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Abstract 

Alkali-activated materials (AAM) are studied as a novel sustainable binder to substitute 

Portland cement in concrete. They can possibly reduce up to 80% CO2 emissions by consuming 

wastes and industrial by-products, which are rich in aluminosilicate, such as fly ash, slag and 

metakaolin. Compared with alkali-activated fly ash and alkali-activated slag, alkali-activated 

fly ash-slag (AAFS) exhibits an excellent balance between engineering properties and practical 

fabricability. However, the behaviour of AAFS paste at elevated temperatures remains unclear 

in terms of high temperature performance, which impedes its potential application as future 

high-temperature/fire-resistant construction materials. To date, the microstructural evolution 

and micromechanical properties of AAFS paste at elevated temperatures have not been 

extensively explored from a multiscale viewpoint. Also, the in-depth investigation on the 

microstructure-property relationships in AAFS is still lacking. Hence, it is vital to gain a 

comprehensive understanding of AAFS paste and explore the inherent damage mechanisms at 

elevated temperatures. 

To tackle this challenge, for the first time, this thesis presents a systematic study on the 

behaviour of AAFS paste at 20 to 800 °C in terms of multiscale microstructural characterisation, 

micromechanical, thermal and mechanical properties. A series of advanced characterisation 

techniques including nuclear magnetic resonance (NMR), X-ray diffraction (XRD) and Fourier 

transform infrared spectroscopy (FTIR) are undertaken to characterise the nanostructures and 

phase assemblage of AAFS paste after exposure to 20, 105, 200, 400, 600 and 800 °C. 

Meanwhile, the microstructural characteristics of AAFS paste in terms of morphology changes, 

crack development and pore structure evolution are monitored using backscattered electron 

microscopy (BSEM), mercury intrusion porosimetry (MIP) and X-ray microcomputed 

tomography (XCT). Thermal and mechanical properties are determined from 

thermogravimetric analysis (TGA), thermal deformation, compressive and flexural strength 

tests. 

Based on the findings above, the multiscale microstructural characteristics of AAFS paste 

are discussed in three different levels: (1) Level 0: solid gel particles (N-A-S-H, C-A-S-H and 

N-C-A-S-H), (2) Level I gel matrix (solid gel particles and gel pores), and (3) Level II paste 

(unreacted particles, reaction products and pores). The nanostructure of solid gel particles in 

AAFS paste is significantly altered as temperatures rise beyond 200 °C, resulting in the 



decomposition of C-A-S-H gels and domination of N-A-S-H gels at 800 °C. At Level I, the gel 

matrix in AAFS paste experiences refinement at up to 200 °C, followed by a continuous drop 

in gel porosity to around 5% when reaching 600 °C. After 800 °C, new crystalline phases in 

terms of nepheline and gehlenite are observed, taking up around 26.3% and 21.5% of the 

crystalline phases by volume. At the paste level, results indicate that the compressive strength 

of AAFS paste rises by 77.5% at 200 °C, followed by a mitigation from 200 to 600 °C and a 

regain at 800 °C. Different phases in AAFS paste including unreacted particles, reaction 

products and pores take up 30%, 67.7% and 2.31% at ambient temperature, and 4.95%, 84.8% 

and 10.3% after exposure to 800 °C, respectively. The decomposition of binder gels occurs 

while gel pores are filled at elevated temperatures up to 800 °C, along with the crack 

development, whereas micro-cracks are healed by melting and viscous sintering.  

Therefore, the relationships between microstructural evolution and mechanical properties 

of AAFS paste at elevated temperatures are explored and discussed in depth to gain insights 

into the underlying degradation mechanisms. These damage mechanisms are summarised at 

three temperature ranges including Stage 1 (20-200 °C): further geopolymerisation and pore 

pressure build-up, Stage 2: (200-600 °C) thermal gradient and phase decomposition, and Stage 

3 (600-800 °C): recrystallisation and viscous sintering. 

To sum up, this thesis significantly advances the understanding of AAFS paste at elevated 

temperatures and relevant damage mechanisms, offering crucial insights for its application as 

sustainable, high-temperature resistant materials in buildings and other infrastructures. 

 

 

 

 

 

  



Impact statement 

This PhD thesis represents a significant advancement in the field of sustainable cement-free 

construction materials, particularly in the development and understanding of alkali-activated 

concrete (AAC) at elevated temperatures. For the first time, a systematic and comprehensive 

experimental investigation of the multiscale microstructural characteristics, thermal, 

micromechanical, and mechanical properties of alkali-activated fly ash-slag (AAFS) paste is 

conducted, which provides crucial insights into the high-temperature-induced damage 

mechanisms and their implications for the structural integrity and durability of AAFS. 

From the academic perspective, this thesis provides fundamental understandings of the 

behaviour of AAFS pastes at elevated temperatures, detailing how changes at the nano-scale 

can impact overall material properties and damage evolution. This contributes to the broader 

field of sustainable material science, particularly in understanding the performance of such 

environmentally-friendly construction material under extreme conditions. By demonstrating 

the potential of AAFS to withstand high temperatures while maintaining structural integrity 

through self-healing properties and sintering effects, this thesis promotes the further 

development of high-temperature resistant cementitious materials and potential damage 

mitigation strategies. 

From the industrial perspective, this thesis widens the future use of AAFS, which can help 

reduce the carbon footprint of the construction industry by offering an alternative to traditional 

cement-based materials, aligning with global sustainability goals. Furthermore, the multiscale 

characterisation of AAFS paste at various temperatures provides a foundation for its application 

in heat-intensive environments such as fire-resistant barriers, nuclear plants, and infrastructure 

exposed to high thermal gradients. With the systematic investigation of AAFS at elevated 

temperatures, this thesis can help to establish industry standards and policies on the use of this 

material in construction, particularly in terms of specifications for high-temperature 

performance and durability. 

From environmental, social and economic perspectives, the work in this thesis provides the 

guidance for safer, more resilient building practices and materials that are better suited to 

challenging operating conditions with the use of recycled materials. 
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Chapter 1 Introduction 

1.1 Research background 

Portland cement concrete (PCC) is the most commonly used construction material, which may 

inevitably experience damage and durability loss under severe conditions, such as high 

humidity, chemical attacks and abrupt temperature change [1]. Among those, high temperature 

exposure is one of the extreme scenarios that can cause serious risks or even catastrophes if any 

large-scale concrete structure collapses [2-5]. As a promising alternative to PCC, alkali-

activated concrete (AAC) is a sustainable cement-free construction material produced through 

alkaline activation of aluminosilicates such as fly ash and ground granulated blast-furnace slag, 

which can possess superior thermal stability and high-temperature resistance with 60-80% less 

CO2 emissions compared to PCC products [6-12]. The application of AAC as a substitute for 

PCC can not only help to boost sustainability of construction materials, but also reduce the 

amount of industrial wastes [13-16]. Moreover, AAC exhibits better mechanical performance 

and stable structure integrity at elevated temperatures of up to 800-900 °C in comparison with 

PCC [17, 18]. Hence, the application of AAC in high temperature scenarios has been 

increasingly explored, such as fire protective coatings, tunnels, thermal insulators and thermal 

energy storage concrete [19-22].  

Nevertheless, AAC would also experience significant damage when exposed to high 

temperatures due to different mechanisms including thermal incompatibility, pore pressure 

build-up and phase transformation [23-25]. Thermal incompatibility is induced by the 

difference in thermal expansion coefficient of different constituents of AAC. For instance, 

aggregates tend to expand while AAC matrix experiences shrinkage when exposed to elevated 

temperatures, leading to crack initiation and propagation [24, 26, 27]. Pore pressure build-up 

results from the moisture transport from the heated surface to the cooler region in AAC matrix 

subjected to high temperatures. The accumulation of condensed water vapour in the non-
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deformable pore structure of AAC would thereby cause damage and crack development [4, 28, 

29]. Furthermore, the phase transformation and rearrangement of crystalline structure in AAC 

at elevated temperatures would lead to strength gain and loss, depending on the thermal stability 

[30-33]. Therefore, to promote the broader application of AAC in civil infrastructure, it is vital 

to systematically investigate the behaviour of AAC at elevated temperatures. 

The commonly studied AAC can be classified into two categories: (1) single-precursor 

system such as alkali-activated fly ash (AAF), alkali-activated metakaolin (AAMK) and alkali-

activated slag (AAS), and (2) blended precursor system such as alkali-activated fly ash-slag 

(AAFS) and alkali-activated slag-metakaolin. Among them, AAF exhibits superior mechanical 

performance after exposure to 800 °C [34-36], attributed to the porous matrix structure with 

internal-connected channels, which prevents the vapour pressure accumulation at high 

temperatures [23-25]. AAMK tends to form a more compact and denser internal structure with 

less pore evolution at elevated temperatures, resulting in a more serious pore pressure-induced 

damage compared to AAF [35, 37]. Due to the additional hydrated phases formed because of 

the high calcium content of slag, AAS suffers from a significant strength reduction as the 

decomposition of CaCO3 can take place at around 756 °C [10, 25, 38]. Thus, AAF is considered 

as a good choice for high temperature scenarios. However, the in-situ application of AAF is 

extensively impeded since the activation of fly ash requires heat curing of 60-85 °C to gain 

acceptable early strength [39, 40]. Hence, a blended system (i.e. AAFS) cured at ambient 

temperature is introduced, as the incorporation of slag can enhance the degree of alkaline 

activation of fly ash at ambient temperature [34, 41, 42]. 

Regarding microstructural characteristics, only few studies have attempted to explore the 

phase transformation and physical changes of AAFS at elevated temperatures. AAFS paste is 

considered as a multiphase heterogeneous composite material, consisting of unreacted fly ash 

and slag particles, reaction products and pores [39]. Hence, the microstructural features of 

AAFS can be characterised at three different levels: Level 0 denotes the nanostructure of solid 

gel particles that are the elementary components of crystalline and amorphous phases in AAFS 

[39, 43-45]. The addition of a calcium source leads to the coexistence of sodium-alumina-

silicate-hydrate (N-A-S-H) and calcium-alumina-silicate-hydrate (C-A-S-H) gels, with partial 

replacement of sodium from N-A-S-H gel to form the hybrid sodium-calcium-alumina-silicate-

hydrate (N-C-A-S-H) gel that has a higher degree of cross-linking [22, 46-48]. These three 
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types of reaction products dominate the AAFS paste, which take up more than 90% of the binder 

weight [48]. Level I corresponds to the chemical composition of the AAFS gel matrix, which 

is agglomerated by the solid gel particles and gel pores. Level II stands for AAFS paste at 

micro-scale, composed of gel matrix, unreacted fly ash and slag particles and pores. To date, 

the microstructural characteristics of AAFS at elevated temperatures have never been 

thoroughly understood and systematically investigated. Furthermore, the existing studies on 

microstructural characteristics of AAFS were mainly focused on ambient temperature, while 

the damage evolution in AAFS at elevated temperatures has not been explored from a multiscale 

and three-dimensional (3D) point of view.  

On the other hand, some attempts have been made to study the behaviour of AAFS subjected 

to elevated temperatures by assessing thermal and mechanical properties under different 

temperature levels ranging from 20 to 800 °C, [22, 32, 49-51]. At 20-400 °C, pore pressure 

build-up is considered as the dominant factor that leads to damage in AAFS [4, 52]. Meanwhile, 

further geopolymerisation takes place, which contributes to strength gains along with the 

development of binder gels [5, 53-55]. After 400 °C, the residual compressive strength of AAFS 

is enhanced by approximately 0-25% of the original strength [2]. From 400 to 600 °C, a 

noticeable decline of retained strength in AAFS can be found, due to the dehydration and 

decomposition of calcite [34, 56]. The retained strength of AAFS after 600 °C exposure can be 

reduced to less than 30% of that at ambient temperature [57]. When the exposure temperature 

reaches 800 °C, phase transformation and viscous sintering are the factors that influence the 

mechanical performance of AAFS [58-60]. Viscous sintering can enhance the mechanical 

performance, which is associated with the collapse of nano-pores and flow of aluminosilicates, 

improving the interparticle bonding [2, 55, 61]. This effect can result in the densification of 

AAFS matrix with the increase of gel-to-space ratio and self-healing of microcracks [62]. Thus, 

the residual strength of AAFS after 800 °C heating was found to rise by up to 10% in 

comparison with that after exposure to 600 °C [2]. At 1000 °C, about 10% of the original 

strength remains in AAFS, implying the loss of mechanical integrity in AAFS when the 

temperature exceeds 800 °C [2, 59]. However, the micromechanical properties of different solid 

phases in AAFS paste before and after high temperature exposure have never been studied, 

while aforementioned properties have not been linked to each other to explore the underlying 

damage mechanisms at different temperature levels. Therefore, to gain a comprehensive 
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understanding of the behaviour of AAFS paste at elevated temperatures, the following aspects 

remain insufficiently explored: 

• Fundamental insights of the multiscale microstructural characteristics of AAFS paste from 

solid gel particle to paste at up to 800 °C. 

• Three-dimensional (3D) visualisation of damage evolution in AAFS paste at elevated 

temperatures. 

• Behaviour of AAFS paste at elevated temperatures with special focus on micromechanical 

properties and microstructure-mechanical property relationships. 

• Inherent damage mechanisms of AAFS paste elevated temperatures. 

1.2 Research aim and objectives 

The overall aim of this research is to conduct a systematic study into the behaviour of AAFS 

paste at elevated temperatures in terms of multiscale microstructural characteristics and thermal 

and mechanical properties, and study the inherent damage mechanisms associated with high-

temperature exposure. The findings of this research offer a comprehensive understanding of the 

high-temperature-induced damage evolution in AAFS paste, thereby contributing to the 

advancement of this sustainable material and enhancing its potential for engineering 

applications in heat-resistant contexts. To achieve this aim, the specific objectives of this study 

are outlined as follows: 

• To explore the multiscale microstructural characteristics of AAFS paste at elevated 

temperatures including nanostructure, chemical compositions and microstructural features 

in terms of morphology changes, crack development and pore structure characteristics from 

solid gel particle to gel matrix and paste. 

• To investigate the damage evolution in AAFS paste at 20 ºC and elevated temperatures 

including 105, 200, 400, 600 and 800 ºC, and to visualise the evolution of pore structure in 

3D. 

• To study the behaviour of AAFS paste at elevated temperatures regarding thermal, 

micromechanical and mechanical properties, and explore the microstructure-mechanical 
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property relationships to thoroughly understand the mechanical performance of this 

material. 

• To evaluate the inherent damage mechanisms of AAFS paste at different temperatures based 

on the experimental results, thereby provide insights into the development of future damage 

mitigation strategies. 

1.3 Research strategy 

To accomplish the aforementioned objectives, the strategies implemented are given as follows: 

• The multiscale microstructural features of AAFS paste at elevated temperatures are 

characterised at different length scales with a series of advanced characterisation techniques: 

Level 0 (1-10 nm): solid gel particle, Level I (10 nm - 1 µm): gel matrix and Level II (1 µm 

- 100 µm): paste. Level 0 refers to the nanostructure of AAFS solid gel particle, which is 

explored via nuclear magnetic resonance (NMR). At Level I, the chemical compositions of 

AAFS gel matrix regarding crystalline phases and amorphous phases are determined by X-

ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), respectively. At 

Level II, the microstructure of AAFS paste is studied by means of backscattered scanning 

electron microscopy-energy dispersive spectrometry (BSEM-EDS) and mercury intrusion 

porosimetry (MIP). 

• The damage evolution of AAFS paste is investigated by 3D scanning using X-ray 

microcomputed tomography (XCT). The XCT results are analysed by image analysing 

software Avizo to visualise the evolution of internal structure in the paste matrix. 

• A series of tests including atomic force microscopy (AFM), thermogravimetric analysis 

(TGA), dilatometry, nanoindentation, compressive strength and three-point bending tests 

are performed to investigate the behaviour of AAFS paste, thereby exploring the 

microstructure-mechanical property relationships as the temperature increases.  

• Based on the experimental results obtained above, the inherent damage mechanisms of 

AAFS paste are proposed and discussed based on different temperature ranges including: 

Stage 1: 20-200 ºC, Stage 2: 200-600 ºC and Stage 3: 600-800 ºC.  
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1.4 Thesis outline 

This thesis consists of the following six chapters as seen in Figure 1.1. 

Chapter 1 offers a general introduction to this research, outlining the background, aim and 

objectives, and overarching research strategy. 

Chapter 2 delivers a critical review on the multiscale microstructural characteristics and 

micromechanical properties of AAC at ambient temperature. It also discusses the behaviour of 

AAC at elevated temperatures, focusing on changes in microstructure, thermal and mechanical 

properties. Additionally, this chapter summarises the existing damage mechanisms associated 

with AAC and discusses various approaches for their mitigation. 

Chapter 3 presents a systematic experimental study on the multiscale microstructural 

characteristics of AAFS paste at 20-800 ºC from a multiscale perspective. This includes an in-

depth analysis across three distinct levels: Level 0: solid gel particle, Level I: gel matrix and 

Level II: paste. The microstructural evolution of AAFS paste is thoroughly investigated, 

covering aspects of nanostructure arrangement, crystalline phase characterisation, amorphous 

phase identification, solid phase assemblage and pore structure analysis. 

Chapter 4 details an experimental study that investigates the behaviour of AAFS paste 

across a temperature range from 20 to 800 ºC, concentrating on physical, thermal, 

micromechanical and mechanical properties. Furthermore, this chapter discusses and elaborates 

the underlying microstructure-micromechanical property relationships in AAFS paste after high 

temperature exposure. 

Chapter 5 establishes the damage mechanisms of AAFS paste at elevated temperatures 

based on the experimental results. The temperature is categorised into three different stages: 

Stage 1: 20-200 ºC, Stage 2: 200-600 ºC and Stage 3: 600-800 ºC. 

Chapter 6 gives a summary of the main contributions and conclusions drawn from this 

research. The limitations encountered during this research and recommendations for future 

research are also provided in this chapter. 
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Figure 1.1. Outline of this thesis. 

 





 

Chapter 2 Literature Review 

2.1 Introduction 

This chapter presents a critical review on the behaviour of AAC at both ambient and elevated 

temperatures. Initially, the types of AAC and their chemical reactions are briefly introduced to 

explain the constituents and reaction mechanisms involved. Afterwards, the chapter explores 

the multiscale microstructural characteristics and micromechanical properties of AAC at 

ambient temperature, discussing these aspects across multiple length scales. Furthermore, the 

behaviour of AAC at elevated temperatures is reviewed comprehensively, focusing particularly 

on microstructural evolution as well as thermal and mechanical properties, with an emphasis 

on damage mechanisms and mitigation approaches. The chapter concludes by identifying 

existing research gap and limitations in this field. Part of this chapter has been presented in the 

following manuscripts: 

W. Tu, M. Zhang, Behaviour of alkali-activated concrete at elevated temperatures: A critical 

review, Cement and Concrete Composites, 138 (2023) 104961. 

W. Tu, M. Zhang, Multiscale microstructure and micromechanical properties of alkali-activated 

concrete: A critical review. Cement and Concrete Composites, 152 (2024) 105664. 

2.2 Classification and chemical reactions of alkali-activated 

concrete (AAC) 

AAC can be categorised based on different types of source materials utilised. In this section, 

the classification of AAC is introduced, based on systems using single and blended precursors. 

The corresponding reaction mechanisms of AAC are also discussed. 
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2.2.1 Constituents 

As a promising alternative material to PCC, AAC has been demonstrated to achieve excellent 

mechanical properties and durability with environmental benefits [12, 63-65]. In particular, the 

use of AAC can significantly contribute to reduction of CO2 emissions and carbon footprint 

while improving pollution levels and energy consumption compared to PCC [66-69]. AAC 

consists of precursor, alkaline activator, aggregate and superplasticiser (SP). A variety of 

aluminosilicate materials can be used as precursors in AAC, such as fly ash (i.e. a by-product 

of coal-fired power stations), slag (i.e. a by-product of steel manufacturing), metakaolin, bottom 

ash and silica fume. The most commonly used precursors in AAC include fly ash, slag, 

metakaolin and their blends, which produce different types of AAC using alkaline solutions 

like sodium hydroxide (SH), sodium silicate (SS), potassium hydroxide (KOH) and potassium 

silicates (K2SiO3) [70-73]. In general, the classification of AAC can be based on single 

precursor system and blended precursor system. In single precursor system, alkali-activated fly 

ash (AAF) and alkali-activated metakaolin (AAMK) are considered as low-calcium AAC [73-

76]. After dissolution of precursors and condensation reaction, alkaline aluminosilicate 

hydrates in a network structure are formed [77, 78]. Alkali-activated slag (AAS) is regarded as 

high-calcium AAC, which undergoes the activation process with substitution of aluminium by 

silicate to form binder gels [79, 80]. At ambient temperature, AAS exhibits excellent early-age 

mechanical performance, while AAF requires heat curing at around 60-90 °C for 24 h to achieve 

acceptable early-age comparative strength [81, 82]. However, AAF shows more superior fresh 

properties and suffers much less from strength reduction than AAS after exposure to elevated 

temperatures of up to 800 °C [12, 23-25]. Herein, the alkali-activated fly ash-slag (AAFS) has 

been introduced in blended precursor system, which can achieve desirable fresh and mechanical 

properties at ambient curing temperature [39]. 

2.2.2 Reaction mechanisms 

Single precursor system 

The identification of reaction products in AAC and relevant reaction mechanisms are mainly 

dependent on the calcium content in the system, which can determine the dominant types of 
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gels within the matrix. The main reaction product in AAF and AAMK is an aluminosilicate-

type gel, whereas calcium (alumino) silicate hydrate-type gel dominates the structure of AAS 

[64, 83]. The conceptual scheme for alkaline activation in the single precursor system is 

illustrated in Figure 2.1. In general, the reaction process in both AAF and AAS can be divided 

into four steps: (a) dissolution, (b) rearrangement, (c) gel nucleation, and (d) solidification, 

hardening and strength development [64]. The reaction starts with the generation of a colloidal 

solution of fine particles by the activation of alkaline solutions, followed by a combination into 

a continuous solid gel phase. Firstly, the dissolution of alumina and silica in precursors takes 

place under an alkaline environment composed of sodium/potassium hydroxides and silicates. 

The activation process disrupts the integrity of Si-O-Si and Al-O-Al bonds in fly ash, as well 

as Ca-O and Si-O-Si bonds in slag [84]. In consequence, different types of dissolved species 

are formed. 

Afterwards, the formation of silica and alumino-silica dimers takes place, followed by 

trimers, tetramers and so on [46, 84, 85]. As the dissolution progresses, the rearrangement and 

exchange among dissolved species occur inside the structure, where the reaction of aluminium 

is more rapid than silicon at early stage of reaction due to a weaker bond in Al-O compared to 

Si-O [86]. Then, gel nucleation starts to take place with two main reaction products precipitated, 

consisting of cross-linked and disordered structures. In the low-calcium system with AAF, the 

sodium-alumina-silicate-hydrate (N-A-S-H) gels are formed, which tend to be Al-rich during 

early reaction process with an increase in the silicon concentration as time goes by. As for the 

high-calcium system with AAS, the calcium-alumina-silicate-hydrate (C-A-S-H) gels are the 

main reaction products [64, 84]. 

Blend precursor system 

In terms of blend precursor system with AAFS, many studies have reported the possibility of 

chemical interactions within the precursors as the reaction goes on [84]. This indicates that the 

development of N-A-S-H and C-A-S-H gels is not independent with structural and 

compositional changes during the reaction process [87, 88]. Within AAFS, a proportion of Ca2+ 

are released during the dissolution of slag particles, which can potentially substitute Na+ or be 

incorporated into N-A-S-H gels to form N-C-A-S-H gels, as shown in Figure 2.1. The local co-
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existences and phase transformation among N-A-S-H, C-A-S-H and N-C-A-S-H gels were 

suggested in AAFS, owing to a heterogeneous chemical distribution in the matrix [48, 84].  

 

Figure 2.1. Schematic diagram of AAC reaction mechanisms (adapted from [64, 86, 90-

92]). 
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The interaction mechanisms between the activation of different precursors have been 

proposed in different aspects. Firstly, the microstructural characteristics of reaction products 

can be modified after the inclusion of blend precursors. Compared with plain AAS, a change in 

lattice parameters of C-A-S-H gels is noticed after only a slight addition of fly ash [48]. On the 

other hand, the deceleration or acceleration on certain crystalline phases is revealed. The 

increase of slag addition can either depress or trigger the precipitation of zeolite-type phases, 

since the local formation of N-C-A-S-H from N-A-S-H gels enhances the degree of 

heterogeneity in amorphous phases that impedes zeolite crystallisation [48]. A further inclusion 

of calcium from slag can lead to phase transformation from N-C-A-S-H to C-A-S-H gels, which 

possibly replace alkali by its superior affinity to silicon [88, 89]. Furthermore, the spatial 

heterogeneity can be a crucial factor, depending on the binder ratio, dissolution kinetics of 

unreacted particles and local aqueous environments [48]. 

2.3 Multiscale microstructural characteristics of AAC 

Based on the mentioned reaction mechanisms and main reaction products in AAF, AAS and 

AAFS, their microstructural characteristics are systematically reviewed at multiple length 

scales in this section, spanning from nano-scale to macro-scale. Due to the complex 

heterogeneous structure of AAC, four different levels are introduced in Figure 2.2 covering:  

• Level 0 (1-10 nm): solid gel particle (N-A-S-H, C-A-S-H and N-C-A-S-H) 

• Level I (10 nm - 1 µm): gel matrix (solid gel particles + gel pores)  

• Level II (1 µm - 100 µm): paste (unreacted particles + reaction products + pores)  

• Level III (> 100 µm): mortar and concrete. 
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Figure 2.2. Multiscale microstructural characteristics of AAC. 

2.3.1 Level 0: Solid gel particle 

Level 0 delineates the nanoscale level, referring to the fundamental solid gel particle that serves 

as elementary component within the binder gel matrix [48, 84, 93]. The nanoscopic 

characterisation of three main types of solid gel particles (N-A-S-H, C-A-S-H and N-C-A-S-H) 

will be reviewed in this section with respect to microstructure and micromechanical properties. 
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N-A-S-H solid gel particle 

As the dominant reaction products in AAF and AAMK, N-A-S-H gels have highly cross-linked 

structures with SiO4 and AlO4 tetrahedra connected by shared O atoms, as illustrated in Figure 

2.3(a) [83]. The cross-links among chains provide sufficient cavities for the accommodation of 

alkali cations (Na+), mitigating the charge deficiency resulting from the substitution of silica 

(Si4+) with aluminium (Al3+). N-A-S-H gels consist of a significant amount of Q4(mAl) sites, 

which present in 3D networks with a silicon tetrahedron connecting to other three tetrahedrons. 

At the start of activation process, the formation of N-A-S-H gels is initiated by an Al-rich phase, 

where Si tetrahedra becomes coordinated with Al tetrahedra to form structures like Q4(4Al) 

[84]. This preference for cross-linking Al atoms over Si atoms predominates at this moment. 

As the curing time increases, the structure would change from Al-rich N-A-S-H with Si/Al ratio 

of around 1 to Si-rich N-A-S-H with a roughly doubled Si/Al ratio [94, 95]. The generation of 

Si-rich N-A-S-H gels is triggered by the condensation reactions between Si-OH groups, 

stabilising the nanostructure with high cross-linking of Q4(3Al) and Q4(2Al) sites. Figure 2.3(b) 

displays the N-A-S-H models (Si/Al ratio ≈ 1.5) with rising degree of disorder from crystalline 

to defective and amorphous structures [96]. Regarding the internal bond angle of O-Si-O, the 

tetrahedra in N-A-S-H gels shows limited distortion compared to the crystalline structure [97]. 

The external bond angle of T-O-T can vary between 120° and 180° in polymerised SiO2 and 

AlO2 [96, 98, 99]. 
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Figure 2.3. Nanostructure of N-A-S-H regarding (a) 3D view and (b) simulation from 

crystalline to amorphous N-A-S-H with Si/Al ≈ 1.5 (adapted from [96, 100]). 

The gel development can be described by the change of reaction degree in terms of curing 

time. Consequently, the volumetric model for alkaline activation can be built to track the change 

of volume fractions of solid gel particles. Figure 2.4(a) demonstrates the volume changes of 

solid gel particles in AAF and AAMK [101]. Compared with AAF, AAMK exhibits a faster 

reaction, leading to a more rapid formation of solid gel particles by approximately 32.3%, while 

it contains a 26.6% higher open porosity based on the proposed model [101, 102]. The N-A-S-

H gel matrix and gel pores will be further discussed at the next level in the following section. 
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Figure 2.4. Comparison of nanostructures in terms of (a) Volumetric model of alkaline 

activation in AAF and AAMK [101], (b) SEM and TEM images of N-A-S-H gels in AAF 

[22, 103-105], and (c) SEM and TEM images of N-A-S-H gels in AAMK [106]. 

C-A-S-H solid gel particle 

The nanostructure of C-A-S-H has been described by analogy according to the structure of 

aluminium-containing minerals resembling disordered tobermorite-like [107-111]. This 

structure is formed of silicate chains inter-linked by layers of CaO. Figure 2.5(a) introduces the 

nanostructure of C-A-S-H, which contains CaO layers, interlayer region and a so-called 

dreierketten arrangement with SiO4 tetrahedra chains. The schematic illustration of Qn in an 

interconnected silica structure is given in Figure 2.5(b). As for the interlayer region, both alkali 

cations (Ca+ and Na+) and chemically-bonded H2O are enclosed within the gel structure [84]. 
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Here, alkali cations play a crucial role in neutralising the overall negative charge deduced by 

the substitution of Si4+ by Al3+ within the tetrahedral chain sites. Also, the nanostructure of C-

A-S-H can be highly dependent on Ca/Si ratio [107]. For low Ca/Si ratios, aluminium 

substitutions are prone to be tetrahedrally coordinated by silica sites, owing to tetrahedral 

replacement in the silica chains of C-S-H gel [112, 113]. Whereas, high Ca/Si ratios can result 

in random distribution of aluminium due to the substitution in the interlayer region, on the 

particle surfaces or other reaction products [107, 114, 115]. Aluminium substitutions would 

therefore occur in octahedrally coordinated sites alongside hints of pentahedral coordination 

(with a ratio of octahedral/pentahedral coordination of around 3.5) [116, 117]. 

 

Figure 2.5. Nanostructure of C-A-S-H: (a) Overall tobermorite-like structure, (b) Schematic 

illustration of Qn in a silica chain and possible substitution positions for aluminium atom, 

and (c) Structure of tobermorites in C-S-H and C-A-S-H with aluminium atom in the 

bridging, pairing and ending sites of a silica chain. (adapted from [64, 107]). 

Different substitution positions of aluminium atoms have been proposed in C-A-S-H system, 

including bridging, pairing and ending sites, as depicted in Figure 2.5(c). In the context of 
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chemical stability, the substitution of Si4+ by Al3+ significantly reduces the Gibbs free energy, 

leaving around 8 eV difference from the embedding energy of Si4+ [107]. Hence, there is a 

pronounced preference for aluminium occupancy in the bridging sites, attributing to energy 

disparities between distinct polymorphs and thermal energy [107, 118, 119]. The incorporation 

of Al3+ into the bridging SiO4 tetrahedra leads to alterations in the Si-Al skeleton and the 

interlayer H2O within the C-A-S-H gel [83]. This process enhances the crystalline arrangement 

and cross-linking degree by transitioning the layered C-S-H structure into a cross-linked C-A-

S-H structure [84, 120-122]. 

N-C-A-S-H solid gel particle 

With the incorporation of fly ash and slag, their different dissolutions and reaction mechanisms 

can trigger the interaction between different precursors in blend precursor system [46]. 

Especially, free Ca2+ can modify N-A-S-H gels during the reaction process by partially 

replacing Na+, attributing to the strong polarising power of the aqueous Ca2+ relative to Na+ [46, 

84, 88]. This results in the formation of N-C-A-S-H gel, as illustrated in Figure 2.6(a). Owing 

to the strong binding of Ca within the structure of C-A-S-H, the influence of Na+ on the 

formation of N-C-A-S-H is relatively insignificant [88]. It may be difficult to distort Ca2+ by 

the presence of Na+ due to the difference in polarising power between the two [123, 124]. 

Following this rearrangement process, the N-C-A-S-H gel exhibits mineral characteristics 

that bridge the gap between N-A-S-H and C-A-S-H gels. This means that it can maintain the 

inherent 3D aluminosilicate framework structure while tending to possess a composition more 

akin to that of C-A-S-H gel. However, the reorganisation and formation of N-C-A-S-H can 

strongly depend on different factors such as calcium content and pH conditions within the gel 

structure. Figure 2.6(c) demonstrates the transmission electron microscope (TEM) images of 

the gel morphologies under high-, medium-, and low-calcium environments. With high calcium 

content (CaO/SiO2=3.2; SiO2/Al2O3=2), a more lime-rich cluster can be observed, which 

indicates a combination of crystalline and amorphous phases. Under the medium-calcium 

condition, only a single phase of C-A-S-H gel is captured, which shows various clusters without 

the appearance of crystalline. As for the low-calcium environment (CaO/SiO2=0.24; 

SiO2/Al2O3=3), N-C-A-S-H gel can be identified with more globular-like morphology and 

relatively smaller angularity compared to C-A-S-H gel [39, 88]. 
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In terms of pH conditions, a pseudo phase diagram has been reported to illustrate the stability 

and compatibility of N-A-S-H gel structure in terms of pH values, as displayed in Figure 2.6(b). 

The critical pH value of 12 is corresponding to the transition point between C-A-S-H and N-C-

A-S-H pH measurements [88, 125]. When the pH condition is below 12, N-A-S-H would be 

either stable or accepting the ion exchange by Ca to form N-C-A-S-H. A full exchange might 

also appear to form C-A-S-H, whereas the gel would remain in a 3D aluminosilicate structure 

instead of 2D [126]. When the pH value is around 12, the gel would degrade to C-A-S-H with 

the presence of free Ca [88]. 

 

Figure 2.6. Nanostructure of N-C-A-S-H: (a) Overall 3D structure, (b) Schematic 

illustration of the stability and degradation of N-A-S-H with pH, and (c) Morphologies of 

C-A-S-H and N-C-A-S-H gels under different calcium conditions detected using TEM [88]. 
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2.3.2 Level I: Gel matrix 

At Level I, the gel matrix is agglomerated by the solid gel particles and gel pores. The 

agglomeration process of N-A-S-H and C-A-S-H solid gel particles is commonly described by 

simplifying agglomeration model of C-S-H gel particles, which is recognised as the colloidal 

model [84, 127-129]. The tobermorite-like solid phases mentioned at Level 0 are assumed as 

the fundamental units, which are also identified as the basic building blocks [84]. The globules 

are then formed by packing of these blocks [126]. After further clustering of the globules, gel 

matrix is formed, as illustrated in Figure 2.7. Herein, the inherent properties of ‘globules’ (i.e. 

solid gel particles) and gel pores (associated with the packing density of ‘globules’) will be 

discussed in depth based on the characterisation of nanostructure and micromechanical 

properties of different gel matrix. 

 

Figure 2.7. Agglomeration of gel matrix [127]. 

N-A-S-H gel matrix 

The N-A-S-H gel matrix consists of primary globular polymeric entities with diameters of 0.8-

2.0 nm, which are packed in a dense structure based on hydrolysis-polycondensation process 

[128, 130, 131]. A 3D network of aluminosilicates can be formed during the process, 

comprising Si-O-Si and Si-O-Al bonds in a highly cross-linked structure [131-134]. These bond 

formations coincide with the release of water into larger pores, facilitating the agglomeration 

of monomeric species into polymeric clusters, which subsequently develop into particles and 

consequently form gels [84]. It was mentioned that N-A-S-H gels are contingent upon the 

degree of reversibility [65]. When the polycondensation process approaches near irreversibility, 
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it results in the formation of a space-filling gel, which eventually undergoes interconnection to 

create a continuous gel structure [102]. If the polycondensation rate exceeds the rate of bond 

breaking, the gels can develop with the inclusion of new monomers [135]. As such, 

reorganisation takes place in the N-A-S-H gel, which can restructure the gel into a more stable 

state. The morphology of the gel can be observed in Figure 2.4 (b) and (c) based on scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) images. 

The nature of N-A-S-H gel nanostructure can be dependent on different factors, including 

curing time, temperature, and alkaline activator type [94, 126, 136, 137]. Figure 2.8 

demonstrates the change of N-A-S-H gel nanostructure based on various curing conditions and 

activators. In general, longer curing time can benefit the formation of silica-rich products, 

favouring the strength development in geopolymer matrix. At the curing time of 3 h in Figure 

2.8(a), the peaks ranging from around -92.1 to -112.3 ppm correspond to the presence of 

Q4(nAl) sites, which are recognised as the N-A-S-H gels with a 3D structure containing Si in a 

variety of environments [126]. The dominance of Q4 sites at 3 h indicates the formation of 

various Si-O-Al connections in aluminosilicate prepolymer structures, which can be attributed 

to the dissolution of active aluminate ions together with silicate ions [138]. With the increase 

of curing time, the spectral peak of 29Si nuclear magnetic resonance (NMR) tends to shift 

positively with a focus on Q4 sites. The presence of Q1 and Q2 at approximately -78 and -83 

ppm can be ascribed to the gradual replacement of Si-O by Al-O during the polycondensation 

when increasing the curing time [123, 138]. As the reaction progresses to 24 h, the N-A-S-H 

gel becomes Si-richer, in which the determined volume fractions of Q4(4Al), Q4(3Al), Q4(2Al) 

and Q4(1Al) are 14.3%, 18.3%, 18.9% and 13.9%, respectively (Figure 2.8(b)). This indicates 

that the extension of curing time can lead to the dissolution of active silicate and give rise to 

the silicate content, which promotes the strength development in matrix [138-140]. 

Figure 2.8(c) shows the 29Si NMR patterns of AAF cured at 40, 60 and 80 °C. When the 

curing temperature increases from 40 to 80 °C, there is a shift of the major spectral peak 

associated with Q4(3Al) from -92.1 to -91.4 ppm. The heat curing was found to favour the 

dissociation of the -O-Si-O- and -O-Si-O-Al-O- bonds in fly ash and thus promote the 

pozzolanic reaction [138]. The presence of peaks at around -103 to -108 ppm was found after 

80 °C curing. These peaks corresponded to the Q4(2Al) and Q4(1Al) sites, which are identified 

as Si-rich N-A-S-H gels in comparison with the Q4(3Al) site (Al-rich N-A-S-H gels) [39, 141]. 
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This suggests the formation and transformation of short-chain N-A-S-H gels from Al-rich to 

Si-rich, triggered by the curing at elevated temperatures up to 80 °C [138]. 

 

Figure 2.8. 29Si NMR spectra of AAF against (a) curing time with (b) the deconvolution, 

and (c) curing temperature (data from [138, 142]). 

C-A-S-H gel matrix 

Compared with the C-S-H gel formed in PC paste, the C-A-S-H gel was found to maintain a 

lower Ca/Si ratio of around 0.9 to 1.2 [126]. The nanostructure of C-A-S-H can be dependent 

on the Al/Si ratio within the gel. Figure 2.9 depicts the effect of incorporating aluminium on 

the structure of C-A-S-H based on the NMR results and TEM images. In the C-S-H gel, the 29Si 

NMR pattern is deconvolved with respect to Q1, Q2
p and Q2

b (Figure 2.9(a)), which respectively 
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refers to the terminal silicate tetrahedra and Q2 with the pairing and bridging positions, as 

mentioned previously [143-145].  

 

Figure 2.9. 29Si NMR spectra of (a) C-S-H and C-A-S-H with (b) Al/Si=0.05 and (c) 

Al/Si=0.20, with (d) deconvolution based on alumino-silicate chains in C-A-S-H; (e) 27Al 

NMR spectra of C-A-S-H with different Al/Si ratios and (f) Corresponding TEM images 

(adapted from [143, 145, 149, 150]). 

Obviously, Q1 dominates the structure when Al/Si ratio is 0, which takes up 75.6% of the 

gel. With the increase of Al/Si ratio to form C-A-S-H gels, as shown in Figure 2.9(b-c), the 

deconvolution of them reveals the existence of Q2
p(Al IV), corresponding to the pairing silicate 

tetrahedron with the bridging Al (IV) [146-148]. This can be ascribed to the incorporation of 

aluminium, which occupies bridging sites and transfer the initial Q1 into new Q2
p(Al IV) sites 
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[114, 143]. As a result, the silicate chain can be elongated with the increased fraction of Q2 by 

33.4% and the reduction of Q1 down to 42.4% when the Al/Si ratio reaches 0.20 [143, 147]. 

Moreover, the rise of Al/Si ratio from 0.05 to 0.20 can result in the increasing amount of Q2
p(Al 

IV) by 24.1%, implying that the aluminium is mainly occurred as IV-fold coordinated. Different 

structures in the alumino-silicate chains within C-A-S-H gels are illustrated in Figure 2.9(d). 

Other than the IV-fold coordinated aluminium (Al(IV)), there are also V-fold (Al(V)) and 

VI-fold (Al(VI)) coordinated signals, which can be associated with the dissolved aluminium in 

C-A-S-H interlayers and the third aluminate hydrate (i.e. an Al-rich phase precipitated on the 

surface of C-A-S-H gel), respectively [117, 145, 151]. The spatial impression of Al(IV), Al(V) 

and Al(VI) is schematically illustrated together with the 27Al NMR spectra of C-A-S-H at Al/Si 

ratios of 0.05 and 0.20 shown in Figure 2.9(e). At both Al/Si ratios, the predominant peak 

represents Al(IV), which may be charge-balanced by Ca2+(presented as Al(IV)-a in Figure 

2.9(d)) and Al(V) and/or Al(VI) (denoted as Al(IV)-b) [149]. As for the nanomorphology, 

Figure 2.9(f) presents the change of C-A-S-H gels with the increase of Si/Al ratio. A foil-like 

shape can be observed in all specimens, which tends to become darker, denser and more 

compact when rising Al/Si ratio [129, 143, 145, 152, 153]. This indicates that the substitution 

of Si by Al can potentially modify the charge distribution in globules and give rise to more 

significant attraction between them [129, 143]. 

Two types of packing referring to low-density and high-density were proposed to describe 

C-A-S-H gels [84, 127, 154, 155]. The low-density packing configuration bears resemblance to 

the random close packing, while the high-density packing configuration aligns closely with the 

face-centred cubic lattice packing arrangement [84, 156]. C-A-S-H gels exhibit diverse ranges 

of packing density, spanning from 0.63 to 0.79, and gel porosity ranging from 21% to 37% [84, 

154]. These characteristics are influenced by the spatial availability for C-A-S-H gel packing, 

with denser packing approached to the precursor particles and looser packing in regions further 

from them [154, 157, 158]. As for the aforementioned nature of activator, the activator type can 

modify the structure of C-A-S-H gels. In particular, C-A-S-H gels with SH exhibit a 

comparatively higher gel porosity ranging from 21% to 37%, whereas those activated by SS 

demonstrate a lower value from 21% to 29% [154]. 
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N-C-A-S-H gel matrix 

As the formation of N-C-A-S-H gels follows the aforementioned process, the agglomeration of 

N-C-A-S-H gel particles should be similar to N-A-S-H [46, 88, 128]. However, the polarising 

effect of Ca2+ can induce the rearrangement of the aluminosilicate structure by distorting the 

Si-O-Al bonds, resulting in the formation of Si-O-Ca bonds [89]. This structural modification 

leads to less polymerised structures in N-C-A-S-H gel matrix with a decreasing degree of cross-

linking, which can finally result in a comparable structure to C-A-S-H gels [88]. Figure 2.10 

presents the evolution of nanostructure in AAFS from 1 to 28 d. A negative shift of the broad 

peak from -84.2 to -85.7 ppm together with the change of the broad band centre from -107.2 to 

-105.9 ppm denotes the further polymerisation with a higher degree of cross-linking of gels 

over time [39]. As N-C-A-S-H gels are associated with Q3(1Al) and Q4(4Al) sites located at 

around -88 ppm, the increase of curing ages can lead to a higher composition of N-C-A-S-H 

gels from around 11.1% at 1 d to 14.6% at 28 d [46, 141]. 

 

Figure 2.10. 29Si NMR spectra of AAFS at different curing ages from 1 to 28 d with (b) the 

deconvolution results on 28 d [39]. 

2.3.3 Level II: Paste 

Level II refers to the paste level, which is composed of unreacted precursors, reaction products 

(i.e. gel matrix in Level I) and pores. At this level, the unreacted precursors including fly ash 

and slag are reviewed and discussed in terms of the dissolution and reaction mechanisms. The 

evolution of pore structures and reaction products is also reviewed at paste level. 
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Unreacted particles 

It is recognised that the reaction of precursor that leads to the formation of reaction products is 

essential to the determination of multiscale properties of AAC [46, 87, 159]. The morphology 

and chemical compositions of precursors such as fly ash and slag have been extensively 

investigated through SEM and EDS tests [48, 160-162]. The distribution and microstructural 

evolution of these particles can be heterogeneous and highly dependent on their particle sizes, 

precursor systems (single or blend system), activator types, curing ages and local alkaline 

environment [43, 84, 133, 163, 164]. Figure 2.11 demonstrates the particle dissolution and 

reaction of fly ash and slag particles in AAFS paste at different curing ages by XCT, along with 

the corresponding SEM and BSEM images. The time-dependent evolution of particle structure 

can be directly observed. 

For both fly ash and slag particles, the reaction process includes the dissolution of particle 

and the development of surrounding matrix [43]. In the unreacted fly ash particle, the 

dissolution occurs with the rupture of Si-O-Si and Al-O-Al bonds, which exhibits inconsistent 

degree of reaction in different directions with an increase of irregularity from a spherical to 

more angular shape as time goes by. Due to the heterogeneity of fly ash particles, in which the 

distribution of inert crystal phases and reactive amorphous phases can be random, the parts that 

contain more amorphous phases are prone to react faster than the rest of particles [43, 165]. The 

formation and precipitation of reaction products are localised in the dissolved area of fly ash 

particles, which can be identified as inner and outer products based on the relative position to 

the initial particle boundary [84]. The initial formation of inner products has been found to 

physically impede the diffusion of ions, which can be difficult to penetrate from outside the 

particle into N-A-S-H gels as the reaction proceeds [43, 128, 163]. 

As for the unreacted slag particle, it shows a less spherical shape compared to fly ash in 

Figure 2.11. The dissolution of slag particles occurs by breaking the Ca-O and Si-O-Si bonds. 

Similar to fly ash, the dissolution of slag exhibits inhomogeneous characteristics with 

increasing irregularity of the remnant particle from 1 to 28 d. The formation of C-A-S-H gels 

can be further observed with the increase of curing ages, acting as a physical barrier that 

surrounds the remained core particles and thereby slows down the further reaction process when 

approaching 28 d [84, 166]. It is worth noting that in a blend precursor system like AAFS, the 

interaction between fly ash and slag particles can also be crucial to the microstructure evolution, 
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since different ions are dissolved from these particles (i.e. Si and Al from fly ash; Ca, Si and Al 

ions from slag) [43, 48, 162]. The interaction mechanisms between both particles were 

characterised in two stages: the early stage from 1 to 3 d and later stage from 7 to 28 d. No 

apparent interaction between fly ash and slag particles was detected during the early stage, 

whereas the diffusion of Ca2+ had a pronounced effect on accelerating the formation of C-A-S-

H and N-A-S-H gels. It can also trigger the formation of hybrid gels as Si ions near fly ash 

particles would prefer the reaction with Ca2+ to form N-C-A-S-H gels [43, 162]. 

 

Figure 2.11. Dissolution of fly ash and slag and formation of reaction products in AAFS 

(adapted from [43, 84]). 



2.3 Multiscale microstructural characteristics of AAC  29 

 

 

Reaction products 

The microstructure of reaction products in AAC can be affected by different factors such as 

activator type, curing time and slag content, which are generally characterised using SEM and 

EDS techniques. The chemical compositions of reactions products can be analysed using the 

ternary CaO-SiO2-Al2O3 and SiO2-Al2O3-Na2O diagrams. Figure 2.12 illustrates the effect of 

slag content and alkaline activator on the chemical compositions of reaction products. The 

mixture of reaction products including C-A-S-H, N-A-S-H and N-C-A-S-H gels with other 

minor phases can be detected. For N-A-S-H gels, the Al/Si ratio of Si-rich N-A-S-H gels is 

close to 0.5, whereas Al-rich N-A-S-H gels may approach an Al/Si ratio of more than 2 

depending on the compositions [167]. The N-A-S-H-rich region is commonly identified with 

the Al/Si ratio ranging from 0.08 to 0.5 and Ca/Si ratio of 0-0.3 [48, 88]. In terms of C-A-S-H 

gels, they are characterised at the region with the Ca/Si ratio varying roughly between 0.67 and 

3, as shown in Figure 2.12(a). Additionally, the hybrid N-C-A-S-H gel was segmented into two 

different types, which includes low-calcium substituted N-(C)-A-S-H gel from the reaction of 

fly ash and C-(N)-A-S-H gel with low sodium content formed by the activation of slag [167]. 

The Ca/Si ratio of N-(C)-A-S-H gels was reported to locate within the range of around 0.14-

0.33, while C-(N)-A-S-H gels tend to have a higher Ca/Si ratio of approximately 0.45-10 [46, 

88, 124, 168, 169]. 

Figure 2.12(b-d) presents the influence of alkaline activators on the compositional changes 

within the paste [48]. Compared with AAFS activated by the combination of sodium hydroxide 

and sodium silicate, the specimens activated by sodium hydroxide exhibit relatively higher 

Ca/Si and Al/Si ratios with more inhomogeneous chemical distribution. This implies that 

increasing amount SiO2 may depress the precipitation of zeolite crystal and preferentially 

trigger the formation of N-C-A-S-H instead of C-A-S-H [46, 48]. The statistical distribution of 

Ca/Si and Al/Si ratios based on the EDS results is shown in Figure 2.12(e-f), indicating a more 

pronounced effect of slag content on the chemical compositions of binder gels in AAFS in 

comparison with the activators [48]. With the incorporation of slag from 0 to 80%, the chemical 

composition of reaction products moves from low-calcium towards high-calcium region, 

inferring the change of binder gel contribution from N-A-S-H-rich to C-A-S-H-rich in the blend 

precursor system. As per the findings on different binder gel matrix at Level I, the phase 
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transformation at paste level can be quantified in terms of change of volume fractions in binder 

gels. 

 

Figure 2.12. Composition ternary diagram in (a-c) CaO-SiO2-Al2O3 and (d) SiO2-Al2O3- 

Na2O for AAFS with various slag contents and alkaline activators, accompanied by the 

statistical distribution of (e) Ca/Si and (f) Al/Si ratios based on the EDS analysis (adapted 

from [48, 84, 88, 170, 171]. 
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Figure 2.13 illustrates the microstructure and phase assemblage of reaction products and 

unreacted particles in AAFS characterised using NMR. From 1 to 28 d, C-A-S-H denotes a gel 

structure with more links in the chain, which takes up 34.9% of the paste at 28 d [39]. The 

volume fraction of N-C-A-S-H stabilises at around 14.6% after 28 d, suggesting an 

enhancement in the cross-linking of gel structure as the curing time increases. Furthermore, a 

higher degree of polymerisation can be found in N-A-S-H gels, occupying approximately 

35.9% to 42.6% of AAFS paste at up to 28 d of curing [39]. The understanding of reaction 

products and identification of individual phases can provide microstructural basis for the 

characterisation of micromechanical properties and macroscopic performance of AAC. 

 

Figure 2.13. Phase assemblage of AAFS paste at different curing ages (adapted from [39, 

48, 145, 172]). 

Pores 

The multiscale pore structure of cementitious materials can be characterised in different ways. 

In PC concrete system, the pores are distinguished as gel pores (0.5-10 nm), capillary pores (10 

nm-10 µm), and air voids (> 10 µm) [84, 173]. However, the pore size distribution in AAC can 

differ from that in PC system due to the discrepancy in chemical compositions and reaction 

kinetics. The pore structure in AAC can be categorised in three different types, corresponding 

to the length scale from Level 0 to Level II in this review [174]. Level 0 represents molecular 
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pores (< 2 nm) existing in solid gel particle networks. Level I is associated with nano pores (2-

100 nm) from gel interstices in gel matrix. Level II stands for micro and meso pores (100 nm-

10 µm), which can be composed by a combination of cracks, hollow voids induced by partially 

reacted particles, defects and fillers in AAC paste [174]. Pores with a size of greater than 10 

µm are referred to macro pores induced by air bubbles, which can be recognised at AAC paste, 

mortar and concrete levels. 

At paste level, the pore structure exhibits heterogenous characteristics, which can be 

significantly influenced by the dispersion of unreacted particles. In low-calcium AAC system, 

the unreacted fly ash particles can not only introduce interior pores with hollow structures but 

also trigger the propagation and localisation of micro-cracks at the interfacial transition zone 

between remnant particles and reaction products [2, 175-177]. Compared with AAMK, AAF 

shows a wider range and less homogeneous pore size distribution [37, 174]. Due to the higher 

water-to-binder ratio required for AAMK, AAF also exhibits a lower proportion of pores at the 

micro level [17]. The pore structure can be altered by the calcium content in AAC. For the Ca-

rich AAS paste, the mean pore size and overall porosity tend to be lower in comparison with 

those of AAF, resulting from the mitigation of large pores since slag can impede the merging 

of pores in matrix [174, 177-179]. Regarding the blended system, the increase of slag content 

to no less than 50% in AAFS exhibits a noticeable reduction in porosity with rising tortuosity. 

Higher slag content can lead to the dominance of the space-filling C-A-S-H gels rather than N-

A-S-H gels, which affects the formation of pore network with reduced permeability in AAFS 

[84, 177]. Figure 2.14 shows the SEM images of AAFS with increasing slag content from 0 to 

100%. When subjected to elevated temperatures from 20 to 800 °C, the pore structure can 

experience a drastic change with increasing porosity by approximately 71%, accounting for 

24% of the total volume of AAFS paste [141]. The pore structure evolution in AAC at high 

temperatures can be associated with the damage mechanisms including further 

geopolymerisation, pore pressure accumulation, thermal gradient, phase decomposition, 

recrystallisation and viscous sintering [22, 25, 34, 52, 180]. 
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Figure 2.14. Microstructural features of AAF, AAS and AAFS with increasing slag content 

from 30% to 70% (adapted from [181]). 

2.3.4 Level III: Mortar and concrete 

The AAM mortar and concrete consists of paste (discussed in Level II), aggregate and ITZ 

between them. Herein, the microstructural characteristics and micromechanical properties of 

ITZ in AAC are reviewed, along with a summary of macroscopic performance of AAM mortar 

(with fine aggregates) and concrete (with both fine and coarse aggregates). 

Interfacial transition zone 

ITZ is defined as the interlayer between aggregate and bulk paste and considered as one of the 

most essential phases that can be responsible for the development of micro-cracks in concrete 

subjected to loading, affecting the macroscopic properties of cementitious materials [182-185]. 

In AAF, a well-formed layer of ITZ with dense and uniform structure can be observed at high 

magnifications 20,000×, which adheres to the surface of aggregate due to wall effect and 

bonding [185]. Figure 2.15 displays the evolution of ITZ in AAFS at different curing ages from 

3 h to 28 d. As seen in Figure 2.15(a), the ITZ morphology exhibits the occurrence of 

microcracks, which can be distinguished as bond cracks that develop in between aggregates and 

bulk paste, and matrix cracks that propagate from aggregate edges towards paste [84, 186]. A 

major bond crack appears in ITZ after 3 h curing. The formation and propagation of bond cracks 

within ITZ can be ascribed to the different deformation behaviour between aggregates and 



34 Literature Review 

 

paste. As the curing time increases, a tighter bonding between the two phases can be observed, 

while the bond crack is gradually healed in ITZ by further formation of reaction products. At 

the curing ages of 3 to 28 d, the formation of matrix cracks can be identified, owing to the 

different gel compositions and shrinkage performance [187, 188].  

 

Figure 2.15. Microstructural evolution of ITZ at different curing ages: (a) morphology, (b) 

chemical compositions, and (c) overall porosity and volume fractions of pores with diverse 

sizes, including < 2.5, 2.5~5 and > 5 µm (adapted from [39, 84]). 

Therefore, for reaction products, the chemical composition in ITZ at up to 28 d is 

summarised in the ternary diagram in Figure 2.15(b). A typical ITZ in AAC can consist of high 

gel content by more than 65% with the layer thickness of 30 µm [185]. The ITZ in AAFS tends 

to be associated with low-calcium C-(N)-A-S-H gels instead of N-A-S-H from 3 to 12 h, owing 
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to the inclusion of Ca that impedes the formation of N-A-S-H [88, 170]. With the further 

dissolution of fly ash and slag particles, the reaction products in ITZ cluster more in high-

calcium C-(N)-A-S-H and C-A-S-H regions. It is noteworthy that the formation of ITZ may be 

affected by crystallisation in AAM, as the unreacted particles and their crystals can be low in 

the vicinity of aggregates due to the wall effect [185, 187, 189, 190]. Figure 2.15(c) shows the 

overall porosity and porosity within ITZ and bulk paste, indicating a relatively higher porosity 

of bulk paste than ITZ at 3 h to 28 d. There exists a significant discrepancy of approximately 

3.5% at 3 h, which drops rapidly until 1 d. This can be attributed to the formation of reaction 

products in bulk paste that significantly refines the pore structure from 12 h to 1 d [39]. 

2.4 Multiscale micromechanical properties of AAC 

Besides microstructural characteristics, the micromechanical properties of AAC from Level 0 

to Level III are reviewed in this section. Afterwards, the relationships between microstructure 

and mechanical properties in AAC are analysed and discussed in depth. 

2.4.1 Level 0: Solid gel particle 

N-A-S-H solid gel particle 

For the solid gel particles at nanoscale, it is very challenging to directly characterise the 

mechanical properties [83, 191]. Herein, the investigation has primarily relied on simulation 

studies. It was found that the level of structural disorder can significantly influence the 

mechanical properties of solid gel particles, as illustrated in Figure 2.3(b). Crystalline structure 

(order structure) is generally considered to exhibit better mechanical performance compared to 

amorphous structure (disorder structure) [96, 120]. 

As a sol-gel system, N-A-S-H contains solid particles dispersed in a liquid, which is 

heterogeneous with local aggregation into clusters [102]. With the increasing appearance of 

solid particles, the connections among clusters would lead to a percolation threshold indicated 

by a noticeable change of properties [101]. N-A-S-H has the nature of a true gel, referring to 

inconsistent gel porosity, excessive shrinkage, and strong sample disintegration (under sealed 

conditions) [192, 193]. Thus, the micromechanical responses have been suggested to be 
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obtained at the level of solid gel particles downscaling from the gel matrix at Level 1 [101]. 

Using the Mori-Tanaka method, the elastic modulus of solid gel particles in AAF and AAMK 

was determined as 48.2 and 25.5 GPa, respectively [101]. This implies the possible difference 

among the existence of solid gel particles in different single precursor systems. The gel 

synthesised from AAMK was revealed to be richer in solid gel particles and twice as compliant 

as those found in the gel derived from AAF, while slightly different chemical compositions 

were also noticed in the previous experimental studies [101, 194, 195]. 

C-A-S-H solid gel particle 

Micromechanical properties of C-A-S-H can be associated with the nanostructure in terms of 

degree of cross-linking and chemical compositions. The increase of cross-linking level tends to 

enhance its mechanical responses [84, 120]. Specifically, the increase of Al/Si ratio in C-A-S-

H solid gel has been suggested to enhance its crystalline order and cross-linking degree, and 

therefore the mechanical responses [84]. The inclusion of Al branch structures serves to impede 

tensile loading and strengthen the soft interlayer region within the C-A-S-H solid gel [83, 84]. 

This, in turn, augments both the interlayer cohesive strength and stiffness [120, 121]. On the 

other hand, the alumino-silicate tetrahedral chains were reported to be less stiff than plain silica 

chains, suggesting the possibility of weakening the mechanical performance by increasing the 

Al content [107]. The overall mechanical properties can be determined by a combination of 

different factors, such as geometrical transformation, structure changes, Ca/Si ratio and charge 

neutraliser (Ca2+ or Na+). 

In terms of the aforementioned Al substitution positions, the mechanical properties of 

atomistic models with respect to tobermorite 14Å, tobermorite 11Å and anomalous tobermorite 

(Figure 2.5(c)) were calculated. When the Al substitutions are located in silica chain pairing 

sites, the elastic modulus of solid gel ranges from 67.8 to 109.6 GPa. The elastic modulus of all 

models varies between 49.8 and 109.6 GPa at the bridging position. The anomalous tobermorite 

model exhibits the highest mechanical properties compared with others [107]. This reveals a 

noticeable dependence of mechanical performance on the configuration of aluminium atoms in 

C-A-S-H. Moreover, with the occurrence of calcium-aluminium replacement and decrease of 

Ca/(Al+Si) ratio, the main chain length seems to increase (more Q2, Q3, Q4 and less Q0 and Q1 

sites), thereby leading to the growth of elastic modulus [107, 154, 196, 197]. This implies that 
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potential cross-links between layers, specifically Q3 sites leading to the formation of a 3D 

nanostructure, which might positively affect the loading path between adjacent layers [107]. 

N-C-A-S-H solid gel particle 

The N-C-A-S-H can promote the enhancement of spatial heterogeneity of composition within 

the microstructure [48]. In the blend precursor system, the formation kinetics of N-C-A-S-H 

have been increasingly investigated, while the micromechanical properties are barely studied 

especially on the scale of solid gel particles. A few studies attempted to conduct qualitative and 

quantitatively analysis on the micromechanical responses of N-C-A-S-H gels based on 

nanoindentation tests [39, 171]. It was reported that the elastic modulus of N-C-A-S-H fell 

between that of N-A-S-H and C-A-S-H, being higher than the former and lower than the latter 

as the curing time increased from 1 to 28 d. The mechanical performance of N-C-A-S-H can 

possibly correspond to the aforementioned reorganisation in N-A-S-H by free Ca2+ to form N-

C-A-S-H, leading to a retained N-A-S-H-like aluminosilicate framework and similar 

composition with C-A-S-H [39, 88]. To thoroughly explore the micromechanical responses of 

N-C-A-S-H, molecular dynamics simulations can be employed to link the nanostructure with 

the mechanical performance of solid gel particles. 

2.4.2 Level I: Gel matrix 

N-A-S-H gel matrix 

To characterise the micromechanical features, different attempts have been made to explore the 

local elastic modulus and hardness of N-A-S-H gels in AAF and AAMK [198-205]. To identify 

the N-A-S-H phase from the nanoindentation results, statistical deconvolution can be 

performed, the first peak of which in the frequency distribution plot of elastic modulus 

corresponds to the N-A-S-H gel phase with the lowest elastic modulus [199]. The following 

peaks are associated with partially and unreacted precursors as these particles possess a higher 

elastic modulus compared to the gel phase [198]. After the identification of N-A-S-H gel phase, 

the micromechanical properties of N-A-S-H gels can be determined, which are affected by 

different factors such as alkaline concentration and Si/Al ratio. 
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With the rise of Na2O-to-fly ash weight ratio from 6% to 10%, the elastic modulus and 

hardness of N-A-S-H gels in AAF vary in the ranges of 12.7-15.5 GPa and 0.59-0.73 GPa, 

respectively [198]. A higher alkaline concentration can boost the activation of unreacted fly 

ash, leading to the enhancement of micromechanical properties in AAF. As for the Si/Al ratios, 

the elastic modulus of N-A-S-H gels tends to grow with the increase of Si/Al ratios, which is 

the result from a greater density of binder gels induced by the rising Si content [200, 206]. 

Moreover, the Si-O bonds were found to exhibit a higher bond strength than Al-O bonds, 

indicating that a higher elastic modulus can be achieved in N-A-S-H gels if increasing the Si-

O bonds with a higher Si/Al ratio [207]. On the other hand, to consider the micromechanical 

performance of pure N-A-S-H gels, it would be very challenging to separate them from other 

reaction products like the unevenly distributed crystal phase due to heterogeneity of AAC [198]. 

The future research can be focused on the development of other characterisation techniques to 

determine the micromechanical properties of pure N-A-S-H gels. 

C-A-S-H gel matrix 

Considering the micromechanical properties of C-A-S-H gel matrix, it is summarised that the 

elastic modulus of individual phases in AAS follows an ascending order of pore < reaction 

products < unreacted slag [208-212]. The reaction products in AAS can be divided into two 

different groups based on their micromechanical performance, including outer reaction product 

consisting of C-A-S-H gels and inner reaction product composed by the combination of C-A-

S-H gels and layered double hydroxides [213-215]. With different types of alkaline activators, 

the volume fraction of C-A-S-H gels can be affected. The C-A-S-H gels were found to take up 

68.0% and 47.3% of the reaction products when activated by SH and SS, respectively [213]. 

Since the microstructure features are generated faster in SH-activated slag (within a few hours) 

than SS-activated slag, the corresponding strength development tends to be slower in the later 

one [161, 216-218]. The alkaline concentration (molarity) and silica modulus were found to 

have limited influences on the elastic modulus of C-A-S-H gels [218]. It was reported that the 

elastic modulus of C-A-S-H gels and inner reaction product in AAS were stabilised at around 

26 GPa and 35 GPa, respectively, no matter which activator was used [213, 219]. Thus, the 

micromechanical responses of C-A-S-H gels can be dependent on the distance to unreacted 

particles, degree of reaction and chemical compositions modified by alkaline activators. 
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N-C-A-S-H gel matrix 

The micromechanical properties of N-C-A-S-H gels are mostly studied via nanoindentation 

tests on blended AAC with calcium-rich precursors like AAFS [84, 171]. In terms of the level 

of cross-linking, the order was proposed as: N-A-S-H < N-C-A-S-H < C-A-S-H gels [84]. 

Correspondingly, the elastic modulus of N-C-A-S-H gels tends to lie between that of N-A-S-H 

and C-A-S-H gels based on their different microstructural features. Comparing the N-(C)-A-S-

H and C-(N)-A-S-H gels, the former exhibits the Si/Al ratio of around 6, whereas the later has 

a Si/Al ratio of around 3 [220]. Accordingly, the elastic moduli of N-(C)-A-S-H and C-(N)-A-

S-H gels were detected, which were around 15.5 GPa and 17.8 GPa, respectively [220]. It was 

proposed that a relatively higher Si/Al ratio of up to 4.3 in the gel showed lower level of 

dissolution and thus lower elastic modulus compared to the gel with a lower Si/Al ratio at 

around 2.4 [220]. This indicates that the variation of elastic modulus in N-C-A-S-H gels is 

associated with the degree of dissolution from the precursors, which is significantly affected by 

the alkalinity of different alkaline activators [202, 220]. The elastic modulus of N-C-A-S-H 

gels was found to go up continuously from around 19.0 GPa to 22.7 GPa with the curing time 

from 1 to 28 d [84]. 

2.4.3 Level II: Paste 

Unreacted particles 

The micromechanical properties of unreacted precursors in AAC have been experimentally 

explored via nanoindentation tests. In AAF paste, the elastic modulus of unreacted fly ash 

particles is dependent on their mineral features with an overall range from around 30 to 140 

GPa [212, 221, 222]. Among different chemical compositions of fly ash, the Fe-rich ones 

achieve the highest elastic modulus, ranging from 71.0 to 137.7 GPa, whereas Ca-rich fly ash 

particles exhibit a relatively lower value, i.e. 75.7-91.2 GPa [222]. The elastic modulus of Si-

rich fly ash is around 82.9 GPa, while the worst performance has been reported in Al-rich fly 

ash with an elastic modulus of 33.3-65.4 GPa [222]. As for AAS paste, the elastic modulus of 

unreacted slag is in the range of 46-70 GPa, with the hardness of approximately 6 GPa [218, 

223]. In terms of blend AAFS paste, the combination of fly ash and slag as a whole unreacted 

particle phase is tested with an overall elastic modulus of more than 65 GPa [84, 223]. Whereas, 
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the individual particles are analysed in AAFS with an elastic modulus of around 71.6 and 48.5 

GPa in fly ash and slag, respectively [84]. As the curing time increases from 1 to 7 d, the elastic 

modulus of fly ash exhibits a reduction by up to 9.56%, while that of slag is stabilised at around 

49 GPa. This can be attributed to the discrepancy between dissolution and reaction mechanisms 

of both types of precursors as mentioned previously. 

Reaction products 

In recent years, the micromechanical properties of reaction products are increasingly studied at 

paste level in different types of AAC. In AAF, the elastic modulus of N-A-S-H is dependent on 

the aforementioned curing conditions and choice of alkaline activators, which varies from 4 to 

20 GPa [84, 212, 221, 222]. C-A-S-H in AAS tends to exhibit a higher elastic modulus than N-

A-S-H, ranging from 12 to 47 GPa with the hardness of 0.3-2.5 GPa, which is strongly 

associated with the mix design [84, 154, 218]. For the N-C-A-S-H gel in AAFS, the elastic 

modulus was found to go up from 15.6 to 23.9 GPa as the curing time reaches 28 d [39]. This 

implies that the transformation among different reaction products can be crucial to the evolution 

of their micromechanical properties. 

Microstructure-mechanical property relationships in paste 

The relationships between microstructural features and mechanical properties of AAM can be 

summarised from gel matrix at Level I to paste at Level II. At Level I, the factors that affect the 

micromechanical performance of gel matrix are mainly associated with two aspects: solid gel 

particles from Level 0 and gel pores [84]. Considering different types of AAM paste, the 

evolution of compressive strength in AAF, AAS, AAMK and AAFS from 1 to 28 d is 

demonstrated in Figure 2.16. As seen in Figure 2.16(a-c), the overall trend of compressive 

strength shows a continuous rise in single precursor systems at up to 28 d. For low-calcium 

AAF and AAMK pastes, the 28 d compressive strengths are in the ranges of around 8-54 and 

30-66 MPa, respectively. AAS paste exhibits a higher compressive strength of approximately 

75-85 MPa at 28 d, while the compressive strength of AAFS paste is highly dependent on the 

inclusion of slag, indicating a broad range from around 30 to 100 MPa at 28 d (Figure 2.16(d)). 

This can be attributed to the effect of chemical compositions, internal structure, phase 
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transformation and gel porosity on the micromechanical properties of gel matrix and 

compressive strength of paste in AAM. 
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Figure 2.16. Compressive strength of different types of paste: (a) AAF [22, 70, 224-229], 

(b) AAS [227-229], (c) AAMK [230-232], and (d) AAFS with various slag contents [6, 

226-229, 233]. 

Firstly, the chemical compositions were found to influence the elastic modulus of different 

binder gels. For AAF paste, a higher Si/Al ratio can lead to the increase of elastic modulus of 

N-A-S-H gels, as the bond strength of Si-O bonds is higher than that of Al-O bonds [198, 207]. 

With different types of alkaline activators, the degree of dissolution can be modified in gel 

matrix that results in the change of local elastic modulus in the heterogenous structure. In AAS 

paste, the volume fraction of C-A-S-H gel was reported to increase from 47.3% to 68.0% when 
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replacing SS by SH as the alkaline activator, which indicates a faster reaction and formation of 

microstructure features with the use of SH, resulting in a more rapid strength development 

within the gel structure [213] Secondly, the internal structure referring to level of disorder can 

also influence the micromechanical properties of different types of gel. Comparing with N-A-

S-H gels, C-A-S-H gels were observed to contain hints of crystalline phase with order structure. 

Correspondingly, they exhibit a lower level of disorder with a higher elastic modulus (35-47 

GPa) than N-A-S-H gels (11-20 GPa), since N-A-S-H gels possess highly cross-linked 

amorphous structure with a more pronounced level of disorder [84, 209, 234]. For AAFS, N-

C-A-S-H gels have a level of disorder in between C-A-S-H and N-A-S-H gels, which 

corresponds to the elastic modulus of around 19-23 GPa [39]. Therefore, the phase 

transformation between different binder gels within gel matrix can be crucial for the 

micromechanical performance of AAFS [39]. This suggests that the N-C-A-S-H gels can be 

formed by the exchange of Ca and Na from the original N-A-S-H gels, leading to the change of 

volume fractions of different reaction products and thus the modification of micromechanical 

properties [88]. Finally, among the mentioned three types of gel matrix, N-A-S-H gels exhibit 

the most porous structure, whereas C-A-S-H gels are the most compact phase with the greatest 

gel density [212]. This implies that a lower gel porosity can contribute to better 

micromechanical properties of gel matrix in AAM. 

The mechanical properties can be associated with the dissolution of unreacted particles, 

microstructural properties of different reaction products from Level I and overall pore structure. 

Regarding unreacted particles, the discrepancy in mechanical properties between fly ash and 

slag is induced by physical chemistry and degree of dissolution, with elastic modulus of around 

72 and 49 GPa, respectively. For reaction products, the phase assemblage of binder gels can 

significantly contribute to the mechanical properties, influenced by factors such as slag content 

(i.e. Ca-rich precursors), alkalinity and type of alkaline activators and curing conditions. 

Regarding pore structure, AAS has lower porosity compared to AAF as the merging of pores 

in paste tends to be impeded by slag [235]. 
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2.4.4 Level III: Mortar and concrete 

Interfacial transition zone 

The micromechanical properties of ITZ can be highly associated with the gel compositions, 

reaction products, pore structure and other factors that modify aggregates and bulk paste in 

AAC. To enable the comparison between ITZ and paste with respect to micromechanical 

properties, different techniques such as nanoindentation and nanoscratch have been employed 

in the previous studies to explore the mechanical responses and heterogeneity of ITZ in AAC 

[84, 187, 188, 190, 236-241]. Nanoindentation is adopted to investigate the localised ITZ 

regions, whereas nanoscratch can provide the overall information of ITZ surrounded by 

different aggregate surfaces [184, 187, 242]. Compared with AAF bulk paste, the comparable 

mechanical properties obtained in ITZ can be associated with the formation of N-A-S-H gels 

that provide a strong bond between aggregate and bulk paste [84, 237, 243]. In AAF, the elastic 

modulus and hardness of ITZ typically range from 17.2-36.7 GPa and 0.76-1.78 GPa, 

respectively, depending on the locations of ITZ referring to top, bottom and lateral positions, 

as shown in Figure 2.17(a) [187]. ITZ at the top surface of aggregate exhibits the highest elastic 

modulus and hardness, while ITZ at the lateral surface of aggregate has the worst 

micromechanical properties. the micromechanical properties of ITZ in AAS are dependent on 

the alkaline activators, in which the mean hardness of ITZ is 76.8% of that of AAS paste [241, 

244]. In particular, the use of SS in AAS can introduce excess SiO2, which potentially boosts 

the formation of C-A-S-H gels and refine the pore structure in ITZ [216, 240]. Thus, the ITZ in 

AAS activated by SS exhibits great mechanical properties with low porosity [216, 245]. 

The micromechanical properties of AAFS are influenced by the evolution of reaction 

products and microstructural characteristics against curing age [44]. Figure 2.17(b) illustrates 

the comparisons of elastic modulus between ITZ and AAFS paste with the evolution of reaction 

products over curing age at up to 28 d. As the micromechanical properties are dependent on the 

nature of binder gels in terms of packing density, structure disorder and gel porosity, the elastic 

modulus of C-A-S-H gels was found to be the highest, followed by N-C-A-S-H and N-A-S-H 

gels [212, 218]. Hence, the increase of N-C-A-S-H and C-A-S-H gels in ITZ can lead to a 

comparative growth of elastic modulus by 57% to around 21.2 GPa after 12 h curing, as seen 

in Figure 2.17(b). This can be attributed to the high reactivity of slag that results in the more 
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rapid dissolution of Ca and thus the formation of C-A-S-H gels [246-249]. In addition, 

according to the aforementioned porosity in ITZ at various curing ages, the decrease of porosity 

at up to 12 h curing can also contribute to the development of elastic modulus within ITZ, 

resulting from the refinement of initial microcracks and thus enhance the ITZ structure to 

provide better micromechanical response. After 28 d of curing, the elastic modulus of ITZ in 

AAFS can eventually stabilise at approximately 13.2 GPa [44]. Compared with AAFS paste, 

ITZ exhibits a more compact microstructure with higher elastic modulus at up to 28 d of curing, 

implying a stronger interfacial bonding between aggregates and bulk paste in AAC compared 

to traditional PC concrete [250-252]. Since the reaction products and microstructural 

morphology play crucial roles in the determination of micromechanical properties, it is 

necessary to explore the modification of AAFS matrix with different slag contents in the future. 

 

Figure 2.17. (a) Different positions of ITZ related to aggregates, and (b) Evolution of elastic 

modulus in ITZ and bulk paste in AAFS (adapted from [39, 187]). 
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Microstructure-mechanical property relationships in mortar/concrete 

With the inclusion of fine and coarse aggregates, the mechanical properties in terms of strength 

and stiffness of AAC at Level III are closely associated with the paste and ITZ, especially their 

microstructural features including chemical compositions and phase assemblage among N-A-

S-H, C-A-S-H and N-C-A-S-H [235]. The macroscopic mechanical properties of AAM mortar 

and concrete including compressive, splitting tensile and flexural strengths have been 

extensively investigated and summarised in pervious reviews which indicate the importance of 

alkaline activators, type of precursors, liquid/binder ratios, binder/sand ratios and curing regime 

[15, 67, 122, 253, 254]. Figure 2.18 demonstrates the compressive strength of AAC. In general, 

all four types of AAC experience continuous strength gain as the curing time increases from 1 

to 28 d. At least 80% of compressive strength can be achieved within 7 d of curing in almost 

all types of AAC, attributed to the fast reaction process and early development of geopolymeric 

network. The progressive strength growth from 7 to 28 d in AAC is related to further reaction 

and rearrangement of gel structure towards a stable status with the increasing curing age. 

For AAF mortar and concrete, the compressive strength is mostly in the range of 5- 30 MPa 

at 28 d, depending on different factors. For instance, elevated curing at around 80-90 °C can 

shorten the time to achieve the ultimate compressive strength by reaching 90% of the total 

strength within the first few hours of mixing [15]. Upon heating at higher temperatures of up to 

400 °C, the compressive strength of AAF can be enhanced by further geopolymerisation, which 

can reach up to around 160% of the original strength at 20 °C [2, 26, 31]. AAS mortar and 

concrete exhibit better compressive strength than AAF, which can reach up to about 80 and 52 

MPa at ambient temperature, respectively (Figure 2.18(b)). However, they exhibit worse high-

temperature resistance compared to AAF, due to the decomposition of CaCO3 at up to 600 °C 

[23, 24, 53]. The compressive strength of AAFS is dependent on the slag content. As seen in 

Figure 2.18(d), when the slag content rises from 10% to 30% in AAFS concrete, the 

compressive strength can be enhanced from 28 MPa to around 60 MPa at 28 d of curing [12, 

84]. Therefore, the compositions of unreacted particles, phase assemblage of reaction products 

and propagation of cracks can be crucial to the development of compressive strength, depending 

on the mix design of AAFS paste and selection of fine and coarse aggregates. The static 

mechanical properties of AAC have been systematically studied, while the dynamic properties 
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of AAC linking to microstructural evolution and micromechanical properties have been rarely 

explored. 
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Figure 2.18. (a) Compressive strengths of different types of AAC: (a) AAF [255-264], (b) 

AAS [256-258, 264-266], (c) AAMK [256, 266], and (d) AAFS with various slag contents 

[12, 258, 264]. 

2.5 Behaviour of AAC at elevated temperatures 

In recent years, an increasing number of studies have been focused on the behaviour of different 

types of AAC at elevated temperatures. Table 2.6 summarises the experimental studies on the 

behaviour of AAC at elevated temperatures, including single and blend precursor systems 

(AAF, AAS, AAMK and AAFS). This section presents a state-of-the-art review and provides 
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comprehensive discussions from microscopic characteristics to macroscopic performance of 

AAC at elevated temperatures. As illustrated in the outline of this section in Figure 2.19, firstly, 

the heating and cooling methods are briefly introduced. Then, the behaviour of AAC subjected 

to elevated temperatures in terms of phase stability, microstructural evolution, thermal stability, 

thermal deformation, and compressive, tensile and flexural strengths are systematically 

reviewed and analysed. Afterwards, the damage mechanisms in PCC and AAC are discussed, 

with potential mitigation approaches including the modification of AAC and incorporation of 

fibres were summarised and discussed in detail. 

 

Figure 2.19. Outline of this section. 



48 Literature Review 

 

2.5.1 Heating and cooling methods 

The heating and cooling conditions have pronounced effects on the measurement of 

temperature-dependent properties of both PCC and AAC. In general, the thermal stress induced 

by temperature gradient in concrete is highly related to heating rate, which can significantly 

affect the mechanical performance of concrete after high temperature exposure [4, 52]. Two 

main heating procedures are commonly employed: (1) simulation of the real fire situation 

following a standard heating curve, and (2) constant heating rate [3, 267, 268]. 

A standard heating rate is set based on the specified heating curves to predict the real fire 

conditions. Figure 2.20(a) illustrates the standard fire curves given in ISO 834-1 [269], ASTM 

E119 [270], KSF 2257 [271] and JIS A 1304 [272], indicating a logarithmic relationship 

between the growing temperature and heating time to reflect the real fire circumstance [273-

276]. This heating method has been extensively employed to investigate the resistance of 

concrete to pore pressure and spalling [3, 277-280]. However, concrete can be significantly 

damaged by thermal gradient and thus become structurally unstable with such a rapid increase 

of temperature in a short time period. 

Therefore, the second method of increasing the temperature constantly at a relatively lower 

heating rate is applied more frequently to reach the target temperature [281-285]. Figure 2.20(b) 

demonstrates the heating and cooling process of concrete with a fixed heating rate. A lower 

heating rate can minimise the thermal stress and isolate the effect of vapour pressure inside the 

matrix. However, a slow heating rate may not completely prevent spalling of specimens due to 

the existence of pore pressure induced damage as a result of moisture vaporisation and pore 

pressure build-up [4]. The previous studies examined the heating rates between 0.5 and 30 

°C/min such as 1 °C/min [4, 285], 2 °C/min [286], 4 °C/min [287] and 10 °C/min [284, 288, 

289]. Once the target temperature is attained at a constant speed, the temperature level is usually 

maintained for a certain period of time (1-2 h) to ensure that there is no temperature gradient 

inside the specimen while preventing the effect of long holding time on the mechanical 

properties of specimens [3]. 

The mechanical properties can be tested during and after heating process [283, 290-299]. 

Due to the potential safety concerns on hot specimens, the tests are commonly conducted after 

cooling. To measure the residual properties of specimens at ambient temperature, the test 
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samples can be either cooled down instantly in water or naturally in furnace (air). It was reported 

that water cooling could cause 15.1% more deterioration in strength of the specimens than 

furnace cooling after exposure to 1100 ºC, which can be attributed to the high heat transfer 

capacity of water with a rapid cooling process, leading to the generation of an unneglectable 

temperature gradient inside the concrete specimens [3, 300]. Thus, the non-uniform distribution 

of thermal stress can cause damage to concrete and a strength loss. 

 

Figure 2.20. Heating methods following (a) standard fire curves (T is the fire temperature 

and 𝑡𝑚𝑖𝑛 is the heating time) and (b) constant heating process (adapted from [3, 275]) 

It is worth noting that the measurement on specimens after cooling to room temperature may 

not fully represent the real situation for concrete structures in a fire circumstance [290, 301]. 

Hot and residual compressive strengths of concrete specimens could be similar to each other 

[302, 303]. However, it was also observed that there could be a large discrepancy between the 

temperature-dependent properties of concrete during exposure to elevated temperatures and 

after cooling [299, 301, 304]. At 100-105 ºC, both the compressive and tensile strengths of hot 

specimens are much lower than those after cooling from the same temperature, which can be 

ascribed to the pore pressure-induced damage during heating [301, 304]. At a higher 

temperature level of 600 ºC, the strength of hot specimens suffers from inner tensile stresses 

induced by the thermal incompatibility between different phases (i.e. shrinkage of matrix and 

expansion of aggregates at elevated temperatures), which can further deteriorate the mechanical 

behaviour of specimens during exposure to high temperatures [299]. Due to the high facility 

requirements to undertake tests on hot specimens, the available data obtained from in-situ 
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measurements are still limited. Table 2.6 summarises the recent experimental studies on ACC 

with different heating and cooling methods. 

2.5.2 Phase stability 

Phase stability can reflect the fundamental changes in AAC at elevated temperatures, which 

can explain the underlying damage mechanisms and essentially affect the macroscopic 

performance of AAC at elevated temperatures.  

Single precursor system 

Phase transformation can affect the behaviour of AAC in single precursor systems subjected to 

elevated temperatures. The matrix structural evolution can be evaluated through XRD analysis 

[30]. Figure 2.21 gives a summary of the main phase changes observed in different types of 

AAC. In AAF, the geopolymerisation can primarily result in the formation of amorphous 

aluminosilicate gel (three-dimensional N-A-S-H type gel) to promote strength and durability at 

ambient temperature [10, 48, 89]. The main semi-crystalline phases include quartz (SiO2), 

mullite (Al6Si2O13), magnetite (Fe + 2Fe2 + 3O2) and hematite (Fe2O3) [30, 305, 306]. Quartz 

is a common phase in unreacted fly ash particles with a high melting point of 1713 ºC, which 

can be primarily in origin and formed from the Al2O3-SiO2 system [307]. Mullite is a refractory 

with a melting point of 1830 ºC [308] that is stable at both room and elevated temperatures and 

contributes to thermal resistance, mechanical properties and thermal stability with low thermal 

conductivity and expansion [309-312]. As summarised in Table 2.1, before 300 ºC, the 

reduction of Si-O-Al and Si-O-Si can be observed, implying the absorption of weak bond 

molecules at this stage [31]. The phase changes mainly happen with the appearance of new 

crystalline phases including albite (NaAlSi3O8) and nepheline (NaAlSiO4) after exposure to 

300-1000 ºC, whereas other phases are relatively stable at 1000 ºC. The formation of albite and 

nepheline is associated with the disappearance of minority zeolite crystalline phases including 

hydroxysodalite (Na4Al3Si3O12OH) and herschelite (NaAlSi2O6·3H2O) after exposure to 600 

ºC [33]. Also, the appearance of nepheline phases can contribute to the mass loss of AAF matrix 

at 750 ºC [53, 313]. 
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Figure 2.21. Schematic diagram of phase changes in different types of AAC at elevated 

temperatures. 

It is noteworthy that alkaline activators can affect the phase stability of AAF at elevated 

temperatures. Potassium-based (KOH and K2SiO3) and sodium-based (NaOH and Na2SiO3) 

activators are the most commonly used ones to produce AAC. At 400 ºC, more mullite can be 

detected in AAF with 2% nano silica activated by potassium activators compared to sodium 

activators, which is a high temperature phase that can contribute to the strength gain of AAF 

exposed to elevated temperatures [314]. A slightly higher content of amorphous phase can be 

observed in AAF made from potassium activators compared to the sodium counterparts, which 

can enhance the mechanical strength of AAF at elevated temperatures. Furthermore, the 

molarity of alkaline solutions can also influence the crystalline phases of AAF. The increase of 

molarity of NaOH solutions can improve the residual strength of AAF at high temperatures, 

which can be ascribed to the high amount of sodium oxide contained in the solutions, enhancing 

the aluminosilicate phase to promote further geopolymerisation. The formation of Na-based 

crystalline phases such as albite and nepheline that have great thermal stability with high 
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melting points can improve the thermal resistance and thus mitigate the strength loss of AAF at 

elevated temperatures [315, 316]. 

Table 2.1. Summary of phase changes of AAC at elevated temperatures. 

 

In AAS, the unreacted slag has high calcium concentration that contains crystalline phases 

such as calcite (CaCO3) and akermanite (Ca2Mg(Si2O7)) [32, 38]. After mixing with alkaline 

activators (i.e. NaOH and Na2SiO3), the strength of AAS is developed with the formation of a 

C-(A)-S-H type gel. Compared to AAF, there are additional hydrated phases in AAS due to the 

high calcium content, which can impair the thermal resistance and stability [10]. No obvious 

new phases appear in AAS until the temperature goes up to 300 ºC, where the decomposition 

of C4AH13 occurs along with the drop in C-S-H gel content, indicating the structural evolution 

of C-S-H layers [25]. After exposed to 600 ºC, the calcium hydrates decompose with de-

carbonation of calcite at around 756 ºC [25, 38]. With the rise of exposure temperature to 800-

1000 ºC, the new crystalline phases such as gehlenite (Ca2Al2SiO7), larnite (Ca2SiO4), mayenite 

Ref. Precursor Main findings 

[30] Fly ash 
Appearance of crystalline phases (albite, anorthite, and magnetite) after 

800 ºC 

[31] Fly ash Increase in the amorphous phase content after 800 ºC 

[306] Fly ash 
Appearance of albite and nepheline at 300 ºC, and more albite was 

observed at 900 ºC 

[33] Fly ash 
Hydroxysodalite and herschelite disappeared to form albite and nepheline 

after 600 ºC 

[317] Fly ash Disappearance of hydroxysodalite and formation of nepheline at 800 ºC 

[312] Fly ash 
Peaks of quartz, mullite and hematite and appearance of albite and 

nepheline at 1000 ºC 

[38] Slag 
Formation of new crystalline phases of gehlenite, larnite and mayenite at 

1000 ºC 

[318] Slag Crystallisation to form akermanite, diopside and wollastonite at 1200 ºC  

[319] Slag Increase of akermanite and formation of gehlenite and merwinite at 800 ºC 

[320] Slag Increase of albite and sodium-aluminium-silicate after exposed to 800 ºC 

[321] Metakaolin Formation of new crystalline phase of nepheline at 900 ºC   

[322] Metakaolin Formation of nepheline after firing to 1000 ºC 

[32] Fly ash and slag No formation of new crystalline phase after exposed to 700 ºC 

[25] Fly ash and slag 
No new crystalline phases detected and decomposition of calcite at 600 ºC 

(50% slag) 

[56] Fly ash and slag 
Formation of akermanite, gehlenite, anorthite and nepheline at 800 ºC (25, 

50, 75% slag) 

[34] Fly ash and slag New crystalline phases: anorthite, nepheline and wollastonite at 600 ºC 
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(Ca12Al14O33) and merwinite (Ca3Mg(SiO4)2) can be observed. The crystallisation of 

amorphous phases leads to a more ordered structure with these stable crystalline phases, which 

can enhance the mechanical properties of AAS matrix due to sintering effect and densification 

at high temperatures [38, 61, 323, 324]. Minor crystalline phases such as diopside (CaMgSi2O6) 

and wollastonite (CaSiO3) disappear when the temperature goes up to 1150 ºC [318]. 

For AAS made from SS solution, there is an increase of the amount of akermanite in matrix 

when exposed to 800 ºC compared to lower temperatures. When continuing heating until 1200 

ºC, the development of akermanite is further promoted due to high temperature environment 

[325]. However, the formation of this crystalline phase is not directly associated with the 

mechanical properties of AAS at elevated temperatures. 

Regarding AAMK, amorphous aluminosilicate gel exists with the crystalline phases such 

as quartz and anatase (TiO2) [10]. High-temperature exposure up to 300 ºC has a limited effect 

on the phase changes or transformation. The new crystalline phase of nepheline can be detected 

as the temperature goes up to 900 ºC due to geopolymerisation along with reordering of 

amorphous aluminosilicates [321, 322, 326]. In general, AAF exhibits better thermal stability 

and less damage than AAMK after high temperature exposure as AAMK contains more free 

moisture and thus can lead to a more pronounced pore pressure within the matrix [10, 327]. 

Blend precursor system 

As a combination of AAF and AAS, the reaction products in AAFS are more complex, mainly 

consisting of N-A-S-H (from AAF), C-A-S-H (from AAS) and N-C-A-S-H (a hybrid of AAF 

and AAS) gels [32, 328]. In AAFS matrix, the fly ash/slag ratio is the dominant factor that 

affects the formation of different phases [25]. The XRD patterns of AAFS before and after 

exposure to up to 400 ºC exhibit insignificant differences, except a slight reduction of C-S-H 

phase that indicates the dehydration. There is almost no difference between the crystalline 

phases of AAF and AAFS (with no more than 20% slag) at 600 ºC, which mainly contains 

quartz and mullite [25], while akermanite and gehlenite can be detected in AAFS containing no 

less than 50% slag [34]. At 700 ºC, AAFS with 40% slag content can contain C-S-H with traces 

of calcite as seen in the XRD patterns [32]. Moreover, the intensity of C-S-H in AAFS reduces 

significantly at elevated temperatures, while there is no obvious impact on that in AAS, 
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implying that the incorporation of fly ash and slag can change the nature and the main binding 

phases [25]. 

At 800 ºC, crystalline phases such as akermanite, gehlenite, anorthite (CaAl2Si2O8) and a 

small amount of nepheline can be observed in AAFS [56], along with the disappearance of C-

S-H phase, indicating full crystallisation or dehydration in all AAFS mixtures containing slag 

dosages of 25%, 50% and 75%, which is consistent with the previous research [34]. As the C-

S-H gel is susceptible to high temperature damage, AAFS with higher slag content is prone to 

suffering more serious strength retrogression due to the higher calcium concentration that 

results in the formation of additional hydrates compared to AAF [10, 56]. In addition, the 

amounts of gehlenite and anorthite are strongly related to the Ca/Al ratio in AAFS as higher 

slag content can lead to the dominant formation of gehlenite, while the opposite situation can 

lead to the dominant formation of anorthite [56]. 

Regarding other blend types of AAC such as alkali-activated fly ash-metakaolin and alkali-

activated slag-metakaolin systems (see Table 2.6), a new crystalline phase can be detected in 

alkali-activated fly ash-metakaolin specimens when exposed to 500-700 ºC, resulting from the 

sintering reaction of unreacted fly ash particles [329] and the slag content and alkalinity can 

affect the existence of C-S-H phase in alkali-activated slag-metakaolin system [330]. However, 

the phase stability of AAC in blend precursor system at elevated temperatures has not been 

systematically explored with respect to different factors such as types of alkaline activators, 

curing condition and so on. Thus, further research is required to gain an in-depth understanding 

of the phase changes and the effects of different factors on the phase stability of AAFS at 

elevated temperatures. 

2.5.3 Microstructural evolution 

Single precursor system 

Microstructure of AAC at elevated temperatures can be affected by various factors in relation 

to different damage mechanisms. The changes in porosity, pore size and pore connectivity of 

AAC with exposure temperatures are directly related to moisture transport inside the matrix 

and pore pressure-induced damage [5]. Figure 2.22 demonstrates an example of AAF exposed 

to elevated temperatures. At ambient temperature, AAF matrix exhibits a porous structure with 
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unreacted spherical/semi-spherical fly ash particles, N-A-S-H gel as a dense and bulky base and 

some stripe-shaped substances by abundancy of alkaline [30, 32], which is corresponding to the 

semi-crystalline phases such as quartz and mullite mentioned in the previous section. After 

exposed to 200 ºC, many unreacted fly ash particles can be observed [31]. The microstructural 

evolution of AAF is mainly associated with the evaporation of free moisture, which can cause 

the accumulation of entrapped vapour pressure and initiation of microcracks [17]. 

 

Figure 2.22. SEM micrographs of AAF, AAS and AAFS samples exposed to different 

temperature levels, (adapted from [22, 318]). 

From 200 ºC to 400 ºC, further evaporation of bound moisture between alkali-activated 

binder and unreacted fly ash particles occurs with the development of microcracks [30]. As the 

temperature goes up from 400 ºC to 600 ºC, more porous internal structures can be detected 

with either few or nonreacted fly ash particles remaining [30, 31]. Also, sintering reaction and 

densification take place at about 550 ºC and above [5]. At 800 ºC, further augment of voids and 
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thermal stress induced microcracks could lead to a significant loss of strength of AAF matrix 

[26, 30, 31]. AAF with class F fly ash has a looser and more honey-comb shaped structure, 

while AAF with class C fly ash exhibits a denser matrix [30]. This indicates the influence of 

precursor type and mix proportion on the microstructural features of AAF at elevated 

temperatures. Above 800 ºC, the melting of matrix with a smoother texture and less impurities 

can be detected in AAF due to viscous sintering that heals the microcracks at high temperatures 

[10, 32, 331, 332]. Figure 2.23 illustrates the pore size distribution of AAF at elevated 

temperatures. The main peak shifts from a smaller pore size (< 0.1 µm) to a larger one (> 1 µm) 

after exposure to 800 ºC, indicating the sintering and densification effect on the pore structure 

changes of AAF. New crystalline phases such as albite and nepheline can also be observed with 

the disappearance of hydroxysodalite and herschelite at this temperature level, and there is an 

increase in pore size and volume compared to the unexposed AAF at 800 and 1000 ºC. 

 

Figure 2.23. Pore size distribution of AAC at (a) ambient temperature and exposed to (b) 

400 ºC and (c) 800 ºC (data from [22, 318, 333]). 
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In AAS concrete, the matrix shows a smooth surface with some unreacted slag particles and 

microcracks at ambient temperature [38, 334]. C-A-S-H gel is structurally stable due to the 

adhesive forces from those saturated small pores [318]. As temperature rises, the moisture is 

gradually released from the small pores and migrates inside AAS matrix. The evaporation of 

free moisture and slight decomposition of C-A-S-H gel lead to the development of microcracks 

and deterioration of AAS matrix at up to 200 ºC [318]. From 200 ºC to 600 ºC, the initiation 

and propagation of microcracks take place due to the dehydration of binder and reduction of C-

S-H gel [38, 318, 319]. Consequently, the strength could be further degraded due to the loss of 

water [318]. Partially reacted slag particles appear in various sizes with irregular shapes and the 

amount of unreacted slag particles decreases accordingly. Upon exposure to 600 ºC, the pore 

size and volume increase with the appearance of larger cracks [38, 318, 319]. The stability of 

C-A-S-H structure suffers from high temperature exposure and the dehydroxylation and 

crystallisation happen, leading to the damage in AAS matrix as the temperature rises from 600 

ºC to 800 ºC [38]. The phase transformation (e.g., formation of akermanite) at 800 ºC 

correspondingly results in the evolution of microstructure and mechanical properties, as 

akermanite has a week and porous structure that leads to densification, increase of pore sizes 

and strength loss of AAS at this temperature level [62, 318-320, 335]. From 800 ºC to 1000 ºC, 

the shrinkage of gel and densification occur in AAS matrix due to melting and sintering, leading 

to the formation of a smooth and compact structure [38]. Less microcracks along with the 

reduction of gel pores in a connected network can be observed at this stage, implying the self-

healing of AAS matrix after exposed to 1000 ºC [38, 327, 336]. 

Blend precursor system 

At ambient temperature, unreacted fly ash and slag particles can be found within AAFS matrix. 

The unreacted fly ash particles exhibit the aforementioned quartz and mullite, whereas calcite 

can be identified in the unreacted slag particles [25, 46, 88, 123, 337]. When the temperature 

increases to 200 ºC, the porosity of AAFS matrix drops (reduction of fraction of pores with 

diameter of 5-10 nm) along with the strength rise, which can be ascribed to the formation of an 

additional highly cross-linked gel product, making the matrix denser [34, 56]. At 300 ºC, the 

microstructure of the gel is stable without obvious changes. For AAFS containing 40-50% slag, 

there exist C-A-S-H type gel and/or N-(C)-A-S-H gel with a slight decomposition of C-A-S-H 
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gel [25, 32]. For AAFS matrix with low slag content (≤ 20%), the primary binding phase of low 

calcium N-(C)-A-S-H type gel is structurally stable at 300 ºC [32], while the remnant fly ash 

particles continue to react (i.e. a shift of T-O bond towards a higher rate of recurrences 

indicating the strengthened Si content in N-A-S-H gel [25, 338]), which promotes the formation 

of N-A-S-H or N-(C)-A-S-H gel, leading to a more homogeneous structure with strength gain 

at 300 ºC [32]. 

From 200 ºC to 400 ºC, the porosity of AAFS (pore diameter of 0.005-6 µm) is further 

reduced and the reaction of the residual fly ash particles continues at elevated temperatures, 

leading to the rise in strength [34]. On the other hand, the strength of AAFS is found to decrease 

at 300-500 ºC, due to the moisture evaporation and the replacement of Ca by Na that degrades 

the thermal stability of zeolite materials at elevated temperatures [32, 318]. Moreover, as the 

slag content in AAFS drops from 40% to 20%, the strength loss reduces, while AAFS with 

higher slag content is less stable at elevated temperatures as the slag has a high CaO content 

with relatively lower glass transition point [32]. After exposed to 600 ºC, further dehydration 

of C-A-S-H phase takes place with the presence of crystalline phases of akermanite and 

gehlenite, while the formation of anorthite is associated with N-(C)-A-S-H gel [34]. At 600 ºC, 

calcite disappears in AAFS with 50% slag and N-(C)-A-S-H is recognised as the dominant 

binder gel in AAFS with 10% slag [25]. 

At 800 ºC, the pore size of AAFS matrix increases (pore diameter > 6 µm) with the 

disappearance of C-S-H phase [34]. The C-A-S-H gel produced from slag is fully dehydrated 

along with the crystallisation of akermanite and gehlenite, while the N-A-S-H gel generated 

from fly ash is partially crystallised with the formation of nepheline and the N-(C)-A-S-H gel 

come from both fly ash and slag is crystallised to form anorthite [34]. The porosity of AAFS 

matrix declines with the increase of slag content from 25% to 75% [56], as the fly ash-related 

products of anorthite and nepheline have porous structure. Therefore, the fly ash/slag ratio can 

greatly affect the crystalline phases and microstructure of AAFS. In general, the increase of 

slag content in AAFS can result in a higher strength loss due to thermal instability of CaO, but 

it can also lead to a denser and more compact microstructure, reducing the deterioration of 

AAFS at elevated temperatures [32]. In comparison with AAF, AAFS exhibits a higher 

proportion of gel pores < 0.01 µm, indicating that a higher degree of reaction takes place in 

AAFS matrix at ambient temperature, as seen in Figure 2.22(a) [22]. Similar pore size 
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distribution of AAFS and AAF can be observed at 800 ºC, where the main fraction of pores is 

at around 2 µm, owing to further geopolymerisation, contraction of gel matrix and sintering 

effect. 

2.5.4 Thermal properties 

Thermal stability 

Thermal stability of AAC plays a crucial role in its behaviour at elevated temperatures, which 

can be estimated through thermogravimetric analysis (TGA). Figure 2.24 presents the mass loss 

of PCC and different types of alkali-activated paste at elevated temperatures [10], indicating 

that AAF paste exhibits the lowest mass loss of less than 2% in comparison with AAMK, AAS 

and PCC paste. The majority of mass loss of AAF paste occurs at 100-200 ºC, which can be 

ascribed to free water evaporation [10, 27, 339]. After the initial decline, the mass of AAF paste 

gradually tends to be stable at 250-800 ºC [27]. The slight mass loss at this stage can be 

attributed to the liberation of water during further geopolymerisation and the formation of new 

crystalline phases such as albite and nepheline [10]. 

 

Figure 2.24. Mass loss of AAC and PCC at elevated temperatures (adapted from [10, 22]). 
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Compared to AAF, AAMK paste performs slightly worse with a mass loss of approximately 

4.75%. The relatively higher water/solid ratio and the volatilisation of free water and absorbed 

water in aluminosilicate gel phases were the main reasons for the mass loss in AAMK paste 

[10]. AAS paste shows the largest mass loss of roughly 16.21% compared to AAF and AAMK 

pastes, which can be ascribed to the volatilisation of both physically absorbed and chemically 

bonded water. With the increase of temperature until 550 ºC, AAS exhibits a gradual mass loss 

(3.75% more than PCC), while PCC experiences a rapid mass loss at 450 ºC due to the 

dehydration of Ca(OH)2 [10]. As mentioned in Section 4.1.1, AAS has less thermal stability 

compared to AAF due to the high calcium content, leading to the formation of additional 

hydrated phases. Furthermore, a sudden mass loss of AAS paste can be found at around 800 ºC, 

corresponding to the decomposition of calcite [340]. For AAFS paste, the sensitivity of mass 

loss to high temperatures is dependent on the incorporation of slag. The increase of slag content 

in AAFS paste can result in an increase of the mass loss [32]. Thus, not all the alkali-activated 

materials can possess better thermal resistance than PCC in terms of mass loss (which is around 

12.46%) and the choice of precursor can significantly affect the thermal stability of AAC at 

elevated temperatures. 

Thermal deformation 

At elevated temperatures, the thermal deformation of AAC needs to be considered, which can 

influence the thermal compatibility among different phases in AAC. As per previous studies 

[53, 54, 341, 342], the thermal expansion of AAF consists of a few stages, as illustrated in 

Figure 2.25. From ambient temperature to around 100 ºC, there is a slight expansion in AAF 

due to water evaporation. At 100-300 ºC, a capillary shrinkage takes place, corresponding to 

the dehydration of AAF matrix. At 300-550 ºC, the contraction of AAF matrix continues. As 

the temperature rises to around 650 ºC, viscous sintering can consume fly ash particles in AAF, 

leading to densification and thus shrinkage of matrix [22]. After 800 ºC, the collapse of AAF 

matrix can be detected. Compared to sodium-based AAF, potassium-based AAF exhibits lower 

mass loss and volumetric shrinkage due to the higher content of amorphous phase [314]. AAF 

shows relatively better thermal stability without significant mass loss compared to other types 

of AAC such as AAS and AAFS, which can be attributed to the stable gel structure with 

relatively low calcium content as mentioned before [22, 53]. 
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For AAS, a slight thermal expansion can be observed from ambient to 150 ºC, which is 

similar to that of AAF, followed by thermal contraction until 800 ºC. A relatively significant 

thermal shrinkage of more than 25% can be detected in AAS, resulting from the thermal 

incompatibility and aforementioned phase transformation within AAS matrix, which is around 

8 times greater than the thermal shrinkage of AAF at 800 ºC [343]. AAMK exhibits a less 

significant thermal contraction of approximately 13% at 800 ºC compared to AAS, which can 

be attributed to the capillary strain, dehydroxylation reactions and sintering and densification 

effects after exposure to 105-800 ºC [321]. 

 

Figure 2.25. Thermal deformation of AAC and PCC at elevated temperatures, along with a 

schematic illustration for AAF (adapted from [18, 53, 321, 343, 344]). 

In the blend precursor systems, AAFS with 50% slag has a similar thermal strain of roughly 

4% in comparison with that of AAF after exposed to 800 ºC due to the inclusion of slag that 

leads to a greater thermal shrinkage [344]. For alkali-activated fly ash-metakaolin pastes, the 

similar thermal deformation can be detected compared to AAF, where a sharp shrinkage takes 
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place at 100-300 ºC. Contrarily, a slight thermal expansion can be observed in alkali-activated 

fly ash-metakaolin mortars from ambient temperature to 800 ºC, which can be ascribed to the 

combined effect of both expansion of aggregates and contraction of paste. This can also result 

in the development of microcracks between different phases and thus the microstructural 

evolution of AAC. 

Single precursor system 

A summary of the existing studies on the relative compressive strength (i.e. ratio of residual 

compressive strength to original compressive strength) of AAF paste, mortar and concrete at 

various temperatures is presented in Figure 2.26. AAF tends to gain strength at elevated 

temperatures (≤ 600 ºC) due to the interconnected small pore network that facilitates the release 

of moisture pressure at heating and further geopolymerisation that activates the unreacted fly 

ash particles [5]. Sintering reaction also happens at elevated temperatures, which can lead to 

stronger inter-particle bonding to enhance strength and offset the strength loss induced by crack 

initiation and propagation or facilitate AAF matrix to accommodate the deformation of 

aggregates [61, 345, 346]. After 600 ºC, the compressive strength of exposed AAF experiences 

a moderate or significant decline compared to the unexposed counterpart. The strength loss of 

AAF paste is lower than that of AAF concrete as the inclusion of aggregates can lead to thermal 

incompatibility between AAF paste and aggregates in concrete [27]. At elevated temperatures, 

AAF matrix tends to experience shrinkage while aggregates undergo expansion, which can 

thereby cause damage to the microstructure and reduce the compressive strength [27, 347, 348]. 

The type and size of aggregates can affect the compressive strength loss of AAF concrete. 

The inclusion of basalt and slag based aggregates leads to a strength loss of 58.4% and 64.6% 

respectively in AAF concrete after exposure, which can be explained by the closeness of the 

thermal expansion of these aggregates compared to AAF paste and the original strength 

characteristics of these aggregates, while other types of aggregates such as quartz aggregates, 

expanded clay aggregates, and lightweight aggregates were also used [305, 332, 345, 349-351]. 

Quartz aggregates can cause obvious strength loss due to the large coefficient of thermal 

expansion, while expanded clay aggregates with a relative lower thermal expansion and porous 

structure can help mitigate the strength loss [332, 345]. The use of natural lightweight 

aggregates (e.g., basaltic pumice) can improve the residual compressive strength [24, 50, 305, 
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332]. Moreover, the smaller size (2-10 mm) of aggregates can cause explosive spalling in AAF 

concrete at up to 505 ºC, whereas about 30% of residual strength still exists for that with larger 

size (10-20 mm) of aggregates [27]. The high stiffness of aggregates can restrain shrinkage of 

AAF at elevated temperatures and the induced radial and tangential stresses surrounding the 

aggregates leads to cracking [352]. As it is hard for smaller aggregates to produce effective 

aggregate bridging due to lack of shape irregularity, the use of appropriate aggregate size and 

various grading of aggregates can help retain the compressive strength of AAF after exposure 

to high temperatures. 
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Figure 2.26. Relative compressive strength of AAF paste [24, 27, 28, 35, 339, 353], mortar 

[25, 314, 353-357] and concrete [26, 31, 50, 354, 358-362]. 

Apart from aggregate, the mix proportion of AAF paste can also affect the mechanical 

performance of AAF concrete at elevated temperatures where Si/Al ratio is one of the most 

crucial factors. AAF concrete with a higher Si/Al ratio (2.2) performs much better than that 

with a lower Si/Al ratio (1.7) [306], and thus raising the Si content in alkali-activated mixtures 

is recommended. In addition, the Si/Al ratio ranging from 2.0 to 3.0 can promote strength loss 

by up to 80%, whereas a ratio of less than 2.0 is more optimal with a 132% strength increase 

compared to the unexposed specimen [363]. This indicates that Si/Al ratio is a critical parameter 

in alkali-activated formulations, which needs to be tailored for AAF to achieve a desirable 
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compressive strength after exposure [5]. Other factors (e.g., curing condition) can also affect 

the change of compressive strength of AAF at elevated temperatures. The experimental study 

on the effect of ambient and heat curing on the mechanical properties of AAF after high-

temperature exposure indicated that the ambient-cured AAF concrete experienced lower 

strength deterioration than the heat-cured one after exposed to 1000 ºC [26]. Thus, the residual 

compressive strength of AAF at elevated temperatures is dependent on many factors such as 

compatible aggregates and optimal alkali-activated formulation. 

Figure 2.27 displays the relative compressive strength of AAS paste, mortar and concrete at 

elevated temperatures, indicating that the compressive strengths of AAS paste, mortar and 

concrete reduce significantly against exposure temperature, where the highest strength loss 

appears at around 800 ºC [25, 38, 318, 320, 325, 328, 332, 343, 364-369]. The retention strength 

ranges from 0 to approximately 50% at this temperature level. This can be attributed to the 

dehydration of AAS matrix and decomposition of calcite [38]. Some of the specimens exhibit 

an enhanced compressive strength at 200 ºC and 400 ºC, which can be mainly ascribed to the 

acceleration of hydration process by heating, activating the slag particles with strength gain 

[320, 364]. It is noteworthy that after obvious decline of strength at 800 ºC, AAS pastes and 

mortar specimens start to gain strength when the temperature continues to rise until 1000 ºC. 

This can be explained by the densification of AAS matrix during viscous heating, which causes 

a reduction of voids and thereby enhances the compressive strength [38]. Also, the formation 

of new crystalline phases such as gehlenite and larnite contribute to the densification of AAS 

after high temperature exposure. Among AAF, AAMK and AAS, AAS tends to have the lowest 

thermal/fire resistance whereas AAF performs best and thus can be regarded as a good choice 

in high-temperature resistance applications. This is also consistent with that presented in the 

previous section that AAF shows the best thermal stability compared to other types of AAC. 

Figure 2.28 shows the experimental results of relative compressive strength of AAMK paste 

and mortar as a function of exposure temperature collected from literature [321, 332, 370-373], 

indicating that AAMK possesses a dense and homogeneous microstructure without prominent 

pore structure evolution at elevated temperatures [373]. Thus, the moisture is prone to be 

trapped inside the dense pore structure, leading to the accumulation of pore pressure and thus a 

significant strength reduction. Most results of the relative compressive strength are below 100% 

at elevated temperatures ranging from 100 ºC to 900 ºC, suggesting that the compressive 
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strength of AAMK after exposure is retained or gained less than that of AAF. This is because 

sintering reaction takes place in AAF matrix at elevated temperatures, which can rearrange the 

pore structure with evolution of pores with large size to smaller ones. A large number of small 

pores can provide channels for free water and vapour to escape without pore pressure build-up 

[373, 374], while metakaolin-based AAC matrix tends to have a higher moisture content with 

a denser pore structure compared to AAF, which would be subjected to a higher risk of pore 

pressure induced damage at elevated temperatures [5]. 
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Figure 2.27. Relative compressive strength of AAS paste [25, 38, 318, 368, 369], mortar 

[320, 325, 328, 332, 366, 367] and concrete [343, 364, 365]. 
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Figure 2.28. Relative compressive strength of AAMK paste [321, 371-373] and mortar 

[332, 370]. 

Blend precursor system 

Figure 2.29 presents a summary of the relative compressive strength of AAFS paste, mortar and 

concrete at elevated temperatures, indicating a similar change trend as that for AAS system, 

with a slight increase of residual strength after exposure to 200-600 ºC. The most essential 

factor that affects the mechanical behaviour of AAFS at elevated temperatures is the fly ash/slag 

ratio. The effect of fly ash/slag ratio by weight on relative compressive strength of AAFS is 

depicted in Figure 2.30. AAF concrete and AAS concrete have the highest and lowest retention 

strength at up to 600 ºC, respectively, while the residual strength of AAFS concrete is in 

between those two. Moreover, the increase of initial strength could lead to a more significant 

strength loss after exposure as the slag content increases from 0 to 100% [5, 375]. Ductility of 

AAFS matrix is a governing factor in the level of thermal incompatibility induced damage. 

AAFS matrix with higher ductility can better accommodate the thermal shrinkage and 

expansion that occurs in different phases and thus reduce the compressive strength loss after 

exposure to high temperatures [5, 23]. 
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Figure 2.29. Relative compressive strength of AAFS paste [25], mortar [25, 32, 328, 355, 

376] and concrete [57-60]. 
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Figure 2.30. Effect of fly ash/slag ratio on the relative compressive strength of AAF [26], 

AAFS [32, 372] and AAS [305] concrete at elevated temperatures. 
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2.5.5 Tensile strength 

Figure 2.31 displays the residual tensile strength of AAC obtained from literature [57, 347, 360, 

377, 378]. Similar to relative compressive strength, AAC containing fly ash including AAF, 

AAFS and alkali-activated fly ash-metakaolin concrete exhibits a slight enhancement of tensile 

strength at elevated temperatures until 400 ºC. This can be ascribed to the further 

geopolymerisation that activates the unreacted precursor particles inside the matrix as well as 

the occurrence of sintering reaction. Without fly ash, the tensile strength of AAS declines 

continuously, which is consistent with the compressive strength change with exposure 

temperature. A combined effect of further geopolymerisation and thermal incompatibility is 

regarded as the cause for the tensile strength drop at elevated temperatures, similar to the 

compressive performance. 
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Figure 2.31. Relative tensile strength of AAC at elevated temperatures [57, 347, 360, 377, 

378]. 
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2.5.6 Flexural strength 

The relative flexural strength of different types of AAC at elevated temperatures is illustrated 

in Figure 2.32. A similar tendency can be observed for tensile and flexural strengths of AAC at 

elevated temperatures. In comparison with compressive strength, flexural strength is more 

sensitive to the initiation and propagation of micro-cracks inside AAC matrix [340]. Therefore, 

the micro-cracks induced by matrix shrinkage when exposed to high temperatures can cause a 

comparative drop in flexural strength of AAC [320], as seen from all specimens in Figure 2.32. 

Moreover, the microstructural evolution (e.g., pore structure characteristic changes) can 

significantly affect the flexural strength degradation at elevated temperatures [347]. The large 

number of small pores distributed in AAF can accommodate the pore pressure induced by 

heating to reduce the flexural strength loss, while other types of AAC may show a more rapid 

decline when the exposure temperature rises. 
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Figure 2.32. Relative flexural strength of AAC at elevated temperatures [35, 330, 347, 356, 

366]. 
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2.5.7 Damage mechanisms 

Up to now, the damage mechanisms in PCC has been extensively studied with a variety of 

approaches proposed to improve its thermal and fire resistance, whereas very few attempted to 

explore the inherent mechanisms in AAC at elevated temperatures. The proposal damage 

mechanisms of both types of concrete are summarised below. 

Portland cement concrete 

The damage mechanism of PCC at elevated temperatures has been extensively studied. Figure 

2.33 displays a schematic illustration of pore pressure induced damage evolution in PCC at 

elevated temperatures. In general, up to 100 ºC, the concrete specimen is fully in the moist zone 

with free-water evaporation. When the temperature continues to rise, the dehydration of 

hydration products in concrete takes place from the heated surface to the inner region.  

 

Figure 2.33. Schematic illustration of damage evolution in Portland cement concrete (PCC) 

at elevated temperatures (adapted from [384]). 

Afterwards, the decomposition of C-S-H gels starts and the chemically bounded water is 

released. As the moisture flows towards the cold side of the concrete, the damage would occur 

with the initiation of cracks at the region with moisture accumulation [284, 291, 379-383]. It is 

widely accepted that the high-temperature-induced damage of concrete can be mainly attributed 

to pore pressure build-up from trapped moisture inside matrix and thermal stress. Thus, three 



2.5 Behaviour of AAC at elevated temperatures  71 

 

 

mechanisms were proposed to explain the damage evolution in PCC system, including pore 

pressure induced damage, thermal stress induced damage, and phase transformation. 

The mechanism of pore pressure induced damage is associated with air and moisture 

migration in concrete. At elevated temperatures, moisture travels towards both directions of the 

heated surface and the inner matrix. Since the temperature remains lower inside the concrete, 

moisture can condense to form a “moisture clog”. With the accumulation and expansion of 

condensed water vapour, a significant amount of potential energy is formed inside the pore 

network of concrete. Saturated vapour pressure, dilation of liquid water and partial pressure of 

enclosed air are all retained in the pores [385]. Consequently, the pore pressure builds up and 

the pore pressure induced stress would continue to increase until the maximum stress that can 

be maintained within the structure is exceeded, as a result of which damage would occur in 

concrete due to a violent release of energy. 

However, pore pressure induced damage is not the only cause that leads to concrete failure 

[386]. The measured pore pressure can be relatively lower than tensile strength of concrete 

matrix, while the damage in concrete mainly results from the thermal stress induced by the 

temperature gradient inside concrete, i.e. the second mechanism [387, 388]. In this case, the 

damage occurs due to concrete failure in compression at the heated surface. The exposed 

surface experiences not only compressive stresses but also tensile stresses from the inner parts 

due to restrained thermal expansion [385]. Thereby, the heating rate has a pronounced effect on 

the temperature gradient in concrete, which directly results in thermal stress induced damage. 

A higher heating rate tends to cause a greater temperature gradient. 

From the previous studies on damage mechanisms of concrete at elevated temperatures, it 

is challenging to define the temperature-induced damage by a single factor, whereas the 

combined effect of both pore pressure and thermal stress induced damage is considered [389]. 

During heating, the thermal stress forms on the exposed surface, leading to the initiation of 

multi-cracks parallel to the heated surface, which are then filled and saturated with vapour 

pressure resulting in damage in concrete [385]. Furthermore, the heating rate can play a 

significant role in the damage mechanisms of concrete exposed to elevated temperatures. 

Following the standard fire heating rate, thermal stress induced damage is the dominant factor, 

while pore pressure induced damage is the main contributor to concrete failure if the slow 

heating rate is employed [388]. 
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After exposure to 100 ºC, physically bound water evaporates and chemically bound water 

can be released from the C-S-H layer, along with the decomposition of C-S-H gel that leads to 

an unstable structure. At 400-600 ºC, calcium hydroxide (CH) in PCC can decompose into 

calcium oxide and water. After 700 ºC, the decarbonation of calcium carbonate (CaCO3) takes 

place. When the temperature reaches 800 ºC, all chemically bound water can be fully 

evaporated [379]. 

Alkali-activated concrete 

In comparison with the PCC system, AAC exhibits better high-temperature resistance [10, 194, 

390]. This is because alkali-activated aluminosilicate gels in AAC differ from cement paste in 

PCC [27, 194]. A sodium or potassium-based alkaline activator is needed to react with silica- 

and alumina-rich phases, due to the non-hydrated aluminosilicate gel binding phases in AAC 

matrix, leading to the generation of gels without much chemically bounded or physically 

absorbed water compared to C-S-H gels in PCC [10]. Thus, an open pore structure of AAC 

matrix is formed, which can result in a higher resistance to withstand elevated temperatures of 

up to 600-1200 ºC with less strength loss compared to PCC [24, 391]. 

The damage mechanisms in AAC at elevated temperature were found to be similar to PCC 

system, which include: (1) thermal incompatibility, (2) pore pressure build-up, and (3) phase 

transformation [23], as illustrated in Figure 2.34. The first mechanism occurs when heat flow 

transfers in AAC. As different phases in AAC (i.e. matrix and aggregates) have different 

thermal conductivity and thermal capacity, there exist non-uniform distribution of heat flow 

and inhomogeneity of thermal stress inside AAC, leading to the initiation of cracks and strength 

degradation [23]. At the initial state, there is no expansion or shrinkage in AAC. When exposed 

to elevated temperatures, the expansion of aggregates and contraction of AAC matrix take 

place. The microcracks are then formed inside AAC due to the reversible expansion and 

irreversible shrinkage after heating, which have a detrimental impact on residual strength of 

AAC [26]. However, it was found that the mechanical performance of AAF at elevated 

temperatures was unstable. As the temperature rises, viscous sintering takes place, which 

denotes the collapse of nano-pores and development of interparticle bonding, resulting in the 

self-healing of micro-cracks and densification of concrete matrix [392]. Moreover, further 
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chemical reaction can enhance the strength of AAF, whereas the thermal incompatibility 

induced damage has a reverse effect [23]. 

 

Figure 2.34. Damage mechanisms of AAC at elevated temperatures: (a) thermal 

incompatibility, (b) pore pressure build-up, and (c) phase transformation (adapted from [22, 

26, 384, 393]). 
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The pore pressure effect is associated with the transportation of water/moisture and 

accumulation of pore pressure as mentioned above for PCC, which is considered as one of the 

main contributors to the deterioration of AAC during exposure to high temperatures. The 

trapped moisture and vapour can result in cracking and damage to the pore structure. For 

different alkali-activated systems, AAF concrete performs better than AAMK at elevated 

temperatures, due to more small pores in AAF concrete with an inter-connected network that 

can hinder the vapour pressure build-up in pores [27]. 

The phase transformation is related to the effects of different raw materials, alkali cations 

and calcium content and can form a combined effect together with pore pressure build-up on 

AAC at elevated temperatures [17, 23, 394]. Figure 2.34 displays a comparison of the damage 

evolution in single and blend precursor systems (i.e. AAF and AAFS) at elevated temperatures. 

At ambient temperature, AAF has a porous structure with some unreacted fly ash particles and 

free water. At 100 ºC, the pore pressure induced by water evaporation can be released through 

the porous network in AAF without formation of major cracks. Meanwhile, further 

geopolymerisation takes place, leading to strength gain as the newly formed gels can fill the 

cracks and voids left by free water. After exposure to 100-600 ºC, AAF remains stable with no 

significant loss of structural integrity and change of crystalline phases. The shrinkage of AAF 

matrix and viscous sintering can be detected at 600 ºC and new crystalline phases are formed 

after 800 ºC. The re-crystallisation process can weaken the gel skeleton with a less compact 

texture, while the sintering reaction can continue to compact and strengthen the AAF matrix by 

filling the pores and cracks [22]. Thus, there is a combined effect of both strength gain and loss 

on AAF, which may retain the residual strength of AAF when exposed to 800 ºC. 

Regarding the blend precursor systems, AAFS exhibits a relatively more compact structure 

with less unreacted particles and residual water before high temperature exposure, which can 

be ascribed to the incorporation of slag that accelerates the reaction process, resulting in a 

denser matrix compared to AAF [22]. Some microcracks can be observed in AAFS matrix at 

this stage. When exposed to 100 ºC, the initiation of new cracks and propagation of existing 

cracks can happen in AAFS due to the pore pressure trapped in a compact structure with poor 

internal connectivity. Meanwhile, AAFS experiences further geopolymerisation that can 

strengthen the internal structure by filling the pores and voids. At 600 ºC, gel decomposition 

occurs in AAFS, resulting from slag that forms hybrid N-C-A-S-H gel with lower thermal 
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stability compared to N-A-S-H gel in AAF [22]. The decomposition of hybrid gels can lead to 

the initiation of small cracks, and thus significantly deteriorate the strength of AAFS at this 

stage. Similar to AAF, the formation of new crystalline phases and viscous sintering are the 

dominant factors that affect the residual strength of AAFS at 800 ºC. Nevertheless, AAFS 

suffers more from the decomposition of matrix leaving larger cracks and voids compared to 

AAF, and thus a greater strength loss. In general, the addition of slag plays a key role in the 

damage mechanism of AAFS, which has a more complex and unstable gel structure compared 

to the single precursor system, i.e. AAF. 

2.5.8 Damage mitigation approaches 

Tailoring precursors 

As discussed above, the mechanical properties of AAC at elevated temperatures can be affected 

by different factors, among which Si/Al is one of the critical factors. Table 2.2 summarises the 

relevant studies on the effect of Si/Al ratio on mechanical properties of AAC. It is indicated 

that a higher Si/Al ratio can lead to a better residual strength of AAC after exposure to high 

temperatures.  

Table 2.2. Effect of Si/Al ratio on mechanical properties of AAC at elevated temperatures. 

 

As the Si/Al ratio rises from 1.2 to 8.8, the residual strength of AAC is improved from 18% 

to around 400% of the original strength at 1000 ºC [61]. This can be mainly explained by the 

fact that the higher Si content can result in higher conversion of fly ash particles into amorphous 

aluminosilicate alkali-activated gel [53, 306]. Furthermore, the increase of Si/Al ratio can lead 

Ref. Precursor Si/Al ratio Main findings 

[306] Fly ash 1.7-2.2 
The residual strength of samples with Si/Al ratio of 2.2 is the 

highest. 

[61] Fly ash 1.2-8.8 

The residual strength of AAC with Si/Al ratio of 1.2 is 18% at 

1000 ºC, whereas it is 400% for AAC with Si/Al ratio of 8.8 at 

1000 ºC.  

[321] Metakaolin 1.03-2.00 

The highest strength (6 MPa which is about 9% of the original 

strength) occurs when Si/Al ratio is 1.75, whereas it is 0% for 

samples with Si/Al ratio of 1.03. 

[363] Fly ash <2 
The use of low Si/Al ratio (<2) can result in a 132% increase of 

compressive strength after exposure of 1000 ºC.  

[396] Fly ash 1-3 
The AAF gel with Si/Al ratio of 2 exhibits superior performance 

compared to those with lower Si/Al ratio. 
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to the rise in initial temperature of gel crystallisation [395]. A range of Si/Al ratio of 1-3 was 

generally studied in literature. It was found that higher Si/Al ratio resulted in superior 

performance of AAF and AAMK after exposure to high temperatures [53, 61, 306, 321, 363, 

396], implying the importance of Si/Al ratio to AAC mix design. 

Incorporating additives 

To improve the mechanical behaviour of AAC at elevated temperatures, some additives such 

as quartz and silica fume are used to maintain the dimensional stability of AAC and increase 

the Si/Al ratio [53, 306, 312]. The increase of quartz powder dosage (up to 30%) can lead to a 

higher degree of reactivity and sintering in AAF at 1000 ºC and thus enhance the residual 

strength of the matrix [312]. The incorporation of fine filler particles such as silica powder and 

ceramic powder into AAC can reduce the thermal shrinkage and thus improve the residual 

strength after exposed to high temperatures [53, 312]. AAMK containing fine ceramic powders 

can achieve a higher compressive strength at 1000 ºC, as the addition of fine particles can 

improve the pore size and shape distribution while filling the gap between large aggregates [53, 

397]. As ceramic powder exhibits good volume stability, an effective barrier can be formed 

inside the matrix to mitigate the thermal stress induced damage [397]. The thermal shrinkage 

can be effectively improved, and thus the damage mechanism associated with thermal 

incompatibility can be tackled. However, the additives do not always benefit AAC. For 

instance, silica fume was found to have a negative impact on AAC at elevated temperatures in 

some cases [291, 398, 399]. AAMK containing silica fume has a lower residual strength 

compared to the plain specimens after exposure to 800 ºC, while reversed results can be 

observed at ambient temperature [291]. This can be ascribed to the denser internal structure of 

AAMK after adding silica fume, which impedes the escape of vapour pressure and thus 

deteriorate the pore pressure induced damage [3]. Hence, it is crucial to select the appropriate 

additives and precursor type for mitigating the damage of AAC at elevated temperatures. 

Adopting appropriate aggregates 

Aggregate is an essential phase for AAC. The commonly used aggregates can be divided into 

two categories: conventional aggregates and recycled aggregates [53]. The conventional 

aggregates include carbonate aggregates (specific heat between 150 ºC and 400 ºC) and 
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siliceous aggregates (specific heat at about 500 ºC) [288, 400, 401]. Carbonate aggregates have 

a 10 times greater heat absorption capacity than siliceous aggregates after exposure to 600 ºC, 

which can be attributed to the emission of carbon dioxide from the decomposition of carbonate 

at high temperatures [53].The effects of different types of aggregates on the thermal behaviour 

of AAC discussed previously suggest that the use of some appropriate aggregates (e.g., 

expanded clay aggregates) can mitigate the thermal incompatibility between different phases in 

AAC and thus the damage at elevated temperatures. 

Recycled aggregates such as recycled ceramic aggregates, crumb rubber and glass waste 

have been increasingly adopted to tackle the environmental issue of industrial wastes. The use 

of recycled ceramic aggregates can negatively affect the flowability of concrete at ambient 

temperature, whereas they have a negligible effect on the compressive strength of concrete with 

a slight improvement after exposed to 800 ºC [402]. The addition of crumb rubber can reduce 

the residual strength of concrete by around 30% and 25% compared to the plain concrete at 

room temperature and 600 ºC, respectively [403]. Glass wastes have high fire-resistant capacity 

and thus can benefit concrete after exposed to 600 ºC as the molten glass can fill the microcracks 

in the matrix induced by pore pressure and thermal gradient to prevent crack growth [404]. The 

use of recycled aggregates can generally enhance the fire-resistance of concrete, while the type 

and dosage of them need to be considered to maintain the fresh properties of AAC at room 

temperature and mechanical performance at elevated temperatures. This can be attributed to the 

higher porosity of recycled aggregates compared to natural aggregates, which allows for the 

release of pore pressure and thereby reduces high-temperature induced damage in AAC. 

Adding fibres 

The addition of fibres is another important approach to mitigating damage in concrete at 

elevated temperatures. As seen in Table 2.6, the existing studies on the behaviour of fibre 

reinforced AAC are very limited. It was reported that the incorporation of fibres can extend the 

plastic deformation of concrete and thus influence the failure patterns [3, 53]. The commonly 

used fibres include steel, synthetic (e.g.,  polypropylene (PP), polyvinyl alcohol (PVA) and 

polyethylene (PE)), glass, basalt, carbon and natural fibres, the physical and thermal properties 

of which are summarised in Table 2.3 [3, 53]. Here, special focus is placed on steel fibre, PP 

fibre and hybrid fibre composed of them. 
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Table 2.3. Physical and thermal properties of fibres for AAC [277, 371, 405-414]. 

 

Steel fibres are widely adopted for PCC because of their excellent mechanical performance, 

flexibility and availability [415]. Steel fibre reinforced concrete (SFRC) can achieve higher 

tensile strength, toughness, strain and energy absorption capacity and better impact resistance 

compared to plain concrete [3, 416, 417]. Due to their high melting point and strong thermal 

stability, the residual strength of fibre-reinforced concrete can be retained at a certain level [3, 

53, 359]. The studies on steel fibre-reinforced concrete containing different supplementary 

cementitious materials are summarised in Table 2.4. At ambient temperature, the increase of 

steel fibre content from 1% to 3% can result in the enhancement of compressive strength of 

concrete [418, 419]. After exposed to high temperatures, the effect of steel fibre in concrete 

varies with different aspects such as fibre dosage and temperature level [3, 25, 53]. There exists 

a positive relation between compressive strength of concrete at 400 ºC and steel fibre dosage 

(from 0% to 1%), whereas an opposite impact appears after exposed to 600 ºC [298, 420]. 

However, concrete reinforced with 1-2% steel fibres can improve the residual compressive 

strength of concrete compared to plain concrete at up to 1000 ºC, indicating that temperature-

induced damage can be effectively mitigated through the incorporation of steel fibres [53, 380, 

421]. 

Moreover, the incorporation of steel fibres was found to effectively improve the residual 

tensile strength of concrete due to their high tensile strength. At ambient temperature, SFRC 

has better tensile strength and strain capacity compared to plain concrete, which can be 

Fibre type 
Tensile strength 

(MPa) 

Young’s 

modulus (GPa) 

Elongation ratio 

(%) 

Specific 

gravity 

Melting point 

(ºC) 

Steel 200-2760 200 0.5-35 7.8 1370 

PP 552-690 3.45 ~25 0.9 170 

PVA 1000-1600 22-42 6-7 1.3 220-240 

PE ~690 0.14-0.41 ~10 0.95 141.4 

Glass 1034-3792 72 1.5-3.5 2.5-2.7 860 

Basalt 872-2800 40-89 3.15 2.8 1500-1700 

Carbon 1550-6960 159-965 2.5-3.2 1.8 Over 3000 

Nylon 750-1000 2.5-5.17 15-30 1.14 231-252 

Jute 400-800 13-26.5 1.8 1.3-1.45 - 
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attributed to the fibre bridging effect [288, 422]. The tensile strength reduction of SFRC is 

slower than that of plain concrete from ambient temperature to around 400 ºC due to the high 

thermal conductivity of steel fibres that can transmit heat through concrete from the heated side 

to the cold side more homogeneously in SFRC. Thus, the thermal stress-induced damage can 

be mitigated with a more uniform temperature profile at the early stage of heating [421]. 

However, the strength loss can be increased more rapidly when the temperature exceeds 400 ºC 

until 800 ºC is reached [417]. Compared to plain concrete, SFRC has around 48% and 41% 

more residual strength after exposed to 400 ºC and 600 ºC, respectively [3, 417]. 

Table 2.4. Behaviour of steel fibre reinforced concrete (SFRC) at elevated temperatures. 

Ref. 
Replacement 

material 

Dimension of fibre Volume 

fraction 

(%) 

Main findings Length 

(mm) 

Diameter 

(µm) 

[424] 
Fly ash, silica 

fume 
25 417 0, 1 

Heating up to 800 ºC, SFRC has 55% more 

residual strength compared to the plain 

one. 

[300] 
Fly ash, silica 

fume 
25 417 0, 1 

After exposed to 1100 ºC, SFRC has a 76% 

increase of residual strength. 

[294] Fly ash 60 900 0.5, 0.75 

SFRGC showed higher residual strength 

than PCC. The original temperature is 

retained until 400 ºC. 

[288] Fly ash 25 500 0, 1, 3 

Steel fibres improved the tensile strength 

via crack-bridging at elevated 

temperatures. 

[409] Fly ash 13 160 0, 0.5 
Steel fibres had almost no effect on the 

permeability of concrete at 20-300 ºC. 

[425] 
Fly ash, silica 

fume 
30 600 0, 0.5 

Steel fibres improved the residual strength 

up to 300 ºC but spalling could not be 

prevented. 

[283] Fly ash, slag 38 114 0, 0.5 

The addition of steel fibres did not 

obviously affect the compressive strength 

at 800 ºC. 

[420] 
Fly ash, slag, 

silica fume 
60 750 0-1 

The residual tensile strength of SFRC 

(optimal 0.75%) is much greater than that 

of PFRC. 

[419] 
Slag, silica 

fume 
13.2 220 0, 1, 2, 3 

A higher content (3%) of steel fibres could 

not enhance the residual compressive 

strength. 

[281] Slag 32.6 950 0-2 

The addition of slag and steel fibres 

(optimal 1%) improved splitting strength 

of concrete. 

[291] 
Metakaolin, 

silica fume 
25 417 0, 1 

The addition of steel fibres greatly 

improved the toughness at elevated 

temperatures. 
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Regarding the effect of steel fibre content (wt%) on tensile behaviour of concrete at elevated 

temperatures, for SFRC containing 10% slag, the optimal fibre content was found to be 3% 

with the best residual tensile strength compared to those with 1-2% of steel fibre after exposure 

to 800 ºC while 1% of steel fibre addition showed better performance in residual tensile strength 

at 400 ºC for concrete with 40% slag [417]. Regarding the application of steel fibres in AAC at 

elevated temperatures, there are only few preliminary studies on the physical and mechanical 

performance of AAF. AAF with 1.5% steel fibre dosage exhibited a 15.4% and 13.07% strength 

gain compared to plain AAF at ambient temperature and after exposure to 800 ºC, respectively 

[423]. However, the research on the effect of steel fibres on different types of AAC in terms of 

phase stability, pore structure and microstructural evolution at high temperatures is lacking. 

Synthetic fibres are mainly produced from raw industrial materials or recycled from plastic 

wastes. The addition of recycled polymer fibres in concrete can provide a sustainable and 

feasible solution for the consumption of disposed plastics which can cause environmental 

pollution [415]. The most commonly used synthetic fibres include PP, PVA, PE and PET fibres. 

Among them, PP is commonly used to reduce the high temperature-induced damage and 

prevent spalling [3, 267]. Some relevant studies on the behaviour of PP fibre reinforced concrete 

(PFRC) are briefly summarised in Table 2.5. 

Unlike steel fibres that have a strong thermal stability, PP fibres have a relatively low melting 

point of around 170 ºC. Thus, the mechanism of using PP fibres to improve the thermal 

performance of concrete is associated with the melting of fibres in concrete matrix. Figure 2.35 

schematically illustrates the microstructural evolution of PFRC at elevated temperatures. It was 

reported that the residual strength of concrete reinforced with 0.17% PP fibres went up first 

until 350 ºC, followed by a slight drop between 350 ºC and 450 ºC and a significant decline 

after 450 ºC [430]. This is because at the early stage of heating, the matrix might not be 

influenced by the addition of PP fibre while the further hydration of cement pastes or 

geopolymerisation in AAC with the increase of temperature can lead to strength gain for 

concrete [420, 431]. Compared to plain concrete, the incorporation of PP fibres was found to 

improve the residual compressive strength by up to 13% when the temperature was increased 

from 400 ºC to 600 ºC [421]. The enhancement of residual strength is because of the coefficient 

of thermal expansion of PP fibres, which is around 10 times greater than that of other phases in 

concrete. This leads to the initiation of multiple microcracks that can improve the 
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interconnection between pores and thus provide the pathways for vapour pressure to escape and 

prevent pore pressure accumulation [4, 52, 385]. The length of PP fibres can also affect the 

compressive strength of PFRC. When the fibre length increased from 6 mm to 12 mm, the 

residual strength can be slightly improved by about 4% after exposure to 600 ºC [421]. PP fibres  

should be large enough to have a better dispersion in concrete [285]. 

Table 2.5. Behaviour of PP fibre reinforced concrete (PFRC) at elevated temperatures. 

 

Besides the compressive strength, the addition of PP fibres can enhance the residual splitting 

tensile strength of concrete [432-435]. Compared to plain concrete, PFRC has around 27% more 

retained tensile splitting strength at elevated temperatures [434]. Nevertheless, the effect of PP 

fibres on the residual tensile strength is dependent on the matrix proportions, fibre content and 

fibre length. PP fibres with 12 mm length perform better on mitigating the tensile loss in PFRC 

compared to those with 6 mm length [421, 434]. 

To combine the advantages of different types of fibres, hybrid fibre reinforced concrete has 

been increasingly studied. For instance, steel fibres are used to restrict the initiation and 

propagation of microcracks together with PP fibres that can improve the internal connectivity 

Ref. 
Replacement 

material 

Dimension of fibre Volume 

fraction 

(%) 

Main findings Length 

(mm) 

Diameter 

(µm) 

[424] 
Fly ash, 

silica fume 
19 53 0, 0.22 

After 800 ºC, PFRC had a 4.4% strength 

reduction compared to the control sample. 

[300] 
Fly ash, 

silica fume 
19 53 0, 0.22 

Heating up to 1100 ºC, the addition of PP fibres 

helped with the strength retention. 

[425] 
Fly ash, 

silica fume 
30 - 0, 0.05 

The spalling resistance of HPC was increased 

with the addition of PP fibre, whereas the 

residual strength slightly suffered from that. 

[426] 
Fly ash, 

silica fume 
3-30 40 

0, 0.05, 

0.1, 0.15 

The effectiveness of PP fibre was dependent on 

the melting point, fibre length and volume. 

[427] Fly ash 19 70 0.05, 0.1 
When the volume fraction of PP fibre was more 

than 0.05%, the spalling was resisted. 

[428] Fly ash 19 - 
0, 0.05, 

0.1, 0.15 

The optimal volume fraction of PP fibre was 

found to be 0.05%. 

[283] Fly ash, slag 20 - 0, 0.11 

The PP fibre could reduce the residual tensile 

strength of concrete without an obvious effect on 

compressive strength. 

[429] Fly ash, slag 20  0, 0.11 
Both specimens with and without PP fibres 

experienced strength degradation. 

[281] Slag 19 - 0-0.133  The optimal dosage of PP fibre was 1%. 

[420] 
Fly ash, slag, 

silica fume 
65 850 0-0.2 

The residual strength was around 20% for 

specimens with PP fibres after exposed to 900 ºC. 
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of concrete, and thus can enhance the thermal behaviour of concrete at elevated temperatures. 

The residual compressive strength of hybrid steel and PP fibre reinforced concrete was higher 

than that of plain concrete at temperatures between 20 ºC and 300 ºC [279]. Concrete reinforced 

with 1% steel and 0.22% PP fibres showed a relatively greater compressive strength retention 

than PFRC while worse than SFRC when exposed to 800 ºC [291], as PP fibres have a much 

lower melting point than steel fibres and lose strength quickly when the melting point of around 

170 ºC is achieved while steel fibres have a better thermal stability to function properly when 

the temperature continues to rise [3]. A hybrid of high tensile strength fibres (e.g., steel fibres 

and carbon fibres) and low melting point fibres (e.g., PP and PVA fibres) can maximise the 

damage mitigation effect in concrete at high temperatures, where hybrid steel and PP fibre 

reinforced concrete exhibits the most superior mechanical behaviour [3]. In regard to AAC at 

elevated temperatures, a combination of glass and basalt fibres was employed to mitigate the 

compressive and flexural strength losses of AAF at elevated temperatures, where glass fibres 

provided superior bonding and bridging effect due to less agglomerated distribution [436].  

 

Figure 2.35. Schematic illustration of damage evolution in Portland cement concrete (PCC) 

at elevated temperatures (adapted from [384]). 

2.6 Summary 

In this chapter, the multiscale microstructural characteristics and micromechanical properties 

of AAC at ambient temperature is systematically reviewed. Meanwhile, the behaviour of 

different types of AAC at elevated temperatures is discussed with respect to microstructural 



2.6 Summary  83 

 

 

features as well as thermal and mechanical properties. Afterwards, the proposed damage 

mechanisms of PCC and AAC are summarised with their corresponding damage mitigation 

approaches. Up to now, the high-temperature performance of AAF, AAS and AAMK has been 

extensively investigated, whereas the fundamental understanding of the behaviour of AAFS at 

elevated temperatures is still lacking, particularly from a multiscale point of view. The main 

conclusions can be drawn below: 

• Regarding single precursor systems such as AAF, AAS and AAMK, the reaction process 

consists of different steps, including dissolution of precursors, rearrangement, gelation and 

solidification to form N-A-S-H gels in low-calcium AAF and C-A-S-H gels in high-calcium 

AAS. As for blend precursor system, the hybrid N-C-A-S-H gels are formed in AAFS due 

to the local chemical interactions between different precursors during alkaline activations, 

leading to the heterogeneity of composition distribution in the microstructure. 

• The elastics modulus of different reaction products in AAC follows an order of N-A-S-H 

gels (11-20 GPa) < N-C-A-S-H gels (19-23 GPa) < C-A-S-H gels (35-47 GPa), which 

strongly affects the macroscopic mechanical strengths of AAF, AAS and AAFS. 

• The damage mechanisms of AAC at elevated temperatures can be summarised in three 

aspects: thermal-induced damage due to phase incompatibility between matrix and 

aggregates, pore pressure-induced damage due to vapour pressure build-up, and phase 

transformation during the heating process. 

• AAFS with lower slag content (10-20% by weight) contains the similar crystalline phases 

as found in AAF, including quartz and mullite, while the C-S-H phase exists in AAFS when 

the slag content reaches 40-50%. The slag content has a significant influence on the 

microstructural characteristics and macroscopic properties of AAFS at elevated 

temperatures. 

The most urgent challenges and limitations are summarised as follows: 

• The existing studies on microstructural characteristics of AAFS are mainly focused on 

ambient temperature, while the damage evolution in AAFS at elevated temperatures has not 

been explored from a multiscale point of view. In particular, the solid gel particles in 
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nanostructure of AAFS at elevated temperatures has not been thoroughly studied to 

understand the high-temperature performance of this material. 

• The investigation on microstructural evolution and visualisation of internal morphological 

changes in AAFS after 20-800 ºC exposure has never been vividly visualised in 3D views.  

• The micromechanical properties regarding elastic modulus and hardness of different solid 

phases in AAFS at elevated temperatures have not been explored. 

• The evolution of microstructure in terms of phase assemblage and pore structure of AAFS 

subjected to high temperatures and its macroscopic properties including thermal and 

mechanical performance have not been linked to each other to explore the underlying 

damage mechanisms at different temperature levels. 
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Table 2.6. Summary of raw materials, curing conditions, heating and cooling methods, characterisation and main findings collected from studies on AAC at 

elevated temperatures. 

Ref. Precusor 
Alkaline 

activator 
Additive Fibre 

Curing 

method 
Heating method 

Cooling 

method 
Characterisation Main findings 

[26] Fly ash SH (8 and 

14 M) + 

SS 

- -  24 h at 25, 40 

and 80 °C 

oven curing, 

then ambient 

curing 

Exposed to 100-

1000 °C at 5 

°C/min for 2 h 

Naturally 

cool down 

Compressive strength, 

mass loss, SEM, TGA 

AAC surface had more deterioration due to 

temperature gradient. The strength loss after 

600 °C can be ascribed to dehydration of 

reaction gels. 

[30] Fly ash SH (10 M) 

+ SS 

- - 24 h at 60 °C 

oven curing, 

then ambient 

curing 

Exposed to 100-

1200 °C for 2 h 

Naturally 

cool down 

Compressive and bond 

strengths, mass loss, 

TGA/DTG, XRD, 

SEM-EDS 

The decrease of Si/Al ratio led to AAC 

strength loss. Class C fly ash caused denser 

microstructure and great mechanical 

performance after exposed to 800 °C. 

[437] Fly ash SH + SS - - 24 h at 60 °C 

oven curing, 

then ambient 

curing  

Exposed to up to 

1200 °C in 5 mins 

and hold for 2 h  

Naturally 

cool down 

Compressive and bond 

strengths, mass loss, 

TGA/DTG, XRD, 

SEM 

No spalling occurred at 1200 °C. AAC 

exhibited better bond strength at 1200 °C 

compared to PCC. As the porous structure in 

AAC provided the channels for moisture to 

escape, with more stable crystalline phase. 

[31] Fly ash SH (10 M) 

+ SS 

- - 24 h at 75 °C 

oven curing, 

then ambient 

curing 

Exposed to up to 

200-800 °C at 5 

°C/min and hold 

for 2 h 

Naturally 

cool down 

Compressive strength, 

mass loss, SEM, FTIR, 

XRD, TGA 

The crystalline network in AAC was 

sensitive to the temperature increment. It 

kept stable at 600 °C, while the formation of 

new crystalline phases at 600-800 °C 

resulted in strength gain. 

[354] Fly ash SH + SS Bamboo 

ash (5-

100%) 

- - Exposed to 200-

800 °C for 1 h 

Air and 

water 

cooling 

Compressive strength, 

mass loss,  

UPV 

AAC with 100% fly ash showed 62% 

strength loss when exposed to 400-800 °C 
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[360] Fly ash SH (8 M) 

+ SS 

- PVA and 

steel 

(both 

0.75%) 

24 h at 60 °C 

heat curing, 

then ambient 

curing 

Exposed to 1000 

°C at 5 °C/min for 

2 h 

Air and 

water 

cooling 

Tensile and 

compressive strengths 

Water cooling can cause more obvious 

strength loss. Compared to PVA, the steel 

fibre reinforcement for AAC was more 

obvious. 

[361] Fly ash SH + SS - - 24 h at 20 °C 

curing then 

ambient 

curing 

Exposed to 100-

800 °C at 2 

°C/min for 1 h 

Naturally 

cool down 

Compressive strength, 

mass loss, SEM, TGA 

The compressive strength increased up to 

200 °C, due to secondary geopolymerisation 

between fly ash and alkaline activator but 

dropped after 200 °C due to dehydroxylation 

of N-A-S-H gel. 

[353] Fly ash KOH (8 

M) + 

K2SiO3 

- Carbon 

and 

basalt 

(0.5-1%) 

24 h at 70 °C 

curing then 

ambient 

curing 

Exposed to 200-

800 °C at 5 

°C/min 

- Compressive strength, 

mass loss, MIP, SEM 

1% is the optimal dosage of carbon and 

basalt fibres for AAC. AAC containing 

carbon fibres showed less cracks at 600 °C 

and more compact microstructure than that 

with basalt fibres. 

[438] Fly ash SH + SS Micro 

silica (0-

10%) 

granular 

filler 

- 24 h at 80 °C 

curing then 

ambient 

curing 

Exposed to 200-

800 °C at 10 

°C/min for 2 h 

- Compressive strength, 

thermal expansion and 

conductivity, XRD, 

TGA, FTIR, MAS-

NMR analysis 

5% is the optimal dosage of micro silica for 

fly ash -based AAC. Thermal conductivity 

of AAC decreased with the rise of 

temperature. Normal AAC exhibited around 

2.5% thermal expansion. 

[358] Fly ash SH (14 M) 

+ SS 

- Rubber 

(10% by 

weight) 

48 h at 90 °C 

curing then 

ambient 

curing 

Exposed to 200-

800 °C at 4.4 

°C/min for 2 h 

Naturally 

cool down 

Compressive strength 

mass loss, XRD, 

TGA/DTG, FTIR 

The compressive strength went up as the 

temperature increased from 600 to 800 °C. 

N-A-S-H was formed when increasing the 

temperature. Zeolite turned into nepheline 

and albite during the recrystallisation 

process at 600-800 °C. 

[314] Fly ash SH (8 M) 

+ SS 

Nano silica - 24 h at 70 °C 

curing then 

Exposed to 200, 

400, 600 and 800 

°C 

Naturally 

cool down 

Mass loss, volume 

change, thermal 

shrinkage, XRD 

Replacement of 10% of fly ash with fine 

silica can enhance thermal resistance of fly 

ash-based AAC. 
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KOH (8 

M) + 

K2SiO3 

ambient 

curing 

[439] Fly ash SH + SS - Steel,  

PP 

Ambient 

temperature 

curing 

Exposed to 100, 

200 and 300 °C 

- Compressive, splitting 

tensile, flexural 

strengths, flexural 

toughness  

Fly ash-based AAC exhibited softening 

behaviour when subjected to elevated 

temperatures. The addition of fibres can 

improve the tensile strength and flexural 

toughness of AAC. 

[359] Fly ash SH (10 M) 

+ SS 

- - 24 h at 100 °C 

curing then 

ambient 

curing 

Exposed to 200-

800 °C at 5.5 

°C/min for 1 h 

Naturally 

cool down 

Crack width, ductility, 

flexural behaviour 

The load carrying capacity of AAC 

degraded rapidly when exposed to more than 

600 °C. 

[356] Fly ash SH + SS - - 48 h at 50-100 

°C curing then 

ambient 

curing 

Exposed to 200-

800 °C at 7 

°C/min 

Naturally 

cool down 

Compressive and 

flexural strengths, mass 

loss, UPV, SEM 

Fly ash-based AAC had better compressive 

and flexural performance than that of PCC. 

After exposure to 800 °C, the compressive 

strength of AAC was improved from 7.63 

MPa to 40.7 MPa. 

[440] Fly ash SH (12 M) 

+ SS 

Light-

weight fly 

ash 

aggregate 

- - Exposed to 100-

800 °C at 5 

°C/min and held 

for 2 h 

- Elastic modulus,  

Compressive strength 

 

There was a drop in strength when exposed 

to up to 200 °C, followed by a slight 

increase until 400 °C due to further 

geopolymerisation, and no strength loss 

occurred at 800 °C due to disintegration of 

reaction gels and phase transformation. 

[312] Fly ash SH + SS Quartz 

powder (0-

30%) 

- 24 h at 105 °C 

curing then 

ambient 

curing 

Exposed to 400-

1000 °C at 6.67 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive strength, 

workability, mass loss,  

XRD, SEM 

The inclusion of quartz powder in fly ash 

and slag-based AAC improve thermal 

resistance due to the increase of Si/Al ratio. 
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[294] Fly ash SH (8 M) 

+ SS 

KOH (8 

M) + 

K2SiO3 

- Steel 

(0.5% 

and 

0.75%) 

24 h at 60 °C 

steam curing 

then 105 °C 

for 24 h  

Exposed to 200-

800 °C at 8 

°C/min and held 

for 2 h 

Naturally 

cool down 

Elastic modulus, 

tensile and 

compressive strengths  

 

Steel fibre reinforced AAC retained the 

compressive strength until 400 °C. AAC 

made from K-based activator had better 

tensile strength at elevated temperatures 

compared to that made from Na-based one. 

[377] Fly ash SH + SS - - 72 h at 80 °C 

curing then 

ambient 

curing 

Exposed to 200-

1000 °C at 4.5 

°C/min 

Naturally 

cool down 

Elastic modulus, 

Compressive strength, 

SEM 

AAC retained around 60% of strength and 

stiffness when exposed to over 400 °C while 

fly ash particles was observed to collapse to 

form a homogeneous and compact structure 

when exceeding 600 °C. 

[315] Fly ash SH (10-16 

M) + SS 

- - 24 h at 105 °C 

curing then 

ambient 

curing 

Exposed to 200-

800 °C at 1 

°C/min 

- Compressive strength, 

thermal expansion, 

physical appearance  

The strength of AAC reduced when exposed 

to 400 °C but went up at 600-800 °C due to 

further geopolymerisation.  

[362] Fly ash SH (14 M) 

+ SS 

- - 24 h at 60 °C 

curing  

Exposed to 400-

1000 °C at 

ISO834 for 2.5 h 

Naturally 

cool down 

Compressive strength, 

mass loss, spalling 

No spalling occurred in AAC. After exposed 

to 400 °C, the residual strength of AAC kept 

at around 93-107%. 

[28] Fly ash SH + SS - Cotton 

fibres 

- Exposed to 200-

1000 °C at 5 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive and 

flexural strengths, 

fracture toughness, 

TGA, SEM 

The addition of cotton fibres can help inhibit 

crack development when AAC is subjected 

to elevated temperatures, owing to 

additional porosity and small channels.  

[441] Fly ash SH + SS - - 72 h at 80 °C 

curing then 

ambient 

curing 

4.5 °C/min - Compressive strength, 

thermal expansion, 

SEM 

AAC experienced shrinkage induced by loss 

of moisture and densification of the matrix 

structure due to sintering effect. 

[24] Fly ash SH (8 M) 

+ SS 

- - 18 h at 60 °C 

curing then 

Exposed to 200-

550 °C at 5 

Naturally 

cool down 

Elastic modulus,  As the temperature increased to 200-300 °C, 

the compressive strength of AAC increased 

due to further geopolymerisation. 
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ambient 

curing 

°C/min and held 

for 1 h 

compressive strength, 

thermal strain, creep, 

TGA 

[305] Fly ash SH + SS Light-

weight 

aggregate 

- 24 h at 70 °C 

curing then 

ambient 

curing 

Exposed to 400-

800 °C at 4.4 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive strength,  

thermal expansion, 

TGA/DTG, XRD, 

SEM-EDS 

The strength of AAC dropped after exposed 

to 400-600 °C due to dehydration and 

dehydroxylation. After exposed to 800 °C, 

the damage occurred due to sintering effect. 

[350] Fly ash SH + SS Light-

weight 

aggregate 

- 24 h at 70 °C 

curing then 

ambient 

curing 

Exposed to 100-

800 °C at 4.4 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive strength, 

thermal expansion, 

SEM 

 

The residual strength of lightweight AAC 

increased when exposed to 100-300 °C, 

followed by a strength loss due to vapour 

effects and difference in thermal expansion 

between different phases in AAC. 

[306] Fly ash SH + SS - - 24 h at 85 °C 

curing then 

ambient 

curing 

Exposed to 300-

900 °C at 8.5 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive strength, 

mass loss, shrinkage, 

water sorptivity, SEM-

EDS, XRD  

 

A rapid increase in volumetric strain of 

AAC happened when subjected to more than 

600 °C. The sintering effect can be detected 

at elevated temperatures. The thermal 

performance of AAC with higher Si/Al ratio 

was better than that with lower Si/Al ratio. 

[339] Fly ash SH + SS - - 18 h at60 °C 

curing then 

ambient 

curing 

Exposed to 100-

680 °C at 5 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive strength, 

thermal strain, 

TGA 

A glass transition point was detected in 

AAC with the increase of temperature to 560 

°C. AAC exhibited brittle failure at any 

temperature level. 

[27] Fly ash SH (7 M) 

+ SS 

- - 24 h at 80 °C 

curing then 

ambient 

curing 

Exposed to up to 

800 °C at 4.4 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive strength,  

Thermal expansion, 

TGA/DTG 

The residual strength of AAC at elevated 

temperatures was dependent on sample size. 

The thermal incompatibility was the 

dominant effect on the strength loss of AAC. 

[23] Fly ash SH (10 M) 

+ SS 

- - 24-96 h at 55-

80 °C curing 

Exposed to up to 

800 °C at 4.4 

Naturally 

cool down 

Compressive strength, 

mass loss, TGA 

Two opposing processes can affect the 

strength behaviour of AAC: (1) sintering 
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then ambient 

curing 

°C/min and held 

for 2 h 

effect to enhance strength, and (2) thermal 

incompatibility that deteriorates the matrix. 

[348] Fly ash SH (7 M) 

+ SS 

- - 24 h at 80 °C 

curing then 

ambient 

curing 

Exposed to up to 

800 °C at 5 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive strength, 

thermal expansion, 

TGA/DTG 

 

Thermal incompatibility due to matrix 

shrinkage and aggregate expansion at 

elevated temperatures is the main cause for 

the strength loss of AAC.  

[346] Fly ash SH + SS - - 24 h at 70 °C 

curing then 

ambient 

curing 

Exposed to 100-

1000 °C at 5 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive strength, 

mass loss, thermal 

expansion, SEM, XRD 

Sintering can improve the interparticle 

bonding to enhance the residual strength of 

fly ash-based AAC at elevated temperatures 

while the strength loss was due to 

dehydration.  

[391] Fly ash SH (10 M) 

+SS 

- - Water curing Fire heating to 

500 and 1000 °C 

for 2 h 

Naturally 

cool down 

Compressive strength, 

Mass loss, FTIR,  

SEM 

AAF exhibited higher fire resistance 

compared to PCC. Further 

geopolymerisation could lead to a denser 

microstructure in AAF. 

[436] Fly ash  - Hybrid 

glass and 

basalt 

fibre 

24 h at 80 °C 

curing then 

ambient 

curing 

Exposed to 300-

800 °C at 5 

°C/min and held 

for 2 h 

Naturally 

cool down 

Flowability,  

compressive and 

flexural strengths, 

mass loss, SEM 

Hybrid glass and basalt fibres could mitigate 

strength loss of AAF after high temperature 

exposure more efficiently compared to their 

single use. Glass fibres can provide bonding 

effect.  

[442] Fly ash SH + SS - - 24 h at 85 °C 

curing then 23 

°C water 

curing for 27 d 

Exposed to 200-

1000 °C at 4 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive strength 

Thermal diffusivity 

TGA, FTIR, 

XRD, SEM 

 

Further geopolymerisation with an increase 

of N-A-S-H gel was detected after AAF was 

exposed to 200 °C. A phase transformation 

from amorphous to new crystalline phases 

took place after exposure to 600 °C. 

[443] Fly ash SH + SS - - 24 h at 60 °C 

curing then 25 

Exposed to fire at 

500 and 1200 °C 

and held for 2 h 

- Compressive strength,  

FTIR 

A higher structural integrity was found in 

AAF compared to PCC. A more compact 

and denser internal structure was obtained in 
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°C water 

curing for 28 d 

AAF matrix after high temperature 

exposure. 

[423] Fly ash SH + SS - - - Exposed to 200-

800 °C at 8 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive and 

flexural strengths, 

UPV, SEM 

The inclusion of steel fibres enhanced 

thermal resistance of AAF in terms of 

physical and mechanical properties such as 

compressive and flexural strengths. 

[364] Slag SH (10 M) 

+ SS 

0-100% 

recycled 

concrete 

aggregate 

- 24 h at 80 °C 

curing then 23 

°C water 

curing for 27 d 

Exposed to 100-

800 °C for 1 h 

Air, oven 

and water 

cooling 

Compression strength, 

mass loss, UPV, 

microstructures 

The microstructure of ACC deteriorated 

with the increase of temperature and 

decrease of Ca/Si ratio while increase of 

Si/Al ratio. ITZ was weakened. 

[366] Slag SH + SS Calcined 

perlite (0, 

25 and 

50%) 

- 48 h at 70 °C 

oven curing, 

then ambient 

curing 

Exposed to 105 

°C for 48 h, then 

400-800 °C at 6 

°C/min 

Naturally 

cool down 

Compressive and 

flexural strengths, mass 

loss, XRD, SEM-EDS 

With the increase of temperature, the 

residual flexural and compressive strengths 

of AAS decreased and the mass loss of AAS 

increased. 

[38] Slag SH (10 M) 

+ SS 

- - Ambient 

curing (29 °C) 

Exposed to 200-

1000 °C at 10 

°C/min for 1 h 

- Compressive strength, 

mass loss, TGA/DTG, 

SEM, XRD, FTIR 

Crack healing of AAC happened at 800-

1000 °C. No spalling occurred at elevated 

temperatures. The compressive strength 

dropped by 90.6% at 800 °C due to 

decomposition but went up at 1000 °C due 

to rearrangement of crystalline. 

[365] Slag SH + SS Quartz 

powder 

and 

Quartz 

sand 

- - Exposed to 200-

800 °C at 5 

°C/min for 1.5 h 

Naturally 

cool down 

Compressive strength, 

mass loss,  

SEM-EDS 

No spalling in AAC was observed when 

exposed to 800 °C. The strength was 

retained at around 50% at 600 °C. 

[378] Slag SH + SS - - Water curing 

at 23 °C 

Exposed to 200-

800 °C at 2.7 

°C/min for 1 h 

Naturally 

cool down 

Tensile strength,  

mass loss, SEM, MIP 

The crack grew in C-A-S-H gel and the 

crack number and size in AAS increased 
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with the rising temperature. At 800 °C, the 

pore size ranged from 0.01-10 µm. 

[320] Slag SH + SS - - Ambient 

curing 

Exposed to 200-

800 °C at 15 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive and 

flexural strengths, 

TGA, SEM, XRD 

The compressive strength of slag-based 

AAC dropped by around 80% when exposed 

to 800 °C. More microcracks can be 

observed in ambient-cured AAC compared 

to heat-cured AAC. 

[318] Slag Dried 

water glass 

- - - Exposed to 200-

1200 °C at 5 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive and 

flexural strengths,  

bulk density, 

shrinkage, SEM, MIP, 

XRD 

FTIR, MAS NMR 

Crystallization of predominantly akermanite 

of slag-based AAC when exposed to above 

600 °C was the main reason for the strength 

gain of up to 180%. 

[368] Slag SH (2-6 

M) + SS 

- - 24 h at 38 °C 

curing  

Exposed to 300-

1000 °C at 5 

°C/min 

Naturally 

cool down 

Compressive strength, 

SEM 

AAC had thermal stability when exposed to 

up to 500 °C. 

[369] Slag SS - - 24 h at 45 °C 

curing 

Exposed to 200-

1000 °C at 6.67 

°C/min (2 h) 

Naturally 

cool down 

Compressive strength, 

XRD, SEM-EDX 

As the NaO2 concentration in AAC 

increased, the reaction products became 

more compact and denser. 

[325] Slag Water 

glass 

- - Ambient 

curing 

Exposed to 200-

1000 °C at 10 

°C/min (2 h) 

Naturally 

cool down 

Bending strength, 

thermal properties,  

MIP, SEM, XRD 

The porosity of slag-based AAC increased 

significantly when subjected to 1200 °C. 

[343] Slag Hydrated 

lime 

- - 24 h at 23 °C 

curing 

Up to 1200 °C at 

2.5 °C/min (2 h) 

Naturally 

cool down 

Compressive strength, 

thermal expansion, 

TGA 

The residual strength of AAC at 200 and 

800 °C are 76% and 10%, respectively. 

[444] Slag SH (12 M) Glass 

powder 

- Ambient 

curing 

Exposed to 150-

750 °C and held 

for 1 h 

Air and 

water 

curing 

Compressive and 

tensile strengths, 

mass loss, sorptivity 

The strength of AAS decreased with the 

increase of glass powder dosage. Crack 

initiation and propagation took place after 
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SEM 

 

exposed to 450 °C, along with gel structure 

deterioration.  

[370] Metakaolin SH + SS Red sand PVA 

(0.5%, 

1%) 

Ambient 

curing (40 °C) 

Exposed to up to 

200 and 400 °C at 

17 °C/min and 

held for 3 h 

Naturally 

cool down 

Compressive and bond 

strengths 

 

A sharp drop in bond strength can be 

observed in the plain AAC. The addition of 

PVA fibres can improve the bond strength of 

AAC at 200 °C.  

[321] Metakaolin SH + SS - - Ambient 

curing 

Exposed to 300 

and 900 °C at 5 

°C/min for 1 h 

Naturally 

cool down 

Compressive strength, 

crack pattern,  

thermal expansion, 

SEM, XRD, FTIR 

AAMK experienced strength growth without 

appearance of new crystalline phases when 

exposed to up to 300 °C but exhibited poor 

volume stability, leading to thermal 

shrinkage.  

[371] Metakaolin SH + SS Basalt 

microfibril 

(5-15%) 

- Ambient 

curing 

Exposed to 200-

800 °C at 5 

°C/min for 1 h 

- Compressive strength, 

TGA,  

SEM-EDS,  

XRD 

 

The inclusion of basalt microfibrils can help 

enhance thermal resistance of AAC due to 

more microcracks and larger voids, and the 

pore-filling effect of basalt microfibrils. 

[372] Metakaolin SH+SS - Micro 

carbon 

fibres 

- Exposed to 200-

800 °C at 5 

°C/min for 1 h 

Naturally 

cool down 

Compressive strength, 

volume resistivity, 

TGA, SEM-EDS 

The addition of carbon microfibres led to 

more compact structure in AAC due to the 

pore-filling effect. The strength loss of AAC 

at elevated temperatures was due to thermal 

incompatibility.  

[445] Metakaolin SH (5 and 

10 M), SS 

(10 M) 

Calcium 

hydroxide 

- Ambient 

curing 

Exposed to 300-

900 °C at 10 

°C/min for 2 h 

Naturally 

cool down 

Compressive strength, 

MIP, XRD, FTIR, 

SEM-EDS 

10% calcium hydroxide resulted in the 

formation of nepheline after AAMK was 

exposed to 900 °C. Sintering and 

densification took place. The optimum 

AAMK mixture contained calcium 

hydroxide with low activator concentration. 
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[446] Metakaolin SH (5 M) 

+ SS 

Nano-

silica fume 

- - Exposed to 500-

1000 °C 

- Compressive strength, 

bulk density, 

FTIR, XRD, 

TGA,/DTG 

The addition of nano-silica fume can 

improve thermal performance of AAMK 

with a maximum addition of 5%. 

[22] Fly ash 

and slag 

SH + SS - - 24 h at 60 °C 

curing then 

ambient 

curing 

Exposed to 100-

800 °C at 10 

°C/min for 1 h 

Naturally 

cool down 

Compressive strength, 

bulk density, skeleton 

density, open porosity, 

UPV, MIP, SEM-EDS, 

TG/DSC, FTIR, XRD 

AAF exhibited better thermal stability after 

exposed to 600 °C, compared to AAFS with 

low slag content. The decomposition of 

hybrid N-C-A-S-H gel in AAFS led to loss 

of residual strength and matrix structure. 

[50] Fly ash 

and slag 

SH +SS Basaltic 

pumice 

aggregate 

- 48 h at 80 °C 

oven curing, 

then ambient 

curing 

Exposed to 100-

800 °C at 6 

°C/min for 3 h 

Naturally 

cool down 

Compressive strength, 

water absorption, 

SEM-EDS, XRD,  

PLM 

The increase of slag content in AAFS 

resulted in a decrease in compressive 

strength of AAFS after exposed to elevated 

temperatures. 

[32] Fly ash 

and slag 

SH (10 M) 

+ SS 

- - 24 h at 70 °C 

oven curing, 

then ambient 

curing 

Exposed to up to 

300-700 °C at 10 

°C/min and held 

for 2.5 h 

Naturally 

cool down 

Compressive strength, 

mass loss, volume 

change, TGA/DTG, 

SEM-EDS-XRD 

AAC containing 100% fly ash had the best 

mechanical performance at 500 °C and 700 

°C, while fly ash-slag based AAC had low 

strength loss at 500 °C and 700°C. 

[51] Fly ash 

and slag 

SH (12-20 

M) + SS 

- - 24 h at 60, 70 

°C oven 

curing 

Exposed to 200 

°C for 1 h 

- Compressive and 

flexural strengths 

 

The compressive strength of AAC with 20 

M was less than that of AAC with 16 M, 

which increased with the increase of sodium 

silicate. 

[328] Fly ash 

and slag 

SH + SS - - 48 h at 80 °C 

oven curing 

then ambient 

curing 

Exposed to 200-

800 °C 

- Compressive and 

flexural strengths, 

physical properties, 

SEM, EDS, PLM, 

XRD 

The inclusion of fly ash in slag-based AAC 

can increase the thermal resistance and 

reduce the mass loss. Na content in AAC 

increased at elevated temperatures. 
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[355] Fly ash 

and slag 

SH (8-14 

M) + SS 

- - 24 h at 60-100 

°C heat curing 

and ambient 

curing 

Exposed to 200-

2000 °C at 4 

°C/min  

Naturally 

cool down 

Compressive strength, 

mass loss, setting time, 

SEM-EDS 

 

The addition of slag in fly ash-based AAC 

led to effective polymerisation and strength 

gain. When AAC exposed to 600 °C, there 

was a change from crystalline phase to 

amorphous phase. 

[57] Fly ash 

and slag 

SH + SS - - - Exposed to 400-

1000 °C at a rate 

of ISO834 

Naturally 

cool down 

Compressive strength 

and splitting tensile 

strengths 

Compared to PCC, AAC had more obvious 

surface change after exposed to 400-600 °C. 

[447] Fly ash 

and slag 

SH + SS Waste 

ceramic 

powder 

- Ambient 

curing  

Exposed to 400-

900 °C 

Air cooling Compressive strength, 

mass loss, UPV, TGA, 

XRD, SEM-EDX, 

FTIR 

The addition of waste ceramic powder at 

dosages of 50-70% can improve thermal 

resistance of slag-based AAC at up to 900 

°C. However, when adding fly ash into the 

mixture, the strength dropped. 

[25] Fly ash 

and slag 

SH + SS - - Ambient 

curing 

Exposed to 300 

and 600 °C at 4 

°C/min for 1.5 h 

- Compressive strength, 

XRD, FTIR, SEM 

The change in slag content in fly ash-slag 

based AAC resulted in various mechanical 

responses when exposed to elevated 

temperatures. The recommended mixture 

consisted of 90% fly ash and 10% slag. 

[58] Fly ash 

and slag 

SH + SS - - 48 h at 40 °C 

curing, then 

ambient 

curing 

Exposed to 300-

1100 °C at 2 

°C/min 

- Compressive strength, 

DTG, XRD, SEM 

Fly ash and slag-based AAC exhibited the 

lowest compressive strength when exposed 

to 700 °C. At 700 °C, the porosity reduced 

while a new crystalline phase was found 

along with sintering at 1000 °C. 

[59] Fly ash 

and slag 

SH + SS - - - Exposed to 400 

°C for 1 h; 600 °C 

for 1 h, 600 °C for 

2 h 

Naturally 

cool down 

Compressive, tensile 

and flexural strengths 

The cracks in AAC induced by elevated 

temperatures were more intense and wider 

than those in PCC. 
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[376] Fly ash 

and slag 

SH (14 M) 

+ SS 

 

- - 60 °C oven 

curing for 5-

168 h 

Exposed to 200-

800 °C at 5 

°C/min 

Naturally 

cool down 

Compressive and 

flexural strengths,  

bulk density,  

apparent porosity, 

water absorption 

The recommended curing condition was 48 

h at 60 °C for the mixture made from 14 M 

SH. 400 and 600 °C were identified as the 

critical temperature points, at which the 

compressive strength of AAC dropped and 

physical changes occurred. 

[60] Fly ash 

and slag 

SH + SS Silica fume - Ambient 

curing 

Exposed to 200-

800 °C at 10 

°C/min and held 

for 2 h 

Natural 

and water 

cooling 

Compressive strength, 

mass loss, UPV, FTIR, 

SEM 

AAC after water cooling had a more 

significant degradation at elevated 

temperatures compared to the ones with 

natural air cooling. 

[375] Fly ash 

and slag 

SH (8 M) 

+ SS 

- - 22 h at 80 °C 

curing then 

ambient 

curing 

Exposed to up to 

800 °C at 2.5 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive strength,  

Stress-strain 

The increased compressive strength of AAC 

after exposed to 800 °C was ascribed to the 

further hydration of unreacted particles and 

sintering reaction. 

[36] Fly ash 

and slag 

SH (3.5-10 

M) + SS 

Zirconia, 

Alumina, 

Zinc oxide,  

Silica fume 

- Ambient 

curing 

Exposed to 200-

800 °C at 10 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive and 

tensile strengths, 

water absorption, 

TGA, SEM 

AAF had more resistance to temperature 

compared to AAFS. The presence of more 

compact and homogeneous gels appeared 

after exposure to 800 °C. 

[344] Fly ash 

and slag 

SH (4 M) Soda lime 

waste glass 

 Ambient 

curing 

Exposed to 200-

800 °C at 5 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive strength, 

mass loss, 

thermal expansion, 

SEM 

The reduced compressive strength of AAFS 

after high temperature exposure was owing 

to the increase of slag content. The melting 

of waste glass at 600-800 °C led to the 

increase of thermal resistance. 

[448] Fly ash 

and slag 

SH (10 M) 

+ SS 

- PVA 

fibres 

Ambient 

curing 

Exposed to 105-

800 °C at 10 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive and 

tensile strengths, 

mass loss, UPV, 

DSC, TGA, XRD, 

MIP, SEM 

Mechanical properties of PVA fibre 

reinforced AAFS was affected by phase 

composition, microstructure evolution and 

fibre bridging effect. The sintering effect 

occurred after 600 °C in AAFS, leading to 
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the reduction of small gel pores and increase 

of larger pores due to formation of cracks.  

[329] Fly ash 

and 

metakaolin 

KOH + 

K2SiO3 

Silica fume - - Exposed to 100-

700 °C at 5, 8 and 

12 °C/min 

- Compressive strength, 

spalling,  

Sorptivity, XRD 

AAC had better spalling-resistance and 

higher water absorptivity than PCC. The 

sintering reaction occurred at 700 °C. 

[449] Fly ash 

and 

metakaolin 

KOH + 

K2SiO3 

- - Ambient 

curing 

Exposed to 100, 

300, 500 and 700 

°C at 5 °C/min 

- Compressive, splitting 

tensile and bond 

strengths 

The bond strength of AAC reduced when 

exposed to 300 °C. The bond strength and 

tensile strengths of AAC dropped at a 

greater pace compared to its compressive 

strength. 

[347] Fly ash 

and 

metakaolin 

KOH + 

K2SiO3 

- - Ambient 

curing 

Exposed to 100-

700 °C 

- Compressive, tensile, 

bond and bending 

strengths,  

thermal expansion 

TGA/DTG, DSC 

The flexural, compressive, tensile and bond 

strengths of AAC increased up to 100 °C, 

followed by a decrease when exposed to 

300-700 °C. The mass loss was induced by 

thermal incompatibility and dehydration.  

[35] Fly ash 

and 

metakaolin 

KOH + 

K2SiO3 

- - - Exposed to up to 

800 °C at 10 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive and 

bending strengths,  

thermal expansion 

TGA/DTG, SEM-EDS, 

MIP 

Compared to fly ash-based AAC, AAMK 

concrete had a more compact and denser 

microstructure due to greater thermal 

shrinkage and less pore evolution.  

[333] Fly ash 

and 

metakaolin 

SH + SS - - 24 h at 40 °C 

curing then 

curing at 40 

°C 

Exposed to 100-

800 °C at 2 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive strength, 

mass loss,  

thermal shrinkage, 

MIP, SEM 

A strength gain of fly ash and metakaolin-

based AAC happened when exposed to up to 

500 °C, whose microstructure became 

denser after 400 °C. 

[37] Fly ash 

and 

metakaolin 

SH (10 M) 

+ SS 

- - 24 h at 40 °C 

curing then 

curing at 40 

°C 

Exposed to up to 

1000 °C at 2 

°C/min 

Naturally 

cool down 

Compressive strength, 

mass loss,  

thermal shrinkage, 

SEM 

A denser and more compact microstructure 

of metakaolin and fly ash-based AAC was 

detected after exposed to 400 °C due to 

sintering effect and geopolymerisation. 
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[332] Slag and 

metakaolin 

SH and SS Clag brick 

waste 

powder 

- 24 h at 105 °C 

heat curing 

then water 

curing 

Exposed to up to 

800 °C 

- Compressive strength, 

SEM 

With the increase of temperature from 100 

to 400 °C, the compressive strength went up. 

[330] Slag and 

metakaolin 

- PVA resin 

powder 

- - Exposed to 150-

850 °C at 3 

°C/min and held 

for 1 h 

Naturally 

cool down 

Compressive and 

flexural strengths,  

mass loss, volume 

shrinkage, XRD, SEM 

The compressive strength increased at 150-

300 °C, followed by a decrease at 450-800 

°C due to dehydration of AAC matrix.  

[367] Slag and 

tailing 

SH + SS - - Ambient 

curing 

Exposed to 200-

1200 °C at 10 

°C/min and held 

for 2 h 

Cool down 

by electric 

fan 

Compressive strength, 

thermal expansion, 

TGA, DSC, XRD, 

FTIR 

AAC experienced cracking and shrinkage 

due to dehydroxylation at 300-700 °C and 

thermal expansion of AAC can be observed 

after 800 °C. 

[450] Slag and 

palm oil 

fuel ash 

SH (12 M) 

+ SS 

- - - Exposed to 100-

800 °C at 5 

°C/min 

Naturally 

cool down 

Compressive strength, 

TGA, DSC, XRD, 

FTIR 

The substitution of slag by palm oil fuel ash 

indicated the role of aluminium in the 

development of C-(A)-S-H gel. 

[357] Fly ash 

and palm 

oil fuel ash 

SH + SS - - 24 h at 65 °C 

curing then 

ambient 

curing 

Exposed to 200-

1000 °C at 5 

°C/min and held 

for 2 h 

Naturally 

cool down 

Compressive strength, 

TGA, XRD, SEM 

 

All the mixtures can gain strength when 

exposed to up to 500 °C. The pore size 

increased significantly with the increase of 

temperature to 800 °C. 

Note: SH – sodium hydroxide; SS – sodium silicate; PVA – polyvinyl alcohol. 



 

Chapter 3 Multiscale Microstructural 

Characteristics of AAFS Paste at Elevated 

Temperatures 

3.1 Introduction 

According to Chapter 2, AAFS paste is considered as a multiphase heterogeneous composite 

material, consisting of unreacted fly ash and slag particles, reaction products and pores [39]. 

Hence, the microstructural features of AAFS can be characterised at three different levels, as 

schematically illustrated in Figure 3.1. Level 0 denotes the nanostructure of solid gel particles 

that are the elementary components of crystalline and amorphous phases in AAFS [39, 43-45]. 

The addition of a calcium source leads to the coexistence of N-A-S-H and C-A-S-H gels, with 

partial replacement of sodium from N-A-S-H gel to form N-C-A-S-H gel that has a higher 

degree of cross-linking [22, 46-48]. These three types of reaction products dominate the AAFS 

paste, which take up more than 90% of the binder weight [48]. Level I corresponds to the 

chemical composition of the AAFS gel matrix, which is agglomerated by the solid gel particles 

and gel pores. Level II stands for AAFS paste at micro-scale, composed of gel matrix, unreacted 

fly ash and slag particles and pores. To systematically understand the microstructural evolution 

of AAFS at elevated temperatures, it is vital to investigate both individual phase assemblage 

from nano- to micro-scale and pore structure characteristics. 

This chapter thoroughly investigates the multiscale microstructural evolution of AAFS paste 

at elevated temperatures. A series of advanced characterisation techniques including nuclear 

magnetic resonance (NMR), X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR) were undertaken to characterise the nanostructures and phase assemblage of AAFS 

paste after exposure to various temperatures (20, 105, 200, 400, 600 and 800 °C) at Levels 0 
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and I. Meanwhile, the microstructural evolution of AAFS paste in terms of morphology 

changes, crack development and pore structure characteristics were monitored using 

backscattered electron microscopy-energy dispersive spectrometry (BSEM-EDS), mercury 

intrusion porosimetry (MIP) and X-ray microcomputed tomography (XCT). Based on the 

obtained experimental results, the inherent mechanisms of damage evolution in AAFS at 

elevated temperatures were analysed and discussed in depth from a multiscale point of view. It 

should be noted that part of this chapter has been presented in a peer-reviewed journal paper: 

W. Tu, G. Fang, B. Dong, M. Zhang, Multiscale study of microstructural evolution in alkali-

activated fly ash-slag paste at elevated temperatures, Cement Concrete and Composites, 143 

(2023) 105258. 

 

Figure 3.1. Schematic diagram of multiscale microstructure of AAFS paste (adapted from 

[39, 58, 88, 162]). 

3.2 Raw materials 

Low-calcium (Class F) fly ash and ground granulated blast-furnace slag were used as 

precursors, the chemical compositions of which measured by means of X-ray fluorescence 

spectrometry (XRF) are presented in Table 3.1. Figure 3.2 presents the morphologies of fly ash 
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and slag particles. It can be seen that fly ash exhibits more spherical particle shapes, whereas 

slag particles are more irregular. The particle size distribution of both materials is presented in 

Figure 3.3. A mixture of 10 M sodium hydroxide (SH) and sodium silicate (SS) was used as 

alkaline activators, where SH solution was prepared by incorporating 400 g NaOH pellets 

(analytical level of 99 wt.%) into 1 L water. It was then stored for 24 h to release heat and cool 

down to ambient temperature before mixing. The modulus (molar ratio of SiO2/Na2O) of SS 

solution (Na2O: 8.5 wt.%, SiO2: 27.0 wt.%, H2O: 64.5 wt.%) was set as 2.0. The 

polycarboxylate-based superplasticiser (SP, Sika®ViscoFlow®2000) was added to ensure the 

workability of AAFS mixtures [12, 39, 45, 451]. 

Table 3.1. Chemical compositions (wt.%) of fly ash and slag. 

Oxide SiO2 Al2O3 Fe2O3 CaO K2O MgO TiO2 Na2O SO3 P2O5 MnO 

Fly ash 47.51 28.68 7.28 8.02 1.52 1.46 1.00 1.05 0.68 2.35 - 

Slag 32.61 16.90 0.33 39.61 0.30 7.28 0.55 0.38 - 0.03 0.26 

 

 

Figure 3.2. SEM images of (a) fly ash and (b) slag. 
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Figure 3.3. Particle size distribution of fly ash and slag. 
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3.3 Mix proportion 

The mix proportion of AAFS paste adopted here was obtained based on the optimal mixture 

determined from previous studies [6, 43], which could meet the criteria for engineering 

application in terms of fresh and hardened properties (e.g., workability, setting time and 28 d 

compressive strength) according to ACI M318-05 [452, 453]. Based on previous experimental 

work, the workability of AAFS decreases with an increase in slag content (10-30%) and the 

molarity of the SH solution (10-12 M), as well as with a decrease in the alkaline activator-to-

precursor (AL/P) ratio. Conversely, the compressive strength of AAFS improves with higher 

slag content and increased SH molarity. Considering the combined effects on both fresh and 

hardened properties, AAFS paste with 20% slag content and 10 M SH was selected as the 

optimal mixture according to these criteria. The fly ash-to-slag ratio, AL/P ratio, SS-to-SH ratio 

and SP-to-precursor (SP/P) ratio were set as 4, 0.4, 0.2 and 0.01, respectively. The Na2O content 

was kept as 7.78 wt.% of the precursors (equivalent to 5.5 wt.% of the whole mixture). The 

mixture quantity is given in Table 3.2. 

Table 3.2. Mix proportion (kg/m3) of AAFS 

 Fly ash Slag SH SS SP 

Quantity 320 80 53 107 4 

Note: SH – sodium hydroxide; SS – sodium silicate; SP – superplasticiser. 

3.4 Sample preparation 

The mixing process of AAFS paste includes two steps: dry mix of fly ash and slag for 3 min, 

and incorporating SS, SH and SP into the mixture and mixing for another 3 min. The fresh 

AAFS paste was cast into the cylindrical plastic moulds (⌀15 × 100 mm) and 40 mm cubic 

moulds after mixing, and placed on a vibrating table for 2 min. The AAFS paste specimens 

were then sealed with plastic film and cured in a standard curing room (20 ± 2 ºC, 95% relative 

humidity) for 28 d before testing. 

After 28 d, the small cylindrical samples (⌀15 × 5 mm) were cut by operating a low-speed 

diamond saw (see Figure 3.4) with wet-cutting system. The position was kept the same when 

cutting different samples to ensure the representativeness. Figure 3.5 illustrates the preparation 
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of cylinder and crushed specimens. Six cylindrical samples were prepared from each tube for 

the BSEM-EDS test, whereas the crushed specimens from the cone of the cube were used in 

the MIP test. The sample images are shown in Figure 3.6. 

Followed by cutting, the solvent exchange method was used to stop hydration inside the 

specimen, which was a commonly used method to eliminate free water from the hardened 

specimens with negligible impact on its inner microstructure [45]. As seen in Figure 3.7(a), the 

isopropanol solution was prepared as the organic solvent. The specimens were then placed in 

the isopropanol solution for 48 h to ensure free water was removed. Afterwards, the samples 

were stored in the vacuum drying rack for another 48 h before testing. 

 

Figure 3.4. Instrument of low-speed diamond saw. 

 

 

 

Figure 3.5. Schematic illustration of a) cylinder and b) crushed specimen preparation. 
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Figure 3.6. Images of cylinder and crushed specimens. 

To obtain a comparatively smooth surface for BSEM tests, further preparation was required 

to fill the pores on the testing samples by impregnating epoxy solution as seen in Figure 3.7(b). 

This process was to smoothen the surface and stabilise the microstructure of specimens without 

alteration when subjected to grinding and polishing as seen in Figure 3.8 [45]. At first, the 

epoxy solution was prepared by mixing Part A (epoxy resin) with Part B (hardening agent) 

solution with a mass ratio of: Part A/Part B = 3. After stirring for 3-5 min, the vacuum 

impregnation was performed in a vacuum mosaic containing the testing specimen (i.e. it was 

placed in a plastic mould with a diameter of 30 mm to ensure the top surface was fully 

impregnated by epoxy). Finally, the specimen was stored in a vacuum drying rack for 24 h and 

then demoulded after the epoxy got hardened. 
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Figure 3.7. Sample preparation process regarding: (a) reaction termination and (b) vacuum 

impregnation. 
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Figure 3.8. Images of vacuum impregnation process. 

3.5 Heating method 

After 28 d of curing, the surfaces of specimens were dried and cleaned prior to heating. Herein, 

the heating rate was set as 10 °C/min to attain the target temperatures of 105, 200, 400, 600 and 

800 °C, apart from ambient temperature. The samples were placed in an electrical furnace with 

a computed heating curve. When the target temperature was reached, it was maintained for 120 

min to ensure uniform distributed temperatures within the specimen, and thus a thermal 

equilibrium state could be achieved [454]. Afterwards, the specimen was naturally cooled down 

to room temperature. 

3.6 Test methods 

3.6.1 Nuclear magnetic resonance 

To characterise the nanostructure of AAFS paste, 29Si NMR test was performed to study the 

reacted AAFS paste prior to and after high temperature exposure. It can be used to analyse the 
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structural compositions of unreacted particles and reaction products by revealing the silicate 

structure in binding gels [34, 39, 49, 56]. Herein, the solid-state 29Si NMR instrument 

(BRUKER, AVANCE 400WB, Germany) was used under the conditions: 29Si resonance 

frequency of 79.48 MHz, spinning speed of 5 kHz, pulse length of 4.97 µs and a relaxation 

delay of 5 s with 2048 scans. The powder samples (< 40 µm) were prepared for this test. This 

experimental work was conducted at the Institute for Advanced Study, Shenzhen University, 

China. 

3.6.2 X-ray diffraction 

The phase compositions of AAFS specimens were detected by means of XRD [39, 454]. This 

is one of the most commonly used techniques to characterise the chemical features in 

cementitious materials. Similar to NMR test, powder specimens with size of less than 40 µm 

were used for XRD measurement (see Figure 3.9). To estimate and quantify the amorphous 

phases of AAFS prior to and after high temperature exposure, the internal standard method of 

Rietveld-based quantitative X-ray diffraction (QXRD) was also applied.  

To prepare for the QXRD test, the powder samples with a diameter of smaller than 40 µm 

were obtained by manually grinding the crushed AAFS paste. A standard crystalline material 

of ZnO was incorporated into AAFS paste and ground together with the original sample to 

ensure the homogeneous distribution. The addition of ZnO is considered as an internal standard 

method to analyse and quantify the amorphous and crystalline phases. Figure 3.10 illustrates 

the preparation of both XRD and QXRD samples. Herein, the XRD instrument (XRD, D8 

ADVANCE, Malvern Panalytical, Netherlands) was used under the conditions: CuKα X-ray 

radiation at the intensity of 40 kV- 40 mA with the slit system of RS = 0.1 mm and DS = SS = 

0.6°; the 2θ scanning rate of 6°/min. The step size was set as 0.02° with 2θ = 90°. 
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Figure 3.9. Instrument of XRD. 

 

 

Figure 3.10. Preparation of XRD and QXRD samples. 

3.6.3 Fourier transform infrared spectroscopy 

To characterise the features of amorphous phase in AAFS paste at elevated temperatures, FTIR 

is used to scan and analyse chemical properties of samples by infrared light. Powders smaller 

than 25 µm were prepared, using a Shimadzu, IR Tracer-100 (Japan). 16 times of scanning from 

4000 to 400 cm-1 with a resolution of 4 cm-1 were performed. 
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Figure 3.11. Instrument of FTIR. 

3.6.4 Backscattered electron microscopy–energy dispersive spectrometry 

The morphology changes and phase assemblage of AAFS paste were characterised using 

BSEM-EDS. AAFS paste specimens experienced grinding and polishing after the vacuum 

impregnation using a machine (BUEHLER, EcoMetTM 250, USA) as seen in Figure 3.12. 

Grinding was performed for 5 min at 50 r/min with a loading of 5 N with ethyl alcohol as a 

cooling medium and lubricant using paper grits of 400 (37 μm), 800 (19 μm) and 1200 (15.3 

μm). Polishing was performed for 15 min at 70 r/min using diamond suspensions with grits of 

2500 (5.5 μm), 3000 (5 μm), 5000 (2.7 μm) and 7000 (1.25 μm). Ultrasonic cleaning was 

applied after these operations and the polished specimens were stored in vacuum bags until 

testing. A schematic illustration of sample preparation process is given in Figure 3.13. 

 

Figure 3.12. Instrument of BSEM-EDS. 
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Before the BSEM test, a thin layer of carbon coating was applied on the specimen to improve 

the conductivity. During the test, the working distance was 10 mm with the acceleration voltage 

set as 15 kV and the spot size of 6 nm. BSEM images (pixel size of 20 nm) were obtained at a 

magnification ranging from 30× to 4000×. Furthermore, the EDS analysis was conducted under 

the conditions: beam energy of 15 keV, probe current of 600 pA, and beam spot size of about 

450 nm. The working distance was 8.5 mm with a take-off angle of 35º. The counting rate was 

set as 50000 counts per analysis with dead times of 30% and acquisition time of 50 s. 

 

Figure 3.13. Grinding and polishing process. 
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3.6.5 Mercury intrusion porosimetry 

The pore structure of AAFS paste was characterised using MIP (AutoPore IV 9500). The pore 

diameters ranging from 0.001 µm to 1000 µm were measured with MIP. The pressure applied 

for MIP test was from 0 to 414 MPa. The surface tension of mercury employed here was 

0.485 N/m. The contact angle between the mercury and the pore surface was 130° [455]. 

3.6.6 X-ray microcomputed tomography 

As a non-destructive method, XCT was used to explore the 3D microstructural evolution of 

AAFS paste at elevated temperatures. Figure 3.14 illustrates the XCT test setup and image 

processing procedure. XRadia-Micro XCT-400 scope (Zeiss, Germany) was employed for XCT 

scanning at 59 kV and 150 µA (magnification of 0.4×).  

 

Figure 3.14. (a) XCT setup and (b) image processing procedure. 
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The scanning time for each test is about 7 h to complete 2501 projections (angle step of 

0.144º from -180º to 180º) with a 10 s exposure of every projection. The field of view and 

spatial resolution was 1.5 mm (x = y = z) and 1.56 µm (x = y = z), respectively. 2D slice images 

of the specimen were obtained from the detector to construct 3D images, which were further 

analysed using the software Avizo. Firstly, the images were denoised using the filter sandbox 

tool to better separate the edges of different phases (e.g., between cracks and matrix). 

Afterwards, different phases were segmented through interactive thresholding and separate 

objects. The labelling was then carried out using label analysis to quantify the volume fractions 

of different phases and size distribution. Finally, the internal pore structure of specimens could 

be visualised using 3D volume rendering. 

3.7 Results and discussion 

In this section, the multiscale microstructural evolution of AAFS at 20-800 °C is investigated 

with respect to nanostructure of AAFS solid gel particles, chemical compositions, solid phase 

assemblage and pore structure changes. 

3.7.1 Nanostructure arrangement 

The 29Si NMR spectra was obtained to investigate the nanostructure of AAFS solid gel particle 

at ambient and high temperatures. To determine the chemical surroundings of silicon tetrahedra 

in different phases, Qn(mAl) structure units were commonly employed (n is the number of 

oxygen bridges between different silicon tetrahedral and m represents the number of aluminium 

tetrahedra) [456]. The 29Si NMR spectra of fly ash and slag were deconvolved and depicted in 

Figure 3.15. The presence of fly ash particles was reflected by five Q4 structures in an 

overlapped peak: Q4(4Al) (-87 ppm), Q4(3Al) (-95 ppm), Q4(2Al) (-103 ppm), Q4(1Al) (-110 

ppm) and Q4(0Al) (-116 ppm). On the other hand, a broad peak at approximately -75 ppm was 

shown in slag particles, which can be assigned to the presence of Q0 and Q1 sites [39]. Two 

traces of signals corresponding to Q2(1Al) and Q3(1Al) sites were also found at -83 and -88 

ppm, respectively [457]. 
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To monitor and characterise the evolution of reaction products in AAFS at different 

temperatures, the Q sites from the raw materials were assumed to be stable, while the relative 

changes of intensities corresponded to the development of different reaction products, including 

C-A-S-H, N-C-A-S-H and N-A-S-H gels. Figure 3.15(c) displays the 29Si NMR spectrum of 

AAFS paste at ambient temperature, with deconvolution of the signals that can be assigned to 

the presence of several Q sites based on the previous NMR studies of AAFS [34, 47, 49, 123].  

 

Figure 3.15. 29Si NMR spectra of (a) fly ash, (b) slag, and AAFS paste at (c) 20°C and (d) 

800 °C. 

The spectrum exhibited a broad peak between -70 and -100 ppm, implying a significant 

portion of Q0 (unreacted slag), Q1 and Q2 (C-A-S-H) from the slag solely and Q3 (highly cross-

linked N-C-A-S-H) from the reaction of both raw precursors. The coverage area between -90 

and -120 illustrates the presence of Q4 (N-A-S-H and unreacted fly ash) sites. The location of 



114 Multiscale Microstructural Characteristics of AAFS Paste at Elevated Temperatures 

 

different Qn sites can be referred to the previous NMR analysis [39], which is summarised in 

Table 3.3. There was a notable drop of Q2 and Q3, whereas the amount of Q4(3Al) in AAFS 

went up remarkably as the temperature rises from 20 to 800 °C. The quantification of different 

phases based on the deconvolution results is also presented in Table 3.3. 

Table 3.3. Area percentages of 29Si NMR spectra of AAFS paste at elevated temperatures. 

With respect to the evolution of different phases in AAFS paste at different temperatures, 

the 29Si NMR spectra is shown in Figure 3.16. As the temperature rose from ambient to 200 °C, 

the broad peak at Zone b slightly shifted to a lower value from -88.39 to -86.39 ppm, followed 

by a right shift of the peak at -94.38 ppm after 800 °C exposure. This indicated the increase in 

the intensity of sites corresponding to C-A-S-H gel from 20 to 200 °C and a considerable drop 

with the dehydration of C-A-S-H gel when the temperature exceeded 400 °C [154]. By further 

evaluating of AAFS nanostructure changes at elevated temperatures, the volume fractions of 

Qn(mAl) structure units corresponding to unreacted particles and reaction products are 

presented in Figure 3.17. An increase of the content of Q2(1Al) from 14.24% to 24.52% can be 

found after 200 °C exposure. From 400 to 800 °C, the amount of Q2(1Al) sites went down to 

4.5%, suggesting that C-A-S-H gels were no longer the dominant reaction products in AAFS at 

800 °C. This is in good agreement with the previous studies, which reported the mitigation of 

the peaks assigned to C-S-H gel in the XRD pattern of AAFS at 400 °C [34, 458]. The 

decomposition of C-A-S-H gels and the formation of N-A-S-H gels occurred simultaneously 

[34, 459, 460], with a reduction of Q4(0Al) sites from 13.81% to 5.75% and an increase of 

Q4(3Al) from 23.24% to 41.33%. Since Q4(0Al) was assigned to the highly polymerised Al-

rich N-A-S-H gel, a higher degree of cross-linking was found in AAFS. This is demonstrated 

Temperature 

(°C) 

Slag 

Reaction products 

Fly ash 
      C-A-S-H N-C-A-S-H 

N-A-S-H  

(Al-rich) 

N-A-S-H  

(Si-rich) 

Q0 Q1 Q2(1Al) 
Q3(1Al) & 

Q4(4Al) 
Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al) 

-74 -77 -83 -88 -93 -97 -103 -109 -116 

20 3.53 1.90 14.24 25.14 9.56 13.68 11.48 6.67 13.81 

105 5.17 7.98 20.80 20.35 15.56 10.43 7.87 6.84 5.00 

200 5.68 7.07 24.52 21.77 7.10 14.35 5.36 9.48 4.66 

400 8.27 16.45 17.01 16.65 10.10 11.48 9.13 5.81 5.12 

600 5.97 10.31 11.61 15.09 8.58 26.91 5.04 11.31 5.18 

800 3.85 8.21 4.50 12.69 23.81 17.52 11.95 11.71 5.75 
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in Zone c of Figure 3.16, with a right shift of the peak from -107.87 to -110.37 ppm upon 

exposure at 200 °C and disappearance of the peak after 200 °C exposure. Meanwhile, Q4(2Al) 

and Q4(1Al) sites were recognised to represent more stable Si-rich N-A-S-H types of gel. It is 

noteworthy that a new peak in Zone a appears at -75.90 ppm after exposure to 800 °C, indicating 

the formation of gehlenite with monomeric Si [56, 461]. 

 

Figure 3.16. 29Si NMR spectra of AAFS paste at elevated temperatures. 
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Figure 3.17. Volume fractions of different phases in AAFS paste at elevated temperatures. 

3.7.2 Crystalline phase characterisation 

To understand the chemical composition of AAFS gel matrix and track the transformation of 

different crystalline phases, XRD analysis was carried out to provide the information on AAFS 

paste at ambient and high temperatures. Figure 3.18(a) displays the XRD patterns of raw fly 

ash and slag. The peaks in the XRD spectra of fly ash were mainly associated with quartz (SiO2), 

mullite (Al6Si2O13) and magnetite (Fe3O4), whereas a diffuse band at 25-35° 2θ was depicted 

in the XRD spectra of slag, corresponding to the presence of glassy phase [55, 56]. Figure 

3.18(b) shows the XRD results of AAFS paste at different temperatures. At ambient 

temperature, the crystalline phases presented in AAFS paste were similar to those in the raw fly 

ash, including quartz, mullite, hematite (Fe2O3) and magnetite, which were consistent with 

those reported in the previous XRD results of AAFS paste [22]. Both quartz and mullite were 

physically stable when subjected to elevated temperatures, as they had a relatively high melting 

point of 1713 °C and 1830 °C, respectively [307, 308]. A wide and diffusive band at around 

20-35° 2θ reflected the amorphous phases, suggesting the presence of aluminosilicate gels 

[123]. The peak at around 30° 2θ indicated the presence of calcite [462]. The diffuse hump at 

around 29-31° 2θ was associated with C-S-H gels, which were formed from the polymerisation 

of the dissolved active calcium out of slag with silica provided by sodium silicate in a strong 
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alkaline environment [463, 464]. Also, the Si from C-S-H gels could be possibly replaced by 

Al to form C-(A)-S-H gels [55].  

 

 

Figure 3.18. XRD patterns of (a) precursors, and (b) AAFS paste at elevated temperatures. 
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After high temperature exposure, the decrease of the intensity of C-S-H phase was observed 

at 200 °C, implying the decomposition of C-S-H gels, while no obvious changes can be 

identified until 800 °C was reached. New crystalline phases including nepheline (NaAlSiO4), 

gehlenite (Ca2Al(AlSiO7)) and akermanite (Ca2MgSi2O7) can be observed, implying the full 

crystallisation and decomposition of N-A-S-H, C-(A)-S-H and hybrid gels at 800 °C. The 

formation of nepheline corresponded to the partial crystallisation of N-A-S-H gel, while 

gehlenite and akermanite were associated with the transformation of C-(A)-S-H gel. The 

findings from 29Si NMR also supported that the reduction of C-A-S-H content corresponding 

to Q1 and Q2(1Al) could happen from 200 to 800 °C. Consequently, more cross-linked Q4 sites 

occurred, which can be ascribed to the presence of nepheline [56]. 

Figure 3.19 presents the mineralogical compositions of AAFS paste at elevated 

temperatures acquired with Rietveld refinement. It can be seen that the crystalline phases of 

quartz and mullite were thermally stable after 800 °C exposure, which slightly fluctuated 

around 6.9% and 9.5%, respectively, while the amorphous content dropped dramatically from 

79.6% to 33.5% at 800 °C, along with the appearance of nepheline and gehlenite, taking up 

26.3% and 21.5%, respectively. This indicated that the partial recrystallisation of amorphous 

aluminosilicates in AAFS paste was approximately 57.9% of the total amorphous phase. As 

nepheline was formed from the crystallisation of N-A-S-H gel, while the formation of gehlenite 

was associated with the crystallisation of C-A-S-H gel, the calculated phase content implied 

that the crystalline phase transformation of AAFS paste at 800 °C could be more sensitive to 

N-A-S-H induced phases [180]. Furthermore, it is worth noting that the content of calcite went 

up from 2.9% to 4.4% when the temperature rose to 105 °C, followed by a drop to 2.2% at 400 

°C. After 400 °C, calcite was not detected in AAFS paste, indicating the decomposition of this 

phase, as mentioned above. 
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Figure 3.19. Mineralogical compositions of AAFS paste at elevated temperatures. 
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3.7.3 Amorphous phase identification 

FTIR test results can be used to study the chemical changes of AAFS paste at elevated 

temperatures. Figure 3.20 illustrates the FTIR spectra of raw precursors and AAFS paste at 

different temperatures. As seen in Figure 3.20(a), the major band at around 1008 cm-1 can be 

observed in raw fly ash, which was associated with the asymmetric stretching vibration of Si-

O-T bonds, where T stood for Si or Al units [180, 465]. The band ranging from around 680 to 

800 cm-1 corresponded to the stretching vibrations of Si-O-Si and the weak peak at 1486 cm-1 

could be ascribed to the O-C-O bonds associated with the presence of calcite [22, 180]. Similar 

to raw fly ash, the main band observed at 860 cm-1 in slag was related to Si-O-T bonds. The 

discrepancy between the band positions of fly ash and slag (i.e. 1008 and 860 cm-1) was due to 

the chemical and structural differences of these two materials [39, 46]. The vibration band at 

1488 cm-1 can be assigned to the stretching vibration of O-C-O bonds [22], which implied the 

existence of calcite as confirmed in the XRD patterns in Figure 3.18(b). Moreover, the 

absorption band observed at around 670 cm-1 can be attributed to the T-O stretching vibrations 

(see Figure 3.20(a)). 

Figure 3.20(b) demonstrates a comparison among FTIR spectra of AAFS paste at different 

temperatures. At ambient temperature, the alkali-activation provided an intense band centred at 

962 cm-1, assigning to the asymmetric stretching vibrations of Si-O-T bonds. Knowing that C-

A-S-H gels were located at 950 cm-1 and the wavenumber representing N-A-S-H gels was 

centred at 1020 cm-1, the position that corresponded to the reaction products of AAFS paste 

(i.e. 962 cm-1) was located between C-A-S-H and N-A-S-H gels, implying the coexistence of 

both types of gels and the presence of N-C-A-S-H gel [39, 46, 88, 171]. With the rise of 

temperature, the Si-O-T bonds shifted to left towards a higher value of wavenumber, which 

reached 970 and 993 cm-1 at 400 and 800 °C, respectively. This indicated that the formation of 

C-A-S-H gels could potentially make a pronounced impact on the reaction products in AAFS 

at 20 °C, since the wavenumber of 962 cm-1 was closer to 950 cm-1 than 1020 cm-1. However, 

the rising temperature to up to 800 °C could lead to the promotion of further polymerisation 

and thus the development of N-A-S-H gels with a higher cross-linking structure (i.e. 993 cm-1 

was closer to 1020 cm-1) [39]. This was also confirmed in the 29Si NMR results that there was 

an around 21.3% loss of C-A-S-H gels, while the volume fraction of N-A-S-H gels went up by 
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about 57.1% from 20 to 800 °C. This suggested the transformation of gel matrix in AAFS paste 

from a potentially C-A-S-H dominated to N-A-S-H dominated structure with the coexistence 

of N-C-A-S-H, attributing to the presence of Ca from slag. Moreover, the absorption area 

tended to be broader and deeper as the temperature went up, indicating a more disordered 

structure in the AAFS gel matrix due to high temperature exposure, which agreed well with the 

previous study on AAFS at elevated temperatures [22, 62]. 

 

Figure 3.20. FTIR spectra of (a) precursors, and (b) AAFS paste at elevated temperatures. 
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The signal at around 2360 cm-1 was assigned to CO2 vibration, while the vibration band 

located at around 1670 cm-1 was associated with H-O-H bonds that represented both physically- 

and chemically-bonded water in the gel matrix and disappeared after 400 °C exposure [22, 466, 

467]. This indicated that moisture was fully lost in AAFS paste. Similarly, the vibration band 

at about 1440 cm-1 was linked to the carbonates from soluble alkali species, which also became 

invisible after 600 °C. Furthermore, the highlighted broad band from around 600 to 860 cm-1 

was recognised as the quartz band, which did not experience an obvious change after high 

temperature exposure, suggesting the thermal stable feature of quartz, as mentioned in the XRD 

results [22, 180]. 

3.7.4 Solid phase assemblage 

AAFS paste is composed of different phases, including unreacted fly ash and slag particles, 

reaction products and pores [39]. These phases can be assembled using BSEM images which 

track the evolution of AAFS paste at various temperatures based on the morphology changes. 

After analysing the grey values of BSEM images, different phases can be quantitatively 

identified. The BSEM images of AAFS after high temperature exposure are shown in Figure 

3.21. At 20 °C, both unreacted fly ash and slag particles can be observed. The activation of 

small fly ash particles was more noticeable than the relatively larger particles, which can be 

explained by the fact that finer particles were easier consumed and activated than coarser ones 

at ambient temperature [468, 469]. The dissolution of slag particles at this stage was ascribed 

to a higher vitreous phase of more than 90% involved in the alkaline activation compared to 

that of fly ash (around 50% vitreous phase) [39, 468]. Hence, the degree of activation in slag 

was more pronounced than fly ash, which was consistent with the NMR and FTIR results, 

confirming the dominant presence of slag induced C-A-S-H gels. Also, there were some visible 

micro-cracks in AAFS paste at 20 °C, due to autogenous, chemical and drying shrinkage during 

the curing process [6]. Moreover, the interfacial transition zone (ITZ) between reaction products 

and unreacted particles was defined as the weak zone, which led to the development of cracks 

[22]. 

When the exposure temperature went up to 105 °C, the reaction of fly ash and slag particles 

continued with the initiation and propagation of wider cracks along the edge of unreacted 

precursors, which implied that the cracks were prone to develop around the interfacial transition 
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zone between unreacted particles and reaction products. The development of cracks at this stage 

could be the result of the evaporation of free moisture that led to the propagation and 

localisation of cracks at the relatively weaker interface [22]. At 200 °C, the unreacted particles 

were gradually consumed to form hybrid N-C-A-S-H gels. The cracks kept growing due to the 

loss of physically- and chemically-bound water and the transport of moisture that resulted in 

the accumulation of pore pressure [2, 4, 52]. With the rising temperature to up to 400 °C, the 

cracks were both wide and lengthened. This can be ascribed to the migration of moisture from 

both physically and chemically bonded water that resulted in the pore pressure build-up. Fully 

reacted particles were found at 400 °C. Some fly ash particles exhibited hollow structures, 

which may leave a porous spherical-shaped region, as highlighted in Figure 3.21. 

A pronounced morphological change was depicted in AAFS paste from 400 to 600 °C, at 

which the cracks turned into large cavities with drastic deterioration. After 600 °C exposure, 

the presence of small and widen cracks indicated that AAFS paste experienced discontinuity 

due to pore pressure-induced and thermal stress-induced damage, along with decomposition of 

hybrid gels [4, 22]. In particular, the decomposition of silica gel could take place at 700-800 

°C, resulting in thermal expansion and thus the widening and lengthening of cracks [142, 171, 

438]. Slag particles could barely be observed, while some holes were detected on the surface 

of residual fly ash particles. At 800 °C, a porous structure with traces of consumed precursor 

particles was shown. There were few unreacted particles at this stage and micro-cracks were 

not observed. This can be attributed to melting and viscous sintering, which corresponded to 

the collapse of nano-pores and evolution of interparticle bonding, allowing the self-healing of 

micro-cracks and densification of AAF matrix by filling small voids [2, 392]. 

Based on BSEM images, the greyscale histogram can be obtained and deconvolved into 

four Gaussian curves for image segmentation to divide the phases in AAFS paste into three 

different groups: pore phase including pores and cracks in black owing to the low atomic 

number [43, 44], reaction products in dark grey, and unreacted fly ash and slag particles in light 

grey, as illustrated in Figure 3.22(a) and (b). 

With a greyscale from 0 to 250, the threshold value between pore phase and reaction 

products was assigned at the interaction point between Gauss 1 (pore and cracks) and Gauss 2 

(reaction products) of 54. The boundary between reaction products and unreacted particles was 

defined using the second interaction point between Gauss 2 (reaction products) and Gauss 3 
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(unreacted particles), which was 181. Thus, the image was processed based on the categorised 

grey values: pores (0-54), reaction products (54-181) and unreacted particles (181-250). For 

consistency and comparison purposes, the same thresholding method was adopted to process 

all images at different temperatures. 

 

Figure 3.21. BSEM images of AAFS paste at elevated temperatures. 

After image segmentation, the content of each phase can be determined, as shown in Figure 

3.22(c). All three phases are colour-coded separately in green (unreacted particles), red 

(reaction products) and blue (pores and cracks). Overall, unreacted particles with the highest 

volume fraction of 29.7% can be found in the paste specimen at 20 °C, followed by a gradual 
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decline to 18.8% at up to 400 °C and a sudden drop by approximately 36.3% when reaching 

600 °C. Due to the continuous high temperature exposure and sintering effect, the unreacted 

particles only takes up 4.01% of the total volume at 800 °C, as observed from the segmented 

image with almost negligible green regions [470-472].  

 

Figure 3.22. BSEM image processing: (a) segmentation of different phases, (b) greyscale 

histogram, and (c) quantification of volume fractions. 

Regarding reaction products, a continuous increase from around 67.5% to 82.7% happens 

when the temperature rises from 20 to 400 °C, while there is a slight increase of the volume 

fraction from 82.7% to 85.1% after 800 °C is reached, as a result of the drastic phase 

transformation at this stage of heating [24, 25, 30, 33]. In terms of pores and cracks, the volume 
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fractions went up gradually with rising temperature from room temperature to up to 400 °C, 

with a sudden jump from approximately 3.4% to 9.5% after reaching 600 °C. Afterwards, there 

is a comparative increase from 9.5% to 10.3%, as the temperature reaches °C. 

 

Figure 3.23. FTIR spectra of (a) precursors, and (b) AAFS paste at elevated temperatures. 
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After image processing, phase assemblage in AAFS paste at elevated temperatures can be 

summarised (Figure 3.23). At all temperature levels, reaction products were the dominant 

phase, while volume fractions of pores and cracks continued to go up until exceeding that of 

unreacted particles at 800 °C. The continuous consumption of unreacted particles can contribute 

to the strength development, while the initiation and propagation of cracks can lead to damage 

in AAFS paste [34]. To further investigate the gel compositions in reaction products of AAFS 

paste, the local element maps regarding Si, Al, Ca and Na in the specimen at elevated 

temperatures are displayed in Figure 3.24, indicating that part of Si and Ca concentrate at the 

region of unreacted fly ash and slag particles. Whereas, the rest of the mentioned elements are 

relatively evenly distributed in the reaction products, consisting of N-A-S-H gels (i.e. SiO4 and 

AlO4 tetrahedra in a highly cross-linked structure with shared O atoms [83]), C-A-S-H gels (i.e. 

silicate chains inter-linked by layers of CaO [107, 109, 110]), and N-C-A-S-H (i.e. modification 

of N-A-S-H gels by partially replacing Na+ with free Ca2+ to form the hybrid structure [46, 84, 

88]). 

Figure 3.25 illustrates the compositional ternary diagram of CaO-SiO2-Al2O3 in AAFS 

matrix at elevated temperatures from 20 to 800 °C based on the EDS point scanning results 

focusing on the reaction products. As per the existing studies on the compositional ranges of 

different types of reaction products [48, 84, 88, 170, 171], the majority of the points are within 

the region of C-A-S-H and high Ca C-(N)-A-S-H gels in reaction products from 20 to 200 °C. 

As the temperature rises to 400 and 600 °C, the spots tend to shift towards right and concentrate 

at the region with relatively less Ca involvement. After 800 °C exposure, more spots appear in 

the low-calcium region, which are categorised as N-A-S-H and N-C-A-S-H gels. 
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Figure 3.24. Element maps (Si, Al, Ca and Na) of AAFS paste at elevated temperatures. 
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Figure 3.25. Compositional ternary diagram of CaO-SiO2-Al2O3 in AAFS at elevated 

temperatures (Note: compositional ranges of binder gels adapted from [48, 84, 88, 170, 

171]). 
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To quantitatively analyse the gel compositions, the statistical distribution of Al/Si and Ca/Si 

ratios in AAFS at elevated temperatures is demonstrated in Figure 3.26. As seen in Figure 

3.26(a), the average Al/Si ratio stays around 0.36-0.46 in the paste after heating at up to 400 

°C, which can be recognised as Si-rich N-A-S-H gels (i.e. the Al/Si ratio of Si-rich N-A-S-H 

gels is around 0.5 [167]). From 400 to 800 °C, there is a noticeable increase of the Al/Si ratio 

from approximately 0.40 to 0.79, implying an increase of Al-rich N-A-S-H gels in the reaction 

products of AAFS paste after 400 °C exposure. This is consistent with the nuclear magnetic 

resonance (NMR) results from the previous research that the silicon tetrahedra with a Q4(3Al) 

structure referring to highly cross-linked Al-rich N-A-S-H gels exhibits a significant increase 

of volume fraction from 21.6% to 41.3% at 400-800 °C [141]. 

 

Figure 3.26. Statistical distribution of (a) Al/Si and (b) Ca/Si ratios in AAFS at elevated 

temperatures based on the EDS analysis. 

In terms of Ca/Si ratio in the paste, a rise in the average ratio from around 0.64 to 0.81 at 20-

105 °C occurs, attributing to the continuous dissolution of slag and further geopolymerisation 

triggered by temperature curing. As the temperature goes up from 200 to 800 °C, there is an 

overall trend of decline in Ca/Si ratio of the specimen from 0.68 to 0.55 with a slight fluctuation 

at 400-600 °C (see Figure 3.26(b)). This can be ascribed to the release of free Ca2+, 

decomposition of C-A-S-H gels and potential phase transformation from C-A-S-H (Ca/Si ratio 

of around 0.67-3) to N-(C)-A-S-H (Ca/Si ratio of around 0.14-0.33) and C-(N)-A-S-H (Ca/Si 

ratio of around 0.45-10) gels at up to 800 °C [46, 88, 124, 167-169]. 
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3.7.5 Pore structure analysis 

Pore size distribution by MIP 

Apart from solid phases, a combination of pores, inherent voids and cracks that formed the 

whole pore structure of AAFS paste was also a crucial phase at the paste level. The evolution 

of pore structure characteristics of AAFS paste at elevated temperatures obtained from MIP test 

is presented in Figure 3.27, where the pore size is defined and categorised into three distinct 

size ranges for better description: small pores (2-50 nm), medium pores (50-7500 nm) and large 

pores (> 7500 nm) [22, 473]. 

 

Figure 3.27. Pore size distribution of AAFS paste at elevated temperatures. 

At ambient temperature, the highest peak appeared with the pore size of 3.29 nm, indicating 

that originally the majority of the pores formed were gel pores (i.e. ≤ 10 nm). Similarly, the 

pore sizes corresponding to the highest volume fractions for AAFS exposed to 105 °C and 200 

°C were 4.03 nm and 3.62 nm, respectively. After 400 °C, pores with diameter of 7.24 nm 

dominated the matrix structure. The pore size continued to shift to a larger size of 32.4 nm when 

subjected to 600 °C, belonging to capillary pores (i.e. 10-50 nm). At this stage, the majority of 
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the pores were distributed between small and medium sizes. When the temperature reaches 800 

°C, a broad peak at 1615 nm was detected, implying a sharp and drastic change of pore size 

distribution from small to medium pores. Figure 3.28 demonstrates the cumulative pore volume 

of AAFS at elevated temperatures. In general, the total pore volume fraction (also known as 

porosity) roughly remained at the original level until 400 °C, followed by a significant increase 

by more than 10% after 800 °C exposure. 
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Figure 3.28. Cumulative pore volume of AAFS paste at elevated temperatures. 

To further estimate the development of pores within different size ranges, Figure 3.29 

provides the compositions of different pores that contribute to the total porosity in AAFS paste 

at ambient and high temperatures. There was a slight reduction of overall porosity from 13.45% 

to 12.37 % when the temperature rose from 20 to 200 °C, due to a combined effect of water 

evaporation and further geopolymerisation that promoted the development of binder gels with 

a higher cross-linking level and thus resulted in continuous refinement of pores [34, 55]. A 

relatively significant drop of 16.59% can be observed in the volume fraction of small pores 

from 105 to 200 °C, implying that the reaction process might be slowed down at this stage as 

the degree of reactivity was positively proportional to the volume fraction of gel pores [22]. 

Meanwhile, there was a rise of the proportions of medium and large pores by 20.65% and 2.7%, 

respectively. This can be attributed to the transport of moisture from heated surface to inner 
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area, allowing the pore pressure build-up that led to the initiation and propagation of 

microcracks and the development of an inter-connected network in AAFS paste. 

From 200 to 600 °C, a great number of medium pores were generated, while a further 

mitigation of small pores by 38.51% can be found. As seen in the BSEM images, AAFS matrix 

experienced lengthening and widening of cracks as the exposure temperature went up, 

confirming the growth of medium and large pores. Simultaneously, the remarkable mitigation 

of small pores at 600 °C implied that the sintering effect might take place since gel pores could 

collapse to form larger pores and also, they could be filled by melting and densification [2]. 

Figure 3.30 illustrates the detailed proportion of gel and capillary pores within the group of 

small pores, which confirms a rapid decrease of gel porosity with rising temperature from 400 

to 600 °C. Furthermore, it is noteworthy that the volume of gel pores increased at up to 105 °C, 

confirming the further reaction process and formation of new binder gels. At 800 °C, the volume 

fractions of both gel and capillary pores dropped to less than 10%, whereas medium pores 

became the dominant group with a proportion of 77.72%. 
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Figure 3.29. Pore volume fractions of AAFS paste at elevated temperatures. 
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Figure 3.30. Detailed pore volume distribution within 2-50 nm. 

Pore structure characteristics by XCT images 

MIP can provide the information on internal pore structure and the formation of cracks by 

measuring pore throat size, whereas the relatively larger pores with small pore throat size might 

not be accurately characterised [22, 474-476]. The spatial distribution of pores and cracks was 

analysed based on the obtained XCT images to investigate the microstructural evolution in 

AAFS paste before and after high temperature exposure. By analysing XCT images, the 

evolution of larger pores and cracks in AAFS paste could be captured. According to the voxel 

size of 13.9 µm, the smallest pore that can be detected had an average diameter of 27.8 µm (i.e. 

a cube is formed by the arrangement of 8 voxels) [477, 478]. After denoising, segmentation, 

labelling and sieving on the XCT images, the pore structure evolution of AAFS paste at elevated 

temperatures was obtained and demonstrated in Figure 3.31. Due to the difficulty of singling 

out the cracks from the pores since they shared the similar grey value, the label and sieve 

analysis was performed based on the inter-connected pore volume including both pores and 

cracks [477]. 

The surfaces of paste specimens were excluded to minimise discrepancy in the visualisation 

and calculation based on the colour map due to art effect (i.e. accidental combination of colours 
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at the edges of testing samples, which tends to be brighter and whiter than the original colour). 

At ambient temperature, the spatial heterogeneity of pores can be observed. With the rising 

temperature to up to 600 °C, the development of micro-cracks can be detected, which triggered 

the formation of macro-cracks and cavities when the temperature continued to rise until 800 °C 

was reached. At 800 °C, there existed some quasi-diagonal damage planes in AAFS paste, 

which can be attributed to the micro-crack coalescence [477-480]. 

 

Figure 3.31. 3D pore structure evolution of AAFS paste at elevated temperatures. 

Afterwards, the inter-connected pore structure was visualised in Figure 3.32. The pore 

volume was categorised into three ranges: 0-0.02 mm3, 0.02-0.04 mm3 and 0.04-0.06 mm3 

based on the quantification of pore size distribution, which varied from 0 to 0.06 mm3 in the 
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shown representative volume element. Figure 3.33 illustrates the size distribution of pores with 

respect to mean diameter. At up to 105 °C, there were few visible pores with a volume larger 

than 0.02 mm3. As the temperature increased to up to 600 °C, the gradual development of inter-

connected pore network could be observed. After 800 °C exposure, the number of pores 

corresponding to 0.02-0.04 mm3 rose dramatically, while several major cracks and voids could 

be found, which indicated the drastic deterioration of inner structure in AAFS paste and the 

increase of internal pore connectivity at 800 °C. The number of pores with diameter of less than 

0.1 mm dropped comparatively when the temperature went up from 20 to 800 °C, while the 

number of pores with diameter of 0.2 mm increased by approximately 300%. Moreover, pores 

larger than 0.45 mm only existed after 400 °C exposure, which can be associated with the 

completed water evaporation process and thermal stress induced by temperature gradient. 

 

Figure 3.32. Evolution of inter-connected pores and cracks in AAFS paste at elevated 

temperatures obtained from XCT imaging. 
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Figure 3.33. Pore size distribution of AAFS paste at elevated temperatures obtained from 

XCT imaging. 

For quantitative analysis of porosity from XCT results, the single and inter-connected pores 

together with cracks were considered for the calculation of porosity in the tested AAFS 

specimen, which is shown in Figure 3.34. The porosity increased from 4.97% to 6.37% after 

200 °C exposure, followed by an almost plateau until 600 °C. A significant jump from 6.88% 

to 11.47% appeared after 800 °C, indicating a critical microstructural change within AAFS 

paste, as displayed in the 3D visualisation in Figure 3.32(f). 

 

Figure 3.34. Porosity of AAFS paste at elevated temperatures obtained from XCT imaging. 
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3.8 Concluding remarks 

In this chapter, the microstructural evolution in AAFS paste exposed to various temperatures 

(i.e. 20, 105, 200, 400, 600, and 800 °C) at multiple length scales covering solid gel particles, 

gel matrix and paste was systematically investigated using a series of advanced characterisation 

techniques including 29Si NMR, XRD, FTIR, BSEM and MIP. Based on the obtained 

experimental results, the main conclusions can be drawn as follows: 

• The nanostructure of solid gel particles in AAFS was highly sensitive to exposure 

temperature. At 20-200 °C, the bonding between Si and Al tetrahedra was promoted to form 

Q2(1Al) with an over 10% rise in volume fraction. After 600 °C exposure, the proportion 

of Q2(1Al) dropped rapidly, along with a jump from around 20% to 34% for Q4(3Al), 

indicating the decomposition of C-A-S-H gel to form more cross-linked N-A-S-H gel. At 

800 °C, N-A-S-H gel (≥ 40% in volume) dominated the nanostructure of AAFS, while the 

volume fractions of C-A-S-H and N-C-A-S-H gels reduced considerably to approximately 

10% and 12%, respectively. 

• The gel matrix in AAFS was composed of hybrid gels and gel pores (2-10 nm), which 

experienced refinement with a volume mitigation from about 60% to 35% after exposure to 

200 °C. With the rise of exposure temperature from 200 to 600 °C, a continuous drop in gel 

porosity to around 5% took place, which can be attributed to the further reaction that could 

potentially fill the gel pores. After exposure to 800 °C, new crystalline phases including 

nepheline and gehlenite can be observed, which took up around 26.3% and 21.5% of the 

crystalline phases by volume, while the volume fraction of amorphous phase dropped by 

more than 46.1%, compared to that at ambient temperature. 

• At the paste level, the crack development along with the formation of capillary (10-50 nm), 

medium (50-7500 nm) and large pores (> 7500 nm) occurred due to water evaporation and 

pore pressure accumulation in AAFS with the rising exposure temperature from 20 to 200 

°C. At 600 °C, the pore pressure build-up and thermal stress led to further crack growth and 

medium pores dominated the pore structure. After exposure to 800 °C, viscous sintering 

took place, resulting in a more compact gel matrix with gel porosity of less than 5%, along 

with the decomposition of hybrid gels, while micro-cracks disappeared, attributing to the 

melting and potential self-healing effect of AAFS at 800 °C. 



 

Chapter 4 Physical, Thermal and Mechanical 

Properties of AAFS Paste at Elevated Temperatures 

4.1 Introduction 

Based on Chapter 3, the multiscale microstructural characteristics of AAFS paste at elevated 

temperatures are comprehensively investigated. This chapter focuses on the understanding of 

the behaviour of AAFS paste at elevated temperatures ranging from 20 °C to up to 800 °C in 

terms of physical, thermal, micromechanical and mechanical properties as seen in Figure 4.1. 

The micromechanical properties with respect to local elastic modulus and hardness of AAFS 

paste are studied using atomic force microscopy (AFM) and nanoindentation. 

Thermogravimetric analysis (TGA) and dilatometry tests as well as compression and three-

point bending tests are conducted to investigate the thermal and mechanical properties of AAFS 

paste. Moreover, the relationship between the macroscopic behaviour and microscopic 

characteristics is analysed in depth. Followed by Chapter 3, this chapter goes one step further 

and explored the link among microstructural features, micromechanical and mechanical 

properties in AAFS paste for the first time to gain insights into the underlying damage 

mechanisms of AAFS at elevated temperatures. Part of this chapter has been presented in the 

following manuscripts: 

W. Tu, G. Fang, B. Dong, Y. Hu, M. Zhang, Behaviour of alkali-activated fly ash-slag paste at 

elevated temperatures: An experimental study, Cement and Concrete Composites, 147 (2024) 

105438. 

W. Tu, G. Fang, B. Dong, M. Zhang, Micromechanical analysis of alkali-activated fly ash-slag 

paste at elevated temperatures. Cement and Concrete Research, 153 (2024) 105735. 
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Figure 4.1. Outline of this chapter. 

4.2 Test methods 

4.2.1 Atomic force microscopy 

The atomic force microscopy (AFM) test was conducted to measure the surface topography of 

the polished AAFS specimens via the AFM instrument (Bruker, Dimension ICON, USA) 

shown in Figure 4.2. The test was conducted with a peak force amplitude of 300 mV, scan rate 

of 1.0 Hz, engage setpoint of 0.85 V, and scanning size of 50 × 50 µm. This experimental work 

was conducted at the Institute for Advanced Study, Shenzhen University, China. 

 

Figure 4.2. Instrument of AFM. 
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4.2.2 Thermogravimetric analysis 

TGA (NETZSCH STA 490PC) was performed to understand the thermal behaviour of AAFS 

paste as seen in Figure 4.3. The powder samples (<0.074 mm) were taken from the crushed 

specimens (at room temperature) after compressive strength test. A constant heating rate of 10 

°C/min from room temperature to 800 °C was employed for TGA. TGA results denote the 

weight loss of specimens as a function of temperature. The derivative thermogravimetry (DTG) 

curve can be determined from the first derivative of the TGA curve. 

 

Figure 4.3. Instrument of thermogravimetry. 

4.2.3 Dilatometry 

The dilatometry test was conducted to monitor the thermal deformation of samples using the 

dilatometer NETZSCH DIL402C. A cylindrical sample with a diameter of 5 mm and length of 

12 mm was tested under a constant heating rate of 10 °C/min from 20 to 800 °C. 

4.2.4 Nanoindentation 

The nanoindentation test was conducted to investigate the micromechanical properties of AAFS 

paste in terms of local elastic modulus and hardness [39]. Herein, the nanoindentation 

instrument with a Berkovich indenter tip (BRUKER, Hysitron TI 950, Germany) was used (see 

Figure 4.4), which had the load and displacement resolution of 1 nN and 0.04 nm, respectively. 

The loading curve of nanoindentation test includes three segments: 1) constant loading rate of 
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400 µN/s until the maximum load of 2 mN was achieved, 2) holding time of 2 s at the maximum 

load, and 3) unloading rate of 400 µN/s. The classical nanoindentation modes were applied in 

this study. 20 indentation tests were performed at different locations (i.e. unreacted particles 

and reaction products) of AAFS specimens in the classical mode. Figure 4.5 shows the 

examples of indentation locations in the paste at 20, 400 and 800 °C. 

The elastic modulus is determined based on the initial slope of the elastic unloading curve. 

Firstly, the indentation modulus (M) and hardness (H) are obtained as follows: 

𝑀 =
1

2
(

𝑑𝑝

𝑑ℎ
√

𝜋

𝐴
)|ℎ = ℎ𝑚𝑎𝑥    (4 − 1) 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴
 (4 − 2) 

where p and pmax are the indentation load and the maximum indentation load, respectively. h is 

the indentation depth, hmax is the maximum indentation depth, and A is the projected area of the 

elastic contact [44]. 

The elastic modulus (E) is then calculated as follows: 

𝐸 = (1 − 𝑣2) × [
1

𝑀
−

(1−𝑣𝑡𝑖𝑝
2 )

𝐸𝑡𝑖𝑝
]−1             (4 − 3) 

where v is the Poisson’s ratio of the sample. Etip is the indenter tip and vtip is the Poisson’s ratio 

of the indenter tip, which are 1140 GPa and 0.07, respectively [44]. 

 

 

Figure 4.4. Instrument of nanoindentation. 
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Figure 4.5. Examples of indentation locations in AAFS paste at different exposure 

temperatures. 

4.2.5 Compressive strength test 

The 40 mm cube specimens were prepared for the compressive strength test. The 28-d 

compressive strength of AAFS paste at various temperatures was tested using a universal testing 

machine with a constant loading rate of 0.3 kN/s in accordance to GB/T50081-2002 [481]. 

4.2.6 Three-point bending test 

The three-point bending test was conducted to evaluate the flexural strength of AAFS paste as 

per the RILEM standard. The cuboid AAFS sample with 150 × 50 × 50 mm was prepared for 

this test. The loading rate was set as 0.01 mm/s. Figure 4.6 shows an example of the failure 

pattern of AAFS paste after three-point bending tests. 

 

Figure 4.6. Failure pattern of AAFS paste after three point-bending tests. 
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4.3 Results and discussion 

4.3.1 Bulk density 

Figure 4.7 shows the bulk density of AAFS paste at elevated temperatures. In general, the bulk 

density of AAFS paste reduced with the rise of temperature up to 800 °C. From 20 to 200 °C, 

the bulk density declined dramatically from around 1.95 g/cm3 to 1.62 g/cm3, which can be 

attributed to the significant loss of moisture with looser matrix, as illustrated in the TGA results. 

After 200 °C, the gradient of bulk density reduction steadily slowed down, which can be 

ascribed to the combined effect of the formation of additional gel by further geopolymerisation 

and decomposition of remained binder gel [22]. At up to 800 °C, the bulk density stabilised at 

around 1.58 g/cm3, owing to a balance between the sintering reaction that densified AAFS 

matrix and the recrystallisation of porous phases such as nepheline that resulted in a looser 

structure [56]. It was also confirmed that the consumption of unreacted fly ash particles due to 

sintering reaction could lead to the increase of bulk density in both AAF and AAFS paste with 

rich N-A-S-H gels [22]. Considering the mass changes shown in Figure 4.7, the mass loss 

increased from 0 to approximately 18% at 20-800 °C with a reversed tendency compared to 

that of bulk density. 
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Figure 4.7. Mass loss and bulk density of AAFS paste at elevated temperatures. 
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4.3.2 Visual appearance 

Surface roughness 

To examine the micromechanical properties, the surface roughness was measured using AFM 

to investigate the surface conditions of specimens. Figure 4.8 displays the variations in surface 

topography of AAFS paste at elevated temperatures in both 2D and 3D AFM images. A 

relatively smooth texture is shown in the specimens after exposure to 20 to 600 °C, whereas an 

irregular porous surface can be observed in the specimen at 800 °C. This is consistent with the 

rough surface found in the BSEM image of AAFS paste after 800 °C exposure, which contains 

cavities and flaws in a porous structure. To characterise the surface roughness, two different 

amplitude parameters are used to quantify the topography of samples, including the average 

roughness Ra and root mean square Rq [482]. Table 4.1 summarises the roughness numbers of 

the specimens obtained from the AFM results. It is shown that Ra ranges from 13.0 to 102 nm 

with a mean value of 44.3 nm, while Rq ranges from 18.5 to 132 nm with a mean value of 59.3 

nm.  

These roughness values indicate the quality of the sample's surface preparation, which is 

crucial for accurate nanoindentation analysis, as indentations must occur on a flat surface [44]. 

Based on the surface roughness criteria concluded in the previous studies, the Rq values should 

be 3-5 times less than the indentation depth [44]. Given that the average indentation depth is 

approximately 180 nm, the maximum permissible Rq value is around 900 nm. The obtained Rq 

values are well below this threshold, which suggests the sample surfaces have been ground and 

polished effectively, thereby minimising the influence of surface roughness on the indentation 

results. 

Table 4.1. Summary of surface roughness number in AAFS paste at elevated temperatures. 

Temperature 20 °C 105 °C 200 °C 400 °C 600 °C 800 °C 

Roughness Ra Rq Ra Rq Ra Rq Ra Rq Ra Rq Ra Rq 

Capture1 43 55.2 101 132 17.5 22.6 13.0 23.1 32.7 42.6 21.1 29.2 

Capture2 62 84.4 91.1 116 55.4 67.8 13.8 18.5 36.7 46.6 23.4 33.1 

Capture3 61.6 94.9 102 130 52.9 75.7 23.4 32.6 23.4 29.3 22.9 34.5 

Roughness number (nm) 
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Figure 4.8. Surface topography of polished AAFS samples before and after high 

temperature exposure. 

Surface appearance 

Figure 4.9 displays the visual appearance of AAFS paste after exposure to different 

temperatures. Explosive spalling was not observed during heating process in all AAFS 

specimens. The unexposed specimen had no visible cracks. From 20 to 800 °C, the colour of 

specimen surface changed from dark brown to reddish brown, which can be ascribed to the 

oxidation of inherent iron compounds (Fe2O3) existing in fly ash-based alkali-activated system 

[22, 55, 346]. With the increase of temperature to up to 600 °C, AAFS matrix exhibited a 

smooth texture on surface without any visible cracks, whilst severe cracking can be observed 
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when the temperature reached 800 °C. This can be attributed to the rapid rise of thermal stress 

and drastic phase transformation at this stage, leading to the increase of sample dimensions with 

volumetric expansion as reported in the thermal deformation results [331, 483]. 

 

Figure 4.9. Surface topography of polished AAFS samples before and after high 

temperature exposure. 

4.3.3 Thermal stability 

TGA was performed to investigate the thermal stability of AAFS paste at elevated temperatures. 

Figure 4.10 presents the retained weight of AAFS paste before and after high temperature 

exposure, indicating that the higher exposure temperature can lead to less mass loss. Compared 

with ambient temperature, the retained weight went up by 3.26%, 3.79%, 7.53%, 10.6% and 

10.5% when the temperature reached 105, 200, 400, 600 and 800 °C, respectively.  

According to the derived results shown in Figure 4.11, the majority of the mass loss took 

place from 20 to around 250 °C with endothermic peaks, indicating the water evaporation 

process at early stage of heating. It was reported in the previous studies that the considerable 

mass loss up to 300 °C happened due to the loss of physically bound water and combined water 

in hybrid gels (i.e. N-A-S-H, C-A-S-H and N-(C)-A-S-H gels) and alkali-activated binders 

[335, 484, 485]. The fluctuation depicted between 300 and 400 °C can be ascribed to the further 

release of water. After 400 °C, the gradient of weight loss became relatively steady, implying 

that all moisture had evaporated from the matrix and pore pressure might not be the dominant 

reason to induce damage at higher temperatures (> 400 °C). It was also reported that within 
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500-700 °C, the rising exposure temperature had almost negligible effect on the final loss of 

AAFS paste [32, 36, 447]. 

 

Figure 4.10. TGA results of AAFS paste at elevated temperatures. 

 

Figure 4.11. DTG results of AAFS paste at elevated temperatures. 
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4.3.4 Thermal deformation 

The dilatometry test was conducted to monitor the thermal expansion or shrinkage of AAFS 

paste at elevated temperatures from 20 to 800 °C. The cylindrical AAFS sample was placed in 

the dilatometer, in which the changes of temperature and length were measured. The 

longitudinal strain was then determined based on the original length. Figure 4.12 presents the 

thermal deformation of AAFS paste at elevated temperatures. There was a little change of strain 

when the temperature increased from 20 to around 100 °C, followed by a continuous contraction 

in the specimen until up to 400 °C. This can be ascribed to a capillary shrinkage associated with 

the dehydration of AAFS matrix [53, 54, 341, 342]. A rapid growth of contraction can be 

observed from approximately 500 to 680 °C with a maximum strain of -5.47%, due to the 

consumption of fly ash particles and the collapse of nanostructures that led to the densification 

and therefore shrinkage of matrix [2, 22]. Afterwards, AAFS matrix started to experience a 

significant expansion until 3.12% at up to around 750 °C, which can be attributed to the 

formation of major cracks and cavities induced by phase transformation and thermal stress 

according to the BSEM results. 

 

Figure 4.12. Thermal deformation of AAFS paste at elevated temperatures. 
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4.3.5 Hardness 

Nanoindentation test was performed on the polished specimens to determine the 

micromechanical properties of different solid phases in AAFS paste at elevated temperatures. 

After experiencing the process of loading, constant holding and unloading, the indentation load 

and depth were tracked to determine the indentation modulus, hardness and elastic modulus of 

samples [84, 486]. The load-displacement curves of AAFS paste are shown in Figure 4.13. The 

average indentation depth in the specimen is around 160 nm, suggesting that the prepared 

sample is comparatively smooth to minimise the effect of surface topography on the indentation 

results in terms of the aforementioned mean roughness numbers of 44.3 and 59.3 nm for Ra and 

Rq, respectively. According to the curves, unreacted slag particles exhibit the lowest indentation 

depth of around 80-90 nm, while unreacted fly ash particles show a wider range varying from 

around 80 to 200 nm. The indentation depth of reaction products ranges from approximately 

175 to 280 nm. Figure 4.14 demonstrates the relationship between elastic modulus and hardness 

of AAFS paste subjected to different temperatures. The hardness of reaction products varied 

around 0.59-0.73 GPa for N-A-S-H gels and 0.3-2.5 GPa for C-A-S-H gels, while the hardness 

of unreacted particles was typically reported to be around 6 GPa [84, 166, 198, 218, 223]. The 

overall hardness of AAFS paste at 20-800 °C ranges from around 0.6 to 14.5 GPa, which 

distinctly shows the micromechanical responses of different solid phases in the paste. 

Furthermore, the tendency of a higher hardness can also be denoted in the AAFS matrix when 

the temperature rises from 20 to 800 °C. 
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Figure 4.13. Load-displacement curves of different solid phases (i.e. unreacted fly ash, 

unreacted slag and reaction products) in AAFS paste at 20 ºC. 
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Figure 4.14. Elastic modulus and hardness of AAFS paste at elevated temperatures. 
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4.3.6 Elastic modulus 

Figure 4.15 and Figure 4.16 show the elastic modulus of unreacted particles and reaction 

products in AAFS paste at elevated temperatures. As per the previous studies, the elastic 

modulus of unreacted fly ash was dependent on the mineral features, ranging from 30 to 140 

GPa [212, 221, 222], while the elastic modulus of unreacted slag was in the range of 

approximately 46-70 GPa [167, 218]. As seen in Figure 4.15, the average elastic modulus of 

unreacted fly ash and slag particles at 20 ºC is 85.1 and 92.3, respectively. With the rising 

exposure temperature, the average elastic modulus of unreacted fly ash particles varies from 

around 78.4 to 90.0 GPa, whereas that of unreacted slag particles ranges from 88.6 to 104.2 

GPa at up to 800 ºC. The discrepancies in the elastic modulus of unreacted particles can be 

associated with different factors. Regarding fly ash, the dissolution rate can be dependent on 

the heterogeneity of particles, as they contain both inert crystal phases and reactive amorphous 

phases with a random distribution [43, 165]. Unlike fly ash with a spherical shape, slag particles 

have a more irregular shape with relatively higher angularity, which also causes inhomogeneous 

dissolution of unreacted particles and therefore the variation of elastic modulus [84, 166]. 

Furthermore, the interaction between fly ash and slag particles can also make pronounced 

effects on the dissolution process and surrounding reaction products, resulting in the differences 

of their elastic moduli [43, 48, 162]. 

Regarding reaction products shown in Figure 4.16, the average elastic modulus of reaction 

products in AAFS paste tends to be relatively stable at around 27.0-33.9 GPa from 20 to 200 

ºC. This suggests the stability of reaction products without significant phase decomposition and 

transformation at this stage, which is in good agreement with the previous research that the 

dominant damage mechanisms are further geopolymerisation and pore pressure build-up at up 

to 200 ºC [487]. Afterwards, there is a significant increase in the average elastic modulus by 

50.3 GPa to 84.2 GPa from 200 to 600 ºC, followed by a sudden drop of 150.6% to 33.6 GPa 

at 800 ºC. It can be found that the phase transformation among different binder gels takes place. 

At 20 ºC, the elastic modulus of N-A-S-H and C-A-S-H gels was found to be about 4-20 GPa 

and 12-47 GPa, respectively [166, 212, 218, 221, 222]. Whereas, the hybrid N-C-A-S-H gels 

was reported to have an elastic modulus of 15.6 to 23.9 GPa [39]. Therefore, the significant 

decrease of average elastic modulus from 84.2 to 33.6 GPa at 600-800 ºC can be ascribed to the 



4.3 Results and discussion 153 

 

 

decomposition of C-A-S-H gels and formation of new N-A-S-H gels, which is also notified 

from the SEM-EDS results. Since the classic nanoindentation is used to characterise the 

micromechanical properties of AAFS paste in this study, the future work can be focused on grid 

nanoindentation to capture features in ITZ, pore and cracks.  
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Figure 4.15. Statistical distribution of elastic modulus of unreacted particles in AAFS paste. 
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Figure 4.16. Statistical distribution of elastic modulus of reaction products in AAFS paste. 

Overall, the elastic modulus of unreacted fly ash and slag particles is dependent on their 

mineral features, shape and local reactivity, while the decomposition and transformation of N-

A-S-H, C-A-S-H and N-C-A-S-H gels can significantly affect the micromechanical responses 
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of reaction products in AAFS paste. With the increase of temperature, the simultaneous 

occurrence of decomposition of C-A-S-H gels (decreased by around 11.5%) and formation of 

N-A-S-H gels (increased by about 15.3%) in AAFS paste from 400 to 600 °C [34, 141, 459, 

460], which agrees well with the EDS results showing the shift of spots from high-calcium to 

low-calcium zone. 

4.3.7 Compressive strength 

Mechanical performance of alkali-activated materials involves the contribution of 

micromechanical properties and microstructural features within a complex and heterogeneous 

structure, especially at elevated temperatures. Figure 4.17 demonstrates the compressive 

strength evolution of AAFS paste against elevated temperatures. The average compressive 

strength of AAFS paste at ambient temperature was 65.3 MPa. Compared with the initial state, 

the compressive strength was increased by 26.5 MPa after heating up to 105 °C, which 

continued to grow until 115.9 MPa after exposure to 200 °C. Strength gains in AAFS at 20-200 

°C can be attributed to the further activation of unreacted fly ash particles by heat treatment that 

enhanced the strength in AAFS matrix [55, 394, 488]. After 200 °C, the specimen started to 

experience gradual strength loss with 87.5 MPa at 400 °C, followed by a significant reduction 

until 26.5 MPa after 600 °C exposure. Notably, an increase of compressive strength from 26.5 

MPa to 32.1 MPa was detected with the rising temperature from 600 to 800 °C, attributing to 

the combined effect of viscous sintering and densification in AAFS matrix [2, 22, 49]. 

The relative strength with respect to the original compressive strength of AAFS at ambient 

temperature was calculated and presented in Figure 4.18, in comparison with those collected 

from literature on AAFS with various slag content ranging from 0 to 100%. The compressive 

strength of AAFS paste was enhanced with a strength gain by approximately 77.5% from 

ambient temperature to 200 °C exposure. This suggests the further geopolymerisation within 

AAFS matrix. Considering different slag content in AAFS at 200 °C, the strength gain for the 

paste with 0% slag (i.e. AAF) was around 60% [26], whereas the paste with 100% slag (i.e. 

AAS) exhibited negligible strength development at this stage. With the increase of slag content, 

the initial strength at ambient temperature could be boosted, owing to the activation of slag and 

the formation of C-A-S-H gels [320, 325, 368, 369]. Conversely, the strength loss after high 

temperature exposure could be more significant due to dehydration and decomposition of 



4.3 Results and discussion 155 

 

 

calcite [38]. Therefore, fly ash-dominated AAFS was recognised to have better thermal 

performance than slag-dominated AAFS [2]. 

 

Figure 4.17. Compressive strength of AAFS paste at elevated temperatures. 
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Figure 4.18. Relative strength ratio of AAFS paste at elevated temperatures. 
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It was noteworthy that a strength loss of around 40% took place in AAFS paste from 200 to 

400 °C. As indicated in the BSEM results after exposure to 200 and 400 °C, the volume fraction 

of unreacted particles dropped from 35.12% to 14.74%, while the volume fraction of reaction 

products went up by almost 20% to 81.84%. This suggests that the consumption of unreacted 

particles could lead to the formation of reaction products that enhanced the retention strength 

of AAFS paste. Nevertheless, the strength reduction at this temperature level implied a 

combined effect of different factors. Further geopolymerisation could result in a strength gain, 

whereas dehydration, decomposition, pore pressure accumulation and crack development led 

to more severely deterioration that did not balance out with the simultaneous strength 

development [22, 34]. AAFS paste exhibited a more significant strength reduction 

(approximately 90%) after 600 °C exposure. At 800 °C, the residual strength went up to around 

50% of the original value, mainly associated with the re-crystallisation and sintering effects 

[22, 52]. Beyond 800 °C, it was suggested that the incorporation of fine aggregates can lead to 

filling of open voids and thus a further rise in compressive strength by up to around 75% at 

1000 °C [489, 490]. Figure 4.19 shows the failure patterns of AAFS paste after exposure to 

various temperatures. In comparison with a compact and smooth internal structure for AAFS 

paste at ambient temperature, a rougher texture can be observed from AAFS specimen after 800 

°C exposure. 

 

Figure 4.19. Failure modes of AAFS paste after high temperature exposure under uniaxial 

compression. 

Based on the obtained results, the microstructure-micromechanical property relationships in 

AAFS paste at elevated temperatures are discussed in terms of phase type, volume fraction and 

micromechanical properties, as illustrated in Figure 4.20. According to the aforementioned 

phase assemblage from BSEM images, the evolution of volume fractions of different phases in 

AAFS paste were analysed. The corresponding microstructure-micromechanical property 
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relationships will be discussed in aspects of unreacted particles, reaction products, and pores 

and cracks in the paste. 

 

Figure 4.20. Schematic illustration of microstructure-micromechanical property relations in 

AAFS paste at elevated temperatures. 

For unreacted fly ash and slag particles, a significant drop in the volume fraction takes place 

from 20 to 800 ºC, which can be attributed to the dissolution of unreacted particles and ongoing 

reaction to consume raw materials and thereby form different types of binder gels, depending 

on the local chemical environment [88, 126, 131, 132]. The relative elastic moduli of both fly 

ash and slag particles exhibit some fluctuations at approximately 90-115%. They would show 

less and less significant contribution to the overall strength as the temperature continuously 

went up to 800 ºC, as the remnant particles experience dissolution induced by high temperatures 

and viscous sintering at 800 ºC. 
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Conversely, there exists an increase in the volume fractions of reaction products in AAFS 

paste by up to 14.5% of the total volume from 20 to 800 ºC. The reaction products consist of 

crystalline and amorphous phases including N-A-S-H, N-C-A-S-H and C-A-S-H gels. During 

the alkaline activation of fly ash and slag in AAFS at 20 °C, different dissolved species can be 

rearranged and exchanged to form the binder gels [46, 85]. The reaction of aluminium is more 

rapid and unstable compared to that of silicon, due to a weaker bond in Al-O than Si-O [86]. 

From 400 to 600 °C, the EDS results report the shift of spots from high-Ca to low-Ca zone, 

indicating the decomposition of C-A-S-H gels. This is consistent with the previous findings 

with the simultaneous occurrence of decomposition of C-A-S-H gels (decreased by around 

11.5%) and formation of N-A-S-H gels (increased by about 15.3%) in AAFS paste [34, 141, 

459, 460]. Furthermore, compared to N-A-S-H gels in AAF paste, the hybrid N-C-A-S-H gels 

in AAFS paste exhibit a lower thermal stability, leading to phase decomposition after around 

600 °C heating [2, 22]. After 800 °C, the phase transformation and recrystallisation in AAFS 

paste takes place [22, 385, 487]. The sudden drop of relative elastic modulus of reaction 

products by around 270% from 600 to 800 °C (Figure 4.20) indicates the transformation and 

rearrangement of different phases at this stage. Since the overall phase content of amorphous 

phases can experience a dramatic drop from around 84.1% to 36.0% of the total weight [141], 

the recrystallisation can occur in AAFS paste in terms of formation of nepheline (from N-A-S-

H gels) and gehlenite (from C-A-S-H gels) [487]. 

Several pores and microcracks can be found in AAFS paste at 20 °C due to the heterogenous 

chemical distribution and pore structures within the matrix [84, 168]. Also, both the chemical 

shrinkage happened during the reaction process inside the specimen and drying shrinkage with 

loss of moisture through surfaces that contributes to the overall shrinkage that leads to the 

development of cracks in AAFS paste at 20 °C [6, 487]. With the rising temperature, new cracks 

start to initiate and develop. These cracks are mainly caused by migration of moisture as the 

pore pressure can be trapped in a dense structure with limited internal connectivity in the paste 

to release the excessive pressure [2, 26, 384, 393]. On the other hand, the consumption of 

unreacted particles and further reaction contribute to the formation of binder gels and filling of 

pores and voids. Therefore, there is a combined effect on the stability of the overall volume 

fraction of pores and cracks [385, 491]. After 400 °C, the connection between pores and 

multiple cracks forms an inter-connected network, which can locally release part of the pressure 
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and mitigate the damage induced by pore pressure build-up [4, 52, 385, 483]. Violent 

deterioration occurs in AAFS paste with the formation of thicker cracks and cavities after 600-

800 °C, leading to a more porous structure that results in the significant strength loss of the 

paste. 

In general, the mechanical performance of AAFS at elevated temperatures is highly 

associated with different damage mechanisms that existed in all three phases, along with 

changes of their volume fractions and local micromechanical responses. 

4.3.8 Flexural strength 

Figure 4.21 illustrates the evolution of flexural strength in AAFS. Overall, the residual flexural 

strength of AAFS paste reduced with the increase of exposure temperature. From ambient 

temperature to 200 °C, there was a drop of flexural strength from 3.4 to 1.9 MPa. This can be 

explained by the fact that water in the geopolymer structure can vaporise after the temperature 

exceeded 100 °C, leading to the formation of thermal cracks induced by pore pressure build-up 

in matrix with low permeability and thermal shrinkage [305, 376].  

 

Figure 4.21. Flexural strength of AAFS paste at elevated temperatures regarding (a) this 

study and (b) 100% slag (adapted from [320]). 

The specimen experienced a reduction of flexural strength by 47.4% from 200 to 600 °C 

with a fluctuation by 26.3% at 400 °C. Similar to the compressive strength results, the strength 

gains at this temperature level can be attributed to further geopolymerisation. It is worth noting 
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that there existed a slight increase of residual flexural strength by 4.4%, whereas a decline was 

reported at 600-800 °C in a previous study on sole slag based system [376], as shown in Figure 

4.21. This can be ascribed to a combined result of volume, cavity structure, phase separation, 

recrystallisation and viscous sintering [376, 492].  

4.4 Concluding remarks 

In this chapter, the behaviour of AAFS paste exposed to elevated temperatures (i.e. 20, 105, 

200, 400, 600, and 800 °C) in terms of physical, thermal, micromechanical and mechanical 

properties, and visual appearance was investigated using a series of advanced characterisation 

techniques. Based on the obtained experimental results, the main conclusions can be drawn as 

follows: 

• From 20 to 200 °C, AAFS paste experienced a weight loss of up to 16.9% of the original 

weight and a compressive strength gain by up to 77.5% due to further geopolymerisation 

triggered by early stage of heating. However, pore pressure accumulation induced by 

moisture evaporation can lead to development of cracks and thereafter strength loss. 

• At 200-600 °C, a noticeable reduction of residual strength of AAFS paste by almost 140% 

can be observed, mainly owing to phase decomposition and thermal gradient induced 

stresses. Moreover, there was a mitigation of residual flexural strength by 47.5% when the 

exposure temperature was increased to up to 600 °C. 

• From 600 to 800 °C, AAFS paste exhibited visible macro-cracks on the surfaces with a 

change of colour from dark brown to reddish brown due to oxidation of inherent iron 

compounds. Viscous sintering and recrystallisation contributed to the increase of 

compressive and flexural strengths by 8.6% and 4.4%, respectively. 

• Regarding micromechanical properties of AAFS paste, the overall hardness ranged from 0.6 

to 14.5 GPa at 20-800 °C. The average elastic modulus of unreacted fly ash and slag 

particles varied between 78.4 GPa and 104.2 GPa at up to 800 °C, depending on their 

mineral features, shape and local reactivity. The elastic modulus of reaction products in 

AAFS paste was in the range of 27.0-84.2 GPa before and after high temperature exposure. 



 

Chapter 5 Damage Mechanisms of AAFS Paste at 

Elevated Temperatures 

5.1 Introduction 

Based on the experimental results of microstructure and thermal and mechanical properties 

determined from previous chapters, the behaviour of AAFS paste at elevated temperatures has 

been systematically studied. This chapter further analyses the multiscale microstructural 

evolution of AAFS paste at elevated temperatures in terms of individual phase assemblage and 

pore structure characteristics, together with the proposed damage mechanisms corresponding 

to different levels: Level 0 - solid gel particles, Level I - gel matrix and Level II - AAFS paste. 

According to the variations of microstructural features of AAFS paste at elevated temperatures, 

the discussion can be made as per four different stages: (1) Stage 1: ambient temperature, Stage 

2: 20-200 °C, Stage 3: 200-600 °C and Stage 4: 600-800 °C, as schematically illustrated in 

Figure 5.1. 

5.2 Damage mechanisms 

5.2.1 Stage 1: 20-200 ºC 

At Level 0, the importance is attached to the nanostructure of solid gel particles including N-

A-S-H, N-C-A-S-H and C-A-S-H particles. At 20 °C, Q0 and Q4(0Al) sites are associated with 

the unreacted precursors, which take up around 17.34% of the total volume. With the reaction 

of unreacted precursors, the aluminates and silicates are released as monomers after 

experiencing chemical attack and dissolution [63]. Level I refers to the gel matrix consisting of 

hybrid gels and gel pores (see Figure 5.1). At ambient temperature, the gel pores occupy around 
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60% of the total pore volume based on the MIP results, which indicates that the raw precursors 

have been significantly consumed to form reaction products, leaving a large number of gel pores 

in AAFS gel matrix [22]. This is consistent with the assemblage of different phases at Level 0. 

At level II, the focus is placed on paste, composed of unreacted fly ash and slag particles, 

reaction products and pores (i.e. capillary and larger pores with cracks and voids). A 

considerable amount of unreacted fly ash particles can be observed in the BSEM images, while 

some micro-cracks appear at this stage as well, due to shrinkage of AAFS matrix during the 

curing process. The capillary pores take up approximately 29% of the total porosity, whereas 

medium and larger pores play less crucial roles at this stage. 

 

Figure 5.1. Schematic diagram of multiscale microstructural evolution of AAFS paste at 

elevated temperatures. 
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After 200 °C exposure, there is an obvious increase of Q2(1Al) sites from 14.24% to 24.52%, 

ascribed to the formation of C-A-S-H, where Si and Al tetrahedra are bonded together with the 

presence of Ca2+ ions. This indicates the further promotion of slag activation from 20 to 200 

°C. As per the 29Si NMR test results, the temperature rise can generally cause the transformation 

of solid gel particles from lower degree of cross-linking to higher levels. Regarding gel matrix 

at Level I, there exhibits a rapid drop of gel pore volume fraction from about 65% to 35% due 

to the further reaction and the refinement of gel pores [55]. Meanwhile, new medium and large 

pores are generated at Level II, which can be attributed to the water evaporation and moisture 

transport. Crack development can be observed at this temperature due to the pore pressure-build 

up. The accumulation of vapour pressure in the pore structure can result in the initiation and 

propagation cracks, which develop along the weak transition zone between unreacted particles 

and reaction products [4].  

Based on the microstructural features and mechanical performance, the damage mechanisms 

at this stage can be proposed. With the increase of exposure temperature, the release of free 

moisture is significantly promoted before 200 °C and in turn, moisture clog can be formed at 

the inner region, resulting in pore pressure accumulation and development of cracks [52]. 

Meanwhile, the heating favours further geopolymerisation in AAFS matrix by consuming free 

water to activate remaining precursors [22]. The newly formed gels, consumption of moisture 

and pore pressure build-up have a synergetic effect on the strength development in AAFS by 

up to 77.5% at 200 °C. Figure 5.2 illustrates the proposed damage mechanisms in AAFS paste. 

5.2.2 Stage 2: 200-600 ºC 

From 200 to 600 °C, an obvious mitigation of Q2(1Al) by approximately 12.91% can be found. 

The signals associated with Q3(1Al) sites at this stage indicate the existence of N-C-A-S-H, so 

that the main reaction products are composed of N-C-A-S-H and N-A-S-H structures where Si 

and Al tetrahedra can be bonded with a ring shape with Ca2+ and Na+ ions [63]. As for gel 

matrix, the disappearance of calcite and C-S-H phase can be observed from the XRD and 

QXRD results, which is corresponding to the rapid decrease of Q2(1Al) sites at Level 0. There 

is a continuous loss of gel pores at this temperature, implying further gel pore refinement with 

disordered gel structures. At Level II, the cracks become widened and lengthened compared to 

the previous stage. Medium pores dominate the inter-connected network, occupying about 
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56.2% of the total porosity. This can be ascribed to the collapse of gel and capillary pores to 

form larger ones, resulting in densification in the gel matrix at Level I with larger pores 

observed in the paste at Level II. Especially, pores with diameter of greater than 0.45 mm start 

to appear after 400 °C exposure, as observed in the XCT images. 

 

Figure 5.2. Proposed damage mechanisms of AAFS paste at elevated temperatures. 

In terms of the damage mechanisms at Stage 2, both physically and chemically bonded 

moisture is fully evaporated. The AAFS matrix exhibits coalescence of microcracks within an 

inter-connected network. From 200 to 400 °C, the further geopolymerisation continues with a 

boost of reaction products by almost 20%, leading to the filling of voids and cracks. The 

porosity of AAFS is approximately remained the same at this stage, owing to a combined effect 



5.2 Damage mechanisms 165 

 

 

of the growth in reaction products and the initiation of cracks. Other than pore pressure build-

up, the damage in AAFS can be explained by two reasons: (1) phase decomposition with 

disappearance of calcite, and (2) thermal gradient induced stresses that promote the propagation 

and localisation of cracks, as illustrated in Figure 5.2. Consequently, AAFS paste deteriorates 

significantly with a strength loss of around 90%. 

5.2.3 Stage 3: 600-800 ºC 

After 800 °C, N-A-S-H with Q4(3Al) dominates the reaction products, with the existence of 

Q4(2Al) and Q4(1Al) sites. Compared with Q2(1Al) sites, Q4(3Al) structure shows a higher 

degree of cross-linking, indicating the concentration of solid gel particles and the 

decomposition of C-A-S-H gels in AAFS after 800 °C exposure. This was also confirmed in 

the previous study on binder gels in AAFS at elevated temperatures that the increase of Q4(nAl) 

sites revealed the dehydration of C-A-S-H gels at 800 °C, favouring the formation of more 

cross-linked N-A-S-H gel and new crystalline phases such as anorthite and nepheline (also 

indicated in the XRD results in this study) [56]. At Level 0, gel pores can barely be seen, with 

less than 5% of the total pore volume (i.e. an around 92.5% reduction from 20 to 800 °C) due 

to sintering effect. Crystallisation of nepheline and gehlenite happens at this stage, which 

respectively take up 26.3% and 21.5% of the whole crystalline phases. The formation of 

nepheline is associated with the highly cross-linked aluminosilicate, while monomeric Si can 

contribute to the presence of gehlenite [34]. 

Meanwhile, the amorphous phase drops significantly from more than 80% to 33.5% 

according to the QXRD results, which also explains the decomposition of hybrid gel while 

crystallisation happens. On the other hand, FTIR results show a tendency of the main band 

(assigned to the Si-O-T bonds) shifting from a position of lower to higher wavelength, which 

also suggests that N-A-S-H becomes the dominant reaction product in AAFS after 800 °C 

exposure. Both sintering and densification can enhance the compactness of gel matrix, whereas 

AAFS paste exhibits a more porous structure with flaws and voids due to the drastic matrix 

deterioration at Level I [22]. The disappearance of micro-cracks can be attributed to the melting 

and self-healing in AAFS at 800 °C. Overall, the main features about damage evolution in 

AAFS paste at elevated temperatures are summarised in Figure 5.3. 
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Figure 5.3. Multiscale microstructural evolution of AAFS paste at elevated temperatures. 

To sum up the damage mechanisms at Stage 3, the rearrangement of AAFS matrix took 

place, along with the formation of large pores, cracks and cavities. Almost full consumption of 

unreacted particles and collapse of nano-pores led to the formation of larger pores with a drastic 

increase of porosity. Recrystallisation and viscous sintering play a dominant role at Level II 

[22, 52]. Recrystallisation refers to the phase transformation of N-A-S-H gels to form nepheline 

and the appearance of gehlenite associated with C-A-S-H gels. As a porous crystalline phase, 

nepheline has a negative impact on the compactness of paste and forms a more vulnerable gel 

skeleton. On the other hand, the viscous sintering can result in self-healing by filling micropores 

and densification of the paste, which diminishes the undesirable effects caused by crack 
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formation and phase changes. This contributes to a strength gain at 800 °C by about 10% of the 

original compressive strength. 

5.3 Concluding remarks 

In this chapter, the underlying damage mechanisms of AAFS paste at elevated temperatures 

were investigated based on different temperatures ranges from Stage 1 to 3. The multiscale 

microstructural characteristics were discussed, which provided fundamental understanding of 

this material with the identification of each damage mechanism in the matrix.  





 

Chapter 6 Conclusions and Perspectives 

6.1 Conclusions 

This thesis systematically investigates the behaviour of alkali-activated fly ash-slag (AAFS) 

paste at elevated temperatures from 20 to 800 °C, focusing on multiscale microstructural 

characteristics, thermal and mechanical properties, and inherent damage mechanisms. The 

research delivers significant insights into high-temperature-induced damage evolution and 

extends the potential of this sustainable material for fire prevention and high-temperature-

resistant applications. The main conclusions of this thesis can be drawn as follows: 

(i) Multiscale microstructural characteristics of AAFS paste at elevated temperatures 

• The nanostructure of solid gel particles was significantly altered with increasing 

temperature. At 20-200 °C, an enhancement in the bonding between Si and Al tetrahedra 

promoted the formation of Q2(1Al), indicating a strengthening of the gel matrix. As 

temperatures rose beyond 200 °C, a sharp decline in Q2(1Al) and a rise in Q4(3Al) suggested 

a transition towards a more cross-linked N-A-S-H gel due to the decomposition of C-A-S-

H gel.  

• At the highest evaluated temperature of 800 °C, the nanostructure is dominated by N-A-S-

H gel, with substantial reductions in C-A-S-H and N-C-A-S-H gels. Consequently, 

significant crystalline phases including nepheline and gehlenite emerge, indicating the 

existence of phase transformation at extreme temperatures. 

• The volume fraction of unreacted particles in AAFS paste declined from around 30% to 5%, 

whereas that of pores and cracks went up from 2.3% to 10.3% as the temperature increased 

from 20 to 800 ºC. The gradual disappearance of unreacted fly ash and slag was observed, 

together with the initiation and propagation of cracks, cavities and flaws in a porous 

structure at up to 800 ºC. 
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(ii) Behaviour of AAFS paste at elevated temperatures 

• The thermal performance of AAFS paste revealed that the majority of the mass loss took 

place from 20 to around 250 °C, whereas the rising exposure temperature had almost 

negligible effect on the final loss. There was a rapid growth of thermal contraction in the 

paste at 500 to 680 °C with a maximum strain of 5.47% due to matrix densification. 

• From 20 to 200°C, AAFS paste exhibited a weight loss of up to 16.9% of its original weight 

and an increase in compressive strength by up to 77.5%, attributed to enhanced 

geopolymerisation induced by the initial phase of heating. There was a noticeable reduction 

of residual strength of AAFS paste by almost 140% at 200-600 °C, followed by a slight 

increase of residual strength (around 50% of the original value). 

•  Regarding micromechanical properties of AAFS paste, the overall hardness ranged from 

0.6 to 14.5 GPa at 20-800 °C. The average elastic modulus of unreacted fly ash and slag 

particles varied between 78.4 GPa and 104.2 GPa at up to 800 °C, depending on their 

mineral features, shape and local reactivity. The elastic modulus of reaction products in 

AAFS paste was in the range of 27.0-84.2 GPa before and after high temperature exposure. 

(iii) Damage mechanisms of AAFS paste at elevated temperatures 

• The damage mechanisms of AAFS paste were identified based on different temperature 

ranges. At Stage 1 (20-200 °C), further geopolymerisation took place in AAFS matrix, 

which consumed unreacted precursors to produce new binder gels, thereby enhanced the 

mechanical properties within this temperature level. Meanwhile, the migration of free 

moisture triggered by elevated temperatures led to pore pressure build-up and crack 

initiation.  

• At Stage 2 (200-600 °C), further crack propagation and development could be found in the 

paste, which was induced by thermal gradient and phase decomposition with disappearance 

of calcite.  

• When it got to Stage 3 (600-800 °C), viscous sintering and recrystallisation were found as 

the dominant factors that led to a combined effect of matrix densification with self-healing 

of cracks and deterioration of AAFS internal structure. 
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6.2 Perspectives 

Based on the experimental results of this thesis, the identified limitations and the 

recommendations for future research are outlined as follows: 

• In this thesis, the behaviour of AAFS paste at elevated temperatures was investigated based 

on a fixed mix proportion, whereas the future research can focus on further modification of 

AAFS, including changes of slag content to study high-calcium based AAFS and 

replacement of alkaline activators to achieve higher sustainability with lower alkali. 

• The behaviour of AAFS concrete at elevated temperatures can be further studied in the 

future, along with the strategies to make use of recycled materials to tailor this type of AAC. 

For example, the coarse and fine aggregates can be substituted by recycled aggregates from 

disposed Portland cement concrete.  

• Based on the identified damage mechanisms, different damage mitigation approaches 

should be adopted to improve the high-temperature behaviour of AAFS like incorporation 

of fibres. For instance, the use of recycled tyre polymer fibres was proved to enhance the 

thermal-resistance of Portland cement by improving internal connectivity in the matrix after 

melting at elevated temperatures. The incorporation of recycled fibres and other additives 

in AAFS are worth investigating to mitigate thermal-induced damages in the future. 

• The heating method applied in this research was based on a constant heating rate of 10 

°C/min. However, the increase of temperature in a real fire situation was more rapid and 

inconsistent. Therefore, it is recommended to use the fire curve in the duration of heating 

to better simulate extreme scenarios and study the effect of heating rates on the behaviour 

of AAFS. 

• In accordance with the experimental results of this thesis, the microstructural characteristics 

as well as physical, thermal and mechanical properties of can be used to develop the coupled 

thermal-mechanical models of AAFS for further numerical studies on this material. 
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Appendix A Sample Preparation 

Preparation of SH (NaOH): 

Firstly, the molecular weights of sodium, oxygen and hydrogen are listed as follows: 

The molecular weight of sodium (Na) = 23 g/mol 

The molecular weight of oxygen (O) = 16 g/mol 

The molecular weight of hydrogen (H) = 1 g/mol 

 

Therefore, the molecular weight of sodium hydroxide can be calculated as follows: 

The molecular weight of sodium hydroxide (NaOH) = 23+16+1 = 40 g/mol 

Which states that in the weight of 1 mol of NaOH is 40 g 

 

Then, the mass of NaOH solid powder can be determined: 

The mass required to prepare 10 M NaOH per litre solution  

= Molecular weight of NaOH × 10 mol 

= 40 g/mol × 10 mol 

= 400 g 

 

Hence, 

For 1 litre of water, there should be 400 g NaOH to obtain 10 M solution. 
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Preparation of SS (Na2SiO3): 

Firstly, the molecular weights of sodium, silicate and oxygen are listed as follows: 

The molecular weight of sodium (Na) = 23 g/mol 

The molecular weight of silicate (Si) = 28 g/mol 

The molecular weight of oxygen (O) = 16 g/mol 

 

Thus, the molecular weight of sodium oxide and silicon oxide can be determined: 

The molecular weight of Sodium oxide (𝑁𝑎2𝑂) = 16 + 23 × 2 = 62 g/mol 

The molecular weight of Silicon oxide (𝑆𝑖𝑂2) = 28 + 16 × 2 = 60 g/mol 

 

Thus, 

The total mass of 𝑁𝑎2𝑂 required for a 𝑀𝑠 ratio of 2 can be calculated by: 

  𝑀𝑠 = 2 =

𝑚𝑆𝑖𝑂2
𝑀𝑆𝑖𝑂2

𝑚𝑁𝑎2𝑂

𝑀𝑁𝑎2𝑂

=
31.10

60
𝑚𝑁𝑎2𝑂

62

    →     𝑚𝑁𝑎2𝑂 = 16.068 𝑔 

 

Since in the used SS solution, there are 8.5 g 𝑁𝑎2𝑂 per 100 g solution (as mentioned in Chapter 3), 

Thus, 

Additional water  𝑚𝑆𝑖𝑂2
= 16.068 −  8.5 = 7.568 𝑔 

Since in the chemical reaction: 𝑁𝑎2𝑂 + 2 𝐻2𝑂 = 2𝑁𝑎𝑂𝐻 + 𝑂2     ;      𝑁𝑎2𝑂 → 2𝑁𝑎𝑂𝐻 

 

Thus, 

𝑚𝑁𝑎2𝑂

𝑀𝑁𝑎2𝑂

= 2
𝑚𝑁𝑎𝑂𝐻

𝑀𝑁𝑎𝑂𝐻

   →     
7.568

62
=

𝑚𝑁𝑎𝑂𝐻

2 ∗ 40
  →     𝑚𝑁𝑎𝑂𝐻 = 9.77

𝑔

100𝑔
𝑤𝑎𝑡𝑒𝑟 
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