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A B S T R A C T   

The disintegration of concrete structures made of ordinary Portland cement (OPC) is a worrying 
topic of increasing significance. The trend for reusing waste products or industrial by-products to 
reduce the amount of OPC in concrete constructions has become an important task for industries 
and research institutions. Although OPC is an essential ingredient for concrete and is immensely 
popular, it greatly ↱contributes to the release of a massive quantity of CO2 into the atmosphere. 
To decrease the ↱increasing CO2 emission, scholars and researchers in the construction industry 
and ↱academic institutions have exerted efforts to adopt alternative sustainable binders using 
↱pozzolanic materials, such as metakaolin, fly ash, slag, rice husk ash, and ↱palm oil fuel ash, 
combined with alkali-activator (AA). Many researchers have ↱stated that AA alumina-silicate 
(Al2SiO2) materials can produce convincing mechanical ↱and durability properties, such as 
compressive strength, splitting tensile strength, and ↱modulus of elasticity, in cement concrete at 
an early age with low CO2 emission and ↱energy consumption. Most researchers have reported 
that concrete containing pozzolanic materials and alkali-activated binder (AAB) has better 
durability than conventional concrete, while others call for further studies. According ↱to pre-
vious studies, this research assesses the present studies on the mechanical and ↱durability 
properties of cement concrete produced from the AAB related to the ↱pozzolanic materials. 
Furthermore, few possible studies have been recommended in the ↱future↱.   

1. Introduction 

It is known that concrete is the second most used material after water where it comprises more than 20% of ordinary Portland 
cement (OPC). The manufacturing of OPC is also accountable for approximately 8% of worldwide global carbon dioxide emissions 
[1–4]. Also, the rapid development in the construction industry worldwide encourages the scholars and academic to search alternative 
sustainable materials in the construction industry [5–7]. For the past few decades, supplementary cementitious materials (SCMs) 
derived from industry by-products or natural pozzolan materials have been used to partially substitute cement, including fly ash (FA), 
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ground granulated blast furnace slag (GGBS), silica fume (SF), metakaolin (MK), limestone, fine glass powder, etc [8–12]. Using SCMs 
not only reduces the production cost of concrete, but also has technical advantages. Use of SCMs can reduce the heat of hydration as 
well as enhance the durability of the concrete [13–16]. 

In fact, the durability of concrete containing cement is associated with the characteristics of its essential elements, that is, about 
60% CaO, whereas its hydration produces approximately 25% Ca(OH)2. Ca(OH)2 reacts with acidic environments, and thus, cement 
has lower resistance against all aggressive environmental factors [17,18]. By contrast, pozzolanic materials improve gels, and products 
with low quantity of calcium hydroxide enhance resistance to chemical attacks [19–21]. In addition, dumping of pozzolanic materials 
into landfills and open areas is considered one of the main environmental problems [22]. Finding greener and more sustainable 
construction materials with lower energy consumption and carbon footprint is now becoming essential [23–27]. 

Alkali Activated Binders (AABs) or Alkali Activated materials (AAMs) are one of the potential alternatives to conventional cement 
concrete to minimize carbon emissions released during OPC production. AAB is a globally emerging technology that involves the 
reaction of aluminosilicate existing in the precursor with the alkaline solution forming a hardened product. These precursors have 
much less embodied carbon than OPC, making them an attractive option for alkali-activation [28]. Most AABs are developed from 
industrial by-products such as slag and FA [29,30]. The synthesis of these binders is very sensitive to several factors. These include the 
source, constituents and fineness of the precursor materials, type and combination of alkaline activators, the quantity of free water, and 
type and duration of curing [30]. AABs could be designed to have superior properties compared to cement, namely the development of 
earlier and higher mechanical strengths, better resistance to acids and sulphates, and lower heat of cement hydration [31]. 

Extensive research and development on AAB began in the early 1980 s, with laboratory testing and investigations into the re-
actions’ mechanisms [32]. The AAB is called by other terms such as “geopolymers” and “inorganic polymers” based on the physi-
ochemical properties of the source materials and the type of alkali activator. Fig. 1 presents the distinction between these three last 
classifications(terms) [33]. However, only AAB will be used throughout this review to avoid this ambiguity. Furthermore, Glukhovsky 
[34] classified the alkaline activators into six groups, where M is an alkali ion:  

1. Alkalis, MOH.  
2. Weak acid salts, M2CO3, M2SO3, M3PO4, MF.  
3. Silicates, M2O . nSiO3.  
4. Aluminates, M2O . nAl2O3.  
5. Aluminosilicates, M2O . Al2O3 

. (2− 6)SiO2.  
6. Strong acid salts, M2SO4. 

Some pozzolanas, such as FA and slag, are commonly utilised in alkali-activated products to improve durability and mechanical 
characteristics of [35]. Khater [36] stated that alkali-activated slag (AAS) demonstrated important modifications in strength when 
exposed to high temperature (300–1000 ◦C) complemented by superior thermal constancy compared with cement concrete. Samples 
made of GGBS as cement replacement and 15% air cooling slag survived from thermal drop at 1000 ◦C. Another researcher [37] stated 
that the charge passed values were reduced when exposed to chloride ion permeable for AAS samples compared with control concrete 
samples. On the contrary, the rate of length change increases due to the increase in the ratio of liquid to binder and curing age of 
alkaline activator’s composite blend of slag with FA [38]. Rashad [39] found the alkaline activator composite blend of slag and FA 
concrete and mortars. They observed that the increase in the slag content increases the drying shrinkage value of concrete. 

Adam [40] stated that alkaline activators including FA improved the chloride penetration and sorptivity tests compared with the 
cement concrete. Bernal et al. [41] investigated the durability of alkaline activator containing MK and slag as blended materials. They 

Fig. 1. Classification of different subsets of AAMs, with comparisons to OPC and calcium sulfoaluminate binder chemistry [33].  
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observed that the concrete samples showed lower chloride permeability and sorptivity due to the increase in the amount of MK and 
concentration of the alkaline-activated binders (AABs) [32,41]. The compressive strength and permeability values decreased. Sulphate 
expansion and drying shrinkage of MK replaced partially by POFA were investigated by Hawa et al. [42]. They noted that alkaline 
activator mortars comprising POFA reduced the drying shrinkage owing to the upsurge of curing period when exposed to high tem-
perature. Instead, Kim et al. [43] stated that the use of RHA with Na2SiO3 and NaOH can potentially replace cement concrete. They 
concluded that the durability properties of concrete in terms of acid and sulphate resistance in an aggressive environment contain HCl, 
H2SO4, MgSO4 and Na2SO4 solutions and significantly reduce the weight loss compared with the natural mortar samples. The present 
paper summarises the most related application of AAB in concrete and their durability performance for concrete comprising pozzo-
lanics, such as FA, slag, POFA, RHA and MK. Table 1 shows the durability properties of AAB made of pozzolanic materials conducted by 
the previous studies. 

The above-mentioned pozzolanic materials and AABs with OPC in construction projects have been steadily adopted by industries 
worldwide according to the existing standards [44]. Thus, the performance of these AABs concrete is a must now to fix the standard. 
Therefore, the current paper summarises the most relevant erudition regarding the durability and mechanical properties of concrete 
comprising AAB and pozzolans such as slag, FA, POFA, MK and RHA. 

2. Alkali activated binders 

2.1. Classification of AAB by the previous studies 

As previously reported, massive quantities of industrial and agriculture wastes have been disposed without producing any 
importance. Recently, most by-product wastes generated from agricultural and industrial aspects have been considered to determine 
the probability of using them as supplements to AABs. Lastly, AABs are categorised according to the source of the raw materials and 
particularly according to the chemical composition that considerably affects the alkali reaction quality. Fig. 2 displays the main 

Table 1 
Durability properties of AA mortar and concrete examined by previous studies.  

References Pozzolanic 
materials 

Activator used Concentration and molarity Curing condition Properties of concrete 
durability 

Heikal et al.[45] GBFS Na2SiO3 and 
NaOH 

0.5 mol/kg Normal curing for 90 days. Resistance of sulfate attacks 

Al-Otaibi[46] GBFS Na2SiO3 and 
Ca(OH)2 

4 % Dry and water curing Carbonation, chloride 
penetration resistance, and 
porosity. 

Palacios and 
Puertas[47] 

GBFS Na2SiO3 and 
NaOH 

4 % 28 days- normal curing Carbonation test 

Koenig et al. 
[48] 

FA and slag Na2SiO3 and 
NaOH 

3.4 % Heat curing for 48 h then 
water coring till test date 

Resistance of acid attacks 

Smirnova et al., 
[49] 

Slag and lime Na2SiO3 and 
NaOH 

5 % 28-norrmal curing days Frost resistance of alkali- 
activated slag concrete 

Miranda et al. 
[50] 

FA Na2SiO3 and 
NaOH 

8.2 % Curing at high temperature 
(50 ◦C) 

Corrosion resistance 

Wallah[51] FA Na2SiO3 and 
NaOH 

14.7 % Dry and steam curing Drying shrinkage test 

Thokchom et al. 
[52] 

FA Na2SiO3 and 
NaOH 

5 % 850 C&48 hr Resistance of acid attacks 

Allahverdi et al. 
[53] 

GBFS Na2SiO3 and 
NaOH 

1 – 2 % 25 C for 42 days Drying shrinkage test 

Bernal et al.[54] MK and GBFS Na2SiO3 and 
NaOH 

5 % Ambient 
temperature for 24 hr, then 
normal curing for 28 days. 

Sorptivity and carbonation 
tests 

Wongpa et al. 
[55] 

FA and RHA Na2SiO3 and 
NaOH 

14 Mol Ambient condition for 90 
days 

Water permeability test 

El-Sayed et al. 
[56] 

GBFS Na2SiO3 and 
NaOH 

2 % Normal curing up to 38 C Resistance of sulfate attacks 

Chaparro et al. 
[57] 

GBFS Na2SiO3 and 
NaOH 

2.4 % Normal curing Corrosion resistance 

Al Bakri et al. 
[58] 

FA Na2SiO3 and 
NaOH 

8–16 Mol Steam and dry curing Resistance of acid attacks 

Bernal et al.[59] FA and GBFS Na2SiO3 and 
NaOH 

5 % Normal and carbonation 
curing 

Carbonation test 

Beemamol et al. 
[60] 

FA NaOH 0.5 % Moisture and sulfate curing Shrinkage and chloride 
permeability 

Shaikh[61] FA Na2SiO3 and 
NaOH 

14 and 16 molar NaOH and Na2SiO3 

to NaOH ratios of 2.5, 3.0 and 3.5 
28-normal curing days Corrosion resistance, 

sorptivity, and chloride 
penetration 

Karim et al.[62] RHA, POFA 
and GBFS 

NaOH 1.0, 2.5 and 5.0 Mol Water curing for 28 days Thermal resistance, water 
absorption and porosity  
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classifications of the latest AABs. 

2.2. Background of study 

Exploration of durability properties of cement mortar and concrete using pozzolanics significantly affects the present research on 
concrete ↱production. ↱Even though many investigations were carried out in the formation of alkaline-activated ↱binders, no 
comprehensive study has shown the mechanical and durability ↱properties of this type of binder as an environmentally friendly 
material [64,65]. Nevertheless, numerous investigations are still required to show the durability properties of AAB. Table 1 shows 
some latest studies that were carried out to find out the durability ↱properties of mortar and concrete using the pozzolanic materials in 
combination with ↱alkaline-activated binders. Miranda et al. [50] showed that alkaline-activated mortar containing FA has better 
efficiency in terms of ↱protection of the reinforcement considerably than cement mortar. They observed that ↱alkaline activator 
containing FA has better resistance to chloride-ion penetration for ↱effective and rapid reinforcement of bars than cement mortars↱. 

Thokchom et al. [52] carried out many investigations to assess acid resistance of alkaline-activated mortar containing FA with 
Na2SiO3 and NaOH solutions. They observed that the colour did not change, and the structural behavior was not influenced. Wallah 
[51] investigated the drying shrinkage of alkaline-activated concrete containing FA with Na2SiO3 and NaOH solutions. They observed 
that the drying shrinkage was reduced for heat-cured alkaline-activated concrete compared with that corresponding to cement con-
crete. Bernal et al. [54] studied the effect of AAB on the carbonation value of mortars and activated MK and GBFS materials blended 
and exposed to CO2. The results showed that the carbonation rate was faster, increasing sorptivity and decreasing the mechanical 
properties due to the increase in the amount of MK as a binder material. 

In 2012, Kushal and Partha [66] examined porosity, sorptivity and water absorption of alkaline-activated mortar containing FA 
with Na2SiO3 and NaOH solution. They observed a reduction in sorptivity and water absorption with improved compressive strength. 
Bakri et al. [58] investigated the alkaline-activated concrete containing FA with NaOH and Na2SiO3. They reported that the 
alkaline-activated concrete containing FA has better durability properties in aggressive environments compared with that of the 
cement concrete. Beemamol et al. [60] examined the compressive strength, shrinkage and permeability of alkaline-activated mortar 
comprising FA activated by NaOH. The results obtained showed a reduction in the shrinkage and permeability of concrete owing to the 
use of ceramic waste sand; this condition did influence the strength. Karim et al. [62] studied the potential use of pozzolanic POFA, 
RHA and slag as an alkaline-activated binder by inserting NaOH solution in various volumes (1.0, 2.5 and 5.0 M). 

3. Properties of AABs 

3.1. Chemical composition of alkali-activated binder 

The composition of source materials greatly influences initially the fresh properties of AABs and subsequently, their hardened 
characteristics. The chemical composition of AAB is illustrated in Table 2. Silica oxide (SiO2) is the main component in different AABs, 
as reported by the previous studies. One of the difficulties in upscaling the AAB technology to the industrial level has been the huge 
variation in the chemical composition of precursors [30]. This variation in their composition requires different approach in the 
synthesis of AAB. For instance, the composition of natural pozzolan is entirely different from that of silicomanganese fume. Further, 
POFA lacks Al2O3 and CaO that makes it different from low-Ca FA. The composition of rice husk ash is another example, which has no 
match with other precursor materials. Besides, ceramic waste and glass powder are rich in SiO2, though, former has sizable amount of 
Al2O3, but latter lacks it [67,68]. 

Fig. 2. Latest classifications of alkaline binders [63].  
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3.2. Physical properties of AABs 

The physical properties of AAB has a major influence on the concrete properties. The physical properties are different depending on 
the origin of material. Table 3 shows the physical properties of AABs tested by the previous studies. The table shows that all these 
pozzolans are less dense than the OPC. The specific gravity of pozzolans in a variety of literature lies between 1.89 and 2.89, as 
compared to cement at 3.154. Processing, such as, grinding has a considerable effect on the specific gravity of pozzolans as examined 
by Karim et al. [86]. Furthermore, the particle size distribution and fineness of raw aluminosilicate materials have a substantial in-
fluence on hydration, strength development, and durability of AAB concrete. Finer particles increase the rate of hydration by providing 
better particle packing and by increasing nucleation sites, which ultimately leads to increase in strength. For these reasons, pozzolans 
are ground to obtain higher fineness for use. Similar to that observed for specific gravity, a significantly higher fineness in POFA (more 
than double in surface area) and RHA was observed after grinding the raw pozzolans [80,86,99]. 

4. Fresh properties of AAB 

4.1. Setting time 

The property of setting time in the case of AAB is a critical factor that affects selecting the materials to use in the construction field. 
This important property is introduced because of the effect on consumption time ↱that includes mixture. The test of initial and final 

Table 2 
Chemical composition of AAB tested by the previous studies.  

Ref. Material type SiO2 Fe2O3 Al2O3 MgO CaO Na2O SO3 P2O5 K2O TiO2 LOI 

[69] FA F  50.70 8.80 28.80 1.39  2.38 0.84 0.30 – 2.40 – 3.79 
[70] FA F  61.89 4.11 28.05 0.38  0.87 0.40 1.32 – 0.82 – 0.49 
[71] FA F  53.50 4.47 28.80 0.81  1.55 0.77 0.14 – – – 3.11 
[72] FA F  48.80 10.2 27.00 1.4  6.2 0.37 0.22 1.2 0.85 1.3 1.7 
[73] FA F  64.97 5.69 26.64 0.85  0.33 0.49 0.33 – 0.25 – 0.45 
[74] FA F  27.35 2.01 50.85 0.28  5.41 0.04 – – 0.33 2.12 7.74 
[75] FA F  54.72 5.14 27.28 1.10  5.31 0.43 1.00 1.11 1.00 1.81 6.8 
[76] FA F  57.60 5.80 28.90 0.90  0.20 – 0.20 – 0.90 – 3.6 
[77] FA C  23.50 4.80 13.80 4.20  23.20 6.30 5.90 – 0.40 – 0.15 
[78] FA C  29.50 6.50 17.30 5.30  30.60 3.10 3.50 1.30 0.40 1.60 0.23 
[79] FA C  57.0 10.0 21.0 1.3  4.8 – 1.0 1.5 1.4 1.5 2.71 
[79] Slag  32.4 0.6 11.5 3.0  47.7  2.7 0.6 0.5 0.5 0.29 
[80] Slag  34.10 0.36 13.50 4.19  11.83 – – – – – 1.4 
[81] Slag  35.23 0.85 12.33 8.00  40.10 0.25 – – 0.50 – 1.40 
[82] Slag  34.95 – 12.63 –  45.10 0.22 – – 1.24 – – 
[83] Slag  37.50 0.73 7.27 10.86  38.48 0.64 0.39 – 0.26 – 2.13 
[84] Slag  52.75 5.92 18.05 3.86  12.92 1.11 1.76 – 2.09 1.01 1.60 
[85] slag  35.80 1.97 13.21 9.76  35.68 0.48 0.21 – 0.57 – 2.32 
[86] Slag  33.05 0.53 16.36 6.41  45.0 0.13 1.21 – 0.42 – 3.05 
[85] RHA  89.47 0.53 0.83 0.37  0.68 0.22 0.12 – 0.17 – 7.61 
[87] RHA  89.34 0.40 0.45 0.49  0.76 – 0.90 2.58 4.98 – – 
[88] RHA  93.46 0.52 0.58 0.515  1.03 0.08 0.60 1.60 1.82 – 7.76 
[89] RHA  89.17 0.41 – 1.22  0.61 1.22 – – 1.12 0.03 0.15 
[86] RHA  87.75 0.19 0.38 0.69  1.04 0.05 0.56 1.31 2.83 0.02 3.04 
[80] POFA  47.37 6.19 3.53 4.19  11.83 – – – – 0.24 1.84 
[90] POFA  44.40 2.10 1.20 9.13  10.30 0.55 5.80 – 12.40 – – 
[75] POFA  64.17 6.33 3.73 4.87  5.80 0.18 0.72 5.18 8.25 0.19 6.30 
[76] POFA  63.40 4.20 5.5 3.70  4.30 – 0.9 – 6.30 – 6.00 
[86] POFA  47.22 2.65 2.24 5.86  6.48 1.22 9.19 5.37 11.86 0.17 5.42 
[69] SF  93.67 1.30 0.83 0.84  0.31 0.40 0.16 – 1.10 – 2.10 
[81] SF  94.90 1.7 049 0.70  0.56 – – – – – 1.61 
[91] SF  94.49 0.10 0.07 0.62  0.50 0.09 0.11 – 0.54 – 3.21 
[92] SF  93.67 1.30 0.83 0.84  0.31 0.40 0.16 – 1.10 – 2.10 
[81] MK  54.77 1.57 29.65 0.51  0.18 0.19 – – 0.64 – 1.23 
[82] MK  55.54 – 44.16 –  0.08 0.05 – – 0.90 – – 
[93] MK  53.32 2.25 21.72 0.21  0.09 0.49 – – 0.64 0.63 0.08 
[88] MK  51.70 0.64 40.60 0.96  0.71 0.31 0.10 3.00 2.00 0.20 1.19 
[94] MK  52.14 1.35 41.88 0.38  0.42 – – – 1.10 1.30 1.10 
[95] MK  51.30 0.42 44.42 0.01  0.05 0.33 0.13 – 0.14 1.69 1.30 
[96] BA  57.00 8.00 24.00 1.10  1.71 2.90 – – – 0.80 3.30 
[96] BA  54.00 4.00 25.00 2.00  5.00 – 3.00 1.00 1.00 2.00 2.00 
[89] WTS  58.99 6.63 24.64 1.14  0.69 4.08 – – 1.54 0.88 – 
[97] FP  68.80 0.11 2.40 2.70  7.43 15.18 0.19 0.64 1.42 = 0.66 
[98] WCP  72.60 0.56 12.2 0.99  0.02 13.46 – – 0.03 – 0.13 
[86] OPC  20.99 4.44 4.60 2.53  67.17 0.03 2.98 – 0.16 – 1.30  
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setting time is affected by numerous factors, such as the sample preparation, arrangement of the pozzolanic materials, additive uti-
lisation and curing conditions [103]. Nevertheless, in the AA-concrete (AAC) production, the ratio of alkaline activator to FA (AA/FA) 
and the ratio of sodium silicate (NaSiO3) to sodium ↱hydroxide (NaOH) did not affect setting ↱times ↱ [104]. Conversely, in another 
experiment ↱when utilising NaOH as an activator instead of ↱Na2SiO3, the setting time increased [105]. As illustrated in Fig. 3, the 
initial and final setting times were reduced significantly due to increase in the molarity of NaOH activator [106]. 

The setting time of AAB containing slag was reduced due to the increase in calcium content [107]. Li et al. reported an extended 
setting time due to the use of a large quantity of metakaolin and/or FA was combined in the FA-GGBS and metakaolin- GGBS alkaline 
binders [108,109]. Moreover, when slag was further added, the setting time will reduce significantly as reported by numerous studies 
[110–114]. Fig. 4 displays the effect of various percentage slags on the setting time when used to replace alkaline FA-based pastes 
[111]. Similar results have been mentioned by other studies, as presented in Fig. 4b [115]. 

In addition, the inclusion of high pozzolanic and calcium content, such as OPC and GGBS, into the binders deeply influence the 
setting times [95,116]. Wianglor et al. [95] observed a regular reducing tendency in setting time when replacing 5–30 % of metakaolin 
binder by the corresponding cement. Nevertheless, the presence of OPC increases the setting time considerably when compared with 
100 % MK. This finding can be clarified owing to the plate-like morphology and high fineness of metakaolin [117,118]. Karim et al. 
[86] conducted many investigations on the POFA- and RHA-based binders with various slag contents and detected a substantial effect 
on setting time due to slag addition. Similar results were observed by POFA-based binders, which combined various amounts of slag 
that established similar influence on setting time [80,119]. The incorporation of 5 % ultrafine FA can effectively reduce the setting 
↱time due to its specific surface area, which is higher than that of other binder materials ↱[120]. The setting times of binder containing 
FA were also influenced by the presence of nano-silica, which showed improved setting time with increasing nano-silica content, as 
shown in Fig. 5 ↱[121]. Similar results were obtained by Zhang et al. [122], showing the influence of incorporating nano silica on 
setting time of AAB. 

Table 3 
Physical properties of AAB examined by the previous studies.  

Ref. Material used Blaine Fineness (m2/g) Grain size (µm) Passing through 45 mm (%) 

[80] Slag 3.27 – – 
[82] Slag – 10.8 89 
[84] Slag – 15 – 
[88] Slag 0.405 – – 
[75] FA 2.96 16.23 – 
[100] FA  3.43 83.25 
[75] POFA 12.92 22.78 – 
[86] POFA 0.458 16.08 – 
[87] RHA 67.33 16.76  
[82] MK  3.50  
[86] RHA 0.695 6.63  
[86] RHA (UG) 0.575 8.65  
[86] OPC 0.203 16  
[74] MK  0.011  
[93] MK  12.66  
[92] MK  2.55  
[101] BA  50.00  
[96] BA  39.60 90 
[102] NPOFA 1.96 0.982  
[92] SF  0.65  
[73] SF  0.004–0.016  
[98] WCP 12.2 35  
[97] CP 5.89 11.72 96.55 
[97] FP 10.03 4.65 97.84  

Fig. 3. Effect of NaOH concentration on setting times [106].  
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4.2. Workability of AAB 

Workability is an important parameter that can be used to assess the ease and homogeneity of fresh matrix immediately after 
mixing. The workability property of AAB and alkali-activated concrete (AAC) is significant and can be obtained from slump test in fresh 
concrete [122,123], as well as from the mortar and paste that commonly determines the flow table method [116,124,125] or 
mini-slump test method [126]. The workability had a decreasing trend due to the addition of OPC or GGBS as high calcium powder to 
fly-ash based AAB [110,120,127]. Quartz sand with a particle size of up to 50 µm improves the workability of slag-alkali materials, 
which causes the use of ultra-high filling with polypropylene microfiber to improve deformation properties [128,129]. 

Xie et al. [130] also investigated the influence of w/b of alkaline binders containing FA and GGBS on workability property. They 
observed that the slump values decreased because of GGBS utilisation instead of FA. The angular shape of GGBS decreases the slump 
values more than that of the FA particles with spherical shape [131,132]. A high-calcium FA-based binder has lower slump values than 
OPC binders due to the increase in the hydration products [78]. The activator nature has a significant influence on the slump value of 
AAB. For instance, sodium hydroxide and sodium silicate affect the whole workability. Increasing the superplasticiser is required to 
improve the workability due to the reduction in flow and slump values of AAB and AAC [133]. Similarly, the influence of 
Na2SiO3/NaOH ratio on the slump value of AAB made of FA has been replaced by 10% OPC and GGBS [111,133]. The high viscous 
nature of Na2SiO3 has a significant impact on the slump value [126]. In addition, related to mortars and FA-based alkaline paste, the 
slump vale decreased due to the increase in percentage of GGBS content [115]. Parallel outcomes were observed with other studies 
[126,134]. 

5. Mechanical properties of AAB 

The mechanical properties of alkaline activator mortar and concretes in the previous studies denote the acceptable performance of 
the final products. The mechanical properties that will be addressed in this study are in fresh and hardened cases. The fresh phase 
includes the setting time and workability. The hardened phase includes the compressive strength, flexural strength, splitting tensile 
strength, modulus of elasticity and fracture strength. 

5.1. Compressive strength 

Compressive strength is one of the most static mechanical properties of AAB concrete. It is influenced by several factors such as the 
type and fineness of the raw cementitious materials, the type and dosage of the alkali activator, the solution to binder ratio, the curing 
regime, etc [135]. AAB concrete always shows relatively high early strength and quick strength development. The 1-day compressive 
strength can achieve 60 MPa and the 1-year compressive strength can exceed 100 MPa [136]. The high mechanical strength of AASC is 

Fig. 4. Effect of slag on setting times of AAB [115].  

Fig. 5. Effect of nano SiO2 on setting time of AAB [121].  
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attributed to two factors: the fast rate of the hydration reactions at elevated pHs, which gives high early age strength; and a dense and 
homogenous interface transition zone (ITZ), with minimal strength differences between the ITZ and the binders [37]. 

AAB concrete is sensitive to curing conditions. Many studies stated that heat curing is important to increase the strength of AAB. 
Nasvi et al. [137] concluded that the heat curing improved strengths at early age, as well as Poisson’s ratio and Young’s modulus. Atiş 
et al. [138] observed that the duration and heat curing considerably increase the strength of low-calcium FA-based geopolymer 
concrete. Generally, decreasing the particle size of FA by grinding and milling produces a low porosity and denser microstructure given 
than the smaller particle size subsequently improves the compressive strength of AAB [139,140]. Nevertheless, Xie et al. [78] 
discovered a substantial increase in one day-compressive strength due to the addition of high calcium FA to the geopolymer concrete at 
room temperature curing. 

High silica content in mine tailing based-concrete mixtures enhances the reaction rates in the thermal stability and compressive 
strength, owing to the minimised particle size of raw mine tailings [141]. Furthermore, Mejía et al. [142] detected similar results of 
compressive strengths for 28 days in FA-slag and ambient-cured FA-OPC mixtures with similar ratio to SiO2/Al2O3 of 6. This finding 
highlights the benefits of reducing heat curing in AAB. Pangdaeng et al. [124] studied the influence of curing circumstances for AAB 
containing cement and FA. The results obtained discovered that wet and vapour curing conditions improved the compressive strength 
at later age, whereas heat curing improves the compressive strength at early age. Fig. 6 shows the comparisons between the 
compressive strength of AAC at ambient curing. The figure illustrates that AAB made of FA shows abstemiously lower compressive 
strengths than AAB made of slag and FA. 

Even though the addition of extra GGBFS in FA leads to growths in compressive strength, it reduces the paste rheology. Huseien 
et al. [116] indicated that addition of extra metakaolin instead of slag-based alkaline mortar increased the compressive strengths at 7 
and 28 days. Nevertheless, the compressive strength produced at early age was lower due to the addition of metakaolin. 

5.2. Tensile strength 

Tensile strength is one of the essential properties used for several design aspects of structural components. For instance, when 
designing the shear and anchorage of reinforcing steel, the tensile strength of the concrete used plays a vital role [143]. The tensile 
strength of AAB has been conducted to evaluate the strength of AAB and AAC structures. Huseien et al. [116] detected the increase in 
the splitting tensile strength of AAB due to the replacement of slag-based AAB by metakaolin compared with cement mortar at different 
curing ages. In addition, the combination of 5% MK/95% GGBFS alkaline binders presented about 3 MPa tensile strength at one day 
and more than 5 MPa of tensile strength at 28 days, representing 10 times higher strengths obtained from cement. Influence of two 
alkaline solutions (NHNS and NH) and different curing temperatures (27 ◦C, 60 ◦C and 90 ◦C) on splitting tensile strengths at seven 
days of GGBFS/FA binder was investigated by Huseien et al. [127]. The decrease in splitting tensile strengths was due to high curing 
temperature, which produces a micro-crack in the concrete specimens. Nevertheless, the splitting tensile strengths of GGBFS/FA 
mortar recorded lower splitting tensile strength (3 MPa) than that of GGBFS/MK mortar (5 MPa), as stated by Huseien et al. [116]. 

5.3. Flexural strength 

In general, the flexural strength of AAB was assessed by adopting a three-point bending test described by the previous studies [110, 
127]. Fig. 7 displays the influence of adding GGBFS on the flexural strength of FA/GGBFS mortars. 

The figure shows that inclusion of GGBS increased the flexural strength steadily for all curing ages. Nevertheless, the increase in 
seven-day flexural strengths is more noticeable than that in the 28-day flexural strength, that is, from 10% to 40%. The proportion of 
5% MK/95%GGBFS produced higher flexural strength of mortar than of cement mortar. In addition, the compressive strengths were 
increased by 50%, that is, more than 8 MPa compared with cement mortar. Nevertheless, the flexural strength of FA/ GGBFS mortar 
decreased due to the increase in curing temperature of AAB specimens [144]. 

Fig. 6. Relationship between the compressive strength and setting time [111].  
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6. Durability properties of AAB 

The durability properties of alkaline activator mortar and concrete conducted by the previous studies refer to a better concrete 
performance with a significant hydration heat, superior thermal resistance, a lower porosity, permeability and water absorption, 
superior corrosion resistance, outstanding resistance against sulphate and alkali-silica reactions and improved resistance of chloride 
attacks. Thomas et al. [144] stated that integration of pozzolanic materials can be considered useful materials to protect the concrete 
produced from degradation in the aggressive environment as well as to improve durability properties. The durability properties of 
AABs using pozzolanic waste materials (FA, slag, RHA, MK and POFA) have been discussed in detail in the following subsection. 

6.1. Water permeability and water absorption 

Bernal et al. [37] investigated the water absorption of cement and AAB samples with the same binder quantity at 28 and 90 curing 
days. They concluded that the water absorption and porosity of AAB had lower value than that of the cement concrete samples. The 
scientists recognised this finding given the accessibility of finer and closed pores in alkaline-activated samples when water cannot 
simply penetrate [145]. Qureshi and Ghosh [146] presented a reducing tendency in water absorption value for water cured samples 
comparing with oven-dried samples with alkaline activator amount ranging between 6.41% and 10.41%. The 10.41% of alkali content 
led to reduce the water absorption of 6.38% which indicates to better compact structure and homogenous of the concrete mix. Qureshi 
and Ghosh [147] displayed a better connection between apparent porosity and water absorption of AAS paste and SiO2 content, as 
shown in Fig. 8. 

Chi et al. [38] investigated the water absorption of AAB containing slag and FA. In addition, the OPC mortar was used as a reference 
sample. They concluded that the use of AAB reduced the water absorption rate of AA mortar compared with the control cement mortar. 
The water absorption increased due to the use of FA as an AA in cement mortars. The chemistry of the binders was illustrated by Provis 
et al. [148], who stated that the water absorption of AA mortar made of FA is higher than the reference AA mortar. 

6.2. Porosity 

The distribution of pore size, hydration characteristics and microstructure of AAB is affected by the chemical and physical prop-
erties of GBFS and the alkaline activator nature [149]. According to the observation of the morphology and microstructure of the 

Fig. 7. Influence of GGBFS on flexural strength [110].  

Fig. 8. Influence of silica content on apparent porosity and water absorption [147].  
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shaped stages, the researchers stated that the binder microstructure with Na2CO3 and NaOH was porous and bulky, and no portlandite 
was found. Nevertheless, they stated that the binder microstructure containing K2SiO3 as AB was tremendously denser than that of the 
control sample. 

Al-Otaibi [46] similarly detected that the porosity value of AAB increased compared with the OPC binder. The author stated that 
the porosity value was 13–10% at 7 and 360 days for AAB. Conversely, the porosity values were 10.4% and 8% for the same time 
period. Qureshi and Ghosh [146] investigated the porosity of AAB when samples were treated in water tank and heated curing at 
different temperatures of 40 ◦C, 50 ◦C and 60 ◦C, as shown in Fig. 9. 

6.3. Sulphate resistance 

Sulphate attack is a chemical attack that affects the performance of concrete and ↱mortar, ↱ leading to extreme extension and 
decrease in compressive strength↱ ↱[150]. Concrete and mortar with the combination of pozzolanic materials enhanced the impedance 
against sulphate attacks compared with cement concrete and mortar comprising ↱C3A [151]. In addition, Malviya and Goliya [152] 
stated that the concrete containing FA and activated by Na2SiO3 and NaOH, decreased the weight and compressive strength more than 
that of the activated concrete ↱samples. The cement concrete samples were immersed in MgSO4 solution ↱resulted in the loss of weight 
of cement concrete samples by 0.36 % and 0.46 %, and ↱compressive strength loss of more than the AAC samples.↱ Heikal et al. [45] 
used GBFS with micro silica to examine the sulphate resistance of AAB. They concluded that the addition of micro silica to AAB reduced 
the chloride content of samples submerged in 5 % MgCl2 solution. 

Bakharev [153] examined sulphate resistance of KOH, NaOH and Na2SiO3-activated binder containing FA. The concrete samples 
were submerged in 5% MgSO4 and Na2SO4 solutions and combined (5 % MgSO4 +5 % Na2SO4) solutions for 150 days↱. The results of 
sulphate attack in terms of changes in mass, loss in compressive ↱strength, microstructural analysis and other visual observations were 
investigated. An important variation in compressive strength occurred. Shi et al. [154] and Bakharev [153] reported that concrete 
samples activated by AAB exhibited a superior resistance against sulphate attacks of slag cement and AA FA in MgSO4 solution. 
Furthermore, the concrete samples cured by heating and activated by Na2SiO3 solution displayed a reduction in sulphate resistance 
when compared with ambient-cured samples. By contrast, Rangan ↱[155] reported that a higher resistance to sulphate attacks was 
observed for low calcium FA-based activated ↱concrete. The samples submerged for 365 days in the Na2SO4 solution displayed no 
important variations in compressive strength values, surface deterioration and cracking. The change in shrinkage values was less than 
0.015% of sample dimension. 

6.4. Chloride ion penetration 

The porous structure of concrete samples can permit chloride ions to pass through samples. These ions can be present in aggregates, 
water, additives and fresh concrete ↱mixtures. The absorption of salts in reinforced concrete was observed with cathodic and anodic 
regions [156]. Consequently, owing to electrolytic effect, corrosion of the steel and concrete rupture can occur. Shi [157] stated that 
the passage of ions is completely associated with pore network of AAC, wherein electrical conductivity of the concrete samples is 
affected by the chemical composition and pore network of the pore solution. Fig. 10 shows a low value of charge passed for AAC 
samples compared with cement concrete. Shi [158] stated that the well-cured AAS concrete samples exhibited decreased permeability 
to ion chloride lower than that of cement concretes. 

In blended MK with slag-based AAB, Bernal et al. [38] observed the charge passed according to the test of rapid chloride 
permeability for 28 and 90 curing days of the concrete samples. The high-concentrated activators in AAS increased the values of charge 
passed after 28 curing days; thus, it is extremely permeable to chlorides. ↱The charge passed value was reduced by 40 % for the 
concrete containing 10 % MK in the binder, and the ratio of S/A (SiO2/Al2O3) was 3.6 after 28 curing days as compared with AAS 
concrete. In addition, the charge passed value decreased by 30 % compared with that of AAS samples due to the increase in 20 % MK 
content in the binder with higher S/A ratio. The authors [41] detected that for all concrete samples, the charge passed values slightly 
decreased after 90 curing days. According to the results obtained from the authors [41] in a short time up to 28 curing ↱days, an 
increased quantity of MK in the binder possibly will not be important concerning the ↱charge passed value in concrete samples.↱ 

Fig. 9. Relationship between porosity and alkali content [146].  
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6.5. Carbonation 

Puertas et al. [159] arranged the AAS and cement mortars with constant ratio of 2:1 as aggregate/binder ratio activated by NaOH 
solution and 0.85 as ratio of (Na2O/SiO2). The first group of samples did not add any additives whereas, the two other groups contained 
shrinkage reducing or vinyl copolymer admixtures. The outcomes obtained showed that the mechanical strength of cement mortar 
increased ↱by 26 % after 120 days of exposure to carbonation compared with the value obtained in 28 ↱days. However, the 
compressive strength did not increase during exposure to carbonation for 120–240 days. ↱The carbonation rate of concrete can be 
investigated by the ↱physical properties of the solid binder and the chemistry of the binder materials, in addition to the porosity and 
permeability of the ↱binder ↱ [160,161]. Puertas et al. [159] also examined the carbonation depth of cement mortar and AAS for 120 
days of ↱carbonation by phenolphthalein indicator. The results show that the carbonation for AAS mortar samples up to 10 mm when 
used Na2SiO3 as the sole activator was intense and much deeper than that observed in cement mortar samples [159], whereas the 
carbonation depth of only 3 mm was observed when NaOH was used as the sole activator. 

Bernal et al. [59] stated that the attractive properties of binders produced from FA and AA slag have a significant role in the 
production of low-emission concrete. They stated that constant alumino-silicate gels that are highly polymerised remain in the AAS 
samples ↱after enhanced carbonation↱. Compared with cement-based binders and AAS, AAB made of FA displays various structural and 
chemical properties, as described by Li et al. [64]. 

6.6. Corrosion resistance 

Corrosion usually occurs in reinforced ↱concrete bars and can be considered a significant ↱durability issue. The excellent corrosion 
resistance of concrete is continually serious ↱problem and has a significant effect, not less important than the mechanical properties of 
↱reinforced concrete. Various methods were utilised to protect the reinforced concrete bars against corrosion. Many researchers have 
investigated the corrosion resistance in activated concrete [50,162–166]. Miranda et al. [50] investigated the resistance against 
corrosion of AAB and detected a comparable corrosion resistance to FA mortar with 8 and 12.5 M of concentration NaOH solution. In 
addition, Bastidas et al. [162] stated the same results on the resistance against corrosion for AAB made of FA with a concentration of 
12.5 M NaOH solutions. Oliva and Nikraz [163] investigated the resistance against corrosion of two AAC samples comprising NaOH 
solution with concentration of 14 M in hastened corrosive environment. The results show a higher resistance against corrosion value of 
both activated concrete mixtures was stated compared with cement concrete of the same compressive strength. 

Currently, Patil and Allouche [165] reported that the higher resistance against corrosion value of AAC with NaOH solution ↱was 
achieved. Overall, the compressive strength of concrete can be increased through ↱improving the geopolymerisation by increasing the 
concentration of NaOH solution for a certain ↱quantity of Na2SiO3↱. Fansuri et al. [166] reported that the quantities of Na2SiO3 and 
concentrations of NaOH solution significantly affect the properties of AA concrete. Shaikh [61] stated that the reason for enhancing the 
activated concrete against corrosion is the increase in the amount of Na2SiO3 solutions and NaOH molarity. Chaparro et al. [57] used 
inserted steel bars in the AAB samples and absorbed the samples in NaCl ↱solution. In addition, cement concrete samples were 
immersed in the same solution for ↱comparison. Aperador et al. [167] reported that the lower resistance against carbonation for AAB 
was due to the existence of NaOH solution. Bernal et al. [54] presented lower values of carbonation resistance of MK blends and 
activated slag. Conversely, Lloyd et al. [168] reported that the durability of reinforced concrete bars can be enhanced by AAB made of 
high calcium FA. In conclusion, different conceptions concerning resistance against corrosion were mentioned from several studies. 
Consequently, an extra investigation on the protection of steel bars against corrosion ↱behavior for AAB samples is required.↱ 

6.7. Drying shrinkage 

Drying shrinkage can occur due to the reactions between the water and mixture components in the whole volume. In AAB sample, 
hydrotalcite and C–S–H gels mostly affect the increase in drying shrinkage [38]. One of the shrinkage types is a chemical shrinkage, 
which occurs in materials and influence the durability properties. Rashad [39] stated that AA–FA mortar samples displayed a small 
reduction based on the drying shrinkage upsurge when the slag content increased in the mortar mixtures. Shen et al. [169] investigated 
the slag blended with FA and activated neat slag to determine the drying shrinkage for two months ↱compared with the cement binder 

Fig. 10. Chloride permeability of activated slag concretes for 28 curing days [157].  
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shrinkage↱. They concluded that the neat ↱AAS recorded the highest drying shrinkage value, FA assisted in the reduction of the drying 
shrinkage of pure AAS ↱paste, and cement recorded the lowest drying shrinkage value. 

Chi et al. [38] investigated the drying shrinkage value of AAFS concrete and cement mortar for 7, 14 and 28 days. They concluded 
that increasing liquid to ↱binder ratio↱ and age of sample led to an increase in length change rate of all concrete samples, as illustrated 
in Fig. 11. Furthermore, AAFS mortar has a length change rate more than that of cement mortars for all curing ages. A length change 
rate was detected in AAS mortar higher than AAFS mortar. However, the AAFS mortar with a higher quantity of FA recorded a lower 
length change rate. Thus, the ratio of FA/slag considerably affected the drying shrinkage of the AAFS mortar, and the FA reduced the 
length change rate. 

Other studies [170–172] stated that the AA–FA binders recorded a lower drying shrinkage rate than the cement binder, whereas 
others stated that the AAS binder recorded a higher drying shrinkage than the cement binder [173–176]. Nevertheless, the technical 
perspective of high drying shrinkage status of AAS is still mysterious. Few studies suggested that during the drying shrinkage process, a 
high capillary force occurred in the material components of fine pore structure, such as AAS [176,177]. 

6.8. Acid resistance 

Topcu and Canbaz [178] stated that salts were created from the reaction between AAB and acid in acidic environment. Water with 
high salt content is mostly responsible for forming cracks in the binder materials, resulting in the dissolution of binders. They 
concluded that the micro-cracks were due to the development of small circular-shaped particles in addition to the dissolution of the 
binding phase in acidic environment. Bakharev et al. [179] reported that GBFS has positive influence in acid environment, whereas the 
microstructure of AAS concrete was adversely influenced by the same acidic environment. Chang et al. [180] detected an increase in 
drying shrinkage rate, decrease in strength and setting time of AAS pastes in acidic environment owing to acid influence. Kim et al. [43] 
conducted experimental investigations to improve AAB-based RHA activated by Na2SiO3 and NaOH. AA mortars have a superior acid 
resistance owing to the existence of Ca(OH)2. Activated mortar presented an increase in weight by 2.5% after exposure for 28 days 
[181,182]. Koenig et al., [48] concluded that the concrete and mortar based on AAB have a significant impact on improving the 
resistance to organic acids compared with cement. The increase in CaO content in the AAB solution increased the resistance against 
organic acid. 

Furthermore, Malviya and Goliya [152] stated that related to FA-based activated concrete, cement concrete samples (1.15 and 
3.4)% lost more weight than the AAB samples soaked in 5% H2SO4 solutions. The loss in the strength value of cement concrete samples 
was 4.51% and 2.74% more than those of activated concrete samples when immersed in 5% H3PO4 solution. Comparable results were 
obtained by Thokchom et al. [183]. They stated that activated mortar samples prepared from combined alkaline activators and FA 
remained physically integral and did not demonstrate any considerable modification in colour in the H2SO4 solution whereas it became 
yellow in HNO3 solution. 

7. Conclusions 

According to the previous studies, the subsequent conclusions were created:  

1. AAB have huge potential to replace the convention OPC, due to their eco-friendlier properties and enhanced properties. 
However, there are associated challenges in the use of AAB, which thus limit its usage.  

2. The use of OPC can be considered harmful for the ↱environment due to the high amount of CO2 released during its production. 
Therefore, ↱other cementitious materials were used to mitigate the negative effect of OPC.↱  

3. The silica oxide and Alumina oxide in the AAB materials, such as FA, RHA and slag, exhibited the highest values amongst other 
components in the chemical compositions of materials.  

4. Most researchers have observed complex properties and some conflicts in their findings. However, they are on the same 
platform to establish a fixed standard for the durability resistance of mortar and concrete containing AAB with the mentioned 
pozzolans.  

5. The use of high amount of slag reduced the initial and final setting time. However, using the nano silica with FA improved the 
setting time of AAB mix. The workability was reduced due to the use of GGBS or OPC as high ↱calcium powder to fly-ash-based 
AAB.  

6. Duration and heat curing considerably increased the strength of low-calcium FA-based ↱GPC. Generally, decreasing the particle 
size of FA by grinding and ↱milling produced low porosity and dense microstructure owing to the small particle ↱size that 
subsequently improved the compressive strength of AAB.  

7. The splitting tensile strength of AAB increased due to slag-based AAB replacement by ↱MK compared with cement mortar at 
different curing age. The decrease in splitting tensile strengths was due to high curing temperature, thereby ↱producing a micro- 
crack in the concrete specimens.  

8. A comparison in durability and mechanical characteristics is required for specimens prepared at the laboratory and specimens 
taken from the field. Based on the current review article, few studies were found in the literature concerning the impact of 
nanomaterials on some durability properties such as carbonation resistance, sorptivity, chloride penetration resistance, thermal 
conductivity, and shrinkage.  

9. Some investigations stated that enhancing the durability properties of AAB comprising FA, POFA, slag, RHA and MK is possible. 
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10. Other studies stated that the durability properties of concrete comprising AAB with different pozzolanic materials can be 
achieved at various concentrations of cement binders.  

11. Active recycle of these pozzolanics can provide numerous benefits, such as decrease in cement production, CO2 emission and 
construction cost. Furthermore, the dumping issue related to the stated pozzolanics can be reduced by their actual depletion. 

8. Recommendations 

According to the investigations by the previous studies and to treat the gap in this field, the following recommendations are 
suggested for the upcoming studies:  

1. An extensive study should be carried out with various pozzolanic activators and alkali in concrete and mortar to determine the 
approach that would achieve a high-performance in terms of durability properties.  

2. Various environmental exposures and conditions should be conducted to discover the durability and mechanical properties of 
mortar and concrete comprising pozzolanic materials activated by alkali. 
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composite with various aggregate gradation of fine ceramic filler, Constr. Build. Mater. 143 (2017) 599–606. 
[95] K. Wianglor, S. Sinthupinyo, M. Piyaworapaiboon, A. Chaipanich, Effect of alkali-activated metakaolin cement on compressive strength of mortars, Appl. Clay 

Sci. 141 (2017) 272–279. 
[96] R.A. Antunes Boca Santa, C. Soares, H.G. Riella, Geopolymers obtained from bottom ash as source of aluminosilicate cured at room temperature, Constr. Build. 

Mater. 157 (2017) 459–466. 
[97] T. Tho-In, V. Sata, K. Boonserm, P. Chindaprasirt, Compressive strength and microstructure analysis of geopolymer paste using waste glass powder and fly ash, 

J. Clean. Prod. 172 (2018) 2892–2898. 
[98] G.F. Huseien, A.R.M. Sam, K.W. Shah, M.A. Asaad, M.M. Tahir, J. Mirza, Properties of ceramic tile waste based alkali-activated mortars incorporating GBFS 

and fly ash, Constr. Build. Mater. 214 (2019) 355–368. 
[99] M.M.A. Elahi, M.M. Hossain, M.R. Karim, M.F.M. Zain, C. Shearer, A review on alkali-activated binders: materials composition and fresh properties of concrete, 

Constr. Build. Mater. 260 (2020), 119788. 
[100] S. Zeng, J. Wang, Characterization of mechanical and electric properties of geopolymers synthesized using four locally available fly ashes, Constr. Build. Mater. 

121 (2016) 386–399. 
[101] T. Xie, T. Ozbakkaloglu, Behavior of low-calcium fly and bottom ash-based geopolymer concrete cured at ambient temperature, Ceram. Int. 41 (4) (2015) 

5945–5958. 

B.A. Tayeh et al.                                                                                                                                                                                                       

http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref55
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref55
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref56
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref56
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref57
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref58
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref59
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref59
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref60
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref61
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref61
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref62
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref62
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref63
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref64
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref64
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref65
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref65
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref66
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref66
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref67
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref67
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref68
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref68
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref69
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref70
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref71
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref71
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref72
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref72
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref73
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref73
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref74
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref75
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref76
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref77
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref77
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref78
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref78
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref79
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref79
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref80
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref80
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref81
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref81
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref82
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref82
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref83
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref83
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref84
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref84
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref85
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref85
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref86
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref86
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref87
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref87
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref88
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref88
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref89
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref90
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref90
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref91
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref91
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref92
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref92
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref93
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref93
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref94
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref94
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref95
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref95
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref96
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref96
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref97
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref97
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref98
http://refhub.elsevier.com/S2214-5095(22)00561-7/sbref98


Case Studies in Construction Materials 17 (2022) e01429

16

[102] H.M. Hamada, F.M. Yahaya, K. Muthusamy, G.A. Jokhio, A.M. Humada, Fresh and hardened properties of palm oil clinker lightweight aggregate concrete 
incorporating Nano-palm oil fuel ash, Constr. Build. Mater. 214 (2019) 344–354. 

[103] J. Rouyer, A. Poulesquen, Evidence of a fractal percolating network during geopolymerization, J. Am. Ceram. Soc. 98 (5) (2015) 1580–1587. 
[104] S. Jumrat, B. Chatveera, P. Rattanadecho, Dielectric properties and temperature profile of fly ash-based geopolymer mortar, Int. Commun. Heat Mass Transf. 

38 (2) (2011) 242–248. 
[105] S. Musaddiq Laskar, S. Talukdar, Development of ultrafine slag-based geopolymer mortar for use as repairing mortar, J. Mater. Civ. Eng. 29 (5) (2017), 

04016292. 
[106] S. Saloma, H. Hanafiah, A. Saggaff, A. Mawarni, Geopolymer mortar with fly ash, EDP Sci. (2016) 1–6. 
[107] C. Shi, B. Qu, J.L. Provis, Recent progress in low-carbon binders, Cem. Concr. Res. 122 (2019) 227–250. 
[108] N. Li, C. Shi, Z. Zhang, A study on the setting characteristics of alkali-activated slag cement, 2017, p. 65. 
[109] N. Li, Z. Zhang, C. Shi, J. Zhang, Some Progresses in the Challenges for Geopolymer, IOP Publishing, 2018, 022003. 
[110] M.H. Al-Majidi, A. Lampropoulos, A. Cundy, S. Meikle, Development of geopolymer mortar under ambient temperature for in situ applications, Constr. Build. 

Mater. 120 (2016) 198–211. 
[111] P. Nath, P.K. Sarker, Effect of GGBFS on setting, workability and early strength properties of fly ash geopolymer concrete cured in ambient condition, Constr. 

Build. Mater. 66 (2014) 163–171. 
[112] P.S. Deb, P. Nath, P.K. Sarker, The effects of ground granulated blast-furnace slag blending with fly ash and activator content on the workability and strength 

properties of geopolymer concrete cured at ambient temperature, Mater. Des. 62 (1980–2015) (2014) 32–39. 
[113] G. Fang, W.K. Ho, W. Tu, M. Zhang, Workability and mechanical properties of alkali-activated fly ash-slag concrete cured at ambient temperature, Constr. 

Build. Mater. 172 (2018) 476–487. 
[114] S. Kumar, R. Kumar, S.P. Mehrotra, Influence of granulated blast furnace slag on the reaction, structure and properties of fly ash based geopolymer, J. Mater. 

Sci. 45 (3) (2010) 607–615. 
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