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A B S T R A C T   

Alkali-activated concrete (AAC) is recognised as a novel sustainable construction material to substitute Portland 
cement concrete with superior thermal and mechanical performance. However, AAC would suffer significant 
deterioration when subjected to elevated temperatures due to different damage mechanisms, including thermal 
incompatibility caused by different thermal coefficients between matrix and aggregates, pore pressure build-up 
and phase transformation. This paper presents a systematic and comprehensive review on the behaviour of 
different types of AAC such as alkali-activated fly ash, alkali-activated slag, alkali-activated metakaolin and 
alkali-activated fly ash-slag systems at elevated temperatures in terms of phase stability and microstructural 
evolution as well as thermal and mechanical performance. The effective strategies for improving the high- 
temperature resistance of AAC are reviewed and discussed from the perspectives of AAC matrix, aggregates 
and fibre incorporation, with special focus on how these strategies can tackle different damage mechanisms. This 
paper summarises the recent advances in the field and identifies the remaining challenges and opportunities for 
future research.   

1. Introduction 

When concrete is subjected to elevated temperatures, the damage 
will be induced with development of cracks which can cause serious 
risks or even catastrophes if any large-scale concrete structure collapses 
[1–3]. In recent years, the behaviour of conventional Portland cement 
concrete (PCC) at elevated temperatures has been extensively studied 
from microscopic characterisation to macroscopic performance with a 
variety of approaches proposed to improve thermal and fire resistance of 
PCC [2,4–6]. As a promising alternative to PCC, alkali-activated con-
crete (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 result in 60–80% less 
CO2 emissions compared to PCC products [7–13]. The application of 
AAC as a substitute for PCC can not only help mitigate the CO2 emissions 
from cement production, but also reduce the amount of industrial 
wastes, e.g., fly ash [14–17]. Moreover, AAC exhibits better mechanical 
performance and stable structure integrity at elevated temperatures of 
up to 800–900 ◦C in comparison with PCC [18,19]. Hence, the appli-
cation of AAC in high temperature scenarios has been increasingly 
explored, such as fire-resistant materials, thermal insulators and thermal 

energy storage concrete [20–23]. Nevertheless, AAC would also expe-
rience significant damage when exposed to high temperatures due to 
different mechanisms including thermal incompatibility, pore pressure 
build-up and phase transformation [24–26]. 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 in AAC [25,27,28]. Pore 
pressure build-up results from the moisture transport from the heated 
surface to the cooler region in AAC matrix subjected to high tempera-
tures and the accumulation of condensed water vapour in the 
non-deformable pore structure of AAC would cause damage and crack 
development [2,29,30]. 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 
[31–34]. Therefore, to promote the broader application of AAC in civil 
infrastructure, it is vital to systematically investigate the 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 such 
as alkali-activated fly ash (AAF), alkali-activated slag (AAS), alkali- 
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activated metakaolin (AAMK) and alkali-activated fly ash-slag (AAFS) 
concrete. The experimental studies on AAF and AAS concrete indicated 
that AAF has superior mechanical performance against high tempera-
tures due to the porous structure that can effectively prevent the vapour 
pressure build-up, while AAS exhibits the largest strength reduction in 
comparison with other types of AAC due to dehydration and decompo-
sition of CaCO3 [24–26]. Compared to AAF, AAMK has a denser internal 
structure and thus would suffer more serious deterioration in mechan-
ical properties after exposure to 800 ◦C [35,36]. Regarding the blend 
precursor systems, e.g., AAFS, it was reported that the slag content has a 
significant influence on the thermal behaviour of AAFS in terms of 
microstructure and mechanical properties. AAFS containing low slag 
content (10–20% by weight of the binder) exhibits similar crystalline 
phases including quartz, mullite and nepheline to AAF but relatively 
better residual strength after exposure to high temperatures. The C–S–H 
type gel can be detected in both AAS and AAFS with high slag content 
(40–50% by weight), leading to a greater strength loss at elevated 
temperatures [33,37,38]. To tackle the potential risks of 
thermal-induced damage on concrete exposed to elevated temperatures, 
different mitigation approaches have been proposed and adopted. 
Among them, the addition of fibres such as steel, synthetic (e.g., poly-
propylene (PP)) and hybrid fibres is accepted as one of the most effective 
methods to enhance high-temperature resistance of cementitious ma-
terials and AAC [39]. For instance, the addition of steel fibres in concrete 
can resist the initiation and propagation of microcracks, while the 
incorporation of PP fibres can increase the connectivity of pore network 
in concrete and thus can effectively prevent the vapour pressure accu-
mulation [40,41]. 

Up to now, several studies have summarised the behaviour of PCC at 
elevated temperatures and the performance of AAF and AAMK covering 
some thermal and mechanical properties at elevated temperatures from 
25 ◦C to 1000 ◦C [1,3,19,39,42–46], while a critical review on the 
performance of different types of AAC subjected to high temperatures 
and damage mitigation approaches is still lacking. It is vital and urgent 
to summarise the recent advances in this field, which can provide a 
thorough understanding of the damage mechanisms of AAC exposed to 
elevated temperatures and promote the development of AAC with 
desired thermal and fire resistance for engineering application. 

To this end, this study presents a state-of-the-art review and provides 
comprehensive discussions from microscopic characteristics to macro-
scopic performance of AAC at elevated temperatures. As illustrated in 
the outline of this review in Fig. 1, firstly, the heating and cooling 
methods and damage mechanisms of AAC in comparison with that of 
PCC were briefly introduced. Then, the microstructural characteristics 
and thermal and mechanical properties of different single and blend 
precursor systems subjected to elevated temperatures in terms of phase 
stability, microstructural evolution, thermal stability, thermal defor-
mation, and compressive, tensile and flexural strengths were systemat-
ically reviewed and analysed. Afterwards, the potential approaches to 
mitigating damage of AAC at elevated temperatures including the 
modification of AAC and incorporation of fibres were summarised and 
discussed in detail. Lastly, the knowledge gap and remaining challenges 
were identified along with opportunities for future research. 

2. 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 expo-
sure [2,47]. Two main heating procedures are commonly employed: (1) 
simulation of the real fire situation following a standard heating curve, 
and (2) constant heating rate [1,40,48]. 

A standard heating rate is set based on the specified heating curves to 
predict the real fire conditions. Fig. 2a illustrates the standard fire curves 

given in ISO 834–1 [49], ASTM E119 [50], KSF 2257 [51] and JIS A 
1304 [52], indicating a logarithmic relationship between the growing 
temperature and heating time to reflect the real fire circumstance 
[53–56]. This heating method has been extensively employed to inves-
tigate the resistance of concrete to pore pressure and spalling [1,57–60]. 
However, concrete can be significantly damaged by thermal gradient 
and thus 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 to reach the target 
temperature more frequently [61–65]. Fig. 2b 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 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 [2]. The previous studies examined the heating rates 
between 0.5 and 30 ◦C/min such as 1 ◦C/min [2,65], 2 ◦C/min [66], 
4 ◦C/min [67] and 10 ◦C/min [64,68,69]. 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 [1]. 

The mechanical properties can be tested during and after heating 
process [41,63,70–78]. Due to the potential safety concerns on hot 

Fig. 1. Outline of this review.  
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specimens, the tests are commonly conducted after heating. To measure 
the residual properties of specimens at ambient temperature, the test 
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 ◦C, 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 
[1,79]. Thus, the non-uniform distribution of thermal stress can cause 
damage to concrete and a strength loss. 

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 [70,80]. Hot and residual compressive 
strengths of concrete specimens could be similar to each other [81,82]. 
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 [78,80,83]. At 
100–105 ◦C, 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 [80,83]. At a higher temperature level of 600 ◦C, 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 [78]. Due to the high facility requirements to un-
dertake in-situ tests on hot specimens, the available data obtained from 
in-situ measurements are still limited. Table 1 summarises the recent 
experimental studies on ACC with different heating and cooling 
methods. 

3. Damage mechanisms of concrete at elevated temperatures 

3.1. Portland cement concrete (PCC) 

The damage mechanism of PCC at elevated temperatures has been 
extensively studied. Fig. 3 displays a schematic illustration of pore 
pressure induced damage evolution in PCC at elevated temperatures. In 
general, up to 100 ◦C, 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. 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 accu-
mulation [64,71,152–156]. 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 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 is remained lower inside concrete, 
moisture can condense to form a “moisture clog”. With the accumulation 
and expansion of condensed water vapour, a significant amount of po-
tential 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 [157]. Consequently, the pore pressure 
builds up and the pore pressure induced stress would continue to in-
crease until the maximum stress that can be maintained within the 
structure is exceeded, as a result of which damage would occur in con-
crete due to a violent release of energy. 

However, pore pressure induced damage is not the only cause that 
leads to concrete failure [158]. 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 
[159,160]. 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 [157]. 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 
[161]. 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 [157]. 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 

Fig. 2. Heating methods following (a) standard fire curves (T is the fire temperature and tmin is the heating time) and (b) constant heating process [1,55].  
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Table 1 
Summary of raw materials, curing conditions, heating and cooling methods, characterisation and main findings collected from studies on AAC at elevated 
temperatures.  

Ref. Precursor Alkaline 
activator 

Additive Fibre Curing method Heating method Cooling 
method 

Characterisation Main findings 

[27] 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. 

[31] 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. 

[84] Fly ash SH + SS – – 24 h at 60 ◦C 
oven curing, 
then ambient 
curing 

Exposed to up to 
1200 ◦C in 5 
min 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. 

[32] 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. 

[85] 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 

[86] 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. 

[87] 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. 

[88] 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. 

[89] 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. 

[90] 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. 

(continued on next page) 
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Table 1 (continued ) 

Ref. Precursor Alkaline 
activator 

Additive Fibre Curing method Heating method Cooling 
method 

Characterisation Main findings 

[91] Fly ash SH (8 M) 
+ SS 
KOH (8 
M) +
K2SiO3 

Nano silica – 24 h at 70 ◦C 
curing then 
ambient curing 

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. 

[92] 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. 

[93] 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. 

[94] 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. 

[95] 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. 

[96] 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. 

[74] 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. 

[97] 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. 

[98] 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. 

[99] 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%. 

[29] 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. 

(continued on next page) 
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Table 1 (continued ) 

Ref. Precursor Alkaline 
activator 

Additive Fibre Curing method Heating method Cooling 
method 

Characterisation Main findings 

[100] 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. 

[25] Fly ash SH (8 M) 
+ SS 

– – 18 h at 60 ◦C 
curing then 
ambient curing 

Exposed to 
200–550 ◦C at 
5 ◦C/min and 
held for 1 h 

Naturally 
cool down 

Elastic modulus, 
compressive 
strength, thermal 
strain, creep, TGA 

As the temperature 
increased to 200–300 ◦C, the 
compressive strength of AAC 
increased due to further 
geopolymerisation. 

[101] 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. 

[102] 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. 

[103] 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. 

[104] 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. 

[28] 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. 

[24] Fly ash SH (10 M) 
+ SS 

– – 24–96 h at 
55–80 ◦C 
curing then 
ambient curing 

Exposed to up to 
800 ◦C at 
4.4 ◦C/min and 
held for 2 h 

Naturally 
cool down 

Compressive 
strength, mass loss, 
TGA 

Two opposing processes can 
affect the strength 
behaviour of AAC: (1) 
sintering effect to enhance 
strength, and (2) thermal 
incompatibility that 
deteriorates the matrix. 

[105] 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. 

[106] 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. 
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Table 1 (continued ) 

Ref. Precursor Alkaline 
activator 

Additive Fibre Curing method Heating method Cooling 
method 

Characterisation Main findings 

[107] 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. 

[108] 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. 

[109] 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. 

[110] Fly ash SH + SS – – 24 h at 60 ◦C 
curing then 
25 ◦C water 
curing for 28 d 

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 AAF matrix 
after high temperature 
exposure. 

[111] 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. 

[112] 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. 

[113] 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. 

[114] 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. 

[115] 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. 

[116] 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 
with the rising temperature. 
At 800 ◦C, the pore size 
ranged from 0.01 to 10 μm. 

[117] 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. 
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Table 1 (continued ) 

Ref. Precursor Alkaline 
activator 

Additive Fibre Curing method Heating method Cooling 
method 

Characterisation Main findings 

[37] 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 

Crystallisation 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%. 

[118] 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. 

[119] 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. 

[120] 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. 

[121] 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. 

[122] 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 
SEM 

The strength of AAS 
decreased with the increase 
of glass powder dosage. 
Crack initiation and 
propagation took place after 
exposed to 450 ◦C, along 
with gel structure 
deterioration. 

[123] 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. 

[124] 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. 

[125] 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. 

[126] 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. 

[127] 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. 

[128] 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%. 
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Table 1 (continued ) 

Ref. Precursor Alkaline 
activator 

Additive Fibre Curing method Heating method Cooling 
method 

Characterisation Main findings 

[23] 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. 

[129] 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. 

[33] 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. 

[130] 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. 

[131] 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. 

[132] 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. 

[133] 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. 

[134] 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. 

[26] 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. 

[135] 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. 

[136] 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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Table 1 (continued ) 

Ref. Precursor Alkaline 
activator 

Additive Fibre Curing method Heating method Cooling 
method 

Characterisation Main findings 

[137] 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. 

[138] 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. 

[139] 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. 

[140] 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. 

[141] 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. 

[142] 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 the 
reduction of small gel pores 
and increase of larger pores 
due to formation of cracks. 

[143] 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. 

[144] 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. 

[145] 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. 

[36] 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. 
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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 [160]. 

After exposure to 100 ◦C, 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 ◦C, calcium hydroxide (CH) in PCC can decompose into 
calcium oxide and water. After 700 ◦C, the decarbonation of calcium 
carbonate (CaCO3) takes place. When the temperature reaches 800 ◦C, 
all chemically bound water can be fully evaporated [152]. 

Table 1 (continued ) 

Ref. Precursor Alkaline 
activator 

Additive Fibre Curing method Heating method Cooling 
method 

Characterisation Main findings 

[146] 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. 

[35] 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. 

[147] 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. 

[148] 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. 

[149] 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. 

[150] 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. 

[151] 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. 

Fig. 3. Schematic illustration of damage evolution in Portland cement concrete (PCC) at elevated temperatures [162].  
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3.2. Alkali-activated concrete 

In comparison with the PCC system, AAC exhibits better high- 
temperature resistance [11,163,164]. This is because that 
alkali-activated aluminosilicate gels in AAC differ from cement paste in 
PCC [28,163]. 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 gen-
eration of gels without much chemically bounded or physically absorbed 
water compared to C–S–H gels in PCC [11]. 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 ◦C with less strength 
loss compared to PCC [25,107]. 

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 [24], as 

illustrated in Fig. 4. 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 [24]. At the initial state, there is no expansion or shrinkage 
in AAC. When exposed to elevated temperatures, the expansion of ag-
gregates 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 [27]. However, it was found that the mechanical per-
formance of AAF at elevated temperatures was unstable. As the tem-
perature 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 [165]. 
Moreover, further chemical reaction can enhance the strength of AAF, 

Fig. 4. Damage mechanisms of AAC at elevated temperatures: (a) thermal incompatibility, (b) pore pressure build-up, and (c) phase transformation (adapted from 
Refs. [23,27,162,167]). 
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whereas the thermal incompatibility induced damage has a reverse ef-
fect [24]. 

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 [28]. 

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 tem-
peratures [18,24,166]. Fig. 4c 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 ◦C, 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 ◦C, AAF remains stable with no sig-
nificant loss of structure integrity and change of crystalline phases. The 
shrinkage of AAF matrix and viscous sintering can be detected at 600 ◦C 
and new crystalline phases are formed after 800 ◦C. 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 [23]. 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 ◦C. 

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 incor-
poration of slag that accelerates the reaction process, resulting in a 

denser matrix compared to AAF [23]. Some microcracks can be observed 
in AAFS matrix at this stage. When exposed to 100 ◦C, 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 ◦C, gel decomposition occurs in AAFS, resulting from slag that 
forms hybrid N–C-A-S-H gel with lower thermal stability compared to 
N-A-S-H gel in AAF [23]. 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 ◦C. Nevertheless, AAFS suf-
fers 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. 

4. Microstructural characteristics of AAC at elevated 
temperatures 

Microscopic properties reflect the fundamental changes in AAC at 
elevated temperatures such as phase transformation and microstructural 
and pore structure evolution, which can explain the damage mecha-
nisms and essentially affect the macroscopic performance of AAC at 
elevated temperatures. Table 2 summarises the experimental studies on 
microstructural characteristics of AAC at elevated temperatures, 
including single and blend precursor systems (AAF, AAS, AAMK and 
AAFS). 

4.1. Phase stability 

4.1.1. 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 [31]. Fig. 5 
gives a summary of the main phase changes observed in different types 
of AAC. In AAF, the geopolymerisation can primarily result in the for-
mation of amorphous aluminosilicate gel (three-dimensional N-A-S-H 
type gel) to promote strength and durability at ambient temperature 
[11,168,169]. The main semi-crystalline phases include quartz (SiO2), 

Table 2 
Summary of phase changes of AAC at elevated temperatures.  

Ref. Precursor Main findings 

[31] Fly ash Appearance of crystalline phases (albite, anorthite, and 
magnetite) after 800 ◦C 

[32] Fly ash Increase in the amorphous phase content after 800 ◦C 
[103] Fly ash Appearance of albite and nepheline at 300 ◦C, and more 

albite was observed at 900 ◦C 
[34] Fly ash Hydroxysodalite and herschelite disappeared to form 

albite and nepheline after 600 ◦C 
[176] Fly ash Disappearance of hydroxysodalite and formation of 

nepheline at 800 ◦C 
[96] Fly ash Peaks of quartz, mullite and hematite and appearance of 

albite and nepheline at 1000 ◦C 

[114] Slag Formation of new crystalline phases of gehlenite, larnite 
and mayenite at 1000 ◦C 

[37] Slag Crystallisation to form akermanite, diopside and 
wollastonite at 1200 ◦C 

[177] Slag Increase of akermanite and formation of gehlenite and 
merwinite at 800 ◦C 

[117] Slag Increase of albite and sodium-aluminium-silicate after 
exposed to 800 ◦C 

[124] Metakaolin Formation of new crystalline phase of nepheline at 900 ◦C 

[178] Metakaolin Formation of nepheline after firing to 1000 ◦C 

[33] Fly ash and 
slag 

No formation of new crystalline phase after exposed to 
700 ◦C 

[26] Fly ash and 
slag 

No new crystalline phases detected and decomposition of 
calcite at 600 ◦C (50% slag) 

[179] Fly ash and 
slag 

Formation of akermanite, gehlenite, anorthite and 
nepheline at 800 ◦C (25, 50, 75% slag) 

[38] Fly ash and 
slag 

New crystalline phases: anorthite, nepheline and 
wollastonite at 600 ◦C  

Fig. 5. Schematic diagram of phase changes in different types of AAC at 
elevated temperatures. 
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mullite (Al6Si2O13), magnetite (Fe + 2Fe2 + 3O2) and hematite (Fe2O3) 
[31,101,103]. Quartz is a common phase in unreacted fly ash particles 
with a high melting point of 1713 ◦C, which can be primarily in origin 
and formed from the Al2O3–SiO2 system [170]. Mullite is a refractory 
with a melting point of 1830 ◦C [171] that is stable at both room and 
elevated temperatures and contributes to thermal resistance, mechani-
cal properties and thermal stability with low thermal conductivity and 
expansion [96,172–174]. As summarised in Table 2, before 300 ◦C, the 
reduction of Si–O–Al and Si–O–Si can be observed, implying the ab-
sorption of weak bond molecules at this stage [32]. The phase changes 
mainly happen with the appearance of new crystalline phases including 
albite (NaAlSi3O8) and nepheline (NaAlSiO4) after exposure to 
300–1000 ◦C, whereas other phases are relatively stable at 1000 ◦C. 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 ◦C [34]. Also, the appearance of nepheline phases can contribute to 
the mass loss of AAF matrix at 750 ◦C [39,175]. 

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 ◦C, 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 tem-
peratures [91]. A slightly higher content of amorphous phase can be 
observed in AAF made from potassium activators compared to the so-
dium counterparts, which can enhance the mechanical strength of AAF 
at elevated temperatures. Furthermore, the molarity of alkaline solu-
tions 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 crys-
talline phases such as albite and nepheline that have great thermal 
stability with high melting points can improve the thermal resistance 
and thus mitigate the strength loss of AAF at elevated temperatures [98, 
180]. 

In AAS, the unreacted slag has high calcium concentration that 
contains crystalline phases such as calcite (CaCO3) and akermanite 
(Ca2Mg(Si2O7)) [33,114]. After mixing with alkaline activators (i.e., 
NaOH and Na2SiO3), the strength of AAS is developed with the forma-
tion 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 [11]. No obvious new phases 
appear in AAS until the temperature goes up to 300 ◦C, 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 [26]. After 
exposed to 600 ◦C, the calcium hydrates decompose with de-carbonation 
of calcite at around 756 ◦C [26,114]. With the rise of exposure tem-
perature to 800–1000 ◦C, the new crystalline phases such as gehlenite 
(Ca2Al2SiO7), larnite (Ca2SiO4), mayenite (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 [5,114,181, 
182]. Minor crystalline phases such as diopside (CaMgSi2O6) and 
wollastonite (CaSiO3) disappear when the temperature goes up to 
1150 ◦C [37]. 

For AAS made from waterglass solution, there is an increase of the 
amount of akermanite in matrix when exposed to 800 ◦C compared to 
lower temperatures. When continuing heating until 1200 ◦C, the 
development of akermanite is further promoted due to high temperature 
environment [120]. 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) [11]. 
High-temperature exposure up to 300 ◦C 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 ◦C due to geo-
polymerisation along with reordering of amorphous aluminosilicates 
[124,178,183]. 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 pres-
sure within the matrix [11,184]. 

4.1.2. 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 [33,131]. In AAFS 
matrix, the fly ash/slag ratio is the dominant factor that affects the 
formation of different phases [26]. The XRD patterns of AAFS before and 
after exposure to up to 400 ◦C 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 ◦C, which mainly contains quartz 
and mullite [26], while akermanite and gehlenite can be detected in 
AAFS containing no less than 50% slag [38]. At 700 ◦C, AAFS with 40% 
slag content can contain C–S–H with traces of calcite as seen in the XRD 
patterns [33]. Moreover, the intensity of C–S–H in AAFS reduces 
significantly at elevated temperatures, while there is no obvious impact 
on that in AAS, implying that the incorporation of fly ash and slag can 
change the nature and the main binding phases [26]. 

At 800 ◦C, crystalline phases such as akermanite, gehlenite, anorthite 
(CaAl2Si2O8) and a small amount of nepheline can be observed in AAFS 
[179], along with the disappearance of C–S–H phase, indicating fully 
crystallisation or dehydration in all AAFS mixtures containing slag 
dosages of 25%, 50% and 75%, which is consistent with that reported in 
Ref. [38]. 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 re-
sults in the formation of additional hydrates compared to AAF [11,179]. 
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 [179]. 

Regarding other blend types of AAC such as alkali-activated fly ash- 
metakaolin and alkali-activated slag-metakaolin systems (see Table 1), a 
new crystalline phase can be detected in alkali-activated fly ash- 
metakaolin specimens when exposed to 500–700 ◦C, resulting from 
the sintering reaction of unreacted fly ash particles [143] and the slag 
content and alkalinity can affect the existence of C–S–H phase in 
alkali-activated slag-metakaolin system [148]. However, the phase sta-
bility 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. 

4.2. Microstructural evolution 

4.2.1. 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 [3]. Fig. 6 demonstrates an example 
of AAF exposed to elevated temperatures. At ambient temperature, AAF 
matrix exhibits a porous structure with unreacted 
spherical/semi-spherical fly ash particles, N-A-S-H gel as a dense and 
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bulky base and some stripe-shaped substances by abundancy of alkaline 
[31,33], which is corresponding to the semi-crystalline phases such as 
quartz and mullite mentioned in the previous section. After exposed to 
200 ◦C, many unreacted fly ash particles can be observed [32]. The 
microstructural evolution of AAF is mainly associated with the evapo-
ration of free moisture, which can cause the accumulation of entrapped 
vapour pressure and initiation of microcracks [18]. 

From 200 ◦C to 400 ◦C, further evaporation of bounded moisture 
between alkali-activated binder and unreacted fly ash particles occurs 
with the development of microcracks [31]. As the temperature goes up 
from 400 ◦C to 600 ◦C, more porous internal structures can be detected 
with either few or nonreacted fly ash particles remaining [31,32]. Also, 
sintering reaction and densification take place at about 550 ◦C and 
above [3]. At 800 ◦C, further augment of voids and thermal stress 
induced microcracks could lead to a significant loss of strength of AAF 
matrix [27,31,32]. 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 [31]. This indicates the influence of precursor type and 
mix proportion on the microstructural features of AAF at elevated 
temperatures. Above 800 ◦C, the melting of matrix with a smoother 
texture and less impurities can be detected in AAF due to viscous sin-
tering that heals the microcracks at high temperatures [11,33,147,185]. 
Fig. 7 illustrates the pore size distribution of AAF at elevated tempera-
tures. The main peak shifts from a smaller pore size (<0.1 μm) to a larger 
one (>1 μm) after exposure to 800 ◦C, indicating the sintering and 
densification effect on the pore structure changes of AAF. New crystal-
line 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 ◦C. 

In AAS concrete, the matrix shows a smooth surface with some 
unreacted slag particles and microcracks at ambient temperature [114, 
186]. C-A-S-H gel is structurally stable due to the adhesive forces from 
those saturated small pores [37]. 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 ◦C [37]. From 200 ◦C to 600 ◦C, the initiation and 
propagation of microcracks take place due to the dehydration of binder 
and reduction of C–S–H gel [37,114,177]. Consequently, the strength 
could be further degraded due to the loss of water [37]. Partially reacted 
slag particles appear in various sizes with irregular shapes and the 
amount of unreacted slag particles decreases accordingly. Upon expo-
sure to 600 ◦C, the pore size and volume increase with the appearance of 
larger cracks [37,114,177]. The stability of C-A-S-H structure suffers 
from high temperature exposure and the dehydroxylation and crystal-
lisation happen, leading to the damage in AAS matrix as the temperature 
rises from 600 ◦C to 800 ◦C [114]. The phase transformation (e.g., for-
mation of akermanite) at 800 ◦C 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 [37,117,177,187, 
188]. From 800 ◦C to 1000 ◦C, the shrinkage of gel and densification 
occur in AAS matrix due to melting and sintering, leading to the for-
mation of a smooth and compact structure [114]. Less microcracks along 
with the reduction of gel pores in a connected network can be observed 
at this stage, implying the strength recovery of AAS matrix after exposed 
to 1000 ◦C [114,184,189]. 

Fig. 6. SEM micrographs of AAF, AAS and AAFS samples exposed to different temperature levels, (adapted from Refs. [23,37]).  
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4.2.2. 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 [26,190–193]. When the temperature in-
creases to 200 ◦C, 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 [38,179]. At 300 ◦C, 
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 gel [26,33]. 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 ◦C [33], 
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 [26,194]), 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 ◦C [33]. 

From 200 ◦C to 400 ◦C, 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 [38]. On the other hand, the strength of AAFS is found to 
decrease at 300–500 ◦C, due to the moisture evaporation and the 
replacement of Ca by Na that degrades the thermal stability of zeolite 

materials at elevated temperatures [33,37]. Moreover, as the slag con-
tent 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 [33]. After exposed to 600 ◦C, 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 [38]. At 600 ◦C, 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 [26]. 

At 800 ◦C, the pore size of AAFS matrix increases (pore diameter >6 
μm) with the disappearance of C–S–H phase [38]. 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 [38]. The porosity of AAFS matrix declines with the increase of 
slag content from 25% to 75% [179], 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 microstruc-
ture 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 dete-
rioration of AAFS at elevated temperatures [33]. In comparison with 
AAF, AAFS exhibits a higher proportion of gel pores (<0.01 μm), 

Fig. 7. Pore size distribution of AAC at (a) ambient temperature and exposed to (b) 400 ◦C and (c) 800 ◦C (adapted from Refs. [23,37,146]).  
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indicating that a higher degree of reaction takes place in AAFS matrix at 
ambient temperature, as seen in Fig. 6a [23]. Similar pore size distri-
bution of AAFS and AAF can be observed at 800 ◦C, where the main 
fraction of pores is at around 2 μm, owing to further geopolymerisation, 
contraction of gel matrix and sintering effect. 

5. Thermal properties of AAC at elevated temperatures 

5.1. Thermal stability 

Thermal stability of AAC plays a crucial role in its behaviour at 
elevated temperatures, which can be estimated through thermogravi-
metric analysis (TGA). Fig. 8 presents the mass loss of PCC and different 
types of alkali-activated pastes at elevated temperatures [11], indicating 
that AAF paste exhibits the lowest mass loss of less than 2% in com-
parison with AAMK, AAS and PCC pastes. The majority of mass loss of 
AAF paste occurs at 100–200 ◦C, which can be ascribed to free water 
evaporation [11,28,104]. After the initial decline, the mass of AAF paste 
gradually tends to be stable at 250–800 ◦C [28]. 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 [11]. 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 absor-
bed water in aluminosilicate gel phases were the main reasons for the 
mass loss in AAMK paste [11]. 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 ◦C, AAS ex-
hibits a gradual mass loss (3.75% more than PCC), while PCC experi-
ences a rapid mass loss at 450 ◦C due to the dehydration of Ca(OH)2 
[11]. As mentioned in Section 4.1.1, AAS has less thermal stability 
compared to AAF due to the high calcium content, leading to the for-
mation of additional hydrated phases. Furthermore, a sudden mass loss 
of AAS paste can be found at around 800 ◦C, corresponding to the 
decomposition of calcite [195]. 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 [33]. 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. 

5.2. 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 [39,196–198], the 
thermal expansion of AAF consists of a few stages, as illustrated in Fig. 9. 
From ambient temperature to around 100 ◦C, there is a slight expansion 
in AAF due to water evaporation. At 100–300 ◦C, a capillary shrinkage 
takes place, corresponding to the dehydration of AAF matrix. At 
300–550 ◦C, the contraction of AAF matrix continues. As the tempera-
ture rises to around 650 ◦C, viscous sintering can consume fly ash par-
ticles in AAF, leading to densification and thus shrinkage of matrix [23]. 
After 800 ◦C, 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 
[91]. 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 [23,39]. 

For AAS, a slight thermal expansion can be observed from ambient to 
150 ◦C, which is similar to that of AAF, followed by thermal contraction 
until 800 ◦C. 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 ◦C 
[121]. AAMK exhibits a less significant thermal contraction of approx-
imately 13% at 800 ◦C compared to AAS, which can be attributed to the 
capillary strain, dehydroxylation reactions and sintering and densifica-
tion effects after exposure to 105–800 ◦C [124]. 

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 ◦C due to the inclusion of slag that leads to a greater 
thermal shrinkage [141]. For alkali-activated fly ash-metakaolin pastes, 
the similar thermal deformation can be detected compared to AAF, 
where a sharp shrinkage takes place at 100–300 ◦C. Contrarily, a slight 

Fig. 8. Mass loss of AAC and PCC at elevated temperatures (adapted from Refs. 
[11,23]). 

Fig. 9. Thermal deformation of AAC and Portland cement concrete (PCC) at 
elevated temperatures, along with a schematic illustration for AAF (adapted 
from Refs. [19,39,121,124,141]). 
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thermal expansion can be observed in alkali-activated fly 
ash-metakaolin mortars from ambient temperature to 800 ◦C, 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 micro-
cracks between different phases and thus the microstructural evolution 
of AAC. 

6. Mechanical properties of AAC at elevated temperatures 

Mechanical properties are the most crucial properties of AAC at 
elevated temperatures, which are highly related to microstructural 
evolution and phase changes. Based on different single and blend pre-
cursor types (including fly ash, slag, metakaolin, and a combination of 
two or three of them), the changes in compressive, tensile and flexural 
strengths of AAC with exposure temperature and the effects of different 
factors on thermal/fire-resistance of AAC are reviewed and discussed 
herein. 

6.1. Compressive strength 

6.1.1. Single precursor system 
In recent years, the compressive strength of AAF after exposure to 

various temperatures ranging from ambient temperature to 1200 ◦C has 
been increasingly studied. 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 Fig. 10. AAF tends to 
gain strength at elevated temperatures (≤600 ◦C) due to the inter-
connected small pore network that facilitates the release of moisture 
pressure at heating and further geopolymerisation that activates the 
unreacted fly ash particles [3]. 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 initi-
ation and propagation or facilitate AAF matrix to accommodate the 
deformation of aggregates [106,182,199]. After 600 ◦C, 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 con-
crete [28]. 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 [28, 

105,145]. 
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 ag-
gregates such as quartz aggregates, expanded clay aggregates, and 
lightweight aggregates were also used [101,102,129,147,199,200]. 
Quartz aggregates can cause obvious strength loss due to the large co-
efficient of thermal expansion, while expanded clay aggregates with a 
relative lower thermal expansion and porous structure can help mitigate 
the strength loss [147,199]. The use of natural lightweight aggregates 
(e.g., basaltic pumice) can improve the residual compressive strength 
[25,101,129,147]. Moreover, the smaller size (2–10 mm) of aggregates 
can cause explosive spalling in AAF concrete at up to 505 ◦C, whereas 
about 30% of residual strength still exists for that with larger size 
(10–20 mm) of aggregates [28]. 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 [201]. As it is hard for smaller aggregates to produce effective 
aggregate bridging due to lack of shape irregularity, the use of appro-
priate aggregate size and various grading of aggregates can help retain 
the compressive strength of AAF after exposure to high temperatures. 

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) [103], 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 [202]. 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 compressive strength after exposure [3]. 
Other factors (e.g., curing condition) can also affect the change of 
compressive strength of AAF at elevated temperatures. The experi-
mental 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 ◦C [27]. Thus, the residual 

Fig. 10. Relative compressive strength of AAF paste [25,28,29,36,88,104], 
mortar [26,85,88,91,94,132,151] and concrete [27,32,85–87,90,93,99,129] at 
elevated temperatures. 

Fig. 11. Relative compressive strength of AAS paste [26,37,114,118,119], 
mortar [113,117,120,131,147,149] and concrete [112,115,121] at elevated 
temperatures. 
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compressive strength of AAF at elevated temperatures is dependent on 
many factors such as compatible aggregates and optimal alkali-activated 
formulation. 

Fig. 11 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 ◦C [26,37,112–115,117–121,131,147,149]. 
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 [114]. Some of the specimens 
exhibit an enhanced compressive strength at 200 ◦C and 400 ◦C, which 
can be mainly ascribed to the acceleration of hydration process by 
heating, activating the slag particles with strength gain [112,117]. It is 
noteworthy that after obvious decline of strength at 800 ◦C, AAS pastes 
and mortar specimens start to gain strength when the temperature 
continues to rise until 1000 ◦C. This can be explained by the densifica-
tion of AAS matrix during viscous heating, which causes a reduction of 
voids and thereby enhances the compressive strength [114]. 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. 

Fig. 12 shows the experimental results of relative compressive 
strength of AAMK paste and mortar as a function of exposure tempera-
ture collected from literature [36,123–126,147], indicating that AAMK 
possesses a dense and homogeneous microstructure without prominent 
pore structure evolution at elevated temperatures [36]. 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 ◦C to 900 ◦C, sug-
gesting that the compressive 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 [36,203], while 
metakaolin-based AAC matrix tends to have a higher moisture content 
with a denser pore structure compared to AAF, which would be sub-
jected to a higher risk of pore pressure induced damage at elevated 
temperatures [3]. 

6.1.2. Blend precursor system 
Fig. 13 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 ◦C. 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 Fig. 14. AAF con-
crete and AAS concrete have the highest and lowest retention strength at 
up to 600 ◦C, 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% [3,139]. Ductility of AAFS matrix is a gov-
erning factor in the level of thermal incompatibility induced damage. 
AAFS matrix with higher ductility can better accommodate the thermal 
shrinkage and expansion occurred in different phases and thus reduce 

Fig. 12. Relative compressive strength of AAMK paste [36,124–126] and 
mortar [123,147] at elevated temperatures. 

Fig. 13. Relative compressive strength of AAFS paste [26], mortar [26,33,131, 
132,137] and concrete [133,135,136,138]. 

Fig. 14. Effect of fly ash/slag ratio on the relative compressive strength of AAF 
[27], AAFS [33,126] and AAS [101] concrete at elevated temperatures. 
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the compressive strength loss after exposure to high temperatures [3, 
24]. 

6.2. Tensile strength 

Fig. 15 displays the residual tensile strength of AAC obtained from 
literature [86,97,116,133,145]. Similar to relative compressive 
strength, AAC containing fly ash including AAF, AAFS and 
alkali-activated fly ash-metakaolin concrete exhibits a slight enhance-
ment of tensile strength at elevated temperatures until 400 ◦C. This can 
be ascribed to the further geopolymerisation that activates the unreac-
ted 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 geo-
polymerisation and thermal incompatibility is regarded as the cause for 
the tensile strength drop at elevated temperatures, similar to the 
compressive performance. 

6.3. Flexural strength 

The relative flexural strength of different types of AAC at elevated 
temperatures is illustrated in Fig. 16. 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 sensi-
tive to the initiation and propagation of micro-cracks inside AAC matrix 
[195]. Therefore, the micro-cracks induced by matrix shrinkage when 
exposed to high temperatures can cause a radial drop in flexural strength 
of AAC [117], as seen from all specimens in Fig. 16. Moreover, the 
microstructural evolution (e.g., pore structure characteristic changes) 
can significantly affect the flexural strength degradation at elevated 
temperatures [145]. 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. 

7. Approaches to mitigating damage of AAC at elevated 
temperature 

7.1. Modification of AAC 

7.1.1. 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 3 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 
exposed to high 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 ◦C [182]. 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 [39,103]. 
The formation of aluminosilicate improves the internal pore/void con-
nectivity of AAC, mitigating the vapour pressure accumulation due to 
pore pressure release through the interconnected pore network [39]. 
Thus, the pore pressure induced damage is mitigated and the residual 
strength is increased. Furthermore, the increase of Si/Al ratio can lead to 
the rise in initial temperature of gel crystallisation [204]. 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 exposed to high temperatures [39,103,124,182,202,205], 
implying the importance of Si/Al ratio to AAC mix design. 

7.1.2. Incorporating additives 
To improve the mechanical behaviour of AAC at elevated tempera-

tures, some additives such as quartz and silica fume are used to maintain 

Fig. 15. Relative tensile strength of AAC at elevated temperatures [86,97,116, 
133,145]. 

Fig. 16. Relative tensile strength of AAC at elevated temperatures [36,94,113, 
145,148]. 

Table 3 
Effect of Si/Al ratio on mechanical properties of AAC at elevated temperatures.  

Ref. Precursor Si/Al 
ratio 

Main findings 

[103] Fly ash 1.7–2.2 The residual strength of samples with Si/Al 
ratio of 2.2 is the highest. 

[182] Fly ash 1.2–8.8 The residual strength of AAC with Si/Al ratio 
of 1.2 is 18% at 1000 ◦C, whereas it is 400% 
for AAC with Si/Al ratio of 8.8 at 1000 ◦C. 

[124] 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. 

[202] Fly ash <2 The use of low Si/Al ratio (<2) can result in a 
132% increase of compressive strength after 
exposure of 1000 ◦C. 

[205] 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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the dimensional stability of AAC and increase the Si/Al ratio [39,96, 
103]. The increase of quartz powder dosage (up to 30%) can lead to a 
higher degree of reactivity and sintering in AAF at 1000 ◦C and thus 
enhance the residual strength of the matrix [96]. 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 [39,96]. AAMK containing fine 
ceramic powders can achieve a higher compressive strength at 1000 ◦C, 
as the addition of fine particles can improve the pore size and shape 
distribution while filling the gap between large aggregates [39,206]. As 
ceramic powder exhibits good volume stability, an effective barrier can 
be formed inside the matrix to mitigate the thermal stress induced 
damage [206]. 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 [71,207,208]. AAMK containing 
silica fume has a lower residual strength compared to the plain speci-
mens after exposure to 800 ◦C, while reversed results can be observed at 
ambient temperature [71]. 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 
[1]. Hence, it is crucial to select the appropriate additives and precursor 
type for mitigating the damage of AAC at elevated temperatures. 

7.1.3. Adopting appropriate aggregates 
Aggregate is an essential phase for AAC. The commonly used ag-

gregates can be divided into two categories: conventional aggregates 
and recycled aggregates [39]. The conventional aggregates include 
carbonate aggregates (specific heat between 150 ◦C and 400 ◦C) and 
siliceous aggregates (specific heat at about 500 ◦C) [68,209,210]. Car-
bonate aggregates have a 10 times greater heat absorption capacity than 
siliceous aggregates after exposure to 600 ◦C, which can be attributed to 
the emission of carbon dioxide from the decomposition of carbonate at 
high temperatures [39]. The effects of different types of aggregates on 
the thermal behaviour of AAC discussed in Section 6.1.1 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 ◦C 
[211]. 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 ◦C, respectively [212]. Glass wastes have 
high fire-resistant capacity and thus can benefit concrete after exposed 
to 600 ◦C as the molten glass can fill the microcracks in the matrix 
induced by pore pressure and thermal gradient to prevent crack growth 

Table 4 
Physical and thermal properties of fibres for AAC [57,125,214–223].  

Fibre 
type 

Tensile 
strength 
(MPa) 

Young’s 
modulus 
(GPa) 

Elongation 
ratio (%) 

Specific 
gravity 

Melting 
point (◦C) 

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 –  

Table 5 
A summary of behaviour of steel fibre reinforced concrete (SFRC) at elevated 
temperatures.  

Ref. Replacement 
material 

Dimension of fibre Volume 
fraction 
(%) 

Main findings 

Length 
(mm) 

Diameter 
(μm) 

[231] Fly ash, silica 
fume 

25 417 0, 1 Heating up to 
800 ◦C, SFRC has 
55% more 
residual strength 
compared to the 
plain one. 

[79] Fly ash, silica 
fume 

25 417 0, 1 After exposed to 
1100 ◦C, SFRC 
has a 76% 
increase of 
residual strength. 

[74] Fly ash 60 900 0.5, 0.75 SFRGC showed 
higher residual 
strength than 
PCC. The original 
temperature is 
retained until 
400 ◦C. 

[68] Fly ash 25 500 0, 1, 3 Steel fibres 
improved the 
tensile strength 
via crack- 
bridging at 
elevated 
temperatures. 

[218] Fly ash 13 160 0, 0.5 Steel fibres had 
almost no effect 
on the 
permeability of 
concrete at 
20–300 ◦C. 

[232] Fly ash, silica 
fume 

30 600 0, 0.5 Steel fibres 
improved the 
residual strength 
up to 300 ◦C but 
spalling could not 
be prevented. 

[63] Fly ash, slag 38 114 0, 0.5 The addition of 
steel fibres did 
not obviously 
affect the 
compressive 
strength at 
800 ◦C. 

[229] 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. 

[228] Slag, silica 
fume 

13.2 220 0, 1, 2, 3 A higher content 
(3%) of steel 
fibres could not 
enhance the 
residual 
compressive 
strength. 

[61] Slag 32.6 950 0–2 The addition of 
slag and steel 
fibres (optimal 
1%) improved 
splitting strength 
of concrete. 

[71] Metakaolin, 
silica fume 

25 417 0, 1 The addition of 
steel fibres 
greatly improved 
the toughness at 
elevated 
temperatures.  
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[213]. 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. 

7.2. Incorporation of fibres 

The addition of fibres is another important approach to mitigating 
damage in concrete at elevated temperatures. As seen in Table 1, 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 
[1,39]. The commonly used fibres include steel, synthetic (e.g., poly-
propylene (PP), polyvinyl alcohol (PVA) and polyethylene (PE)), glass, 
basalt, carbon and natural fibres, the physical and thermal properties of 
which are summarised in Table 4 [1,39]. Here, special focus is placed on 
steel fibre, PP fibre and hybrid fibre composed of them. 

7.2.1. Steel fibres 
Steel fibres are widely adopted for PCC because of their excellent 

mechanical performance, flexibility and availability [224]. Steel fibre 
reinforced concrete (SFRC) can achieve higher tensile strength, tough-
ness, strain and energy absorption capacity and better impact resistance 
compared to plain concrete [1,225,226]. Due to their high melting point 
and strong thermal stability, the residual strength of fibre-reinforced 
concrete can be retained at a certain level [1,39,93]. The studies on 
steel fibre-reinforced concrete containing different supplementary 
cementitious materials are summarised in Table 5. At ambient temper-
ature, the increase of steel fibre content from 1% to 3% can result in the 
enhancement of compressive strength of concrete [227,228]. After 
exposed to high temperatures, the effect of steel fibre in concrete varies 
with different aspects such as fibre dosage and temperature level [1,26, 
39]. There exists a positive relation between compressive strength of 
concrete at 400 ◦C and steel fibre dosage (from 0% to 1%), whereas an 
opposite impact appears after exposed to 600 ◦C [41,229]. However, 
concrete reinforced with 1–2% steel fibres can improve the residual 
compressive strength of concrete compared to plain concrete at up to 
1000 ◦C, indicating that temperature-induced damage can be effectively 
mitigated through the incorporation of steel fibres [39,42,153]. 

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 attributed to 
the fibre bridging effect [68,230]. The tensile strength reduction of SFRC 
is slower than that of plain concrete from ambient temperature to 
around 400 ◦C 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 [42]. However, the strength loss can be increased more 
rapidly when the temperature exceeds 400 ◦C until 800 ◦C is reached 
[226]. Compared to plain concrete, SFRC has around 48% and 41% 
more residual strength after exposed to 400 ◦C and 600 ◦C, respectively 
[1,226]. Regarding the effect of steel fibre content 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 ◦C while 1% of steel fibre addition showed better performance in 
residual tensile strength at 400 ◦C for concrete with 40% slag [226]. 
Regarding the application of steel fibres in AAC at elevated tempera-
tures, there are only few preliminary studies on the physical and me-
chanical 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 ◦C, respectively [111]. 
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. 

7.2.2. Synthetic fibres 
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 con-
sumption of disposed plastics which can cause environmental pollution 

Table 6 
A summary of behaviour of PP fibre reinforced concrete (PFRC) at elevated 
temperatures.  

Ref. Replacement 
material 

Dimension of fibre Volume 
fraction 
(%) 

Main findings 

Length 
(mm) 

Diameter 
(μm) 

[231] Fly ash, silica 
fume 

19 53 0, 0.22 After 800 ◦C, 
PFRC had a 4.4% 
strength 
reduction 
compared to the 
control sample. 

[79] Fly ash, silica 
fume 

19 53 0, 0.22 Heating up to 
1100 ◦C, the 
addition of PP 
fibres helped 
with the strength 
retention. 

[232] 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. 

[233] 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. 

[234] Fly ash 19 70 0.05, 0.1 When the volume 
fraction of PP 
fibre was more 
than 0.05%, the 
spalling was 
resisted. 

[235] Fly ash 19 – 0, 0.05, 
0.1, 0.15 

The optimal 
volume fraction 
of PP fibre was 
found to be 
0.05%. 

[63] 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. 

[236] Fly ash, slag 20  0, 0.11 Both specimens 
with and without 
PP fibres 
experienced 
strength 
degradation. 

[61] Slag 19 – 0–0.133 The optimal 
dosage of PP fibre 
was 1%. 

[229] 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 ◦C.  
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[224]. 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 [1,40]. Some rele-
vant studies on the behaviour of PP fibre reinforced concrete (PFRC) are 
briefly summarised in Table 6. 

Unlike steel fibres that have a strong thermal stability, PP fibres have 
a relatively low melting point of around 170 ◦C. Thus, the mechanism of 
using PP fibres to improve the thermal performance of concrete is 
associated with the expansion and melting of fibres in concrete matrix. 
Fig. 17 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 ◦C, 
followed by a slight drop between 350 ◦C and 450 ◦C and a significant 
decline after 450 ◦C [4]. 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 paste or geopolymerisation in AAC with the 
increase of temperature can lead to strength gain for concrete [229, 
237]. 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 ◦C to 600 ◦C [42]. The 
enhancement of residual strength is because of the coefficient of thermal 
expansion of PP fibres, which is around 10 time greater than that of 
other phases in concrete. This leads to the initiation of multiple micro-
cracks that can improve the interconnection between pores and thus 
provide the pathways for vapour pressure to escape and prevent pore 
pressure accumulation [2,47,157]. 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 exposed to 600 ◦C [42]. PP fibres should be large enough to 
have a better dispersion in concrete [65]. 

Besides the compressive strength, the addition of PP fibres can 
enhance the residual splitting tensile strength of concrete [238–241]. 
Compared to plain concrete, PFRC has around 27% more retained ten-
sile splitting strength at elevated temperatures [240]. 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 [42,240]. 

7.2.3. Hybrid fibres 
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 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 ◦C and 300 ◦C [59]. 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 ◦C [71], as PP fibres have a much lower melting point 
than steel fibres and lose strength quickly when the melting point of 

around 170 ◦C is achieved while steel fibres have a better thermal sta-
bility to function properly when the temperature continues to rise [1]. 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 me-
chanical behaviour [1]. 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 tempera-
tures, where glass fibres provided superior bonding and bridging effect 
due to less agglomerated distribution [108]. The feasibility of using 
steel, PP and hybrid fibres to mitigate the damage in AAC at elevated 
temperatures has been rarely studied and thus further research from the 
microscopic and macroscopic points of view is required to understand 
the behaviour of hybrid fibre reinforced AAC at elevated temperatures. 

8. Conclusions and perspectives 

8.1. Conclusions 

Herein, a critical literature review on the behaviour of single pre-
cursor and blend precursor AAC systems at elevated temperatures and 
some approaches to mitigating the damage of AAC subjected to high 
temperatures was carried out, aiming to gain an in-depth insight of the 
underlying mechanisms and identify potential areas for further research 
to develop AAC with desirable resistance to elevated temperatures and 
fire. The main conclusions can be drawn: (1) 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. (2) For 
the single precursor systems, the formation of new crystalline phases 
including albite and nepheline takes place in AAF after exposure to more 
than 300 ◦C, along with the increased pore size and volume. AAF tends 
to gain compressive strength after exposed to more than 600 ◦C due to 
the interconnected small pore network and further geopolymerisation 
that activates the unreacted fly ash particles. At 800 ◦C, the sintering 
effect and densification occurs in AAF matrix with a more compact 
microstructure, leading to the reduction of high temperature-induced 
strength loss. In general, AAF has superior residual tensile and flexural 
strengths compared to other types of AAC at elevated temperatures. (3) 
Compared to AAF, there are additional hydrated phases in AAS due to 
the relatively higher calcium content, reducing the thermal resistance 
and stability of AAS matrix. The dehydration of reaction products hap-
pens at a temperature level of 200–600 ◦C. The highest compressive 
strength loss appears at around 800 ◦C for AAS due to the dehydration of 
AAS matrix and decomposition of CaCO3. (4) Regarding the blend pre-
cursor systems, 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. (5) To enhance the high-temperature resistance, 
modification of AAC matrix with a higher Si/Al ratio can lead to better 
residual strength of AAC after exposure by tackling pore pressure- 
induced damage. The incorporation of fine filler particles can reduce 
the thermal shrinkage and thus improve the residual strength of AAC. 
Employing steel fibres (0–3% by volume) can enhance the thermal 
properties of concrete, attributing to their high melting point and strong 
thermal stability. The addition of PP fibres (0–0.22% by volume) can 
mitigate pore pressure-induced damage, as they have a relatively low 
melting point that provides inter-connected channels to release accu-
mulated pressure. The hybrid steel and PP fibres have an obvious effect 
on mitigating the concrete damage at elevated temperatures as steel 
fibres can restrict the initiation of microcracks while PP fibres can in-
crease the internal connectivity of matrix. 

Fig. 17. Schematic illustration of microstructural evolution of PP fibre rein-
forced concrete at elevated temperatures. 
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8.2. Perspectives 

Driven by the need to further investigate high-temperature resis-
tance and improve thermal properties of AAC, some challenges can be 
addressed for future research. (1) A systematic study on the effects of 
different factors such as precursor content, alkaline activator type and 
curing condition on the reaction kinetics, microstructure and macro-
scopic properties of blended AAC systems at elevated temperature from 
a multiscale point of view is required to optimise the mix proportions of 
AAC with desirable high-temperature/fire resistance. (2) More efforts 
are needed to find or develop novel sustainable additives for enhancing 
high-temperature/fire resistance of AAC without compromising me-
chanical properties, where the recycled materials and industrial wastes 
can be considered. (3) For better enhancing the thermal behaviour of 
AAC, the feasibility and effectiveness of incorporating different types of 
fibre (including those recycled from end-of-life products) in AAC sub-
jected to high temperatures can be explored. (4) Multiscale modelling 
can be employed to explore the damage evolution as a complement to 
experimental studies and thus gain in-depth insights into the behaviour 
of AAC at elevated temperatures. 
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