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Abstract: Studies over the years have shown that alkali-activated composite (AAC) binders are viable alternatives to 
conventional Portland cement (PC) composites. However, the increasing interest in AACs for the construction of various 
infrastructures has called for a need to find alternatives to the conventional materials used in their production. Various 
types of 1:1 clay which are available in different forms in different parts of the world can be used as an aluminosilicate 
source in the production of AACs. However, compared to the use of conventional aluminosilicate sources such as 
slag and fly ash, there is limited understanding, research, and application of AAC incorporating clay-based materials. 
Thus, this comprehensive review was carried out to explore and discuss various properties of AACs made with clayey 
materials. Discussions were made on both the fresh and hardened properties of clay-based AACs. Discussions are 
held regarding the effects of various alkaline solution types, their concentrations, the combination of various alkaline 
activators, the fine aggregate to binder ratio, the alkaline solution to binder ratio, and the curing temperature and 
duration. However, in terms of the hardened properties, more focus was placed on durability performance as these 
properties are critical to the behaviour of the AACs in various environments.
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1. Introduction
The broadest category, which is known as alkali-activated material (AAM), includes virtually any binder system 

that is produced through the reaction of a solid aluminosilicate powder with an alkali metal source, whether it be 
dissolved or solid [1]-[2]. Many times, geopolymers [3] are thought of as a subset of AAMs, with nearly all of the 
binding phases being highly coordinated aluminosilicate [4]-[5]. Alkali-activated materials and geopolymer are obtained 
at lower temperatures (less than 100 °C) compared to Portland cement which requires high energy and releases about 
5% of CO2 emissions. Nowadays, the study of geopolymer or alkali-activated materials has gained more attention, since 
they are considered alternative materials to conventional Portland cement because they are environmentally friendly, 
with low CO2 emissions in their production processes.

The use of alkali-activated composites (AACs) for various construction purposes is increasing due to their 
viability to be used as a sustainable alternative to the conventional Portland cement (PC) composite [6]. In addition, 
AACs have been found to exhibit higher or similar performance as those of PC composites [7]-[8]. AACs are made 
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with binders composed of an activator (e.g., acidic or alkaline solution) and aluminosilicate precursor(s) at relatively 
low temperatures (≤ 100 °C). The conventional precursors used in AACs are mostly waste/by-products such as fly ash 
[9]-[10], slag [11]-[13], rice husk ash [14]-[15], laterite [16], waste fired bricks [17], waste marble [18] volcanic ashes 
[19]-[20], red mud [21]-[23], and glass powder [8], [24], etc. while the common activators used are sodium silicate and 
sodium hydroxide [25]-[27]. Other studies elsewhere [28] investigated the effect of glass powder (up to 25%) on the 
microstructure and durability properties of slag-fly ash-based alkali-activated pavement concrete mixes and found that 
15% of glass ensured high performance and good durability. The same authors used glass powder as a binder ingredient 
for slag-fly ash-based alkali-activated concrete for paver applications [28]. On the other hand, locally available materials 
with certain chemical properties can also be utilized in the synthesis of AACs. Of such locally available materials 
that are available in various parts of the world in large quantities are clay soils [29]-[30]. Clay with various chemical 
compositions can be processed and used as a precursor candidate in the production of AACs. As clay soils are composed 
of a significant amount of aluminate and silicate they can be used as an aluminosilicate source in the synthesis of AACs 
[31].

Predominately, the clay used for AACs can be calcined at various elevated temperatures to increase the reactivity 
of the clay which would enhance the dissolution of the monomers when an alkali medium is added [11], [32]-[33]. The 
calcination temperature of clay used in AACs ranges from 500 °C to 900 °C [34]. The reactivity of the clay materials is 
increased after calcination due to the transformation of the crystalline phases into amorphous phases which are reactive 
[35]. However, several other studies have also shown that uncalcined clay can also be utilized in the synthesis of AACs. 
Wang et al. [36] comparatively investigated the appearance change, mass change, and unconfined compressive strength 
(UCS) of cement and slag-fly ash-based geopolymer-stabilized soil under Na2SO4 erosion. After investigation, they 
realized that the sulfate resistance of stabilized soil was significantly affected by the stabilizer type. They concluded that 
the cement-stabilized soil significantly deteriorated with erosion age due to expansion caused by the calcium Aluminate 
Ferrite trisubstituted (Aft) when subjected to a sulfate environment compared to geopolymer stabilized soils treated 
in the same medium. A similar study was conducted by Su et al. [37] where the authors focused on the feasibility and 
performance improvement of sustainable slag/fly ash-based geopolymer in the solidification of organic clay. From their 
study, it has been demonstrated that sustainable geopolymer outperforms cement in enhancing the physical-mechanical 
characteristics of organic clay. Ayawnna et al. [38] reinforced the mechanical of metakaolin-based geopolymer with 
glass fiber and bamboo fiber. They found that adding 1%, 3%, and 5% by volume of BF, fiber improved the mechanical 
properties by 1.9, 2.5, and 2.6 times while glass fiber developed poor matrix with no improvement. Trindade et al. 
[39] used auxetic fabrics mainly composed of basalt fiber as reinforcement for the geopolymer composites. After 
investigation, they observed the increased mechanical properties, up to 26 MPa in tension and 12.8 MPa in flexural 
strength. Zhang et al. [40] modified the metakaolin-based geopolymer matrix with silane and epoxy resin and then 
investigated its effects and interaction mechanism on mechanical properties. The polymerization between the organic 
agents and geopolymer gel gives the WR and SCA modified MG composites, as determined by isothermal conductivity 
calorimetry (ICC) analysis, a higher reaction degree than pure geopolymer justifying the increased performance 
recorded on modified geopolymer matrix.

Various AACs, such as paste (aluminosilicate precursor with an alkaline activator), mortar (aluminosilicate 
precursor + sand with an alkaline activator), and concrete (aluminosilicate precursor + sand + aggregates with an 
alkaline activator), have been produced using clayey materials. Out of the numerous types of clay, the most common 
ones used in AACs are kaolinite and metakaolin. Metakaolin is obtained after the kaolinite has undergone calcination. 
As shown in Figure 1, both kaolinite and metakaolin have a dioctahedral layered structure. However, the layered 
structure of metakaolin is more open compared to that of kaolinite. As shown in Figure 1, the structure of kaolin and 
calcined kaolin is plate-like. The particles formed a structure resembling layers, appearing as plates [41]. Kaolin 
undergoes dehydroxylation during calcination, but its plate-like structure remains unaltered [42]. The process of 
converting kaolin into calcined kaolin can be easily observed through the use of infrared spectroscopy.

Compared to the conventional precursors used in the synthesis of AACs, there are numerous research reports 
on the development of AACs from clay. Thus, create more awareness about the potential use of clay-based AACs, 
this comprehensive review was carried out to explore and discuss the properties of various clay-based AACs. The 
properties of clay-based AACs explored in this review paper are durability properties, mechanical and microstructural 
properties, and fresh properties. More emphasis was placed on the durability properties as these properties are very 



Engineering Science & TechnologyVolume 5 Issue 2|2024| 429

critical to the long-term performance of AACs and also provide an insight into how the composites would perform in 
various environments. It is anticipated that the discussions made in this paper will gear more research, development, 
and application of clay-based AACs in the construction of various infrastructures. The purpose of this paper is to 
provide an update on the research on AACs made from fly ash, volcanic ash, and blast furnace slag-the three main 
aluminosilicate materials. Additionally, this paper serves as a reference for future research aimed at producing an alkali-
activated material based on fly ash, volcanic ash, and blast furnace slag that has the necessary mechanical properties 
and durability through appropriate mix design and additive use. The objective of this review article is to study the 
fresh and hardened properties, durability, and effect of various calcined clay additives (raw kaolinitic clay, metakaolin, 
and meta-halloysite) and non-clay additives (pegmatite, granite, quartz sand, and felspar) in AAC-mortar or binders. 
The mechanical properties were evaluated in terms of different physical and chemical parameters, such as the type of 
alkali activator, the concentration of sodium hydroxide solution, the solution to binder ratio, sodium silicate to sodium 
hydroxide ratio, curing regime, etc. which makes the design complicated than OPC mortar or paste. The research results 
of each property are reviewed, compared, and analysed to provide a reference for future research on AACs (binders, 
mortars, and concretes).

Figure 1. Clay materials in AACs (a) kaolinite and (b) metakaolin [43]

2. AACs incorporating clay-based materials
2.1 Fresh properties
2.1.1 Workability

The workability of alkali-activated binders is greatly influenced by the activator solutions used, the liquid-to-
solid ratio, their concentration, and additives. Duan et al. [44] investigated the addition of metakaolin up to 25 wt% 
(as secondary source material) on the workability of fly ash-based AAC. Findings from the study indicated that as 
the metakaolin content increased, the flow diameter of fresh ACC samples decreased. This decrease in flow with the 
incorporation of metakaolin was linked to the high specific surface of metakaolin which resulted in high demand for 
mixing water. Similarly, Alanazi et al. [45] investigated the effects of some mineral additives (i.e., slag, silica fume, and 
metakaolin) on the workability of fly ash-based AAC, and the results compared with that of PC composites. Results 
from the study showed that the use of mineral additives such as metakaolin and silica fume resulted in a decrease in 
the flow values. The decrease in flow values when incorporating silica fume and metakaolin was ascribed to the high 
specific surface area and the finer particles of the additives (i.e., metakaolin and silica fume). Thus, in cases where 
higher workability is required for clay-based AACs, mineral admixtures such as fly ash or chemical admixtures such as 
superplasticizers can be incorporated to improve the workability. Recently, Borçato et al. [46] replaced metakaolin with 
quarry dust up to 40% for geopolymer production and found that the compressive strength ranged between 45 and 60 
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MPa. They also realized that the increased content of quarry dust decreased the area spread of the different geopolymer 
mixtures. A similar trend was reported by Amin et al. [47] where the authors replaced slag with metakaolin up to 40% 
for the production of geopolymer concrete. Another study conducted by Li et al. [48] evaluating the effect of graphene 
oxide (GO) on the fluidity of fresh metakaolin-based geopolymer showed the decrease ranged from 228 to 146 mm 
with increased content of GO up to 0.5%. Kaze et al. [30] replaced metakaolin with meta-halloysite (obtained calcined 
halloysite at 700 °C) up to 50 wt%. They found that the increased content of meta-halloysite increased the flowability 
of fresh geopolymer paste. This was attributed to particle size and the specific surface areas of both solid precursors. 
A similar trend was also reported by Bheel et al. [49] where the authors evaluated the synergetic effect of metakaolin 
(MK) and groundnut shell ash (GSA) on fresh fly ash-based geopolymer concrete cured at room temperature. The 
recorded slump flow diameter decreased from 700 to 550 mm and 700 to 580 mm respectively with increased content 
of MK and GSA up to 20 wt%. While the combined effect of both additives decreased the slump in comparison with 
each substituent. Kumar Gautam and P. Alam [50] also reported the increased value of slump of concrete mixing using 
bottom ash blended with metakaolin. Jithendra et al. [51] investigated the effect of the molarity of alkaline solution 
(1.5, 1.75, and 2 M) on the workability of fly ash-based geopolymer mortar incorporating metakaolin up to 20 wt%. 
From their results, they found that samples made with 1.5 M alkaline solution gave good workability and ensured high 
performance.

2.1.2 Setting times

Setting time is one of the key parameters that are related to the behaviour or reactivity of solid precursors used 
for the synthesis of AACs. Several studies used the Vicat needle to evaluate the setting times of AACs produced from 
different types of clay as shown in Table 1. These studies have indicated that the setting times of AACs are highly 
dependent on the nature of the solid precursor (i.e., mineralogy and chemistry), curing temperature, and composition of 
alkaline or acid solution [7]. For example, Peng et al. [52] investigated the effect of slag replacement on the hardening 
of alkali-activated metakaolin-slag cured at room temperature. Findings from the study showed that increasing the 
content of slag resulted in a decrease in the initial and final setting times compared to when pure metakaolin was used 
as the precursor. The reduction in the setting times as a result of the presence of slag can be linked to the slag being rich 
in calcium oxide (i.e., 38.28 wt%), thereby resulting in the formation of the calcium silicate hydrate phase. A similar 
observation was made by Driouich et al. [53] who had optimized metakaolin-blast furnace slag-based geopolymer 
synthesis using mixture design and response surface methodology (RSM). They found that the setting time decreased 
from 819 to 216 min with increased content of metakaolin up to 0.5. Ranjbar et al. [54] demonstrated the accelerated 
setting time of 3D printed geopolymer using calcined halloysite (meta-halloysite (MHA)) at temperatures ranging 
between 30 and 1,000 °C in comparison with formulations using raw halloysite (HA) as reported in Figure 2. This 
accelerated setting was attributed to the formation of an amorphous phase upon heating which easily reacted in an 
alkaline medium and improved the reactive content in fly ash used main material for geopolymer synthesis resulting in 
a shorter setting. Hasnaoui et al. [55] replaced metakaolin with seashell waste up to 30 wt% and observed the setting 
decreasing from 450 to 275 min. They concluded that the release of Ca2+ from waste material could react easily with 
hydroxyl ions from an alkaline activator to form portlandite and CSH phase responsible short setting [56]-[57]. Jean 
Noel Yankwa Djobo and Dietmar Stephan [58] used calcium hydroxide and calcium silicate up to 9 wt% to reduce the 
setting time of metakaolin-based phosphate cement. The reduced setting times were attributed to Ca2+ from calcium 
hydroxide and calcium silicate which accelerated the setting. Nemaleu et al. [59] obtained the long setting times from 
meta-halloysite-based geopolymer binders when incorporating raw peel banana ash up to 20 wt%. The initial and final 
setting times were ranged from 68 to 127 min and 90 to 166 min, respectively. Such an increase in setting time was 
attributed to the release of alkali species from banana peel ash which hindered the geopolymerization reaction resulting 
in a long setting. A similar trend was reported in another study replacing fly ash with metakaolin up to 50 wt% using 
an acidic medium (phosphoric acid) [60]. Later, Nemaleu et al. [61] evaluated the effect of quarry dust (granite and 
basalt) content (up to 20 wt%) on fresh properties of geopolymer binders using calcined clayey laterite soil at 600 °C. 
They reported that the initial setting time increased from 41 to 145 min and 85 to 131 min, respectively, when added 
granite and basalt wastes up to 20 wt%. The increased setting recorded was attributed to the crystalline nature of both 
quarry wastes used as additives which are less or non-reactive in comparison with calcined clayey laterite containing 
metakaolin that was formed upon heating of laterite soil.
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Figure 2. Vicat setting time of geopolymer mortars containing different amounts of a) HA and b) MHA; c) comparison of setting time of geopolymer 
mortars containing 10% HA/MHA with reference compositions including a similar proportion of FA and sand [54]

Another finding of Boum et al. [62] on metakaolin-based AACs where bauxite was incorporated resulted in an 
increase in the setting time from 150 to 240 minutes. The extension of the setting time when bauxite was used can 
be attributed to the non-availability of aluminum from bauxite during the dissolution step of geopolymerization that 
delayed the setting. Bayiha et al. [63] also reported that the incorporation of calcined powder in thermally activated 
halloysite delayed the setting when applying an alkali activator with a concentration of 8 M, 10 M, and 12 M. Zhang 
et al. [64] studied the reactivity of AACs made with calcined halloysite and subjected to a dry and moist environment. 
Findings from the study showed that increasing the curing temperature from 25 to 90 °C decreased the setting times 
(initial and final) from 208 minutes to 15 minutes and 603 minutes to 25 minutes, respectively. On the other hand, the 
initial and final setting time decreased from 220 minutes to 15 minutes and 609 minutes to 31 minutes, respectively 
in a moist environment. Kaze et al. [65] studied the effect of an alkaline activator on the setting of calcined halloysite 
and iron-rich laterite at 600 °C. The results revealed that the high alkalinity promotes high dissolution and accelerates 
the polycondensation step thus making the setting time shorter. Other studies conducted on the influence of calcination 
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temperature on the reactivity of some clayey materials such as kaolinite and halloysite demonstrated that increasing 
the calcination temperature between 550 and 850 °C improves the reactive or amorphous content and thus reduces the 
setting time when applied to an alkaline solution [19], [54], [66].

Table 1. Setting times of previous works carried on geopolymer composites from literature

Solid precursors Activators Setting time (min)

Slag/metakaolin (100/0, 80/20, 60/40, 
and 40/60) [52]

Sodium silicate (SiO2/Na2O = 1.4, 1.6, 
1.8, and 2.0) Decreased from 10 h to 100 min

Fly ash blended with 5, 10, and 15 
wt% of halloysite (HA) and meta-

halloysite (MHA) [54]
8 M NaOH with Sodium silicate in ratio 

weight of 15/2
-Decreased from 700 to 600 min for samples made with HA

-Decreased 700 to 400 min for samples made with MHA

Blast furnace slag/metakaolin in 
ratios 0.3, 0.4, and 0.5 [53] NaOH and sodium silicate in a ratio of 2 Reduced from 819 to 216 min

Metakaolin and fly ash (80/20, 70/30, 
and 50/50) [60] Phosphoric acid Increased from 10 to 800 min and 25 to 1,300 min, 

respectively for initial and final setting times

Metakaolin/slag (100/0, 90/10, 80/20, 
and 70/30) [56]

NaOH and sodium silicate in a ratio of 
2/1 Decreased from 600 to 180 min

Calcined laterite mixed quarry waste 
(basalt and granite up 20 wt%) [61]

NaOH and sodium silicate in a ratio of 
1/1

-Increased from from 41 to 131 min and 95 to 272 min with 
increased content of basalt up to 20 wt% respectively for 

initial and final setting times
-Increased from from 85 to 145 min and 148 to 266 min 

with increased content of granite up to 20 wt% respectively 
for initial and final setting times

Metakaolin and bauxite (100/0, 90/10, 
80/20, 70/30, and 60/40) [62]

Sodium silicate (SiO2/Na2O = 1.5 and 
H2O/Na2O = 10) 2 h 30 min to 4 h with increasing of bauxite up 50 wt%

Calcined halloysite/lime (100/0, 
85/15, 70/30, and 60/40) [63]

Sodium silicate and NaOH solutions (5, 8, 
and 10 M) in a ratio of 1/1

122 to 304 min, and 67 to 180 min, respectively, for 5 and 
10 M

Laterite/meta-halloysite (100/0, 
80/20, 70/30, and 50/50) [65]

Sodium silicate (SiO2/Na2O = 0.75, 0.95, 
and 1.04)

140-80 min, 100-40 min, 90-30 min, and 60-20 min, 
respectively

Fly ash/metakaolin containing H2O2 Sodium silicate (SiO2/Na2O = 1.3) Decreased from 300 to 100 min, and 340 to 140, 
respectively for initial and final setting times

Volcanic ash/metakaolin in ratios 
(0.20, 0.25, 0.33, and 0.50) [67] Sodium silicate (SiO2/Na2O = 3.08) Decreased from 1,530 to 750 min, and 1,260 to 345 min 

respectively for final and initial setting times

Spent catalyst/metakaolin (0-20 wt%) 
[68] Sodium silicate (SiO2/Na2O = 1.5) 193-272 min and 270-360 min

Volcanic-ash/ metakaolin (100/0, 
95/5, 90/10, 85/15, 80/20, and 75/25) 

[69]
Sodium silicate (SiO2/Na2O = 1.1 and 1.4) 560-160 min and 220-125 min respectively for ZD and ZG 

volcanic-ash types containing MK at different dosages

Nano-SiO2 metakaolin [70] Sodium silicate (SiO2/NaO2 = 1-2) 185 to 343 min and 225 to 390 min, respectively for initial 
and final setting times

Nano-SiO2 metakaolin [71] Sodium silicate/sodium hydroxide = 2 360 to 45 min

2.2 Mechanical properties
2.2.1 Compressive strength

The mechanical properties of AACs can be linked to the physicochemical properties of solid precursors and the 
nature of the alkaline solution as well as the setting time. Hence, to improve the properties of the end products some 
secondary precursors can be added as additives at different proportions to enhance the reactive phase of the main solid 
precursor. Tchakoute et al. [72] altered volcanic ash-based AAC by incorporating metakaolin up to 40%. Findings 
from the study showed that the use of metakaolin up to 20% replacement of the volcanic ash yielded the maximum 
compressive strength of 52 MPa. Rajamma et al. [73] combined biomass fly ash (BFA) with metakaolin in proportions 
of 80/20 and 60/40 and used an alkali solution with concentrations ranging between 10 M to 18 M to produce AACs. 



Engineering Science & TechnologyVolume 5 Issue 2|2024| 433

The results from the study showed that the compressive strength increased from 14.24 MPa to 36.84 MPa and 18.09 
MPa to 38.34 MPa for AACs composed of volcanic ash/metakaolin of 80/20 and 60/40, respectively. Findings from the 
study also showed that the compressive strength of the AACs increased with a higher concentration of the alkali solution 
which favoured the high degree of polycondensation.

Zulkifly et al. [74] combined metakaolin and fly ash at a ratio of 1/1 as solid precursors for AAC. For the synthesis, 
monoaluminium phosphate (MAP) and aluminum dihydrogen triphosphate (ATP) were added as a source of aluminum 
phosphate at 1 and 3 wt%, respectively. The highest compressive strength recorded ranged between 55.5 MPa and 63.7 
MPa for the samples incorporating 1 wt% of the source of aluminum phosphate. Liu et al. [75] produced an AAC from a 
mixture of red mud (RM) and coal metakaolin (CMK) in proportion 70/30 at different Na/Al ratios (0.8 to 1.3). Results 
from the study showed that the compressive strength of all the AACs increased with curing ages of 7 days to 28 days. It 
was also reported that the Na/Al ratio of 1.0 yielded better mechanical performance at all different ages. Peng et al. [52] 
simultaneously evaluated both the effects of silica moduli and the effect of curing temperature on the slag replacement in 
metakaolin up to 80 wt%. From their study, the use of an activator with a silica modulus (SiO2/Na2O) of 1.4 and curing 
at 70 °C yielded the highest compressive strength at early ages. At a later age (i.e., 28 days), the use of an activator with 
a silica modulus (SiO2/Na2O) of 2 yielded the highest compressive strength for AACs made with slag as a replacement 
of metakaolin in the range of 50% to 100%. It has been discovered that the silica modulus of the activator solution 
affects the physical characteristics of samples of geopolymer paste. The impact of the SiO2/Na2O molar ratio on the bulk 
density and water absorption of geopolymer paste samples was investigated by previous studies [76]-[77] demonstrating 
that while bulk density is not significantly affected by changes in the SiO2/Na2O ratio, water absorption increases with 
increases or decreases in the SiO2/Na2O ratio beyond the optimum. Hence the silica modulus appears as one of the key 
parameters governing the end properties of AACs.

Nana et al. [78] used mechanical activation to improve the reactivity of pegmatite, which is used as a 
solid precursor for geopolymer synthesis. They varied the milling time from 15 to 90 min. The microstructural 
characterization revealed that milling pegmatite reduced undissolved/unreacted particles while increasing non-
bridge particles. The formation of more reaction products in scanning electron microscope (SEM)/Energy Dispersive 
Spectroscopy (EDS) and transmission electron microscope (TEM) highlights the fineness of pegmatite particles. The 
compressive strength of geopolymer binders increased from 22.3 to 51.6 MPa after 0-60 minutes of milling. From their 
study, 12.5 wt% of metakaolin was added.

Metekong et al. [19] combined volcanic ash and calcined laterite clay in different proportions of 80/20 and 60/40 
alongside an alkaline solution composed of sodium silicate and sodium hydroxide to produce AACs. After 28 days 
of curing, they observed a compressive of approximately 49 MPa for AAC made with calcined laterite clay as a 40% 
replacement of volcanic ash. Findings from the study also showed that the compressive strength of the AACs increased 
with increased curing temperature (28-80 °C) which favoured the high degree of polycondensation [8], [22], [79]. In the 
same vein, Kaze et al. [65] altered calcined iron-rich laterite up to 50 wt% of calcined halloysite and studied the effect 
of molarity of alkaline solution on the properties of AACs. The results from the study showed that the incorporation of 
calcined halloysite improved the reactive phase thereby resulting in enhancement of compressive from 12 MPa to 45 
MPa. Zhu et al. [80] improved the mechanical properties of MK-based geopolymer with the incorporation of slag up 
to 40 wt%. The compressive strength increased and reached the maximum at 62 MPa when 30 wt% of slag was added. 
This improvement is in agreement with other studies incorporating different secondary materials sources at different 
dosages like slag [56]-[57], [81]-[83], metakaolin [24], [51], [81], [84]-[85], fly ash [60], [86]-[88], granite-quartz-
pegmatite [89]-[90], marble [18], nano silica fume [91], bottom ash [50], graphene oxide [48], volcanic ash [92], and 
hematite [93]. Han et al. [94] simultaneously evaluated the effect of silica moduli, the influence of SiO2/Na2O, and the 
effect of the liquid-to-solid ratio on the MK replacement in municipal solid waste incinerated fly ash (MSWIFA) up to 
40 wt%.

Jaji et al. [56] altered metakaolin-based AAC by incorporating slag up to 30%. Findings from the study showed 
that the use of slag up to 30% replacement of the metakaolin yielded a maximum compressive strength of 32 MPa. 
Nemaleu et al. [61] combined calcined laterite clay with waste granite and basalt powders in proportions of 95/25, 
90/10, 85/15, and 80/20, and used an alkali solution to produce AACs. The results from the study showed that the 
compressive strength decreased from 36 MPa to 8 MPa and 40 MPa to 6 MPa for AACs composed of calcined laterite/
granite and calcined laterite/basalt, respectively. This loss in strength explains the inert nature of these powders in 



Engineering Science & Technology 434 | Rodrigue Cyriaque Kaze

an alkaline medium. A similar trend was pointed out by Venyite et al. [95] where the authors combined metakaolin, 
unheated laterite, and basalt powder at different dosages. Shilar et al. [96] also reported the decreased strength recorded 
on metakaolin-based geopolymer blended with marble up to 40 wt%. Tian et al. [97] produced porous metakaolin-based 
geopolymer incorporating MSWIFA up to 60 wt%. The obtained mechanical performance decreased from 12 to 5 MPa 
with the rise of MSWIFA content. Hence, adding the non-reactive secondary source material was not beneficial for 
the strength development during the geopolymer synthesis. This is because, instead of reacting, these materials tend to 
reduce the reactive phase and hinder the geopolymerization reaction.

Liu et al. [75] produced an AAC from a mixture of red mud (RM) and coal metakaolin (CMK) in proportion 70/30 
at different Na/Al ratios (0.8 to 1.3). Results from the study showed that the compressive strength of all the AACs 
increased with curing ages of 7 days to 28 days. It was also reported that the Na/Al ratio of 1.0 yielded better mechanical 
performance at all different ages. In a similar study [98], MSWIFA was combined with metakaolin at a ratio of 90/10. 
The outcome of the study showed that the incorporation of 10 % of metakaolin to MSWIFA increased the compressive 
strength by about 200% compared to that reference AAC (i.e. without MK). The improvement of performances at 
advanced ages was linked to the formation of the ettringite phase from the reaction between CaSO4 contained in fly 
ash and aluminate species from metakaolin. Lemougna et al. [99] in their investigation replaced calcined laterite with 
calcium carbonate and slag up to 20 and 50 wt%, respectively, and the compressive strength. The results indicated that 
the maximum compressive strength achieved at 28 days is for AACs incorporating calcium carbonate and slag as a 
replacement of calcined laterite at a ratio of 20% and 50%, respectively.

2.2.2 Flexural strength

The flexural strength of AACs can be linked to the cohesion or connectivity and bonding strength between different 
components within the matrix of the composites. Kamseu et al. [89] evaluated the effect of fine aggregates (quartz, 
granite, and pegmatite) on the mechanical properties of metakaolin/metahalloysite-based AACs. The findings from the 
study showed that the 28th-day flexural strengths increased from 26 MPa to 36 MPa. The enhanced flexural strength in 
the AACs was linked to the formation of H-C-S and H-C-A-S with H-M-A-S phases within the matrix which yielded 
better polycondensation and allowed the formation of a stronger matrix. Hence, it was found out that despite feldspar 
not containing the same amount of amorphous phases as pumice and waste glass, it is mainly constituted of fine particles 
which is beneficial for strength development. Similarly, Nemaleu et al. [100] replaced metakaolin with semi-crystalline 
materials (i.e., kyanite having a particle diameter of 80, 200, and 500 µm) in the range of 70-85 wt%, for the synthesis 
of AACs and heated between 1,050 and 1,250 °C. The results from the study showed that the incorporation of kyanite 
powder enhanced the flexural strength as shown in Figure 3. It is observed that larger amounts of kyanite induced higher 
particle density within the matrices, resulting in the improvement of flexural strength at temperatures below 1,200 °C. In 
the same vein, Nana et al. [101] used a microstructural approach to investigate the effect of particles size distribution of 
fine aggregates (granite and pegmatite composed as follows: A = 100 wt% of ɸ ≤ 63 μm; B = 50 wt% of ɸ ≤ 63 μm + 50 
wt% of 8 ≤ ɸ ≤ 125 μm; C = 50 wt% of ɸ ≤ 63 μm + 50 wt% of 125 ≤ ɸ ≤ 200 μm; and D = 33 wt% of ɸ ≤ 63 μm + 50 
wt% of 80 ≤ ɸ ≤ 125 μm + 125 ≤ ɸ ≤ 200 μm) on the strength development. They realized that the gradual addition of 
fine and coarse particles with coarse ones of particle size between 80 ≤ ɸ ≤ 125 and 125 ≤ ɸ ≤ 200 μm at the proportion 1:1 
improved the flexural strength from 30 to 36 MPa. This supports the idea that the efficiency of the geopolymerization 
and the particle packing work synergistically. The particle size distribution influences the properties of the pastes and 
promotes packaging. As a result, it alters the material’s rheological properties during the mixing process, as well as 
the mechanical properties of the hardened material when non-reactive particles are present. Based on this, it can be 
considered that sample made with smaller particle sizes is expected to have a higher reactivity than those made with 
high ones. Specifically, the extra sodium aluminosilicate hydrate (N-A-S-H) gels are formed at the matrix-aggregate 
contact. Kamseu et al. [102] produced geopolymer with low metakaolin incorporating different types of fine aggregates 
such as quartz sand, nepheline syenite, and ladle slag up to 60% and then investigated the flexural strength up to 180 
days. They found an increase in mechanical performance from 4 to 6 MPa, 4 to 9.1 MPa, and 4 to 10 MPa, respectively, 
for samples made with quartz sand, ladle slag, and nepheline syenite between 28 and 180 days of curing. Such recorded 
improvement was attributable to fine particles which enhanced the interfacial zone for the design of optimum-grade and 
high-performance composites. Finely ground semi-crystalline materials can dissolve in an alkaline medium, enriching 
the medium with Si and Al oligomers and reinforcing the geopolymer structure, which is most likely responsible for the 
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improved mechanical performance observed [89], [102]-[103].

Figure 3. Flexural strength: (a) RB series (samples made with kyanite having 80 µm), (b) RC series (samples made with kyanite having 200 µm), and 
(c) RD series (samples made with kyanite having 500 µm) [100]

Figure 4. Variation of the three-point flexural strength of metakaolin-based geopolymer blended with pegmatite at different dosages heated at various 
temperatures [104]
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Nana et al. [104] replaced metakaolin with pegmatite in the range of 70-85 wt% for the geopolymer production and 
the resulting products were heated up to 1,000 °C. The values of flexural strength were ranged between 46 and 51 MPa. 
The high performance was achieved on samples heated at 1,000 °C, related to densification, vitrification, formation of 
new phases, etc. occurring upon heating which increased particle connectivity and facilitated the strength increase (Figure 
4). The loss of flexural strength above 1,000 °C was related to the soda-rich gel rapidly transforming to a low-viscosity 
liquid phase. The same authors [105] blended pegmatite with 12-15 wt% of metakaolin (MK) and metahalloysite (MH) 
and found that the values of flexural strength ranged from 32 to 34 MPa with 15 wt% of MK and 38 to 42 MPa with 12 
wt% MH added, respectively. 

2.3 Durability properties
2.3.1 Porosity

Porosity in composites represents a set of voids or pores present in the matrix that can be filled with fluids. The 
presence of voids/pores in composites such as AACs has a direct influence on their corresponding durability properties. 
Similarly, porosity can be linked to the mechanical performances of composites. Gao et al. [106] studied the effects 
of metakaolin/alkaline activator ratios (0.97, 1.03, 1.10, and 1.19) and nano-silica additions (1, 2, and 3%) on the 
porosity of metakaolin-based AACs. Observations on immersed samples for the water absorption test indicated that the 
incorporation of 1% of reactive nano-silica favoured the reduction in pores within the matrices of different fabricated 
AACs with a curing time of up to 60 days. The optimum result of porosity was obtained on a sample prepared with a 
metakaolin/alkaline solution ratio of 1.03. On the contrary, the findings by Cheng et al. [107] where metakaolin was 
replaced with waste catalyst up to 40 wt% showed that the porosity of the AACs increased in the presence of the waste 
catalysts. Nonetheless, the optimum content of the waste catalyst to be used was suggested to be 10% as it resulted in 
similar porosity as that of metakaolin-based AACs without any additives.

In the study by Buchwald et al. [108], different fillers were incorporated at various proportions into AACs, and the 
thermal and microstructural properties of the resulting AACs up to 1,000 °C were evaluated. Based on their findings, 
applying a temperature of 1,000 °C was beneficial in the reduction of porosity in all the AACs blended with fillers. The 
most reduction was observed on AACs containing 2% of quartz and 50% of clay fillers. The reduction in the porosity 
at the elevated temperature (i.e., 1,000 °C) can be linked to the sintering effect which resulted in a physicochemical 
transformation in the matrices thereby making the structure compact with few accessible voids. Bignozzi et al. [109] 
used the mercury intrusion porosimetry (MIP) method to evaluate the distribution of pores contained in AACs made 
with a mixture of metakaolin and ladle slag in proportion 75/25, 50/50, 60/40, 70/30, and 80/20. Findings from the 
study indicated that incorporating metakaolin as a 20% replacement of the ladle slag AAC resulted in more reduction 
in the intruded volume from 330 to 140 mm3/g. It was related to the progressive addition of MK, which extended the 
geopolymer network, resulting in the formation of a densified structure.

Nemaleu et al. [100] studied the effects of metakaolin/kyanite ratios and pores size of kyanite (80, 200, and 500 µm 
namely RB, RC, and RD respectively) on the porosity of metakaolin-based AACs. Observations on immersed samples 
for the water absorption test indicated that the incorporation of fine particles (80 µm) of kyanite favoured the reduction 
in pores within the matrices of different fabricated AACs with heating temperature. The apparent porosity ranged from 
36 to 19, 34 to 21, and 31 to 37 vol% for the RB, RC, and RD series, respectively.

Nana et al. [101] used the mercury intrusion porosimetry (MIP) method to evaluate the distribution of pores 
contained in AACs made with a mixture of metakaolin and granite or pegmatite in proportions. Findings from the 
study indicated that incorporating pegmatite or granite replacement of the metakaolin AAC resulted in more reduction 
in the intruded volume. When pegmatite is utilized as a solid precursor, the various classes of particles demonstrate 
a continuous decrease in pore size and cumulative pore volume. The better mechanical performance obtained with 
the pegmatite specimens compared to the granite specimens can be explained by the combined action of the creation 
of adequate viscous gel to embed the particles and fill capillary and the efficacy of particle packing. With particular 
attention, it can be seen that as packing density increases, pores’ size and cumulative volume decrease. Additionally, 
while there are a few tiny capillary porosity bands in the granite series specimens, the solid solution-based geopolymer 
composites are primarily characterized by monomodal bands of mesoporosity, which indicate extremely low porosity 
interconnectivity resulting in a low value of water absorption and porosity obtained.



Engineering Science & TechnologyVolume 5 Issue 2|2024| 437

2.3.2 Water absorption

Similar to the porosity of composites, water absorption is a good indication of the durability performance of AACs 
as it shows the ease with which various determinantal materials can go into and through the composites. Several studies 
[110]-[111] demonstrated that the water absorption values of heated AACs increase with the rise of heating temperature 
from 25 to 1,000 °C. The increase in water absorption was attributed to the appearance of open voids and microcracks 
within the matrices after undergoing heating related to the degradation of the binder phase responsible for the better 
cohesion between different components. Thus, after heating the presence of these voids would allow high retention of 
water compared to the unheated AACs [17], [79], [112].

Nemaleu et al. [113] mixed metakaolin with groundnut ash in weight ratios of 90/10, 80/20, and 70/30 alongside 
two alkaline solutions with 8 and 10 M for the production of AACs. The findings at 28 days showed that AACs made 
with lower concentration (i.e., 8 M) alkaline solution exhibited higher water absorption ranging between 7-25% which 
also increased aggregates replacement and decreased with curing days from 7 to 28 days. The higher water absorption 
was suggested to be due to either the possible leaching of groundnut powder ash when samples were immersed in 
water and became lighter or to more pronounced voids that could retain much water. A similar trend was reported by 
Xu et al. [94] who replaced metakaolin with MSWIFA up to 40 wt% and observed the increased porosity from 19 to 
30%. Nonetheless, the findings by Kaze et al. [65] showed that water absorption can be reduced up to 50% in iron-rich 
laterite-based AACs by incorporating fine meta-halloysite up to 50 wt%. The incorporation of the fine meta-halloysite 
was found to improve the Si/Al ratios making the AAC matrix less heterogeneous and more compact. A similar trend 
was reported by other studies incorporating different secondary sources such as quarry dust [46] where the authors 
observed a decrease in water absorption from 43 to 27% with increased content of quarry dust up to 40 wt%.

Certain factors affect the porosity and water absorption of AACs, such as alkaline solution types used, liquid to 
solid ratio for the AACs synthesis [96], [114]. Nouping et al. [93] investigated the effect of alkaline sources on the 
reactivity of metakaolin/hematite- and laterite-based geopolymer using Na or K activators. They reported that, when the 
potassium silicate activator was used, the porosity reached 43% and 31% in the case where the sodium silicate activator 
was applied. The authors concluded that such difference could be linked to the higher crystallinity of the powder 
activated with sodium silicate displaying weak porosity compared to those activated with potassium silicate which were 
heterogeneous allowing high porosity.

2.3.3 Chloride ion penetration

A chloride ion penetration test is used to assess the ease at which chloride ions that are favourable to corrosion can 
penetrate the composites. Studies have indicated that the mechanism of chloride ions transport is based on the following 
factors: water diffusion, impregnation, and capillary absorption. Compared to AACs made with a precursor such as fly 
ash and slag, there is limited knowledge on the chloride ion penetration of clay-based AACs. Nonetheless, Fu et al. 
[115] studied the chloride penetration resistance of AACs made with fly ash and metakaolin as precursors alongside two 
different alkali activators. Findings from the study showed that using a lower liquid-to-solid ratio with refined pores 
in fly ash-based AACs reduces the chloride diffusivity compared to metakaolin-dominant AACs. It was also found 
that AACs made with Na-activators exhibited higher resistance to chloride penetration than those from K-activators. 
This difference might be attributed to the fact that the Na-AACs showed a higher geopolymerization reaction, higher 
mechanical performance, and lower porosity compared to the K-AACs. With limited studies on the chloride ion 
penetration in clay-based AACs, more studies are recommended in this area.

2.3.4 Resistance in aggressive environment

Jin et al. [116] investigated the acid resistance of metakaolin-MSWI fly ash blend in simulated acid rains with 
various pH (i.e., 3, 4, and 5). The acid resistance was evaluated in terms of the resulting strength at it was found that 
the reduction in pH from 5 to 3 resulted in a loss in strength in the range of 7.4% to 13%. Duan et al. [117] their study 
compared the acid exposure of Portland cement and fly ash-metakaolin AACs in an acidic mixture of sulfuric acid (2%) 
with hydrochloric acid (2%). After 56 days of exposure, the AACs showed good resistance compared to that of PC.

Kuang et al. [81] investigated the effect of seawater and deionized water on the properties of metakaolin/slag-
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based geopolymer. After investigating for a longer period, they observed that the difference in terms of flexural and 
compressive strength recorded in both media was small as seen in Figure 5. This seawater resistance was explained 
by an increased content of Ca2+ promoting the dissolution of Al and Si monomers, reducing the need for the required 
Na2O concentration to hydrate precursors. This results in the formation of an additional binder phase namely C-(A)-S-H 
type in metakaolin/slag blends making these samples denser with few accessible voids and improving the mechanical 
performance. The same authors evaluated the chloride migration on the same specimens. It was observed a gradual 
decrease of chloride migration coefficient with increased content of slag. This mitigation of chloride penetration was 
related to the coexistence of both binder phases, C-A-S-H or C-S-H and N-A-S-H, allowing the development of a strong 
matrix.

Figure 5. Mechanical properties of geopolymer composites at 90 days: a) flexural strength and b) compressive strength [81]

Similarly, Sontia et al. [19] improved the reactivity of volcanic ash by incorporating the calcined laterite up to 40 
wt% followed by the curing of the AACs at 28, 60, and 80 °C. After 20 weeks of exposure in an acidic medium, they 
recorded the following mass changes of 8.29/7.05/6.63% and 6.22/5.29/4.98%, respectively, for AACs containing 20 
and 40 wt% calcined laterites. The produced AACs exhibited better resistance to the acidic medium compared to that 
of PC composites subjected to similar extreme conditions. However, the reduction in the mass and strength of AACs 
in the acidic environment was linked to the breaking down of Si-O-Al resulting in deterioration of the AACs. This 
deterioration was more pronounced on AACs cured above room temperature.

2.3.5 Drying shrinkage

Linear shrinkage measures the decrease in the dimensions (height and diameter) of the specimens due to the 
departure of water and the physico-chemical phenomena that take place in the material. It follows that if the excess 
water contained in the AACs is not consumed during the polymerization, it diffuses out of the surface of the AAC 
matrix creating pores [118]-[119]. This results in a shrinking of the test specimen and hence the linear shrinkage. 
Kaze et al. [112] found that the shrinkage of heated metakaolin/metahalloysite-based AACs increased up to 14 and 
16%, respectively with higher heating temperatures. This shrinkage was related to the release of bounded chemical 
water to the geopolymer network leading to the phyisco-chemical transformations that occurred in the matrix resulting 
in the reduction in the dimension of specimens [120]. For the metakaolin-based AACs heated up to 1,400 °C using 
dilatometry analysis, Vidal et al. [121] recorded about 20% of total shrinkage. When replacing both metakaolin with 
ammonium molybdate up to 1.57 wt%, they found that the decrease in shrinkage from 20 to around 5% in both AAC 
series M1 (metakaolin with SiO2/Al2O3 ratio of 1.38) and M2 (metakaolin with SiO2/Al2O3 ratio of 1.41) exposed at 
high temperatures. This reduction showed that incorporating ammonium molybdate was beneficial to the morphological 
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changes that occurred in both matrices on the microstructure and strength development.
To reduce the shrinkage in cementitious materials some additives like sand have been used. It is the case of the 

findings of Zawrah et al. [122] who investigated the linear shrinkage of metakaolin-based AACs containing 2.5, 5.0, 
and 7.5 wt% of nano sand heated at 800, 1,000, and 1,200 °C. The results as shown in Figure 6 revealed that the linear 
shrinkage of the end products decreases with nano sand content. This reduction is linked to closed pores and voids 
in the matrix accompanied by a decrease in binder formation. Duan et al. [117] compared the thermal shrinkage of 
ordinary Portland cement and combined fly ash-metakaolin-based AACs exposed at high temperatures up to 1,000 
°C. After heating, they realized that Portland cement exposed to high temperatures exhibited high thermal shrinkage 
values compared to AACs. This indicates better stability of amorphous sodium aluminosilicate hydrate (N-A-S-H) gel 
compared to that of calcium aluminosilicate hydrate CASH contained in AACs and Portland cement, respectively (Figure 
7).

Figure 6. Linear shrinkage of AACs prepared at 70 °C as a function of nano sand ratios [122]

Figure 7. Thermal shrinkage of Portland cement and geopolymer paste with elevated temperatures [117]

2.3.6 Elevated temperature resistance

Compared to Portland cement composites, AACs have been found to exhibit better resistance to elevated 
temperatures making them suitable candidates for specialized applications such as in refractory construction [123]-[127]. 
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Table 2 presents the effects of elevated temperatures on some metakaolin-based AACs. Yaşın and Ahlatc [125] used 
nano alumina powder to reinforce the Na-metakaolin-based AACs for potential refractory applications. They observed 
that the compressive strength increased from 30 to 134 MPa with heating temperature up to 1,250 °C. Kamseu et al. 
[128] in their study used α-quartz and fine alumina powder to stabilize AACs up to 1,200 °C. It was found that the use 
of α-quartz and fine alumina was beneficial for the end products heated at high temperatures. The heated samples were 
stable up to 1,100 °C after which a few cracks or fissures were formed at 1,200 °C as shown in Figure 8. The formation 
of these cracks/fissures can be linked to the sintering stresses related to the newly formed liquid phase and the matrix. It 
was also found that incorporating α-quartz and fine alumina allows the increase of flexural strength mostly between 800 
and 1,200 °C.

Table 2. Effect of elevated temperature on AACs

Precursor Activators Heat treatment Mechanical performances 

Metakaolin-fly ash (1/1) [117] Sodium silicate
20, 100, 200, 300, 400, 
500, 600, 700, 800, 900, 

and 1,000 °C

35 to 39 MPa and 59 to 72 MPa for samples aged 
of 3 and 28 days heated from 20 to 400 °C.

Decreasing from 39 to 2 MPa and from 72 to 25 
MPa respectively for Portland cement and AAC.

Metakaolin-pegmatite [104] Sodium silicate 
25, 100, 200, 300, 400, 

500, 600, 800, 900, 1,000, 
and 1,100 °C

15-56 MPa and 20-82 MPa respectively for 
flexural strength and compressive strength from 25 

to 1,100 °C.

Volcanic ash-fired clay bricks [17] Sodium silicate 25, 200, 400, 600, and 
800 °C

Sample made with 10 wt% of waste fired clay 
brick gave 33 MPa at 600 °C.

PVA-reinforced metakaolin/fly ash-based 
geopolymer mortar [87] (Polyvinyl alcohol 

(PVA) content 0%, 0.2%, 0.4%, 0.6%, 
0.8%, 1.0%, and 1.2%) 

Sodium silicate 
adjusted to have 
SiO2/Na2O = 1.3

25, 200, 400, 600, and 
800 °C

Furthermore, compared to the geopolymer mortar 
without fibers, the inclusion of PVA fibers greatly 
increased the compressive strengths and flexural 
strength of the cubic and prism by 50.5%, 29.4%, 
and 66.3%, respectively, upon exposure to 200 °C.

Figure 8. Fractures surface of geopolymer concretes (a: Si-rich; b: Al-rich) at 1,200 °C showing the influence of liquid phase and thermal expansion 
mismatch on microstructure [93]

Rashad and Ouda [124] partially replaced metakaolin with nano-silica at concentrations of 0.5, 1, 2, 3, and 4 wt% 
and then heated the resulting AACs from 400 to 1,000 °C. After exposure, they found that the compressive strength of 
all the samples containing 0.5 wt% of nano-silica increased indicating their stability up to 400 °C. When the temperature 
was increased from 600 to 1,000 °C, a drastic decrease in compressive strength was observed which was linked to the 
denaturation of geopolymer binder resulting in low strength. On the other hand, Lin et al. [129] observed a significant 
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increase in flexural strength on metakaolin-based AACs incorporating the alumina (α-Al2O3) powder at different dosages 
(10, 20, 30, 40, and 50 wt%). This enhancement in mechanical performances was attributed to the reduction in porosity 
and open voids within the geopolymer matrix and the rise of the density of the end products. 

Figure 9. SEM images of AACs from metakaolin M1 (metakaolin with SiO2/Al2O3 ratio of 1.38) and M2 (metakaolin with SiO2/Al2O3 ratio of 1.41) 
subjected to different temperatures (a) 25M1, (b) 1,400M1, (c) 25M11.57, (d) 1,400M11.57, (e) 25M2, (f) 1,400M2, (g) 25M21.57, and (h) 1,400M21.57 samples [121]

Recently, Tiffo et al. [130] produced AACs from the combination of kaolin mixed with aluminum oxide up to 30 
wt%. When exposed to high temperatures in the range of 300-1,200 °C, the samples containing 10% aluminum oxide 
heated at 1,150 °C developed a compressive strength of 65 MPa. The improvement in the performance recorded at 
this temperature is related to the formation of crystalline phases like mullite, corundum, and nepheline leading to their 
contribution to form Al-Si minerals. Vidal et al. [121] varied the ammonium molybdate content on two metakaolin-
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based AACs and then subjected the AACs to 1,400 °C. From SEM analysis presented in Figure 9, they observed that the 
incorporation of ammonium molybdate induced some changes in phases at high temperatures. The micrographs of end 
binders appear dense and vitreous with homogeneous structure leading to the formation of interconnected pores within 
the matrixes. This densification is well pronounced when incorporating 1.57 wt% of ammonium molybdate resulting in 
good distribution between the binder phase and other components in the matrix.

Elimbi et al. [123] observed a decrease in the halo peak 2-theta range from XRD analysis due to the appearance 
of reflection peaks of crystalline phases when the temperature of metakaolin-based AACs was increased from 25 to 
1,000 °C. This reduction in halo peak on XRD indicates the formed amorphous phase after polymerization justifying 
the reduction in the mechanical strength that was observed in the AACs studied. However, a reverse effect was noticed 
by Barbosa and Mackenzie [131] who did not record any reduction in amorphous content the metakaolin used as a 
precursor in AACs was replaced up to 20 wt% by various inorganic fillers. After heating the AACs to 900 °C, the X-ray 
patterns of the AACs were almost similar in terms of developed halo peak 2 theta range and the only reduction peaks 
were that of the quartz mineral. A similar trend has been observed by the findings of Tchakoute et al. [127] where the 
waste glass or rice husk ash (RHA) with NaOH as activators to produce the metakaolin-based AACs. After heating 
the resulting AACs to 800 °C, no reflection peak of the new phase was observed on the diffractograms. The halo peak 
appearing on each diffractogram not changing with increasing temperature indicates the stability of the synthesized 
AAC products. This observation was also complimented by similar compressive strength observed in heated between 
400 and 600 °C.

Nobouassia Bewa et al. [132] identified the newly formed mineralogical phases such as phospho-tridymite and 
phospho-cristobalite from XRD diffractograms of heated acid consolidated metakaolin-based AACs between 200 and 
1,000 °C. The presence of these new crystalline phases is linked to the polymorphic transition of berlinite according to 
these authors. Duan et al. [117] evaluated the thermal stability of AACs made from combined metakaolin and fly ash in a 
1/1 weight ratio up to 1,000 °C. Findings from the study showed that increasing the heating temperature from 20 to 400 
°C resulted in an increase in compressive strength from 35 to 39 and 59 to 72 MPa for AACs cured for 3 and 28 days, 
respectively. However, when applying a heating temperature above 400 °C, a reduction in the mechanical performance 
was observed. Nana et al. [104] replaced metakaolin with 70, 75, 80, and 85 wt% of pegmatite and investigated the 
thermal of the resulting geopolymer composite products from 25 to 1,100 °C. From their study incorporating pegmatite 
was a benefit for the stability of matrices that achieved high strength in the range of 800-1,000 °C linking to lower 
porosity.

3. Conclusions
The purpose of this paper is to review alkali-activated clay composite materials that use kaolinitic clays as an 

additive in various dosages or as a composite material precursor. Calcined clays have been added to lower the cost of 
calcination while improving certain semi-crystalline materials with low reactive phases. Therefore, the present paper 
explores and discusses the fresh (workability, setting time) and hardening (compressive and flexural strength) as well 
as microstructural properties of AACs prepared from clay materials as main solid precursors or secondary source 
materials used for the synthesis of AACs. Discussions presented in the paper showed that various clay materials such 
as metakaolin, metahalloysite, feldspar, slag, fly ash, silica, and laterite can be used to produce AACs for various 
construction applications. It was also found that various clay materials can be incorporated alongside other precursors 
as a binary or ternary precursor to complement the performance of AACs. However, the resulting performance of 
composites incorporating clay materials is dependent on the properties and treatments of the clay materials. Thus, 
calcined clay with a high amount of reactive phase highly improved the end properties of AACs. While other factors 
impacting the physical properties were the liquid-to-solid ratio of alkaline activators, curing regime, and molarity of 
alkaline activators in terms of silica modulus.

For solid precursors with low reactivity, such as pegmatite, a small amount of calcined clay is required to achieve 
high performance. Mechanical activation was used to improve its reactivity by enhancing the physicochemical 
properties required for the formation of more binder phases.

As there are limited studies, especially in terms of durability performance on clay-based AACs, it is recommended 
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that more research and development should be carried out in this area. The critical durability performance of clay-based 
AACs is in terms of the resistance of the composites to freeze-thaw cycles, dry-wet cycles, and severe environments 
such as acid and alkali. It is also imminent to carry out a comprehensive life cycle assessment of clay-based AACs in 
order to accurately quantify their sustainability and economic benefits.
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