for repairing and 

strengthening existing structure is therefore of strong interest.  

There is ongoing research focused on geopolymers as a repair material, mainly investigating patch repair 

applications [147–151]. In particular, a previous study [152] showed an excellent bond behaviour and adequate 

compatibility with concrete substrates, independently of the roughness of the surface and the curing time. The 

same study also highlighted the cost efficiency of geopolymer, which resulted 6.9 times less expensive than 

the commercial repair product considered in the study. Other study reported that the bond capacity of properly 

designed geopolymers applied to cement mortar substrates is barely affected by the thermal exposure up to 

300°C [153]. The use of geopolymer as strengthening system is instead less investigated. Geopolymers have 

been successfully used as matrix in composites to strengthen concrete elements [154,155]. However, there is 

a lack of detailed data on geopolymer matrices and, again, in most cases metakaolin was used as precursor 

[156–158], which reduces the environmental benefit of using geopolymer instead of cementitious matrix. 

In this Chapter, an interdisciplinary approach to study newly developed fibre reinforced geopolymer matrix 

(FRGM) composites for strengthening applications of RC and masonry structures is presented. Three different 

geopolymer mortars (GM_A) were prepared and used as binding agent to embed and bond different types of 

fibre sheets to concrete prism surfaces or masonry blocks, thus realizing fibre reinforced geopolymer matrix 

(FRGM) composites. The molar concentration of the sodium hydroxide solution, used as alkaline activator, 

was varied (i.e. 4 M, 6 M, and 8 M NaOH solution was used) in order to evaluate the compatibility of the 
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alkaline environment of the matrix and the galvanized steel fibres used in the composite. Physical, mechanical, 

and microstructural properties of the geopolymer matrices are measured to characterize completely the 

material. Finally, FRGM strips are bonded to concrete and masonry prisms and single-lap direct shear tests are 

performed to study the stress transfer mechanism between the composite and the substrates. 

5.2 Characterization of the matrix  

Workability of the three fresh matrices was investigated immediately after the compounds were mixed. A 

slight improvement of workability of the mixtures was found as the molarity of the NaOH solution used 

decreases. Such a behaviour can be ascribed to an increase of the content of water related to the dilution of the 

NaOH solution when the molarity decreases. For the three matrices, the workability, which is expressed as 

consistency %, was determined to be between 55 and 65%, which was proved to be sufficient to cast FRGM 

composite strips. The effect of NaOH concentration on workability loss agrees with what reported by Singh et 

al. [159], who found a correlation between activator concentration and the time required for the formation of 

alkali aluminosilicate gels, i.e. the higher is the concentration, the faster is the workability loss.  

At the age of 7 and 28 days, bulk density and water absorption were evaluated for the three hardened 

geopolymers. Regardless of NaOH molarity used, prisms cured for 7 days showed water absorption and bulk 

density values between 8.2 and 8.4% and 1.84 - 1.87 g/cm3, respectively. At 28 days, the bulk density and 

water absorption increased and decreased, respectively, with increasing NaOH molarity (Table 5.1). The 

GM_A showed the highest value of bulk density and the lowest water absorption among the three matrices. 

Table 5.1: Physical and mechanical properties of geopolymer mortars after 7 and 28 days of curing at room 
temperature [160]. 

Curing time MIX ρbulk (g/cm3) Water absorption (%) 

7 
da

ys
 GM_A 1.87 8.4 

GM6_A 1.87 8.2 
GM4_A 1.84 8.3 

28
 d

ay
s GM_A 1.95 7.2 

GM6_A 1.89 7.5 
GM4_A 1.87 7.9 

 

Porosity of the three geopolymer matrices was investigated through capillary water absorption test and 

MIP analysis (Figure 5.1). The influence of curing time on the development of the pore structure of the material 

is evident from capillary water absorption results. For the three matrices, cylinders cured for 7 days saturated 

after 10 minutes, whereas after 28 days, cylinders reached the saturation after approximately185 minutes. The 

rate of saturation is similar among the three different matrices, both at 7 and 28 days. However, for cylinders 

that were cured for 28 days, the amount of water absorbed per unit area decreased when the molar concentration 

of NaOH increased, which confirms that the GM matrix has a more compact and less porous structure than the 

GM_A6M and GM_A4M matrices. These results are in agreement with the results of bulk density and water 

absorption reported in Table 5.1.  
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Those results were also confirmed by the MIP analysis performed on geopolymers at 28 days. The pore 

size distributions of samples are reported as a function of the specific volume of mercury intruded in the 

sample. For the three matrices, 40% of the total porosity corresponded to pores with a diameter in the range 

0.1 – 1 µm, which are classified as capillary pores [39]. Among the three geopolymers, GM_A exhibited the 

least porous microstructure. Similar pore size distributions were observed for GM_A6M and GM_A4M. The 

total open porosity (Pt (%)) and the average pore radius (rm (µm)) decreased for the three geopolymers as 

follows: GM_A4M (20.9%, 0.36 µm) > GM_A6M (17.9%, 0.28 µm) > GM_A (17.2%, 0.21 µm).  

 

 

Figure 5.1: Capillary water absorption test results at 7 and 28 days (a); Pore size distributions of geopolymer 
matrices at 28 days (b) [113]. 

The influence of both curing time and NaOH molar concentration on the mechanical properties of 

geopolymer can be observed in Figure 5.2. An increase of the strength was observed as a function of the curing 

time for all specimens tested. Figure 5.2 reports only the mechanical data at 7 and 28 days as these ages are 

the ones usually considered for mechanical characterization of cement based materials. At the age of 28 days, 

GM_A achieved the highest values of both flexural (5.6 MPa) and compressive (33.6 MPa) strength among 

the three matrices; compressive strength decreased linearly with decreasing NaOH molar concentration. The 

same trend was obtained when the dynamic modulus of elasticity (Ed) was evaluated, which confirms a more 

compact and stiff structure of GM_A compared to the GM_A6M and GM_A4M. These results were somehow 

expected since previous studies on fly ash-based geopolymers already assessed the importance of the NaOH 

concentration on the strength development [34,159]. The NaOH activates the leaching of Si and Al of the fly 

ash; the higher is the NaOH concentration, the higher results the amount of leaching and the subsequent 

geopolymerization degree and mechanical properties of the geopolymer [34].  

It is important to highlight that even if the physical and mechanical properties indicate that GM_A is the 

best matrix among the three formulations investigated, the mechanical properties of both the GM_A6M and 
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GM_A4M matrices are comparable to the properties of commercially available hydraulic binders used for 

strengthening applications of RC [161]. 

Shrinkage behaviour of the three geopolymer matrices is reported in Figure 5.3. GM_A6M and GM_A4M 

exhibit higher shrinkage than GM_A, however the values are in good agreement with data recently reported 

in the literature for geopolymers [151]. Moreover, when the FGRM strip was applied to concrete, no visual 

evidence of microcracks/crevices was observed on the hardened matrix, which indicates that shrinkage does 

not promote superficial damage. 

 

 

Figure 5.2: Flexural (a) and compressive (b) strength, and dynamic modulus of elasticity (c) of geopolymer 
matrices at 7 and 28 days (values are reported as average of five measurements for compressive strength and 
three measurements for flexural strength and Ed) [113]. 

 

Figure 5.3: Drying shrinkage of geopolymer matrices (values are reported as average of three measurements) 
[113]. 
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5.3 Bond behaviour of fibre reinforced geopolymer matrix composite-substrate joints 

In this section, the results of single-lap direct shear tests are presented to analyse the behaviour of steel 

FRGM composites bonded to concrete and masonry blocks. Three specimens were used to conduct preliminary 

direct shear tests to define which geopolymer matrix showed the best bond behaviour. Thus, one direct shear 

test was performed for each type of geopolymer matrix (the corresponding direct shear specimens were named 

DS-GM_A4M, DS-GM_A6M, and DS-GM_A). For the preliminary tests, concrete was considered as substrate. 

The applied load-global slip responses of those three tests are reported in Figure 5.4. For all specimens, failure 

was associated with the debonding of the external layer of matrix and fibres from the internal layer of matrix 

(interlaminar failure) that remained bonded to the concrete substrate. For all three specimens, the applied load-

global slip response showed an initial linear portion followed by a non-linear branch before the peak load P* 

was reached. During the linear and non-linear phases, drops in the load, mainly due to micro-damage at the 

matrix-fibre interface, were observed. Once the peak load was reached, an interfacial longitudinal crack 

initiated and propagated in the matrix and the load response showed a nominally constant trend up to failure. 

The peak load, P*, for specimens DS-GM_A4M, DS-GM_A6M, and DS-GM_A is equal to 9.48 kN, 6.97 kN 

and 7.77 kN, respectively. Specimen DS-GM_A4M showed also a higher value of the global slip g at the peak 

load (3.21 mm) if compared with DS-GM_A6M (1.99 mm) and DS-GM_A (2.37 mm). Specimens DS-GM_A4M 

and DS-GM_A exhibited similar values of slip at failure (4.07 mm and 4.30 mm, respectively), which are 

higher than the one of specimen DS-GM_A6M (2.83 mm).  

 
Figure 5.4: Applied load P versus global slip g plot of DS-GM_A (a), DS-GM_A6M (b), DS-GM_A4M (c). The 
responses of right and left LVDTs and the average of the two LVDTs measurements are reported [160]. 
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Analysing more in detail the curves, it can be seen that DS-GM_A (Figure 5.4 a) exhibited a remarkable 

difference between the two LVDT readings, which in turns implied a rigid rotation of the Ώ-shaped bent plate. 

This aspect indicates that a non-uniform load distribution among the longitudinal fibres occurred during 

testing. This can be ascribed to a loss of bond strength between fibres and matrix due to the local porosities 

caused by the reaction between the matrix and the zinc coating of the fibres. As a result, the value of peak load 

and global slip cannot be considered indicative of the real behaviour of the DS-GM_A composite. From the 

experimental results of the preliminary direct shear tests, it appears that specimen DS-GM_A4M exhibited the 

best bond behaviour among the three specimens, thus suggesting that a decrease in the molar concentration of 

NaOH solution promotes an improved interfacial interaction between matrix and fibres.  

SEM micrographs of FRGM composites, after direct shear tests (Figure 5.5 and 5.6) were performed help 

explain why the different matrices behaved differently. According to the results reported above, GM_A is the 

least porous formulations investigated, which has also the best mechanical and physical properties. Moreover, 

GM_A4M exhibits a large portion of unreacted fly ash particles (Figure 5.5 a); whereas in GM_A, geopolymer 

gel is prevalent (Figure 5.5 b) with only few unreacted fly ash particles. The presence of unreacted or partially 

reacted fly ash particles is common in fly ash-based geopolymers, especially when they are cured at room 

temperature, and their presence strongly influence the performances of the final product [162,163].  

 

 
Figure 5.5: SEM micrographs of matrix microstructure: GM_A4M (a) and GM_A (b) [113]. 

In the case of the GM_A matrix many large pores are localized in the matrix at the interface with the fibres 

(Figure 5.6 b); whereas, only few pores are visible in the GM_A4M matrix (Figure 5.6 a). The pores localized 

at the fibre/matrix interface suggest that a chemical reaction between the galvanization layer and the matrix 

occurred when the composites strips were cast. According to its amphoteric behaviour, Zn dissolution also 

occurs for pH greater than 12 [164]. Thus, a decrease of the molarity of NaOH solution in the geopolymer mix 

design implies a degradation of the physical and mechanical properties of the matrix and an improvement of 

the adhesion between fibres and matrix. The improved interfacial interaction between the fibres and the 

GM_A4M matrix is also confirmed by the geopolymer fragments that were still attached to the fibres (Figure 

5.6 c, Figure 5.7) after the shear test. Fragments are not present at all on the fibres from specimens cast with 

the GM_A matrix (Figure 5.6 d). 
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Figure 5.6: SEM micrographs of FRGM composites constructed with GM_A4M (a, c) and GM_A (b, d) after single 
lap direct shear test. (a, c) = matrix at the interface with galvanized steel fibres after debonding; (b, d) = fibres 
after debonding [113]. 

 

Figure 5.7: Optical images (50X) of fibres embedded in GM_A4M after debonding. 

Based on the results of the three preliminary tests, additional tests were performed. The GM_A4M matrix 

was used to manufacture the strips of five FRGM-concrete joints and of five FRGM-masonry joints, to further 

investigate its bond behaviour. The FRGM composites bonded to concrete substrate were named FRGM-C, 

whereas the label FRGM-M was used to indicate FRGM composites bonded to masonry substrate. Five 

specimens were tested (DS-FRGM-C-1, DS-FRGM-C-2, DS-FRGM-C-3, DS- FRGM-C-4, and DS- 

FRGM-C-5) and their load-global slip responses are reported in Figure 5.8a. The applied load-global slip 

responses were similar to the responses of the preliminary tests. After the peak was reached, the applied load-
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global slip response showed a drop of the load, due to the onset of the interfacial longitudinal crack inside the 

matrix, followed by an approximately constant branch. For all specimens, interlaminar failure (at the matrix-

fibre interface - Figure 5.8b) was observed. After the longitudinal crack started to propagate along the bonded 

area, high values of the global slip were reached. The average value of the peak load, P*, for the five tests was 

equal to 8.65 kN (CoV = 0.081). Therefore, the maximum stress in the fibres was equal to 2010 MPa, i.e. the 

67% of the tensile strength provided by the manufacturer. 

 
(a) 

 

(b) 

Figure 5.8: Applied load-global slip response of FRGM-C composites: DS-FRGM-C-1, DS-FRGM-C-2, DS-
FRGM-C-3, DS-FRGM-C-4, and DS-FRGM-C-5. For each test, only the average results are plotted (a); failure 
mode (b) [113]. 

Figure 5.9a shows the load-global slip responses of five specimens named DS-FRGM-M-1, DS-FRGM-

M-2, DS-FRGM-M-3, DS-FRGM-M-4, and DS-FRGM-M-5. The applied load-global slip responses were 

consistent with the responses of the FRGM-C composites. The average value of the peak load, P*, for the five 

tests was equal to 8.76 kN. Therefore, the maximum stress in the fibres was equal to 2035 MPa, i.e. the 68% 

of the tensile strength provided by the manufacturer. Also in this case, interlaminar failure (at the matrix-fibre 

interface - Figure 5.9b) was observed. These results are in good agreement with the results recently obtained 

within a round robin test on FRCM-masonry that included also geopolymer matrices [165]. 

Figure 5.10 reports the failure mode after performing the pull-off test. In particular, the behaviour of the 

FRGM-M composite obtained by using the GM_A4M mortar to bond steel fibres to masonry blocks was 

investigate. As happened during the single lap direct shear test, specimens failed within the composite at the 

fibre-matrix interface that can be considered as the wick point of the composite. At the same time, GM_A4M 

mortar exhibited a good adhesion to the masonry substrate. The tensile bond strength resulted to be equal to 

0.66 ± 0.07 MPa. 
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(a) 

 

(b) 

Figure 5.9: Applied load-global slip response of FRGM-M composites: DS-FRGM-M-1, DS-FRGM-M-2, DS-
FRGM-M-3, DS-FRGM-M-4, and DS-FRGM-M-5. For each test, only the average results are plotted (a); failure 
mode (b). 

 

Figure 5.10: Pull-off test failure mode. 

 

5.4 Main remarks  

The results here discussed allow drawing the following conclusions: 

- all the geopolymer mixtures showed satisfactory workability at the fresh state and were suitable as 

matrices for casting FRGM composites. The decrease in molar concentration of NaOH solution 

(from 8 to 4 M) implied a degradation of the physical and mechanical properties of the matrix. 

This behaviour is ascribed to the different degree of geopolymerization obtained; however, the 

physical and mechanical properties of the GM_A4M and GM_A6M matrices were considered 

satisfactory for their use as matrix in FRGM systems.  
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- When galvanized steel fibres are used in FRGM composites it is important to limit the reaction 

between the alkaline environment of the matrix and the zinc coating of the fibres. Therefore, the 

mix design of the geopolymer matrix has to be tailored in order to avoid a detrimental interaction 

between the matrix and the fibres. A decrease of the molar concentration of sodium hydroxide 

activator produced an improvement of the adhesion between the materials, which in turn enhanced 

the composite performance. 

- An adequate compatibility and adhesion of the composite with both concrete and masonry 

substrates were found. Indeed, for all direct shear test specimens, the failure mode was debonding 

(interlaminar failure) of the external layer of matrix from the internal layer rather than debonding 

at the matrix-concrete interface. The same failure mode was observed when pull-off test was 

performed. In the case of the best performing composite (DS_ GM_A4M series), the average value 

of the maximum stress in the fibres in direct shear tests resulted equal to 67% of the tensile strength 

provided by the manufacturer. 

 

 

 

  



 
 

6 Chapter 6:  

Investigation of the thermal behaviour of geopolymers and 

geopolymer composites 
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6.1 Background and research aims 

One of the most interesting features of geopolymers is the remarkable thermal stability due to the intrinsic 

thermal resistance of their inorganic structure [63,166,167]. A detailed review on the thermal properties and 

high temperature performance of geopolymers has been already reported in Chapter 2. However, it is worth to 

remind that when fly ash are used as precursor, the obtained geopolymers are more complex material than 

metakaolin-based ones, since coal fly ash originates from waste streams and for this reason its microstructure 

is much more complex, comprising a mixture of amorphous and crystalline components [38,168]. In addition, 

fly ash generally contains a significant proportion of impurities such as iron oxides, which have direct influence 

on the thermal expansion, the phase composition, and the morphology of the material after heating [67]. For 

this reason, even if thermal expansion in geopolymer is generally isotropic due to their amorphous gel 

structure, non-uniform expansion can occur because of the local variations in composition [6].  

In this Chapter, the behaviour of the fly ash-based geopolymers activated at room temperature and exposed 

to high temperature is investigated. In the first part, the cracking mechanism of geopolymer matrices (G_A 

and G_AK) exposed to high temperature is investigated in detail through acoustic emission measurement during 

the thermal treatment, and further investigated by SEM and XRD analysis. In the second part, the mix design 

of the geopolymer was implemented by adding refractory recycled particles, thus obtaining composites (GCs) 

with enhanced thermal dimensional stability. 

6.2 Investigation of cracking mechanism of geopolymers exposed to high temperature 

In this section, the thermal behaviour of G_A was investigated with special focus on the study of cracking 

mechanism owed to high temperature exposure. To do that, thermal treatments at different set-temperatures of 

500, 550, 600, 650, and 800 °C where performed in a muffle furnace (see paragraph 3.3.5). All the results 

discussed in this paragraph refer to specimens after 28 days of curing. 

Figure 6.1 reports images of the samples before (a) and after (b) the thermal treatment at the different 

temperatures. It can be noted the change in colour from dark grey to reddish colour and more intense red as 

the heating temperature increases. This phenomenon is common in fly ash-based alkali activated materials and 

it is usually related to the oxidation of the iron species contained in the fly ash [67,169].  

 

(a) 
 

(b) 

Figure 6.1: Pictures of the G_A specimen as cured (a) and after thermal treatment at 500, 550, 600, 650, and 
800°C (b) – specimens dimensions 40 × 40 × 50 mm. 
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Acoustic emission (AE) measurements during heating and subsequent cooling in a muffle furnace were 

performed as reported in paragraph 3.3.5 to obtain insight into the cracking phenomena induced by the thermal 

exposure. Cracking and crack growth in brittle materials is accompanied by the emission of elastic waves. 

Therefore, the detection and the analysis of these transient signals (‘hits’) gives insight into the processes 

taking place at different times during the experiments. In Figure 6.2 are reported the temperature-time curves 

correlated to the acoustic emission results of G_A specimens for the different temperatures of exposure.  

 

Figure 6.2: Temperature-time curves correlated with hits-time curve of G_A specimens heated up to 500, 550, 
600, 650, and 800 °C. 

In all cases, cracking during heating was observed after reaching the temperature of 90°C and up to around 

360°C. Two different types of acoustic emissions were recorded that can be both related to the dehydration 

processes (Figure 6.3). Generally, in geopolymers water is mainly in the form of free water at the surface and 

in large pores and adsorbed and bound water is present in small pores and in the form of Si-OH groups [22,65]. 

As explained by Rahier et al. [65], the free water evaporates without large influence on the dimensional 

stability of the material, whereas dehydration of weakly bound and bound water causes the material to shrink 

by desorption of water out of the small pores and structural changes on a molecular scale. The temperature 

ranges for which the dehydration is verified vary according to the types of water: generally, free water will 

evaporate readily and mostly below 100 °C, desorption of the weakly bound water occurs below 250°C and 

dehydroxilation occurs for temperature higher than 250 °C [65]. The first AEs were identified in 

correspondence to a plateau of the temperature related to the endothermic dehydration of free or weakly bound 

water contained in the specimens (Figure 6.3a). When all the free and weakly bound water evaporated 

(temperature range 90-130 °C), the temperature in the specimens restarted to increase. In the temperature range 

between 130 and 360 °C higher acoustic emission activity was recorded. This activity was associated to the 

dehydration of the bound water and to the dehydroxilation, which for systems similar to the investigated one, 

occurs in the temperature range of 250 - 600° C [67]. Therefore, the higher activity recorded in this temperature 

range can be likely related to a more severe cracking caused by a stronger capillary pressure during 
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dehydration. These assumptions were also confirmed by TG analysis presented in Figure 6.3b. The figure 

shows the weight loss of G_A in nitrogen atmosphere. The weight loss was approximately 9 wt% and the 

majority of weight (6 wt%) was readily lost in the temperature range of 90 - 130°C. These results also confirm 

that in geopolymers the physically and chemically bound water is present in small percentage as stated in the 

literature [64,65,70]. 

 
Figure 6.3: Correlation between acoustic emissions measured on heating and temperature (a); TGA and DTG 
curves for G_A sample (heating rate 10°C/min in nitrogen atmosphere) (b). 

Specimens heated up to 500°C showed no further AE emissions during the test (i.e. both heating and 

cooling periods). As soon as the set-temperature increased to 550°C, a light AE activity appeared on cooling 

period. The AE activity recorded on cooling increased for increasing set-temperature of the test. This suggests 

that above 550 °C some modifications in the microstructure occurred which induced some tensions into the 

material during cooling and therefore the formation of cracks.  

To investigate in depth the microstructure of the G_A and to identify the cause of the observed AE on 

cooling, SEM and XRD analysis were performed on samples before and after the thermal treatments. 

Mineralogical analysis of the G_A as cured and after heating up to 500, 550, 600, 650, and 800°C are reported 

in Figure 6.4. XRD patterns of the as cured G_A (bold line) showed a prevalent amorphous nature and small 

amounts of mullite, quartz, and magnetite as crystalline phases coming from the FA precursor. Heating up to 

650°C did not induce modification in the mineralogical composition of the material. A new crystalline phase 

appeared only after heating up to 800°C. In particular, crystalline nepheline was found in the G_A_800 sample. 

From these results, appeared that AE emissions detected above 550°C can not be related to the formation of 

new crystalline phases as no modification of the mineralogical nature of the material was observed between 

samples heated up to 500 and 550 °C. However, the crystallization of nepheline that occurred at 800 °C may 
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be responsible for increased stresses during the cooling period, since the AE activity of G_A_800 sample on 

cooling was significantly higher than other samples.  

 

Figure 6.4: XRD patterns of the as cured G_A sample and of G_A sample after the thermal treatments. 

More information were found by SEM analysis. In Figure 6.5 are reported SEM micrographs obtained in 

backscattered electrons of polished sections of representative regions of G_A specimens before and after 

heating up to 500, 600 and 800°C. The as cured sample showed the typical morphological nature of a fly ash-

based geopolymer cured a room temperature where in addition to the geopolymer gel, several unreacted fly 

ash particles are found [42]. The second row of the Figure 6.5 shows the sample heated up to 500°C. As can 

be observed, no significant changes were found either in the porosity or in the morphology of the solid part. 

The last two rows of the Figure 6.5 show the sample heated up to 600 and 800°C. For increasing temperature, 

a more significant change in the microstructure of the material was found. The sample heated at 600 °C showed 

an increased cracking and in the majority of the cases, it can be observed a detachment of the geopolymer gel 

from the unreacted fly ash particles. After the exposure to 800°C, SEM micrographs showed evidence of 

sintering of the microstructure and a reduction in the amount of unreacted fly ashes which appeared embedded 

in the sintered phases. In addition, a modification of the pore structure that appeared more irregular and 

interconnected was found. These results are in good agreement with a previous study where a sintering leading 

to localized melting was observed starting from the temperature range of 600 – 700 °C, depending on the 

composition of the geopolymer [66]. The same authors suggest that localized melting not consistent across the 

sample can induce considerable strain leading to increased macro-cracking [66]. 
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Figure 6.5: SEM micrographs of G_A geopolymer as cured and exposed to elevated temperatures. 
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The SEM investigation in combination with the XRD and AE measurements suggested that up to 500°C 

the G_A was thermal stable, besides for some minor cracks occurred during the dehydration process. Above 

550°C a partial sintering in localized areas started to occur which involved increasing portions of the material 

for increasing temperatures. The possibility of a partial sintering occurred above 550 °C is supported by the 

work of several authors who detected the softening temperature of fly ash-based geopolymers in the 

temperature range 610 °C (±20 °C) for the Na based geopolymer [60,72,170]. The phases that experienced 

sintering during heating experienced also a rapid quenching immediately as the temperature in the furnace 

started to decrease. In the meantime, other regions (e.g. crystalline impurities from the fly ash) remained stable. 

It is possible that this phenomenon caused stress between stable and sintered phases and therefore may be at 

the origin of the cracking recorded by AE during the cooling period. 

Substitution of Na with K 

Previous study proved that the alkali cation used for the geopolymer production has influence on the 

thermal deformations of the geopolymer during heating. In particular, the use of potassium instead of sodium 

leads to a reduction of the thermal shrinkage [171]. In addition, the alkali cation has also influence on the 

softening temperature of aluminosilicate glasses that is lower when Na+ is used [72].  

For these reasons, in order to increase the thermal performance G_A geopolymer, the 8 M NaOH solution 

was substituted by 8 M KOH solution during the sample preparation, thus obtaining a geopolymer with mixed 

cation type (Na/K). AE measurements and XRD analysis were repeated on the G_AK specimens after 28 days 

of room temperature curing in sealed conditions. In Figure 6.6 are reported the temperature-time curves 

correlated to the acoustic emission results of G_AK specimens for the different temperature of exposure. A 

comparable behaviour to the one previously described for G_A specimens was observed. Focusing on the AE 

found during the cooling period, again the critical temperature was found to be above 550°C. In fact, after 

heating the specimens up to 550 °C a light AE activity appeared on cooling period that increased for increasing 

set-temperature of the test. 

 

Figure 6.6: Temperature-time curves correlated with hits-time curve of G_AK specimens heated up to 500, 550, 
600, and 650 °C. 
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The XRD patterns of the as cured G_AK (bold line) and of the G_AK heated up to 500, 550, 600, 650 are 

reported in Figure 6.7. All the XRD patterns showed a prevalent amorphous nature and small amounts of 

mullite, quartz, and magnetite as crystalline phases coming from the FA precursor. In accordance to what was 

found for G_A, heating up to 650°C did not induce modifications in the mineralogical composition of the 

material. From these results, the substitution of 8 M NaOH with 8 M KOH solution in the investigated fly ash-

based geopolymer systems, is not effective in diminishing or retarding the crack formation that occurs during 

cooling.  

 

Figure 6.7: XRD patterns of the as cured G_AK sample and of G_AK sample after the thermal treatments. 

 

6.3 Enhancement of the thermal dimensional stability by using recycled refractory particles  

Previous studies dealing with high temperature exposure of alkali activated materials showed that it is 

possible to improve their thermal behaviour by adding suitable fillers and/or reinforcing phases in the matrix. 

In particular, the good compatibility of aluminosilicate, α-alumina, wollastonite, chamotte, PVA, basalt 

particulates and fibres with alkali activated matrices was assessed [25,76,172–175], confirming the possibility 

to overcome issues such as high shrinkage and changes in compressive and flexural strength due to the high 

temperatures exposure. 

In this section, the geopolymer matrix (G_A) was implemented by adding recycled refractory particles 

(RRP), thus obtaining fly ash-based geopolymer composites (GC_A series) with enhanced thermal 

dimensional stability. The main characteristics of the RRP are reported in paragraph 3.1.4. The possibility of 

using recycled particles in combination with the use of fly ash as precursor potentially allows reducing the 
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production costs and promotes a circular economy model. Composites were produced as explained in 

paragraph 3.2, by adding different content of RRP (10, 20, 30, and 40 wt%) to the G_A matrix. All the results 

discussed in this paragraph refer to the obtained products after 7 days of curing (Figure 6.8).  

 

Figure 6.8: Pictures of the cross section of the as cured specimens containing increasing amount of RRP [176]. 
.  

The mineralogical composition of the as cured G_A, GC_A_30 and GC_A_40 specimens was analysed 

through quantitative XRD analysis. The mineralogical composition of the as cured G_A sample was in 

agreement with the XRD diffrattogram previously presented in paragraph 6.2 (Figure 6.4). A prevalent 

amorphous nature (87.3 ± 0.6 wt%) and a small amount of mullite (6.6 ± 0.6 wt%) and quartz (6.1 ± 0.4 wt%) 

were detected. As for the composites, corundum and traces of baddeleyite were detected as new crystalline 

phases originating from RRP. Compared to the matrix (G_A), a lower content of amorphous phase and an 

increased amount of mullite were determined, according to the different content of dispersed RPP. Amorphous 

phase proportionally decreased with the increase of the RRP content (Figure 6.9), indicating that the RRP was 

neither reactive during the activation process nor hindered the process itself and can be effectively considered 

as inert in the process.  

 

Figure 6.9: Mineralogical phase composition of the as-cured G_A, GC_A_30, and GC_A_40 samples [176]. 

Quantitative XRD analysis were repeated after the thermal treatment of the specimens at 800 and 1000 °C 

(performed as described in 3.3.5) and the relevant mineralogical phases are reported in Table 6.1. 
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Table 6.1: Mineralogical phase composition of G_A, GC_A_30 and GC_A_40 samples after the thermal 
treatments at 800 and 1000°C [176]. 

Phase content (wt%) 
G_A 
800 

G_A 
1000 

GC_A_30
800 

GC_A_30 
1000 

GC_A_40
800 

GC_A_40 
1000 

Quartz 2.3±0.3 2.2±0.2 2.3±0.2 1.9±0.2 2.8±0.3 2.7±0.3 

Mullite 5.0±0.8 5.4±0.8 24.2±0.6 24.9±0.5 33.3±0.6 33.2±0.6 

Corundum - - 16.2±0.5 16.3±0.4 24.1±0.6 24.0±0.5 

Baddeleyite - - 0.7±0.2 Trace (<1) Trace (<1) Trace (<1) 

Nepheline 4.5±0.8 4.9±0.6 1.2±0.5 1.2±0.5 Trace (<1) Trace (<1) 

Plagioclase feldspar 33.7±0.5 37.4±0.3 26.2±0.6 28.2±0.6 20.4±0.8 22.4±0.8 

Amorphous phase 54.5±3.0 50.1±3.0 29.2±3.0 27.0±3.0 19.0±3.0 17.0±3.0 

In all cases, after heating up to 800°C for 2 h, a reduction in the amorphous phase content compared to the 

as cured materials occurred. Nepheline and plagioclase feldspar were found as predominant new crystalline 

phases. After the thermal treatment at 1000°C, no other new crystalline phases were formed, but plagioclase 

feldspar content slightly increased and amorphous phase slightly further decreased. These two findings are 

correlated since it is highly probable that the new phases are the result of a partial crystallization of the 

amorphous aluminosilicate gel [66,177]. Even if some authors reported a detrimental effect on geopolymers 

properties linked to the feldspars crystallization [73], in other cases the presence of these new phases is 

considered beneficial to their performace [60,178]. To verify this effect, the residual compressive strength of 

GC_A_40 cubic specimens (40 mm side) after the thermal treatments at 800 and 1000°C was assessed. The 

obtained results, reported as average of two measurements, confirmed a positive effect of the plagioclase 

feldspar crystallization. Indeed, the GC_A_40 compressive strength was equal to 44.6 ± 7.8 and 50.7 ± 0.3 

MPa in the case of exposure to 800 and 1000°C, respectively. These values represent a six fold compressive 

strength increase compared to the same composite (GC_A_40) cured at room temperature, which was 

characterized by a compressive strength of 8.0 ± 0.8 MPa. Therefore, the phase composition changes due to 

the amorphous into crystalline transition were responsible for the determined improvement in the mechanical 

performance of the composite. 

Figure 6.10 shows the mass loss, density, and water absorption of the specimens after the thermal 

treatments as a function of the RRP content. The black bars represent the composites mass loss after been dried 

at 105°C for 24 hours to measure the relevant bulk density and water absorption (also reported in black). 

Generally, the substantial variation of mass was verified during drying at 105°C. Heating up to 800°C caused 

a further mass loss connected to the additional dehydration of the bound water and to the dehydroxilation 

[179], whereas in the temperature range going from 800°C to 1000°C specimens can be considered stable, as 

variations < 1 % in the mass are observed. Regardless the RRP content, the thermal treatment at 800 °C also 

causes an increase in density values and a decrease in the measured water absorption compared to the as cured 
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samples. This behaviour is likely related to a localised sintering process of the matrix gel [66]. The reduction 

of water absorption values, indicating a modification of the samples open porosity, can also be related to the 

localised viscous sintering of the gel [64]. Indeed, it is possible that the viscous flow hinders the accessibility 

of the porosity, creating isolated pores which remain unfilled with water during the test. Both density increase 

and reduction of porosity validate the increase in compressive strength determined in GC_A_40 specimen after 

the thermal treatments. In addition, the introduction of RRP was beneficial in terms of mass stability generally 

leading to a lower mass loss compared to the relevant matrix. Indeed, composite containing 40 wt% of RRP 

shows a mass loss of 16.0% (GC_A_40) after the exposure to 1000°C, whereas the mass loss of the relevant 

matrix was equal to 19.3% (G_A) as reported in Figure 6.10.  

 

Figure 6.10: Quantification of mass loss (a), bulk density (b), and water absorption (c) of the specimens after 
drying (T = 105 °C) and thermal treatment (T = 800 °C and 1000 °C) (values are reported as average of two 
measurements) [176]. 
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Influence of thermal curing on the thermal behaviour of fly ash based geopolymers 

Results presented in this section aim to investigate the influence of the curing method on the thermal 

behaviour of G_A and GC_A specimens. The heat-cured specimens (cured in oven at T = 70 ± 1 °C for the 

first 24 h, see paragraph 3.2.2) are indicated with a subscript T (i.e. G_AT) in the relevant label.  

In terms of mechanical strength, it was possible to assess a beneficial effect of the heat-curing on the 

material performance. Indeed, G_AT exhibited a compressive strength of 25.8 ± 6.7 MPa which was more than 

double of the one showed by G_A (11.3 ± 1.5 MPa). Also in this case, the test was performed on cubic 

specimens (40 mm side) and results are reported as average of two measurements. This behaviour was 

somehow expected since it is known that heat curing usually boost the activation process, increasing the degree 

of reaction and therefore favouring the rapid development of a more resistant gel in terms of mechanical 

properties [45]. After 7 days of curing, specimens were exposed to high temperature and the resulting crack 

formation is visible in the Figure 6.11. 

 

Figure 6.11: Pictures of the specimens after thermal treatment at 800°C (upper rows) and 1000°C (lower rows) 
[176]. 
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Changes of the samples colour from grey to reddish and more intense red, when heated at 800 and 1000°C, 

respectively, were clearly observed. As discussed in the paragraph 6.2, when G_A is exposed to temperature 

higher than 550 °C, it undergoes crack formation during both heating and cooling period. However, cracks 

observed on heat-cured specimens appeared to be more severe than the ones of the room temperature-cured 

specimens. The different level of damage can be connected to the different pore size distribution of the two 

specimens influenced by the curing method. Indeed, the heat curing favours the development of finer pore 

structure [40,41,180]. It is possible that when a heat-curing is performed, that leads to a structure richer in 

small pores, the stronger capillary pressure during dehydration is responsible for the greatest damage observed 

on the specimens surface when compared to the room temperature specimens one and in this case is more 

related to a damage which occur during heating instead of cooling.  

The use of RRP proved to be a possible solution to avoid cracking. In fact, regardless of the curing 

conditions, the presence of the particulates favours the progressive reduction of cracking (Figure 6.12). When 

exposed to 800 °C, 20 wt% of RRP was sufficient to guarantee the integrity of the material. However, when 

the temperature of exposure increased up to 1000°C, the integrity of the samples is maintained only in 

specimen cured at room temperature (Figure 6.12). Composites containing 30 wt% and 40 wt% of RRP 

appeared undamaged after both thermal treatments regardless of the curing condition adopted (Figure 6.12). 

Investigation of the thermal dimensional stability of the composites 

Heating microscope analysis and dilatometry were used to more precisely investigate the thermal 

dimensional stability of the developed composites. The heating microscope analysis allows following up the 

geometrical modification of the samples during heating at a constant rate of 5°C/min up to the complete melting 

of the material (Figure 6.13). In this way, it was possible to identify the temperature above which the material 

undergoes significant geometrical modification, which was therefore considered the maximum temperature of 

its thermal dimensional stability (Tmax in Figure 6.13b). For the sake of brevity, only some of the images 

obtained through the heating microscope are reported in the Figure 6.13a. Generally, a geometrical thermal 

stability up to 1000 °C was determined and it was not significantly influenced by the curing conditions. In 

particular, G_A and G_AT samples showed a reversible expansion between 600 and 850 °C and a stability up 

to 1140 °C. When 10 wt% and 20 wt% of RRP were added, Tmax increases up to 1170 °C (GC_A_10 and 

GC_AT_10) and 1200°C (GC_A_20 and GC_AT_20), respectively. Samples GC_A_30 and GC_AT_30 are 

stable up to 1225 °C and 1240 °C, respectively. In all the aforementioned cases, above the maximum 

temperature of stability a swelling of the samples was detected. Finally, the specimens containing the highest 

amount of RRP considered in this research (GC_A_40 and GC_AT_40) showed dimensional stability up to 

temperatures comprised in the range of 1210-1220 °C. In these cases, above the determined Tmax, the 

specimens experienced a shrinkage before swelling. According to the presented findings, the use of RRP up to 

the amount of 30 wt% appeared to be effective in increasing the temperature range of dimensional stability of 

the studied fly ash-based geopolymers. Above this amount, the effectiveness of the particulates was no longer 
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substantial. Moreover, from the heat curing no interesting benefits in terms of dimensional stability at high 

temperature were found which could justify the additional costs of this curing condition. 

 

Figure 6.12: Optical micrographs (10X) of matrices (G_A and G_AT) and composites containing 10, 20, 30, and 
40 wt% RRP, after thermal treatment at 1000 °C [176].  



CEMENT-FREE BUILDING MATERIALS: MIX DESIGN AND PROPERTIES IN VIEW OF THEIR APPLICATION IN CIVIL ENGINEERING 
 

 

  
96               INVESTIGATION OF THE THERMAL BEHAVIOUR OF GEOPOLYMERS AND GEOPOLYMER COMPOSITES 

 

 

Figure 6.13: Samples geometrical modifications over increasing temperature obtained with heating 
microscope analysis (a). Images of the specimens at Tmax (i.e. temperature above which the geometry of the 
sample started to significantly change) (b) [176].  
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In order to better investigate the dimensional stability of the composites, the dimensional changes during 

heating up to 1000°C were assessed in situ through a dilatometer. According to the previous results, the focus 

was put on room temperature cured samples (G_A, GC_A_10, GC_A_30, and GC_A_40). Results were 

consistent with the heating microscope analysis since all samples showed high dimensional stability up to 1000 

°C with dimensional changes comprised in ± 2 % (Figure 6.14).  

 
Figure 6.14: Linear dimensional changes of the G_A, GC_A_10, GC_A_30, and GC_A_40 samples during 
dilatometry measurements [176]. 

The curves were also consistent with the thermal expansion and shrinkage of low calcium-based alkali 

activated materials, extensively investigated in literature [64,66,68,181]. After the dehydration shrinkage 

recorded in the temperature range of 110-230 °C, all samples showed stability up to above 530 °C. The 

dehydration identified through mass loss measurements, which occurs for temperature below 105 °C, did not 

seem to cause shrinkage. Between 530 and 640 °C a shrinkage was observed, mainly linked to a densification 

of the sample [67,170]. The densification found in this range of temperature could justify the increased values 

of density measured after the thermal treatment in the muffle furnace. The most evident difference among the 

investigated samples was found in the region going from 660 to 770°C. In this range of temperature, the 

literature does not report a clear trend in linear dimensional changes, which vary according to the materials 

composition. However, it is not uncommon to measure a thermal expansion, as the one measured in the case 

of G_A and GC_A_10 samples, usually linked to the bloating of residual silicate phases and/or crack formation 

[66,68]. It is interesting to note that the reactions leading to the expansion were hindered or influenced by the 

presence of the grains of the refractory. Indeed, by adding 10 wt% of refractory particles and therefore reducing 

the total amount of silicates contained in the sample, a decrease in the expansion was found. The expansion 

totally disappeard when 30 and 40 wt% of RRP were used. From these results appeared that the use of RRP 

can prevent both the bloating of silicate phases and crack formation, increasing the range of the thermal 

dimensional stability characterized by a total shrinkage lower than 1% up to 800°C in the case of GC_A_40 

sample. GC_A_30 and GC_A_40 composites presented similar dimensional changes which were mainly 

characterized by three areas of shrinkage in the temperature ranges of 110-230 °C, 550-630 °C, and 770-860 

°C. In the case of GC_A_30 the dehydration shrinkage was retarded compared to GC_A_40 and started for 
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slightly higher temperature (~130°C). Up to around 860°C, the GC_A_30 total shrinkage was higher than the 

one of GC_A_40. Above this temperature, GC_A_30 returned to be dimensionally stable, whereas GC_A_40 

underwent a further shrinkage up to 1000°C. The shrinkage from 800 to 1000 °C may be due to the further 

local densification or sintering of the matrix gel. 

6.4 Main remarks 

The results here discussed allow drawing the following conclusions: 

 the acoustic emission measurements allowed obtaining insight into the cracking mechanism in fly 

ash-based geopolymer activated at room temperature. During heating up to 800 °C the cracking 

was associated exclusively to the dehydration of the material in the temperature range of 90 – 360 

°C. No further AEs were recorded on heating.  

 The temperature of 550 °C was considered significant in terms of microstructural changes of the 

investigated geopolymer system. Indeed, for temperature of exposure higher than 550 °C, AEs 

were recorded also on cooling: the higher the temperature of exposure, the higher the AE activity. 

It can be said that, starting from 550 °C a localized sintering of the geopolymer matrix occurred. 

The activity detected on cooling can be associated to a stress caused by the shrinkage of the sintered 

phases experiencing a rapid quenching as the temperature in the furnace started to decrease.  

 The thermal treatment at 650 °C did not cause changes in the mineralogical nature of the 

geopolymer. However, after the exposure to temperatures ≥ 800 °C, crystallization of nepheline 

and plagioclase feldspar occurred, which in the case of composites (GC_A series) favoured the 

compressive strength increasing. 

 The use of recycled refractory powder for the production of geopolymer composites resulted a 

suitable path for improving the high-temperature performance of fly ash-based geopolymers. 

Indeed, the addition of RRP did not hinder the alkali activation process, improved the linear 

dimensional stability during heating (linear shrinkage inferior to 2 % at 1000 °C) and increased 

the maximum temperature of dimensional stability from 1140 °C to 1240 °C. In addition, the 

amount of 30 wt% RRP was sufficient to inhibit the cracking after 2 h exposure to 1000 °C. 

 No significant benefits were obtained from the heat curing in terms of thermal dimensional stability 

of geopolymer composites. On the contrary, when exposed to high temperature, heat-cured 

specimens with low amounts of dispersed RRP (0, 10, 20 wt%) showed greater cracking. 
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The contents of this chapter formed the basis of the following publication: 

Carabba L., Gluth G.J.G., Pirskawetz S.M., Krüger S., Bignozzi M.C., Fly ash-based lightweight 

geopolymer mortars for fire protection, submitted for the 2st International Workshop on Durability and 

Sustainability of Concrete Structures, Moscow (Russia), 6th – 7th June 2018 – under revision. 

Carabba L., Moricone R., Scarponi G.E., Tugnoli A., Bignozzi M.C., Coal fly ash based geopolymers for 

fireproofing applications: a preliminary study of the performance – submitted to Fuel on 14th March 2018. 
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7.1 Background and research aims 

Fire represents a serious problem for steel-based structures such as high-rise buildings where steel is often 

used as the skeleton system. Steel is an excellent material at ambient temperature but when exposed to high 

temperature, it is subjected to a rapid degradation of strength and elastic modulus (i.e. steel loses about one-

half of the strength at 500 °C) [120]. Therefore, severe fires can cause initial localized failure or abnormal 

loading which could lead to a progressive collapse of a building [182].  

A preventive solution to reduce fire damages is represented by passive fire protection (PFP) systems. The 

idea behind these systems is to bond a protective layer to the steel surface, in order to maintain the temperature 

of the steel component below the critical temperature. The final goal is to provide time to evacuate the building 

and to control or extinguish the fire, thus avoiding losses. There are some important factors to consider when 

a fireproofing system is selected such as the weight limitations imposed by the strength of the steel supports, 

the fire resistance rating selected, the material’s adhesion strength and durability, the corrosiveness of the 

atmosphere and of fireproofing materials to the substrate and cost [183]. Currently, the most used PFP systems 

are intumescent paints and cementitious fireproofing coatings. Intumescent paints have two key components: 

a resin binder and a mixture of chemicals that decomposes and releases a gas when heated. The origin of the 

name is Latin ‘intumescere’ which means ‘to swell up’. When heated beyond a critical temperature, an 

intumescent material begins to swell and then to expand approximately 15 times to 30 times its initial thickness. 

A gas-producing reaction is triggered at a temperature corresponding to an appropriate resin melt viscosity. 

The result of this process is a foamed, cellular charred surface layer which insulates the steel from fire 

[184,185]. Conversely, fireproofing coatings are generally spray-applied systems that behave like thermal 

barrier to the transfer of heat to the substrate. Spray applied fireproofing coatings are generally cementitious-

based systems grouped under two categories: gypsum-based comprising of gypsum and vermiculite, and 

Portland cement based composed of Portland cement and vermiculite. They are usually a more inexpensive 

means to protect structural elements [182,184,186,187]. The term “fireproofing” is widely used to describe 

these types of coatings, however it does not indicate a material totally safe from the effects of fire but it refers 

to the materials that provides a degree of fire resistance for protected substrates. 

Although geopolymers are characterized by a remarkable thermal resistance as already discussed in 

Chapter 2 and 6, there is only a limited number of studies on testing the performance of geopolymers as passive 

fire protection systems under fire like conditions available (e.g., [79,81,84,188,189]).  

In this Chapter, the possibility of using fly ash-based geopolymers as passive fire protection (PFP) systems 

for steel components is investigated. A comprehensive study is presented. The first part of the study aims to 

the optimization of the mix design in order to produce a lightweight geopolymer (LWG) mortar with increased 

thermal insulation and low weight load. Physical, mechanical and thermal properties are investigated. In 

particular, thermal conductivity measurements as function of temperature (up to 700 °C) were carried out in 

order to provide data on the heat transfer to the substrate during heating. According to the experimental 
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findings, the most promising formulation was analysed by means of finite volume method simulations to 

investigate the behaviour of the fireproofing geopolymer during a fire accident. In the second part of the study, 

the effectiveness of the LWG mortars as passive fire protection system was assessed by means of medium-

scale fire test setup. Furthermore, acoustic emission measurements were adopted to analyse cracking 

phenomena due to the high temperature exposure.  

7.2 Development of a lightweight geopolymer mortar: physical and mechanical properties  

For this study, the two matrices G_A and G_B were adopted as reference matrices. As reported more in 

the detail in 3.2.1, the two mix differ for the ratio between the two alkaline solutions adopted (i.e. Sodium 

silicate solution and 8 M NaOH solution), adjusted in order to modify the compositional Si/Al ratio. In 

particular, mixtures based on G_A composition have higher Si/Al ratio (Si/Al = 2.9) than the ones developed 

starting from the G_B composition (Si/Al = 2.5). The mix design of both matrices was optimized by using 

expanded perlite (EP) and hydrogen peroxide according to the formulations reported in Table 3.8, thus 

obtaining a lightweight geopolymer mortars (LWG) with increased thermal insulation and reduced weight 

load. Results presented in this section refer to geopolymers at 7 days of curing. The cross section of a 

representative specimen for each formulation is reported in Figure 7.1. 
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Figure 7.1: Photos of the cross section of the specimens at 7 days. 

 Table 7.1 reports physical and mechanical properties of all specimens. The comparison between the two 

different matrices (G_A and G_B) produced without additional components (i.e. expanded perlite and/or H2O2) 

showed that G_A was characterized by higher density and lower water absorption than G_B, indicating a less 

porous structure of the matrix.  

 

Table 7.1 Physical and mechanical features of geopolymers at 7 days (values are reported as average of two 
measurements). 

Sample ρbulk 
(g/cm3) 

WA 
(%) 

WAv 

(%) 
Specific intruded 

Hg volume 
(mm3/g) 

Ed 
(GPa) 

Rc 
 (MPa) 

G_A 1.53 ± 0.01 19.0 ± 0.1 21.3 ± 0.1 207.3 6.20 ± 0.06 6.01 
LWG_A_10 1.23 ± 0.01 25.0 ± 0.1 42.8 ± 0.2 343.5 1.71 ± 0.01 2.74 
LWG_A_13 1.06 ± 0.01 25.3 ± 0.1 44.1 ± 0.4 365.1 1.54 ± 0.01 2.65 
LWG_A_10_HP 0.90 ± 0.01 25.3 ± 0.4 49.1 ± 0.8 338.0 0.67 ± 0.09 1.99 
LWG_A_13_HP 0.79 ± 0.01 26.0 ± 0.1 46.6 ± 0.1 403.7 0.49 ± 0.05 2.34 
G_B 1.39 ± 0.02 23.2 ± 0.3 24.9± 0.2 223.1 5.00 ± 0.01 3.29 
LWG_B_10 1.06 ± 0.01 27.4 ± 0.1 43.6 ± 0.3 331.0 1.30 ± 0.01 1.87 
LWG_B_13 0.97 ± 0.01 29.0 ± 0.1 46.6 ± 0.1 374.5 0.84 ± 0.10 1.33 
LWG_B_10_HP 0.81 ±0.01 28.9 ± 0.2 52.0 ± 0.3 504.7 0.58 ± 0.06 1.14 
LWG_B_13_HP 0.77 ± 0.01 30.8 ± 0.4 57.7 ± 0.4 579.4 0.31 ± 0.01 0.73 

As expected, regardless the Si/Al ratio, the introduction of EP and EP + H2O2 led to a decrease in the bulk 

density. A drop of about 20 % of the bulk density was always found when 10 wt% of EP was added, which 

increased up to 30% when 13 wt% of expanded perlite was used. The use of the foaming agent promoted an 

additional decrease in the bulk density in all the investigated mixes. LWG_B_13_HP specimen, containing 

both EP and hydrogen peroxide, showed the lowest value of bulk density (0.77 g/cm3) among all the specimens. 
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By adding the same amounts of EP (13 wt%) and H2O2 a decrease in bulk density of 49% and 45% is found 

for G_A and G_B, respectively. Therefore, the use of lightweight aggregate and H2O2 for lowering the density 

of the material results more effective for higher compositional Si/Al ratio. 

Because of its high porous structure [190], the addition of expanded perlite had a direct influence also on 

the water absorption. Regardless the Si/Al ratio, the addition of EP increased the amount of the absorbed water. 

The highest values of water absorption was found when both EP and foaming agent were used in the G_B 

matrix (LWG_B_13_HP specimen). 

Table 7.1 also reports the compressive strength and dynamic modulus of elasticity of the investigated 

specimens. As a general trend, the higher Si/Al, the higher compressive strength and Ed. These results agree 

with previous studies which showed that increased strength and reduced porosity of geopolymers can be found 

for increased compositional Si/Al ratio [44,191–193]. The use of expanded perlite and its increase in content 

had a significant effect on compressive strength and dynamic modulus of elasticity of geopolymers, as well. 

Indeed, for both Si/Al ratio, a decrease of about 60% in compressive strength and 80% in Ed was found when 

the 13 wt% of EP was added. This behaviour is commonly observed when expanded perlite is used as 

lightweight aggregate in cement based materials, as well [102]. The mechanical properties dramatically 

dropped when also hydrogen peroxide was used.  

The open porosity of the specimens was further investigated through MIP analysis. Maintaining constant 

the amount of EP and H2O2 in the mix design, similar or higher specific intruded Hg volume that is directly 

related to the open porosity, was found for specimens with lower Si/Al ratio (Table 7.1). These results are in 

agreement with the water absorption values previously described. Figure 7.2 shows the pore size distribution 

of all samples obtained by MIP.  

 
Figure 7.2 Pore size distribution curves of the investigated geopolymers at 7 days: G_A series (a); G_B series 
(b). 
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The influence of expanded perlite on increasing the porosity of samples and on enlarging the dimension of 

pores was evident. When the G_A series is considered (Figure 7.2a), the increasing in the amount of EP from 

10 to 13 wt% did not significantly change the pore size distributions of the samples. In addition, the use of 

H2O2 did not strongly modify their total open porosity. Conversely, the use of H2O2 led to an increase in both 

total open porosity and pore dimension of the G_B series geopolymers. This difference can be ascribed to the 

different viscosity of the fresh mixtures that in G_A was higher than G_B, because of the higher amount of 

sodium silicate solution used to increase the Si content. Consequently, the use of H2O2 in more viscous slurry 

led to a formation of closed porosity, instead of an open one as happened in LWG_B_10_HP and 

LWG_B_13_HP samples. This was also supported by the fact that the use of H2O2 in G_A series geopolymers 

was effective in reducing the density without significantly increase the intruded Hg volume and the water 

absorption. 

To characterize more in depth the pore morphology and the development of the pore structure caused by 

the hydrogen peroxide, optical analysis was performed on LWG_A_13_HP and LWG_B_13_HP samples. In 

Figure 7.3, optical microscopy images of representative LWG_A_13_HP and LWG_B_13_HP cross sections 

are presented.  

 

(a) 
 

(b) 

 

(c) 

 

(d) 

Figure 7.3 Digital and optical images of foamed geopolymers containing 13 wt% of expanded perlite: 
LWG_A_13_HP (a and b), LWG_B_13_HP (c and d). Vertical section, top on top. 
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The former revealed a more homogeneously foamed section, confirming that the higher viscosity of the 

fresh mixture favoured the entrapping of the O2 bubble in the matrix. On the contrary, the LWG_B_13_HP 

section showed higher foaming at the top compared to the bottom region. This was likely caused by rising 

pores collapsing due to the low viscosity of the slurry prior to gel hardening [88]. The optical images were 

analysed through digital imaging software that allows investigating porosity starting from the minimum 

diameter of 29 µm. The total porosity (%), the number of pores per mm2 and the content % of pores arranged 

per ranges of pore diameters, are reported in Table 7.2. Results confirmed the higher total porosity of 

LWG_B_13_HP than LWG_A_13_HP. However, the latter showed a major presence of spherical shape pores 

bigger than 50 µm which can be attributed to the effect of hydrogen peroxide [87,194]. 

 

Table 7.2 Pore distribution obtained via image analysis of four images per investigated sample (Investigated 
area average = 140 ± 16 mm2). 

Sample  Porosity area 
ratio (%) 

Number of 
pores/mm2 

Content of pores (%) per size ranges (µm) 

29 - 50 50 - 250 250 - 500 500 - 1000 > 1000 
LWG_A_13_HP 15.4 ± 1.5 6.6 ± 0.6 20.7 ± 1.6 71.3 ± 0.8 6.2 ± 1.6 1.4 ± 0.5 0.3 ± 0.2 

LWG_B_13_HP 19.3 ± 1.3 9.9 ± 1.6 26.3 ± 1.0 65.7 ± 1.2 7.0 ± 1.2 0.8 ± 0.6 0.2 ± 0.04 

 

7.3 Development of a lightweight geopolymer mortar: thermal properties and insulating capacity 

The performance of a fireproofing coating are temperature and composition dependant. However, in 

practice, when fire resistance of structural members is evaluated, only room temperature thermal properties 

are often taken into account, without any consideration to variation of these properties with temperature. In 

order to overcome this issue and to better evaluate the fire performance of LWG mortars, data on temperature 

dependant thermal properties (i.e. thermal conductivity, specific heat, mass loss) of LWG mortars were 

evaluated both at room temperature and at elevated temperatures. 

Figure 7.4 shows the values of thermal conductivity (K) measured at 20°C in correlation with the bulk 

density of the specimens previously discussed.  

 
Figure 7.4: Thermal conductivity and relevant bulk density of geopolymers at 20°C. 
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The thermal conductivity of the samples in this study was observed to the range from 0.48 to 0.21 W/mK. 

The measured values are in the same trend as other geopolymer foams in the literature [188,195] and slightly 

higher than that of lightweight cement based fireproofing materials [186,196]. The thermal conductivity of 

geopolymers followed the same trend of the bulk density, whereas a negligible influence of the Si/Al ratio was 

found. Similar results were found in previous study [197] were no correlation between the thermal conductivity 

and the geopolymer gel structure was observed. Conversely, the influence of expanded perlite and H2O2 was 

clearly observed and was expected, since the insulating properties of perlite are well known and H2O2 favoured 

the increasing of porosity.  

The variation of thermal conductivity with temperature for G_B, LWG_A_13_HP and LWG_B_13_HP 

specimens is plotted in Figure 7.5. As expected and already assessed during measurements at room 

temperature, the thermal conductivity of the matrix G_B was higher than to the one of specimens with 

expanded perlite and H2O2. In addition, no significant differences were found comparing LWG_A_13_HP and 

LWG_B_13_HP, thus confirming that the role of the geopolymer matrix composition is secondary to the one 

of expanding agents (i.e. expanded perlite and H2O2), as far as the thermal conductivity is concerned. In all 

cases, a slight increase in thermal conductivity was found for increasing temperature up to 300 °C. At 550 °C 

a decrease of thermal conductivity was observed in all specimens. The drop in the thermal conductivity 

possibly indicates a change in the microstructure of the geopolymer matrix. Indeed, as previously reported in 

paragraph 6.2, above 550 °C localized sintering phenomena occur changing the porosity and the pore 

distribution of the fly ash-based geopolymer system investigated in this study. In addition, the crystallization 

of nepheline and plagioclase phases from the amorphous geopolymer matrix, which occurs for temperature 

close to 800 °C, can further decrease the thermal conductivity since plagioclase is a poor heat conductor 

mineral and increased feldspar volume fraction tends to decrease the thermal diffusion of the material [198]. 

 

Figure 7.5: Variation of thermal conductivity with temperature. 

The mass loss and the thermodynamic processes in geopolymer matrix and lightweight geopolymer 

mortars were measured using thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). 
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Figure 7.6 shows the mass losses determined in air atmosphere of the G_A series (Figure 7.6a) and of the G_B 

series (Figure 7.7b). The measurements were conducted on crushed and pre-dried (T = 105 °C) samples 

according to the procedure reported in 3.3.5.  

In all cases, the mass loss was contained in the range of 4-8 %. These values are significantly lower 

compared to the ones of a gypsum and cementitious based fireproofing material (i.e. mass loss of 20-25 %) 

[186]. A mass loss was always verified in the temperature range of 80-100 °C up to about 300 °C and it can 

be associated to the dehydration of adsorbed and loosely bound water. This in in agreement to what observed 

by DSC analysis, where endothermic peaks associated with the dehydration were observed in the same 

temperature range (Figure 7.7). As the temperature increased, a second mass loss was found at temperature 

comprised in the range of 450-750 °C. Rickard et al. [67] performed TGA / DTA curves of fly ash-based 

geopolymers where the fly ash contained 15 wt% of iron oxide and they observed an exothermic spike at 

approximately 400 °C in the DTA curve and a simultaneous weight loss in the TGA curve. They concluded 

that the weight loss can be related to the loss of hydroxyl groups during the phase change of poorly ordered 

iron oxide from the fly ash crystallising to hematite.  

 
Figure 7.6: TGA measurements of geopolymers: G_A series (a); G_B series (b) (heating rate 10°C/min in air). 

 

From the DSC curves the specific heat (cp) of samples in the temperature range of 30-200 °C was obtained, 

according to EN 821-3 [115]. The compositional Si/Al ratio seemed to have negligible influence on the specific 

heat, which assumed values of about 870 J/ kgK at 30 °C and increased during heating up to about 1645 J/ 

kgK at 200 °C for both G_A and G_B. By adding expanded perlite and hydrogen peroxide, a decrease in the 

specific heat was found at high temperature. The specific heat of the foamed and lightweight samples in this 

study was observed to the range from 787 to 981 J/ kgK at 30 °C and increased during heating up to 1314 – 

1571 J/ kgK at 200 °C. 
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Figure 7.7: DSC measurements of geopolymers: G_A series (a); G_B series (b) (heating rate 20°C/min in 
nitrogen). 

7.4 Finite volume method simulations of the fireproofing performance  

In order to evaluate the potentiality of the geopolymers as passive fire protection system of steel structures, 

a finite volume method simulation was used to simulate a significant geometry for practical fireproofing 

applications. The performance of a geopolymer mixture (LWG_B_13_HP) was compared with a commercial 

Portland cement-based fireproofing mortar (named LWC). LWG_B_13_HP mix was chosen because of the 

lowest density and thermal conductivity showed among all the investigated mixtures in paragraphs 7.2 and 

7.3. These features were considered the most important ones to take into account for a fireproofing coating. 

The geometry considered a section of an infinite IPE 100 steel beam protected by a fireproofing layer of 

different thickness: 15, 20 and 25 mm for the LWG_B_13_HP and a 20 mm layer for the LWC. The steel 

beam was exposed on all of its faces to thermal irradiation. A slice 2D configuration of the element was meshed 

with tetrahedral cells. The number of cells are reported in Table 7.3, simulation run time was extended to 30 

minutes.  

Table 7.3: Number of cells for 2D simulation. 

Thickness of the fireproofing layer (mm) 15 20 25 
Number of cells 254480 352878 46761 

Two standardized fire curves were considered as external thermal load: the standard fire curve in ISO 834, 

which is representative of building fires, and the fire curve RWS – Rijkswaterstaat. The RWS curve is the most 

harsh fire curve that can be adopted for testing the fire resistance of various elements of construction. The 

RWS curve was developed by Ministry of Transport in the Netherlands according to the results of testing 
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carried out by TNO in 1979. This curve is based on the assumption that in a worst-case scenario, a 50 m³ fuel, 

oil or petrol tanker fire with a fire load of 300 MW could occur, lasting up to 120 minutes.  

The simulation used the experimental properties (i.e. bulk density, specific heat, thermal conductivity) of the 

geopolymers determined through small-scale tests presented in sections 7.2 and 7.3, while for LWC the 

properties reported in a previous study were used [196]. The thermal properties assumed for steel (S275) are 

density equal to 7850 kg/m3, heat capacity of 475 J/kg K and thermal conductivity equal to 44.5 W/m K. 

The Figure 7.8 shows the temperature-time curves resulting from the simulation of cellulosic fire (Figure 

7.8a) and RWS fire (figure 7.8b) conditions. In particular, the temperature rising of the steel surface covered 

by cementitious fireproofing mortar and different thickness of LWG_B_13_HP is plotted.  

 

Figure 7.8: : Finite volume method simulations results of the case study considering the ISO 834 standard fire 
curve (a) and RWS fire curve (b). 

In all cases, the mortars are effective in delaying the temperature rising of the steel. In the case of cellulosic 

fire, all the investigated possibilities allowed to protect the steel surface from reaching the critical temperature 

of 500°C for all the time of the test (30 minutes). Similar performance were found for a 20 mm thickness of 

LWC and 15 mm thickness of LWG_B_13_HP, thus suggesting that when lightweight geopolymer mortar is 

used, a thinner layer (15 mm) of coating can guarantee the same performance of a thicker layer (20 mm) of 

cementitious-based product. The performance improved for increasing thickness of geopolymer mortars. 

When RWS fire curve is simulated, the same trend as the one previously described was found. However, in 

this case, at least a 25 mm thickness of LWG_B_13_HP was found necessary to keep the steel surface under 

T = 500°C for the 30 minutes of the test. 
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7.5 Testing of the fireproofing performance: medium-scale fire tests  

In this section, prototypes of steel protected by the LWG mortars characterized in paragraphs 7.2 and 7.3 

were tested by means of medium-scale fire test setup. The LWG mixtures were selected with the aim to further 

investigate the influence of the Si/Al molar ratio, the alkali cation (i.e. Na or K) used, and the presence of a 

foaming agent (i.e. H2O2) on the fireproofing behaviour of the mortar. Cellulosic and hydrocarbon (EN 1363-

2 [119]) standard fire curves were performed. In addition, a geopolymer mortar containing quartz aggregate 

(GM_A) was also realized for comparison. Finally, acoustic emission measurements were adopted to analyse 

cracking phenomena due to the high temperature exposure. Details on specimens preparation and test 

procedure are reported in section 3.3.6.  

Figures 7.9a and 7.9b show the temperature-time curves of the specimens exposed to cellulosic fire as 

average of at least three measurements. Two different thickness of mortar layer were tested: 15 mm (Figure 

7.9a) and 20 mm (Figure 7.9b). It worth to remind that the temperature-time curves were recorded to identify 

the time after which the temperature of the cold side of the steel plate exceed 500°C which is identified as the 

critical threshold for the properties of steel. 

The bare steel plate showed a rapid increase of the temperature, which exceeded 500 °C after only 9 

minutes. The comparison between the bare steel curve and the coated steel curves showed that mortars 

containing both sand and expanded perlite were always effective in retarding the temperature rise of the cold 

side of the steel. When a 15 mm-thick layer of mortar was applied, the cold side of the steel plate reached the 

critical temperature of 500 °C after 28 minutes in the best case. By increasing the thickness of the mortar layer 

to 20 mm a substantial improvement in terms of steel protection was observed. Indeed, as can be seen in Figure 

7.9b, mortars were able to keep the temperature of the steel plate under the critical threshold for at least 30 

minutes (GM_A) and up to 40 minutes (LWG_AK_13).  

Figure 7.9c shows the temperature-time curves of the specimens exposed to hydrocarbon fire. Only the 20 

mm- thick layer was considered, as the conditions of the test were harsher than the previous one (i.e. the 

temperature in the furnace exceeded 1000 °C after the first 10 minutes of the test). The best performing mixture 

resulted to be the (LWG_AK_13), which was able to protect the steel plate from reaching 500 °C for 16 minutes. 

As can be noted from the temperature-time curves, in the temperature range of 100–140 °C a plateau related 

to the endothermic dehydration of water contained in the specimens (as previously discussed in section 7.3) 

was always identified. The contribution of the dehydration significantly slowed down the temperature rise of 

the steel. For GM_A the plateau started for slightly higher temperature compared to lightweight mortars. This 

can be related to the different pore structure of the two types of mortars. In Figure 7.10 are reported the pore 

size distributions of the GM_A sample and of the lightweight geopolymer mortars. As representative examples, 

the curves of LWG_A_13 and LWG_B_13 are reported. As can be observed, LWG samples were significantly 

more porous than GM_A sample. In addition, a great difference in the pore structure was found for porous 

with a radius higher than 0.3 μm. Generally in geopolymer structure, water is mainly in the form of free water 

in large pores and bound water in small pores [22]. Therefore, because of its more compact structure, higher 
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temperature was required for water to evaporate from GM_A specimen. Moreover, it has to be noted that the 

GM_A specimen was produced by adding lesser overall amount of water (10 wt%) than the lightweight mortars 

(23-25 wt%), and this can affect the duration of the plateau related to the dehydration reaction. 

 

Figure 7.9: Temperature-time curves of the specimens exposed to cellulosic and hydrocarbon fire curves: 
cellulosic fire curve and layer thickness of 15 mm (a); cellulosic fire curve and layer thickness of 20 mm (b); 
hydrocarbon fire curve and layer thickness of 20 mm (c). 
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Figure 7.10: Comparison of the pore size distributions curves of the GM_A containing quartz aggregate and 
lightweight geopolymer mortars containing expanded perlite. 

As expected, the expanded perlite was effective in enhancing the insulating properties of the mortar. 

Indeed, in all cases the GM_A reached higher temperature at shorter time. In the case of the lightweight 

mortars, it was not possible to indicate a best performing formulation among the ones investigated, since all 

specimens showed similar trend. The Si/Al ratio did not significantly affect the fire resistance of the material. 

This is in accordance with the results presented in paragraph 7.3 where no correlation between the thermal 

conductivity and geopolymer composition (Si/Al ratio) was found. In addition, as found in paragraph 6.2, the 

use mixed cation type (Na/K) in the alkaline activator seemed not to significantly improve the fireproofing 

performance of the LWG mortar. Finally, even though it was previously assessed the effectiveness of H2O2 as 

foaming agent and reducer of thermal conductivity of geopolymers (paragraph 7.2), in this case no significant 

benefits in terms of fire resistance were found by adding 0.3 wt% of hydrogen peroxide to the mixture. 

Acoustic emission (AE) measurements during firing and subsequent cooling of the mortars studied here 

are reported in Figure 7.11. A previous study [199], already assessed the suitability of acoustic emission 

measurements for studying cracking mechanism occurring in geopolymers during fire tests. The temperature-

time curves are correlated with the acoustic emission results obtained for the two different fire tests (i.e. 

cellulosic and hydrocarbon fire curves), according to the experimental program reported in Table 3.9. In this 

case, only results on LWG specimens are reported. 

During the firing period, in the majority of the cases and for both fire curves, some hits were recorded at 

the start of the test when a rapid increase of the temperature occurred, and in correspondence with the 

temperature plateau related to the dehydration. LWG_B_13 specimen behaved differently from the others: 

although the temperature plateau was present, no significant acoustic emissions were recorded during 

dehydration. This can indicate a higher permeability of this specimen compared to the others, which favored 
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the escaping of water during heating without causing significant damage to the specimen. This is also supported 

by the results presented in section 7.2 where samples of the G_B series showed a more porous structure than 

G_A series samples, and characterized by a larger dimension of the open pores. The majority of crack 

formation occurred on cooling. These results agree with the results presented in paragraph 6.2, where crack 

formation of geopolymer matrix (G_A and G_AK) were found on cooling for temperature higher than 550°C. 

In the case of cellulosic fire (continuous lines in Fig. 7.11),  

 

Figure 7.11 Acoustic emission results correlated with temperature-time curves inside the furnace (red curve) 
and the temperature-time curves of the cold side of the coated steel plates.  

AEs were recorded immediately on cooling, when the temperature of the cold side of the covered steel 

plates was about 650-700 °C. On the contrary, when hydrocarbon fire curve was performed, no AEs were 
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recorded immediately at the extinguishing of the fire, but they appeared only when the temperature of the steel 

plates fell below approx. 700 °C. From these results, the temperature of 700 °C appears to be significant in 

terms of cracking and crack growth on cooling. As previously discussed in Chapter 6, it is assumed that a 

partial sintering and melting in localized areas of the mortars started to occur during heating and involved 

increasing portions of the material at increasing temperatures. The phases, which experienced sintering/melting 

during heating, experienced also a quenching on cooling, possibly when the temperature decreased below 700 

°C. Up to this temperature, other regions, e.g. crystalline impurities from the fly ash, remain stable. It is 

possible that this phenomenon caused stress between the stable and the quenched phases and therefore may be 

at the origin of the cracking indicated by AE during the cooling period. In addition, the higher acoustic emission 

activity in the case of HC curve can possibly be related also to the formation of new crystalline phases, that 

occurs when fly ash-based, Na-activated geopolymers are heated above approx. 800 °C, as discussed in 

Chapter 6. The formation of these new crystalline phases on heating could induce increased stresses during the 

cooling period 

After the complete cooling of the furnace, the specimens were removed from the sample holders and 

visually analyzed. In all cases, the specimens maintained their position in the sample holder during the test and 

only in the moment of their removal the steel plate detached from its coating mortar. Figure 7.12 reports the 

images of the specimens as cured (first row), 24 h after the cellulosic fire test (second row) and 24 h after the 

hydrocarbon fire test (third row).  

None of the specimens experienced explosive spalling during heating, thus indicating a sufficient degree 

of permeability, which facilitates the release of the vapor pressure during the heat exposure. This aspect is 

particularly advantageous compared to ordinary Portland cement (OPC) based materials, which can be prone 

to spalling phenomena. The post-fire surfaces of the specimens varied as a function of the fire curve used. In 

accordance with what was observed by AE measurements, after the exposure to the cellulosic fire all specimens 

exhibited the presence of cracks. This was more evident for the lightweight mortars compared to the GM_A, 

probably because sand acted as reinforcement particle against crack propagation. Conversely, specimens 

exposed to the hydrocarbon fire showed almost no cracks on their surfaces, although the AE measurements 

indicated crack formation. In the case of hydrocarbon fire, the hot surface of the specimens was exposed up to 

1100 °C; in this conditions, significant melting can occur which may be responsible for a self-healing process 

of cracks. It is interesting to note that the post-fire surface of LWG_B_13 specimen showed an increase in the 

porosity (‘bubble formation’) compared to the other specimens. It can be deduced that, when temperatures 

above 900 °C are involved, both, the Si/Al ratio and the alkali cation, influence the sintering process and the 

properties of the material after firing [61,197,200]. 
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Figure 7.12: Specimen surfaces before and after the fire tests. 
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7.6 Comparison between simulated and experimental results 

In this section, the temperature-time curves obtained from simulations were compared with the 

experimental data. It worth to remind that the test conditions are slightly different: in the case of the simulations 

a section of an infinite IPE 100 steel beam protected by different thickness of LWG_B_13_HP is exposed on 

all of its faces to thermal irradiation. In the experimental setup, a 20 × 20 × 2 mm steel plate protected with 

several compositions of LWG mortar was considered and only one face was exposed to the flame. Although 

the conditions in the setup are different, in Figure 7.13 it can be observed a good agreement between the 

simulated data and the experimental results. Both simulated and experimental data refer to the ISO 834 

standard fire curve. The black dot curve is representative of the simulated temperature-time curve of a steel 

protected by a 20 mm thick layer of cementitious fireproofing coating (LWC), whereas the green dashed line 

is representative of the simulated temperature-time curve of the steel covered by a 15 mm- (Figure 7.13a) and 

20 mm-thick LWG_B_13_HP mortar (Figure 7.13b). The violet area shows the interval in which are included 

all the experimental temperature-time curves referring to LWG specimens exposed to medium-scale fire test. 

As can be seen, in both cases the simulated curve did not take into account the plateau related to the 

endothermic dehydration of water. However, at 30 minutes the temperature reached from the steel in the 

simulation is very close to the experimental findings. 

 

Figure 7.13: Comparison of the Temperature-time curves obtained by means of simulations and experimental 
data. LWG mortar thickness of 15 mm (a); LWG mortar thickness of 20 mm (b). 

7.7 Main remarks 

The results here discussed allow drawing the following conclusions: 

- geopolymers with higher Si/Al ratio proved to be intrinsically denser, less porous and 

characterized by a higher compressive strength. However, the role of the geopolymer matrix 
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composition is secondary to the one of expanded perlite and hydrogen peroxide, as far as the 

thermal properties are concerned.  

- The use of expanded perlite and hydrogen peroxide allowed obtaining a lightweight 

geopolymer mortar with properties similar to those of commercially available cementitious-

based fireproofing coatings. In particular, geopolymer mortars containing 13 wt% of expanded 

perlite and 0.3 wt% of H2O2 showed bulk density values of around 0.78 g/cm3 and thermal 

conductivity at T = 20°C of 0.21 W/mK. In addition, regardless the composition, all 

geopolymers showed high weight stability at high temperature with a total mass loss contained 

in 8% at 1000°C. 

- The fireproofing behaviour of the geopolymer mortars appeared to be more influenced by the 

water content and thermal conductivity of the aggregate rather than by their composition in 

terms of Si/Al ratio and alkali cation. The mortars containing expanded perlite as aggregate 

are more protective towards fire scenarios compared to the mortar produced with quartz 

aggregate. As expected, a thicker layer of mortar led to the elongation of the dehydration 

plateau.  

- Acoustic emission measurements enabled correlating crack formation and temperature of 

exposure. Cracking on heating was connected to dehydration processes. More severe events 

were recorded on cooling owed to the stress caused by cooling/quenching of the geopolymer 

matrix. The composition of the geopolymers resulted to be more important for the 

microstructural changes and sintering processes, which occurred at high temperature, as 

proved by the increased porosity of the surface of LWG_B_13 specimen exposed to the 

hydrocarbon fire.  
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8  General conclusions and perspectives 

The research aimed at investigating the suitability of using cement-free fly ash-based geopolymers 

activated at room temperature in view of their application in civil and building engineering.  

Fly-ash based geopolymers proved to be versatile materials that can be tailored according to the desired 

final performances. In particular, in this study by varying the type of aggregates (i.e., sand, refractory particles, 

expanded perlite) it was possible to test and characterize traditional and lightweight mortars, as well as 

composites, for different areas of application. The obtained results proved that in all the investigated cases, 

optimized fly ash-based geopolymers resulted promising and competitive products when compared to existing 

analogous cementitious-based materials. 

In details, according to the experimental findings, the main and general conclusions can be summarized as 

follows. 

In the absence of specifically designed admixtures for geopolymers, understanding if cement designed 

superplasticizers can be effective in alkali activated systems is a topic of great importance. Among the 

superplasticizers studied during this research, polycarboxylic ether-based superplasticizer in 1 wt% by mass 

of the solid precursor, was the best performing one on fly ash-based-geopolymer mortars as was able to provide 

good workability without affecting mechanical and microstructural properties of the hardened product.  

Fly ash based geopolymer mortars resulted a suitable material for strengthening applications of existing 

concrete and masonry structures when used to prepare fibre reinforced geopolymer matrix (FRGM) 

composites. An interdisciplinary approach was used to gain information on physical and mechanical properties 

of the geopolymer mortars and on the stress mechanism in FRGM-substrate joints. Results showed that the 

study of the mix design is fundamental to avoid a detrimental interaction between the matrix and the fibres, 

especially when galvanized steel fibres are used. Even if it was not the aim of the investigation, from the 

presented results, it was possible to give insight into how the decrease in molar concentration of the activating 

NaOH solution (from 8 to 4 M) induces a decrease of geopolymers physical and mechanical properties. 

Nevertheless, GM_A4M mortar still showed satisfactory properties for its use as matrix in FRGM systems with 

a compressive strength equal to 24 MPa at 28 days, and a dynamic modulus of elasticity equal to 11 GPa. In 

addition, the decrease of the molar concentration of sodium hydroxide activator produced an improvement of 

the matrix-fibre adhesion, which in turn enhanced the composite performance. Therefore, GM_A4M was 

considered the most suitable mortar, among the ones investigated, to cast steel-FRGM composites. An 

adequate compatibility and adhesion of the composite with both concrete and masonry substrates were found, 

as well. Indeed, for all the tested specimens, the failure mode was debonding of the external layer of matrix 

from the internal layer (interlaminar failure) rather than debonding at the matrix-substrate interface. The 

FRGM composites showed similar performances to those achievable using cementitious mortars, with the 

average value of the maximum stress in the fibres in direct shear tests equal to 67% of the tensile strength 

provided by the manufacturer. 
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An extensive study on the behaviour of fly ash-based geopolymers activated at room temperature and 

exposed to high temperature was presented. In particular, the investigated geopolymers were assessed for their 

performance after thermal treatments in muffle furnace up to 1000 °C and after medium-scale fire tests. An 

extensive study of the cracking mechanism during heating and subsequent cooling was reported. Results 

showed that when cracking on heating was verified, it was connected to dehydration processes and occurred 

in the temperature range of 90-360 °C. It was possible to define 550 °C as critical temperature. Indeed, for 

temperature of exposure higher than 550 °C, acoustic emissions (AEs) were recorded also on cooling: the 

higher the temperature of exposure, the higher the AEs activity. By correlating acoustic emissions results with 

SEM and XRD analysis, it was highlighted that starting from 550 °C localized sintering phenomena occurred 

in the geopolymer matrix. From XRD analysis, it was found that heating up to 650°C did not induce 

modifications in the mineralogical composition of the material. Therefore, AEs detected above 550°C were 

not related to the formation of new crystalline phases. SEM micrographs showed no significant changes in the 

microstructure of the sample heated up to 500°C. On the contrary, crack formation was detected in the sample 

heated up to 600 °C. In this case, a detachment of the geopolymer gel from the unreacted fly ash particles was 

observed. After the exposure to 800°C, SEM micrographs showed evidence of sintering in the microstructure. 

According to the experimental findings, it was assumed that above 550 °C partial sintering and melting in 

localized areas of the material started to occur during heating and involved increasing portions of the material 

at increasing temperatures. The phases, which experienced sintering/melting during heating, also experienced 

a rapid quenching on cooling, whereas other regions, e.g. crystalline impurities from the fly ash, remained 

stable. The AE activity on cooling was thus associated to a stress between the stable phases and the shrinkage 

of the quenched phases.  

The use of recycled refractory powder (RRP) for the production of geopolymer composites was proposed 

as a possibility to increase the thermal dimensional stability of fly ash-based geopolymers. Because of its 

crystalline nature, the inclusion of RRP did not hinder the alkali activation process. Conversely, it was found 

that the addition of 40 wt% of RRP to fly ash based geopolymers activated at room temperature, improved the 

linear dimensional stability during heating (linear shrinkage was no more than 2 % at 1000 °C) and increased 

the maximum temperature of dimensional stability from 1140 °C to 1240 °C. In addition, the amount of 

30 wt% RRP resulted sufficient to inhibit the cracking after 2 h exposure to 1000 °C. Furthermore, it was found 

that, after the exposure to temperatures ≥ 800 °C, crystallization of nepheline and plagioclase feldspar 

occurred, which in the case of composites favoured the increase in the compressive strength.  

Considering the remarkable thermal stability of fly ash-based geopolymers, lightweight geopolymer 

mortars were developed and characterized as passive fire protection systems for steel elements. A 

comprehensive study was presented, starting from the optimization of the mix design, up to the testing of the 

developed mortars by means of medium-scale fire test setup. Several parameters were taken into account to 

investigate their influence on the physical, mechanical, and thermal properties and, consequently, on the 

fireproofing behaviour of the obtained product. It was demonstrated that the use of expanded perlite as 
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lightweight aggregate was feasible for obtaining lightweight geopolymer mortars. Working on the mix design 

allowed obtaining a lightweight mortar with bulk density of around 0.78 g/cm3 and thermal conductivity of 

0.21 W/mK at T = 20°C. These values made geopolymers comparable to the commercially available 

cementitious-based fireproofing coatings. Finite volume method simulations and experimental medium-scale 

fire tests confirmed that the optimized lightweight geopolymer mortars can provide a protection of the steel 

substrate for more than 30 minutes under a cellulosic fire conditions, thus representing an important safety 

measure against accidental fires. The experimental findings demonstrated that the role of the geopolymer 

matrix composition (Si/Al ratio and alkali cation) is secondary to the one of the water content and of the 

expanded perlite, as far as the thermal properties are concerned. In addition, lightweight geopolymer mortars 

did not experience explosive spalling during heating, thus indicating a sufficient degree of permeability, which 

facilitated the release of the vapor pressure during the heat exposure. This aspect is particularly advantageous 

compared to ordinary Portland cement based materials, which can be prone to spalling phenomena. 

The market entry of fly ash-based geopolymer technology can also be promoted by some economic 

advantages. A preliminary analysis of the costs of production of lightweight geopolymer mortars designed for 

fire protection (mix LWG_A_13_HP) was carried out and compared to the production costs estimated for a 

commercial cementitious-based product used as fireproofing coating. The calculation included costs of raw 

materials as well as transportation costs and management of the end life of the product. More details on the 

calculation are reported in APPENDIX A. Results showed that production costs of geopolymer and 

cementitious-based products are very close. It has to be highlighted that the analysis referred to the Italian 

context. Furthermore, only the production of one type of lightweight geopolymer mortar was investigated. It 

is highly probable that in a more global market and considering geopolymers for other types of applications 

(e.g. mortars containing quartz sand for FRGM composites) the benefits in terms of costs of geopolymers 

compared to cement-based material could be superior. However, as showed by the simulations, in order to 

obtain the same fire resistance rate, a thicker layer of the cementitious product is necessary. Considering that, 

the developed geopolymer product can be evaluated competitive in the market also from an economic point of 

view. In geopolymer production, the highest impact in both economic and sustainability terms is generated by 

the alkaline solutions that are the most expensive and pollutant components involved. Furthermore, alkaline 

solutions are not user-friendly and therefore they are often seen as a technical issue to overcome when the 

commercialization of geopolymers is concerned. However, research is already active on these topics. In 

particular, on the one hand there is some ongoing research investigating the possibility of replacing sodium 

silicate with suitable and sustainable silica source [92-94]. On the other hand, academic and industrial research 

is focusing on the study of the so-called “one part geopolymers” that consists in a mix of solid components 

that can be activated just adding water [201].  

An extensive study on fly ash-based geopolymers activated at room temperature was reported in this thesis 

together with the proposal of different applications for this type of product in civil engineering supported by 
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encouraging and promising results. However, further research need to be done on the topic before obtaining 

market-ready products. Some suggestions for future research can be summarized as follows: 

 further research on superplasticizers is essential, since superplasticizers are a very effective tool in 

promoting the practical use of geopolymers in civil engineering and results obtained so far in the 

academic community are not yet conclusive;  

 the possibility of using other types of textiles (e.g. basalt, carbon, glass, and 

Poliparafenilenbenzobisoxazolo-PBO fabrics) in combination with fly ash-based geopolymer mortar 

to obtain FRGM composites for strengthening existing structures is a topic of great interest;  

 among all the areas of civil engineering, geopolymers are certainly mostly competitive in the ones that 

involve high temperature resistance. To further increase the performance of fly ash-based 

geopolymers, additional studies are necessary to understand and control the reactions and the 

microstructural modifications linked to the compositional parameters that are induced by the high 

temperature exposure; 

 finally, all the aspects related to standardisation and the analysis of durability and long-term 

performance are key issues to promote the acceptance of geopolymers as a new class of materials in 

the market. 
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15 APPENDIX A 

A preliminary investigation of the production costs of one type of lightweight geopolymer mortar 

(LWG_A_13_HP) studied as passive fire protection system (see Chapter 7), was carried out. The cost analysis 

of analogous commercial cementitious-based fireproofing coating (LWC) was also reported for comparison. 

The cost analysis refer to the Italian market and Italian territory and the unit costs of raw materials reported 

in Table A.1 are based on commercial offers by suppliers. Fly ashes are waste materials and for this reason 

their cost was considered negligible in the calculation of raw materials cost. Instead, the transportation costs 

of fly ashes were considered. 

 

Table A.1: Cost of raw materials used for producing 1 m3 of geopolymer and cement-based product 

Cost of raw materials – transportation costs excluded 

Lightweight geopolymer mortar - LWG 
Component Mix design Unit cost Cost of raw materials 

Fly ash 410.4 kg/m3 0.00 €/kg 0.0 €/m3 

8M NaOH solution 31.2 kg/m3 0.60 €/kg 18.7 €/m3 

Sodium silicate solution 154.3 kg/m3 0.21 €/kg 32.4 €/m3 

Perlite 102.7 kg/m3 1.15 €/kg 118.1 €/m3 

Water 89.3 kg/m3 0.002 €/kg 0.2 €/m3 

Hydrogen peroxide 2.4 kg/m3 0.50 €/kg 1.2 €/m3 

Total 790.3 kg/m3   170.6 €/m3 

Commercial cementitious-based fireproofing coating - LWC 
Component Mix design Unit cost Cost of raw materials 

Portland cement 274.4 kg/m3 0.12 €/kg 32.9 €/m3 

Vermiculite 102.3 kg/m3 1.30 €/kg 133.0 €/m3 

CaCO3 88.4 kg/m3 0.11 €/kg 9.7 €/m3 

Water 310.0 kg/m3 0.002 €/kg 0.5 €/m3 

Total 775.1 kg/m3   176.2 €/m3 
 

According to a preliminary study [202], the transportation costs (including fuel) were considered higher in the 

case of geopolymer products because the raw materials necessary for geopolymers production were assumed 

less distributed in the territory, thus increasing the transportation distances. The transportation costs of raw 

materials to the production site were estimated equal: 

 3% of the raw materials cost for geopolymers; 

 1% of the raw materials cost for cementitious based material. 

Other costs such as transportation costs to the working site and management of the end life of 1 m3 of material 

were assumed equal for both products and calculated as reported in Table A.2 [202]. 
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Table A.1: Other costs 
 Amount Unit Unit cost Costs 

Fuel costs for the transportation to the working site (in 
case it is different from the production site) 

50 km 0.033 €/km 1.6 €/m3 

Demolition and transportation to the landfill 1 m3 90 €/ m3 90.0 €/m3 
Landfilling 790 kg 0.008 €/kg 6.3 €/m3 
Total     97.9 €/m3 

According to the results, the production costs of lightweight geopolymer mortars (LWG) and cementitious-

based fireproofing coatings (LWC), including the cost of raw materials as well as transportation costs and 

management of the end life of the products, can be summarized as follows: 

LWG : 274 €/m3 and 0.35 €/kg 

LWC : 276 €/m3 and 0.36 €/kg 
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