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Abstract

:

Development of sustainable concrete as an alternative to conventional concrete helps in reducing carbon dioxide footprint associated with the use of cement and disposal of waste materials in landfill. One way to achieve that is the use of fly ash (FA) as an alternative to ordinary Portland cement (OPC) because FA is a pozzolanic material and has a high amount of alumina and silica content. Because of its excellent mechanical properties, several studies have been conducted to investigate the use of alkali-activated FA-based concrete as an alternative to conventional concrete. FA, as an industrial by-product, occupies land, thereby causing environmental pollution and health problems. FA-based concrete has numerous advantages, such as it has early strength gaining, it uses low natural resources, and it can be configurated into different structural elements. This study initially presents a review of the classifications, sources, chemical composition, curing regimes and clean production of FA. Then, physical, fresh, and mechanical properties of FA-based concretes are studied. This review helps in better understanding of the behavior of FA-based concrete as a sustainable and eco-friendly material used in construction and building industries.
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1. Introduction


Concrete as a construction material is extensively used in the construction industry, with global annual consumption of approximately 25 billion cubic meters [1]. Such high usage is due to the concrete’s low cost, excellent durability, readily availability of the constituent materials, and capability to be molded into different shapes [2,3]. Among different constituents of concrete, binder materials are highly important for development of hydration in the microstructure of the concrete [4]. Typically, cement is utilized as a binder in the formation of concrete [2]. It was reported that about 1 ton of CO2 is released to the atmosphere for the production of one ton of OPC. It was also reported that annually OPC production releases about 1.5 billion tons of CO2 globally, which is corresponding to about 9% of the worldwide total CO2 emission globally [5,6,7]. For resolving this global environmental issue of cement production, numerous studies have been performed to find out a sustainable and eco-friendly supplementary cementitious material (SCM) as an alternative to cement in concrete production [8,9,10].



Among different SCMs used in concrete production, fly ash (FA) an industrial by-product of mineral coal burning made up from fine fuel particles found from flue gases and coal-fired boilers, and it can be employed as an SCM to minimize cement usage in concrete for lowering CO2 emissions [8,11,12,13,14,15]. It was reported that more than about 544 million tons of FA are produced annually around the world and 80% of them are discarded in landfill. Moreover, FA has been well known as an eco-friendly material because its utilization reduces carbon footprint of cement production (Figure 1). Using FA at very high content in self-consolidating concrete and high-performance concrete remained limited and further research on the topic is highly needed. Recently, substantial effort has been exerted to develop eco-efficient cement concrete composites [16,17]. FA is called pulverized fuel ash in the UK [18]. The hopper from where the FAs are collected affects their properties, and stockiest interviews showed that the cost of FAs had been already increased by 85–100% in 2012–2016 due to less availability of FA [19]. Despite that, over 6.6 × 107 and 11.1 × 107 tons of FA are generated due to coal-burning for electric power production in the United States and India every year (for example, occupying 26,304 hectares of land in India), respectively. Most FA ends up in landfill or surface impoundments as solid waste, and adequate disposal has been becoming a severe problem. Endeavors to reuse FA wastes were moderately successful, with only about 42% of FA waste being reduced [20,21,22]. Under such a condition, utilizing FA in green application technologies is necessary.



Recently, substantial efforts have been performed to improve the manufacturing of sustainable cement and the performance of FA-based alkali-activated material (AAM) [16,17]. FA is commonly employed as a pozzolanic material. It is also often employed as OPC’s partial or whole replacement material in concrete production [24]. Endeavors to reuse FA squanders were relatively successful, with about 70% of the total waste being reduced [20,21]. Figure 2 shows the worldwide production and utilization of FA [23]. FA together with other pozzolans is broadly approved by many design codes for utilization as an SCM in concrete, with an FA content of about 55%, according to CEM IV in BS EN 197 [25]. In recent years, researchers have assessed the probability of mixing diverse sorts of wastes with FA [26,27,28,29,30].



In many nations, the construction sector demands an increase in the production of SCMs, like FA, because of their role in dropping the CO2 emissions caused by cement production. Focus has turned to produce eco-friendly concrete that utilizes by-product materials such as FA (Figure 3) [31,32,33]. An eco-efficient concrete is developed with the use of FA with numerous advantages, which as early strength gaining, low utilization of natural resources, and the ability to configure into different structural elements and to stay flawless for expanded periods without fix works. Therefore, the manufacturing of eco-friendly and economical concrete composite by waste materials received significant interest all around the world. Furthermore, this study presents a review of the classifications, sources, chemical composition, production techniques, curing regimes, and clean production of FA. Subsequently, physical, fresh, and mechanical properties of FA-based concrete are investigated. The aim of this study is to help in better understanding of the behavior of FA-based concrete as a sustainable and eco-friendly material used in construction and building industries.




2. Classification of Fly Ash


Based on ASTM C 618, FA is categorized based on its chemical composition into two main classes: Class C and Class F [34,35]. These classes of FA differ mainly in the quantities of four critical constituents in the ash: silica SiO2 (35–60%), calcium CaO (1–35%), iron Fe2O3 (4–20%), and alumina Al2O3 (10–30%). Moreover, the constituents of FA depend on the particular coal bed makeup. However, FA constituents can also embrace some of the following elements typically found in trace concentrations (up to hundreds of ppm): beryllium, arsenic, boron, cobalt, chromium, cadmium, hexavalent chromium, lead, mercury, manganese, selenium, vanadium, molybdenum, thallium, and strontium, along with low concentrations of dioxins and fragrant polycyclic hydrocarbon composites [36]. According to ASTM standards, FA is classified as Class F if the alumina, silica, and iron contents exceed 70% and Class C if the amounts exceed 50% but lower than 70%.



Class F FA as a pozzolanic material is generally created through bituminous coal and hard and old anthracite, which encompasses less than 7% lime (CaO) [37]. The color of FA is a good indicator of their lime content [36]. For example, dark colors reportedly display a high organic content, whereas light colors mark the existence of high calcium oxide [37]. The alumina and glassy silica of Class F FA, which contains pozzolanic characteristics, demand a cementing agent, such as OPC, hydrated lime, or quicklime, to react and give cementitious compounds. Furthermore, Class F FA can produce an AAM polymer through chemical activators, such as sodium silicate [38,39,40,41]. On the contrary, Class C FA comprises burning coal lignite or younger sub-bituminous that have specific properties of self-cementing [42]. Unlike Class F FA, Class C FA does not require an activator and the sulfate (SO4) and alkali contents are more significant than those in Class F FA [43]. The source of SO3 and CaO in FA is calcium, and the carbon content is generally not calculated directly but anticipated to be nearly equivalent to loss on ignition (LOI) at 1000 °C [44].



The LOI values of FA must be at lowest possible level and are commonly restricted between 5% and 6% by standards because carbon’s cellular particles raise the demand for air-entraining admixtures, water-reducers, and water in concrete, resulting in a negative effect on the concrete’s mechanical properties, durability, and workability. Table 1 shows the most frequently used specifications for FA and Table 2 tabulated the common properties of FA.




3. Source of FA Material


FAs are by-products of burning coal generating electricity in thermal power plants and produces by flue gases using electrostatic precipitators (ESPs) [53]. In practice, geopolymer concrete has two primary constituent materials: (a) dry materials; and (b) alkaline liquids [54]. Geopolymer concretes dry materials are the basis of aluminosilicate, and therefore, have to be rich in aluminum and silicon (Si) [55]. Such dry materials are in the form of natural minerals (e.g., clay, micas, kaolinite, alousite, and spinel). Moreover, the constituents of FA depend on a particular coal bed makeup; yet, they might contain some of the following substances found in trace concentrations (up to hundreds of ppm): crystalline phases of silicon and heterogeneous glassy iron, calcium, aluminum, and magnesium [54]. Also, chemical analysis has indicated that FA compounds serve as the oxides of these elements (Table 3), and they occur as aluminosilicate glass interposed with a small segment of crystalline elements, such as mullite, quartz, magnetite, hematite, and aluminosilicate glass or elemental siliceous [36]. Figure 4 shows the Treatment techniques for incineration fly ash, to determine the effectiveness of obtaining environmentally stable content, and finally, to find potential applications for incineration fly ash based on determining the processing suitability, efficiency, and environmental impact of incineration fly ash for its applications [56].




4. Clean Production


Generally, the constituents of FA classically include Fe2O3, SiO2, CaO, and Al2O3; and such compounds exist in the form of crystalline oxides and amorphous in several minerals [64]. FA particles are typically fine like cement and contain glassy rounded particles and residues of magnetite, quartz, hematite, mullite, char, and other crystalline phases formulated while cooling [61]. FA comprises heterogeneous combinations of crystalline and amorphous (glassy) phases [16,24,65]. It is reported that wood fly ash particles have irregular shapes while other ash particles show approximately spherical shapes. as shown in Figure 5 [66]. Moreover, the glassy phases are typically 60–90% of the total mass of FA, with the residual segment of FA composed of diverse crystalline phases [64]. FAs characteristically comprise less calcium and more silicon than OPC and slags, thereby showing that SCMs with high calcium content can have their cementing characteristics. Figure 6 demonstrates the Al2O3, SiO2, and CaO contents in OPC and SCMs [67]. The FA properties vary based on the hopper from where it was accumulated [68]. However, the farthest ESP hopper may have the greatest density, finest particle size, highest glass content, and lowest carbon content [69].



FA is manufactured from coal combustion in electric utilities or industrial boilers (Figure 7) [70]. In that sense, coal-fired boilers have four main types: fluidized-bed combustion (FBC), pulverized coal (PC), cyclone, and stoker-fired boilers. PC boiler is the most common and is regularly used for outsized electric-generating units, whereas the other boilers are more prevalent in cogeneration or industrial facilities [55]. FA is caught at a time when the exhaust gas stream passes filter fabric collectors (generally in baghouses) or the flue gases through ESPs using a pollution control system (PCS) obtained in a combustion chamber [71]. Depending on the efficacy of the PCS, a minimal amount of FA can be passed to the atmosphere. A dry bottom furnace is the most used coal-burning furnace [72]. About 80% of the total ash leaves, as FA, is available in the exhaust fume when crushed coal is burnt at a dry-bottom boiler [73]. Alternatively, pulverized coal burnt in a wet-bottom furnace will result in 50% of the ash reserved in the furnace while the remainder entrained in the flue gas [19].



On the other hand, in a cyclone furnace, up to 70–80% of the total ash that is retained as boiler slag from the crushed coal is utilized as fuel [74], while merely 20–30% of the total ash leaves the furnace in the flue gas as dry-ash [73]. Table 4 shows the global production and consumption of FA [75,76]. The quality of the produced FA relies on its source and characteristic of the coal being scorched.



Moreover, FA comprises considerable amounts of Al2O3, SiO2 (crystalline and amorphous), and CaO; and these core minerals are constituents in coal-bearing rock strata under different guidance standards used for FA quality assurance (Figure 8). Reportedly, the physical and chemical properties of FA differ based on the source of coal, combustion methods, and the particle shapes [4,17].




5. Chemical Composition


FA’s chemical composition relies on the coal source and the boilers’ functioning parameters (Table 5) [72,77,78]. However, as a result of mineral variable sources and processes, mineral admixtures differ considerably in chemical compositions and when added to cement [79]. The chemical properties of FA are extensively influenced by the burnt coal’s chemical content, such as anthracite, bituminous, and lignite [80].



FA materials harden when they are still suspended in exhaust gases and are produced by filter bags or electrostatic precipitators [81]. Furthermore, the particles that harden rapidly while suspended in exhaust gases commonly range from 0.5 µm to 300 µm and are spherical in shape [82,83]. The essential significance of fast cooling is to crystallize certain minerals, while quenched glass and amorphous remain. However, certain refractory stages in pulverized coal remain crystalline and do not dissolve totally [83]. Consequently, FA becomes a heterogeneous material, and Fe2O3, Al2O3, SiO2, and sometimes CaO are the principal chemical constituents of different FAs. The mineralogy of FA is highly varied [84]. The critical stages faced are a glass phase composed of mullite, quartz, iron oxides, hematite, maghemite, and magnetite [84,85].
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Table 5. Chemical composition of FA reported in different studies.
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Year

	
Chemical Composition

	
Ref.




	
Al2O3

	
SiO2

	
Fe2O3

	
CaO

	
TiO2

	
K2O

	
SO3

	
Na2O

	
MgO






	
2003

	
31.5

	
53.7

	
5.5

	
2.0

	
0.7

	
2.4

	
0.6

	
0.8

	
2.6

	
[86]




	
28.6

	
61.9

	
4.3

	
0.8

	
1.1

	
1.3

	
-

	
2

	
-

	
[87]




	
2009

	
24.24

	
62.79

	
3.86

	
1.78

	
-

	
-

	
-

	
-

	
1.28

	
[88]




	
20.46

	
65.64

	
4.64

	
2.50

	
0.36

	
2.65

	
0.19

	
0.60

	
2.21

	
[89]




	
2010

	
25.95

	
63.66

	
2.84

	
1.19

	
0.74

	
2.90

	
0.25

	
0.48

	
0.86

	
[90]




	
20.85

	
64.64

	
4.05

	
2.24

	
0.31

	
3.19

	
0.24

	
0.93

	
1.85




	
2011

	
24.67

	
64.75

	
3.20

	
1.01

	
-

	
3.09

	
0.16

	
0.88

	
1.64

	
[91]




	
2015

	
16.7

	
73.1

	
1.95

	
1.05

	
0.35

	
3.94

	
-

	
2.42

	
-

	
[92]




	
2016

	
33.55

	
61.24

	
1.12

	
0.97

	
-

	
0.60

	
0.30

	
0.50

	
0.96

	
[93]




	
26.7

	
64.4

	
4.0

	
3.9

	
-

	
-

	
-

	
-

	
1.5




	
28.95

	
47.19

	
12.59

	
5.17

	
1.06

	
2.24

	
0.00

	
2.27

	
0.15




	
21.49

	
64.61

	
2.75

	
4.85

	
0.91

	
1.80

	
0.00

	
3.34

	
0.10




	
25.13

	
49.49

	
1.99

	
14.69

	
0.00

	
2.23

	
-

	
3.12

	
3.35

	
[94]




	
25.34

	
65.16

	
3.43

	
0.91

	
-

	
2.38

	
0.12

	
0.41

	
1.35

	
[93]




	
32.4

	
60.1

	
3.6

	
3.1

	
-

	
-

	
-

	
-

	
0.8




	
18.98

	
60.88

	
9.97

	
3.08

	
0.35

	
2.73

	
0.33

	
0.72

	
2.11




	
28.9

	
56.4

	
11.7

	
1.6

	
-

	
-

	
-

	
-

	
1.5




	
25.81

	
60.45

	
5.20

	
0.00

	
1.56

	
3.62

	
-

	
1.09

	
2.28

	
[94]




	
2017

	
27.51

	
51.36

	
13.05

	
2.59

	
1.08

	
3.16

	
-

	
0.53

	
0.23

	
[95]




	
2018

	
29.70

	
62.21

	
3.53

	
0.90

	
1.20

	
1.70

	

	
-

	
-

	
[96]




	
2019

	
55.0

	
80.0

	
44.7

	
52.0

	
3.7

	
11.0

	
-

	
3.9

	
15.0

	
[75]




	
2020

	
25.8

	
55.7

	
6.9

	
8.7

	
-

	
-

	
0.6

	
-

	
-

	
[31]









Furthermore, few other stages are frequently documented: free lime, anhydrite, cristobalite, calcite, periclase, halite, sylvite, portlandite, rutile, and anatase [72]. The Ca bearing minerals are gehlenite, anorthite, and akermanite, and several CaAl2O4 and Ca2SiO2, such as those present in OPC, are well-known in several Ca-rich types of FAs [68]. The mercury content can be up to 1 ppm and is commonly involved in the range of 0.01–1 ppm for bituminous coal [85,97]. Other trace component concentrations differ by the type of coal burnt to form it [98,99]. Apparently, for bituminous coal, the trace component concentrations are analogous to the trace component concentrations in clean soils, given boron’s remarkable exclusion [98,100].



Mineralogical Composition


FA’s mineralogical composition is generally affected by its type and source [101]. FAs usually contain a small crystalline material and glass/non-crystalline particles (≤90%) [102]. Certain unburned coals are often composed of ash particles relying on the scheme and burning procedure. Besides, given a considerable volume of glassy material, each FA may include mullite, quartz, magnetite, and hematite (Figure 9) [103,104]. Quartz is naturally a non-reactive material during FA hydration and its content varies from 4% to 23% in FAs [105]. Quartz with crystallite typically has a size that exceeds 125 μm, and its clean structure is mainly from the coal named primary quartz. The next quartz is generally shaped from cooled ash after combustion; thereby, highlighting large matrix parameters and crystallite sizes not exceeding 125 μm. Thus, the crystalline mineral content is within the range of 11–48% [57]. Mullite is mainly created through coal combustion by disintegrated clays, and its crystal composition is shaped in the cooling stage [104,106]. Mullite has low reactivity and thus does not contribute to the hydration process. The hematite and magnetite contents in all FAs are typically limited to less than 5% [104]. In sub-bituminous FAs, the crystalline stages may involve alkali and calcium sulfates [107]. The reactivity of FAs is associated with the noncrystalline stage and glass. High calcium FA is inclined to have minimal mullite content limited to 0.86–1.14% considering low initial alumina content or a high possibility of alumina to form feldspar and tricalcium aluminate [108]. Furthermore, a low-calcium FA comprises nearly 3–24% mullite [57,105,109]. The glass’s chemical composition may prompt the high reactivity of high-calcium FAs. According to previous research findings, more than 188 mineral groups and 316 individual minerals are recognized in FAs [101,110], and the glass composition in high- and low-calcium FAs differ from each other. The mineral composition is commonly more multifaceted in high-calcium FAs, which has been identified to have large volumes of crystalline C3A (4–8%), CaO (1–2.5%), and C4A3S (1–2.5%) than in low-calcium FAs [111]. Furthermore, the large size segment of FA, within 45 μm to 75 μm, is commonly supplemented with first quartz [104]. Besides, the anhydrite content (limited to 10% in high-calcium FAs) is reasonably high because the coal that produces high-calcium FAs has high sulfur content [59].





6. Typical Curing Regimes of Fly Ash-Based Concrete


The typical curing regimes (water and steam curing) are given in detail in this section to help understanding the impact of curing on the hardened state of FA-based concrete.



6.1. Water Curing


Curing protects concrete from evaporation, temperature extremes, and the negative influence of cement hydration [77]. Fresh concrete must have adequate water content for hydration process to gain potential strength, improve durability performance, and maintain chemical reactions at a rapid and continuous rate [78]. After concrete casting, each test specimen must be stored in the casting room at approximately 30 °C to be later demolded after 24 h for water curing [112]. In water curing, sufficient time is given and the concrete gains its strength rapidly between 3 and 7 days; thereby, achieving the desired strength prescribed in design codes [82]. Curing time and temperature are the most influential factors in FA-based AAM’s compressive strength. However, Adam [113] stated that AAM could solidify quickly at room temperature and exhibited compressive strength of at least 20 MPa after 4.5 h at 20 °C and approximately 70–100 MPa after 28 days. A group of researchers performed tests on AAM mortars and found that the maximum strength of FA-based AAM is achieved in the first two days of curing [114]. Reportedly, elevated temperature curing enhances the strength by removing water from the FA-based AAM; thereby, initiating the failure of capillary pores in a dense structure [115]. FA-based AAM could be remedied at room temperature, but its strength grows gradually and continuously, and thereby, requires extended curing time [116]. Nasvi et al. [117] discovered that the crack initiation thresholds and crack closure of FA-based AAM cured at high temperatures (60 °C–80 °C) were higher (30–60%) than those remedied at air temperature (23 °C and 40 °C). Nonetheless, sustained curing at elevated temperatures disrupted AAMs’ rough composition, causing dehydration and extreme shrinkage and lowering the desired strength [118].




6.2. Steam Curing


Steam curing is a standard heating method by transmitting heat to the FA-based AAM paste through steam. The heating varies and requires an extended time to achieve the desired temperature. Microwave heating depends on the inner energy debauchery related to molecular dipoles excitation in electromagnetic fields and conveys quick and constant heat [119]. In steam curing, concrete is permitted to dry in the air with strength of about 50% of that of moist-cured concrete after water curing for 28 days from casting [77,78,112]. The test can be performed in line with BS 1881: Part 110 [120]. The AAM that is cured in the absence of high heat can be utilized in other areas beyond precast members [121]. Manesh et al. [122] prepared FA-based AAM pastes with sodium silicate (Na2SiO3) solution and 10 mol/L sodium hydroxide (NaOH) remedied for 5 min below 90 W microwave radiation by further heating at 65 °C (6 h), and compared the compressive strength with FA-based AAM cured at 65 °C (24 h). Radiation of microwave creates dense microstructure, accelerates the FA dissolution in an alkali solution, and reduces the curing time [123]. Moreover, AAM can attain higher compressive strengths through oven curing compared to that of ambient curing [124].





7. Physical Properties


FA’s physical properties are significantly affected by their particle size. Table 6 shows the physical properties of FA obtained from different studies.



7.1. Density


It was reported that, typically, FAs have an average diameter of less than 10 μm, which makes them very fine particles [52]. In addition, FAs are considered to have a high surface area and a low-to-medium bulk density [125]. The density of FA is a crucial parameter because it affects the permeability, compressibility and strength of FA [36].
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Table 6. Physical properties of FA.
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Properties

	
The Range

(Average)

	
Ref. [126]

	
Ref. [127]

	
Ref. [128]

	
Ref. [129]

	
Ref. [130]

	
Ref. [131]

	
Ref. [23]






	
Density (g/cm3)

	
0.9–2.6

	
˂1.65

	
2.17

	
1.2–2.23

	
1.9–2.55

	
2.30

	
1–1.7

	
2.03




	
Bulk Density (g/cm3)

	
0.5–1.7

	
~1.23

	
1.26

	
0.99

	
1.6–1.8

	
0.57 –1.7

	
0.54–0.86

	
0.60–1.8




	
Particle Shape (µm)

	
Spherical/Irregular

	
Spherical

	
Spherical/Irregular

	
Spherical




	
Average particle size

(μm)

	
0.5–300

	
˃150

	
1–150

	
6.92

	
10–100

	
~170

	
0.5–300

	
10–100




	
Color

	
Grey/Dark

Brown/tan

	
Grey

	
Grey/Dark

	
Whitish grey

	
Tan–light

	
Tan–gray

	
Brown/grey

	
White




	
Specific gravity (g/cm3)

	
1.90–3.20

	
2.23

	
2.18

	
2.29

	
2.25–3.15

	
1.9–2.55

	
2.1–3.0

	
1.8–2.1




	
Pozzolanic activity index at 28 days (%)

	
75–100

	
79.9

	
˂75

	
-

	
80

	
80–95

	
75

	
75




	
Fineness, passing 45 µm (%)

	
12–55

	
83.2

	
32.5–52.5

	
˃53

	
34

	
12.5

	
34

	
40




	
Soundness, Le-Chatelier (mm)

	
10

	
-

	
10

	
-

	
10

	
10

	
10

	
10









Furthermore, compaction could be used to increase the density of FA by reducing the volume of air [77]. The compacted unit weight relies on the material properties (i.e., particle shape, moisture content at compaction, gradation, and plasticity) and the method and amount of energy application. The maximum density of FAs differs from 0.92 g/cm3 to 1.42 g/cm3, and their moisture content varies from 18% to 45% under the standard Proctor compaction effort [132]. Low densities are attributed to the low specific gravity (SG) of FA.



Curing can significantly influence FA-based AAMs’ strength by varying the density and porosity of the AAM [133]. The density and pore structure of FA-based AAMs facilitate moisture discharge and help to avoid failure during heating process. For example, the AAMs activated by sodium hydroxide display a rapid strength weakening and a high shrinkage at a temperature of 800 °C, whereas those activated by KOH displays a substantial upsurge in strength while heating and strength weakening start at around 1000 °C [134]. The inclusion of a foaming agent at low concentration causes porous structures with less density in AAM. Zhu et al. [135] made ceramic foams by adding 40% FA, and the sintered foams exhibited a bulk density of 0.46 g/cm3, compressive strength of 5 MPa and thermal conductivity of 0.36 W/mK. The increase in density and long-term pozzolanic action of FA has been attributed to free lime, resulting in a few bleed channels and decreased permeability [133]. Furthermore, spherical particles, instead of crushed ones, displayed a higher packing density at the wet state. It was found that FA has a very minimum variation to density due to moisture content comparing to natural soils [136]. FAs can be more insensitive to moisture content variation than other materials considering their high air void content. Voids limit the accumulation of pressure in the pores during compaction with the water content [5,137]. Small and spherical FA particles fill voids or airspaces and increase density [138,139]. These observations reveal that the moisture content in FA can be conveniently controlled in the field if FA is utilized as an embankment fill. The geometric specific surface area can be calculated by Equation (1) assuming that particles are impeccably circle molded [128].


  Geometric   specific   surface   area =     0.6  D     Particle   density     



(1)




where D is the particle size. Normalized dry unit weight (γdn) can be expressed by Equation (2).


   γ dn  =  γ d       G  std      G m     



(2)




where γd is the dry unit weight of a given material (kN/m3); Gm is the SG of a given material, and Gstd is the standard estimation of SG regarding which of the plots are standardized.




7.2. Specific Gravity (SG) and Grain Size


The SG is determined in accordance with ASTM D 854. SG of a material depends on several factors, including chemical composition, particle shape, gradation, the proportion of cenospheres, iron-rich magnetite, and unburned carbon particles [97]. In general, the SG of FA typically varies from 2.1 to 3.0, whereas its specific surface area could well change from 170 to 1000 m2/kg [132], indicating that a reduction in FA density is mainly due to the decrease in its SG. The SG ranges from smaller values of 1.90 for sub-bituminous ashes to larger values of 2.96 for iron-rich bituminous ashes [140]. Specific sub-bituminous ashes have a reasonably low SG of approximately 2.0, indicating that hollow particles (i.e., plerospheres or cenospheres) are found in substantial amounts in the ashes [141,142,143,144]. Even in the same FA, the SG of coarse particles is minimal given the high carbon content; and considering the low SG, FA has a low unit weight [145]. Furthermore, replacing cement with FA on an equal weight basis increases the paste volume because the SG of FA is smaller than that of cement [146]. Equations (3)–(5) may be used to determine the bulk, submerged, and apparent SGs, respectively. In these equations. A is oven-dried sample weight, B is the submerged specific gravity (SSG) sample weight in air and C is the saturated sample weight.


  SG =  A    B − C      



(3)






  SSG   Bulk =  B    B − C      



(4)






  Apparent   SG =  A    A − C      



(5)








7.3. Strength Activity Index


The pozzolanic reactivity of a material is quantified by an ancillary method to determine the strength activity indicator [77,78]. The strength activity index (SAI) test is applied to ascertain if the use of FA or natural pozzolan results in an adequate strength development level in concrete [5]. In principle, two test specimens’ sets are used to determine SAI: one is with 100% OPC as a reference and the other with a standardized part of the OPC substituted by the corresponding pozzolan material, as shown in Table 7. The two specimen sets are verified for compressive strength after curing. Therefore, SAI of the mix with pozzolanic material is determined by Equation (6).


  Strength   activity   index   ( SAI ) =    σ   Pozzolanic   mix         σ  Reference      



(6)




where  σ  is strength. SAI is higher for mixes with fine FA than those with coarse FA [147]. Fine FAs improve mortar workability through improved packing, and reduced water demand caused by the ash particle spherical shape [77,78,148]. It is reported that when FA is used by up to 35%, SAI is only 52.6% [149,150]. It is also found that the most significant improvement is observed in mortar containing 50% fly ash whose 28 days compressive strength is improved by about 31% due to addition of 8% UFFA (Figure 10) [151]. Based on ASTM C 618, the minimum SAI of mix with FA is 75% compared to that of the reference mix at 28 days when 20% of OPC is replaced with FA. This hints that the SAI of insoluble materials depends more on their particle size and less on the curing ages [152]. FA-based concrete with a insoluble material with smaller particle size has a greater SAI than that with larger particle size. SAI remains constant even when FA with large particle size is used because FA with large particle size has low pozzolanic reactivity [152,153]. The acidic oxide content is not a contributing factor for determining SAI of FAs within the acidic oxide content range of 65–68%. SAI differs broadly between 64% and 100%. No significant trend was reported for Class F FA. Furthermore, the FA-based mortar used for measuring SAI in ASTM C 618 is centered on the postulation that FA is 100% as efficient as cement, thereby implying a one-to-one replacement. Equation (7) is applied for calculating SAI in ASTM C 618.


   C equ  =   1 − P %   ×   C + F   +  F  e f f   K ×   P %   C + f      



(7)




where Ceq = cement equivalent, which equals to 500 g; F = mass of FA in g; C = mass of cement in g; Feff = FA efficiency; and P% = percentage of FA. F = 0.25 × C.




7.4. Color


Color is a physical property to qualitatively predict the lime content of FA [36]. The color of FA and its influence on the final concrete color may also be necessary [16]. Color is affected by the absorption of water by the formwork material [83]. During the first weeks after concrete casting, a variation in color can be seen while the cement’s hydration continues [83]. In general, fresh FA-based AAM typically displays dark color and a shiny appearance. FA is gray, mainly alkaline, and abrasive, with the pH ranging from 9 to 9.9 [16,154,155]. The color of FA can differ from tan to gray and to black, as shown in Figure 11, based on the chemical and mineral constituents and the quantity of unburned carbon in the ash [36,156,157]. A light color indicates low carbon content, and dark colors suggest a high organic content [37]. Lignite or sub-bituminous FAs are typically light tan to buff in color, thereby signifying reasonably low quantities of carbon and certain calcium or lime availability. Bituminous FAs frequently have a shade of gray, with the light shades of gray commonly signifying a high ash quality [37]. Besides, iron content is usually signified by a brownish color, while unburned content is typically characterized by a dark gray to black color. FA coloring is regular for each coal source and plant. Unburnt carbon and iron contents affect the light color, which varies from brown to opaque, water-white to yellow, or orange to deep red [158].



Furthermore, based on EN 450-1 and ASTM C 618 standards, a rise in LOI lowers the FA quality. For example, larger carbon content could contribute to mixture segregation and concrete discoloration. Moreover, the color of concrete containing FA can change with an increase in temperature [159].




7.5. Particle Shape and Size


FA comprises fine and powdery particles that are mainly round in shape [36]. Table 8 shows the typical grain size and grading quality of FA. FA is either hollow or solid, and generally glassy with size of ranging typically 10 to 100 µm depending on the source of material (Table 8) [133]. Specific ashes could be coarser or finer than OPC particles. Furthermore, FA particles are commonly spherical in shape, including cenospheres with 0.2 to 1.1% of the total FA weight. The particle morphologies of FA mainly affect the fluidity of the concrete and are mostly governed by the temperature of combustion, cooling rate, and particle composition [39]. The particle size differs depending on the combustion technique and coal source and is usually limited between 1 µm to 200 µm [39]. Most of FA’s reactive particles have diameters of less than 10 µm and angular particles make up the carbonaceous material in FA [140].



Most bituminous coal FAs have a particle size distribution comparable to that of silt (less than 0.075 mm or No. 200 sieves) [36]. Furthermore, sub-bituminous coal FA is usually slightly coarser than bituminous coal FA, even though the former is in silt size (0.074–0.005 mm). Such particles seem to be solid, while the larger residual particles seem to be parts of hollow, thin spheres comprising much smaller size particles [133]. For example, the N-carboxymethyl chitosan biopolymer coating of FA particles and N-carboxymethyl chitosan are well-combined into the AAM structure [178]. The addition of nano-silica (up to 3%) into FA-based paste results in an increase in the flowability since the spherical shape of nano-silica has a ball-bearing influence on FA particles [179]. The LOI of FAs must be low and usually restricted to 5–6% by standards. The cellular particles of carbon increase the requirement for water in concrete, increasing the amount of water-reducer, which influences the properties of concrete [140].




7.6. Fineness


The fineness of FA is important as it affects concrete workability and the rate of its pozzolanic activity. Standards require FA with at least 66% passing the 0.044 mm (No. 325) sieve [77]. Dry- and wet-sieving (ASTM C 311 and ASTM C 430) are frequently used for measuring the fineness of FAs. Hydration rate is also dependent on particles’ fineness [97]. A high fineness is necessary if a quick strength is required [180]. Previous research illustrated that the fineness of FA had a significant effect on the characteristics of hardened or fresh mortar and concrete [181]. The fineness of FA can improve sulfate resistance, lower the expansion, and influence the demand for water and compressive strength of mortar [28].



SAI of finer FAs is larger than that of coarser FAs. Finer FAs improve mortar’s workability because the ash particles’ spherical shape provides enhanced packing, lubricates the paste, and reduces water demand [182]. This is similarly recognized as the ball bearing effect [77]. Although numerous studies examined the effect of ambient condition on the hydration of FA-based pastes, percentage of FA content and water-to-cement (w/c) ratio, only a handful of them evaluated the impact of the chemical composition of FA on concrete. FA’s composition reportedly influences the pore solution’s composition and the hydration kinetics of FA-cement pastes [182]. Furthermore, the fineness of FAs largely relies on the grinding of the coal and the operational settings of coal crushers. A fine gradation usually ends up in reactive ash and comprises minimal carbon. The fineness of FA has been widely reported that has a vital effect on th strength development. The permeability and porosity of pastes are affected by the fineness, shape, and content of FA [183]. The porosity increases with an increase in the replacement level of FA and reduces with a rise in the fineness of FA [28]. Despite a rise in the total porosity of concrete upon incorporating FA, the penetrability decreases given the refinement of pores [184]. It was also reported that the chemical composition of FA has a slight effect, and the fineness of FA has the main impact on the early hydration rate of concrete [185].




7.7. Pozzolanic Activity


Pozzolanic activity refers to the degree of reaction over time or the reaction rate in the existence of water between a pozzolan and Ca(OH)2 or Ca2+ [5,68,77,78]. Such property of FA can be evaluated based on its strength in line with ASTM C 311. The pozzolanic activity states the reactivity of pozzolan for a pozzolanic reaction. This activity could be measured by examining the strength of 50-mm mortar cubes without and with a pozzolan, as stated in ASTM C 311. The pozzolanic activity of SCM relies on the particle size distribution, silica content, and surface fineness of SCM [186]. Class C FAs have pozzolanic and cementitious properties [49]. Class F FAs have only pozzolanic properties because they can only hydrate with cement hydration products. Mortars containing FA generally achieve minimal strength at initial ages, considering that FA’s pozzolanic reaction is commonly smaller than the hydration of cement at the beginning [184]. FA’s pozzolanic property is also commonly motivated by forming an aluminosilicate gel between the particles of binder pastes [187,188]. Figure 12 depicts the descriptive prototypical of the granulation-alkali activation technique. Figure 12a shows the inclusion of the alkali activator to the precursor particles. In the granulation process (Figure 12b), the alkali activator moistens the particles. Then, the reactive materials are dissolved (Figure 12c) and form an aluminosilicate gel (Figure 12d), motivating binding the particles together (Figure 12e). Finally, the process produces spherical granules (Figure 12f). The silica in FA reacts with calcium hydroxide, which comes from hydrating the silicate phases, producing the calcium silicate hydrate (C-S-H) that occupies most of the microstructure space and have higher binding properties than that of portlandite [180,189].





8. Fresh State Properties


FA significantly affect the fresh state properties of concrete. This section presents fresh state properties of FA-based concrete, including workability, setting time, segregation, and bleeding.



8.1. Workability


Workability is a broad and subjective term describing the consolidation, placing, ease of mixing, and finishing of fresh concrete with minimal loss of homogeneity [77]. Such property is affected by water content, w/c ratio, mix proportions, size, shape, grading, and surface texture of aggregates [78]. According to previous studies, the spherical shape of FA and the packing effect of classified FA particles reduce the water needed to achieve the desired workability [78]. In general, selecting the ash or removing the coarsest fractions from within “run-of-station” FAs offers many benefits, such as increased pozzolanic activity, rapid strength gain, and low water demand. The spherical shape of FA boosts fresh concrete’s workability, while its small size particles enable it to play as a voids filler; thereby, resulting in durable and dense concrete. It is reported that using spherical-shape FA particles resulted in high packing density, low water retention, and reduced water demand for a desired workability [190]. Commercially, the FA dosage is restricted to 20% by entire cementitious material mass, with still affecting the concrete’s workability positively [96]. The use of FA at 25% or 30% is helpful for workability, but it negatively influences the concrete strength [191,192]. Furthermore, replacing at least 50% of cement with FA results in decreased workability [108,193]. 25–30% of FA is recommended for concrete when there are concerns for sulfate attack, alkali-silica expansion, or thermal cracking [194]. It was reported that when a concrete mix design contained not more than 15% of mineral admixture (180 kg/m3), FA (180 kg/m3), w/c (0.42), and GGBS (80 kg/m3), the concrete had superb workability, durability, and mechanical properties [194]. Furthermore, FA can be used in fiber-reinforced concrete mix to overcome the reduction in workability because of the use of fibers [16].




8.2. Setting Time


As a construction material, concrete’s practical use depends on its plasticity in the freshly mixed state and subsequently hardening with considerable strength [77,78]. The initial and final setting times of concrete can be measured using ASTM C 150. Generally, the final setting could be attained at ambient temperature in no more than 2 h. Class C FAs with calcium-content additives (CaCl2) and large CaO content reduce the setting time of FA-based AAM paste. In geopolymerization, Al3+ or Si4+ retort with Ca2+ either from the exterior Ca additive content or in the FA to shape calcium aluminum silicate ((C-A-S-H) H = H2O, A = Al2O3, S = SiO2, C = CaO) gel, C-S-H gel or calcium aluminate hydrate (C-A-H) gel in the attendance of water [28,29,195]. Ca2+ is advantageous in hastening the nuclei creation and accumulation of the C-S-H and C-A-S-H gels. The fast creation of amorphous C-S-H and C-A-S-H gels contributes to reduce porosity and minimize the setting time of the products, whereas a fast setting time adversely influences the creation of the AAM gel (N-A-S-H) [123]. A larger concentration of NaOH could extend the time required for setting by restraining calcium leakage and permitting the normal geopolymerization method to govern the AAM paste setting [196]. Furthermore, FA’s small reactivity extends the setting time of FA-based AAMs. Thus, curing is an essential step; that is, AAM pastes must be reserved within a sensible moisture and temperature range. Extending curing time endorses creating a cross-linked binding and a dense microstructure [133,197] as curing temperatures rise from 30 to 50 °C, the reactivity of FA increases. Furthermore, when curing temperatures are limited within the range of 60 and 90 °C, the geopolymerization is near complete [198].




8.3. Segregation and Bleeding


Bleeding in concrete is a type of segregation categorized by the rise of a specific amount of water to the surface of the newly positioned material [77,78]. The availability of an appropriate amount of very fine aggregate (<150 µm) reduces bleeding [5,199] given the incapability of the solid concrete to retain all the water mixed from preparing concrete and during the process of material downward settling [85,97]. Concrete bleeding can be tested through the ASTM C 232 standard test method [200]. It was reported that including FAs improves the concrete workability by diminishing segregation and bleeding [201]. Another reason is that dense concretes have tight and smooth surfaces with minimal bleeding [202,203].



Increasing FA decreases the bleeding rate due to the decreased permeability, increased cohesiveness, and decreased water content of concrete [157,204,205]. It was documented that substituting 35–50% of cement with FA reduced the water need for obtaining the required slump of 5–7% in mortars [146]. The rate of bleeding of the FA’s suspension in water is compared with that of OPC in water in Figure 13, with both suspensions containing equal weights of particles and fluid [206,207]. The rate of bleeding is low for FA considering its low specific gravity and fine graded particles, thereby resulting in settling and the ability to attract and retain water on the particle surface [5].





9. Mechanical Properties


After settling, the concrete must be strong enough to withstand the applied structural and service loads. This section presents the mechanical properties of FA-based concrete including compressive strength, splitting tensile and flexural strength, and modulus of elasticity. Table 9 summarizes the effect of FA on different mechanical properties of FA-based concrete.



9.1. Compressive Strength


Table 10 presents the field measurement data of concrete produced with OPC and FA. The strength of FA-based AAM depends on curing condition, Si/Al ratio, alkali solution, calcium content, and various additives [5,216,217]. As FA initially reacts with liquid at a reasonably slow rate, the compressive strength of the concrete at the first few days after mixing is low; however, high strength is developed at the longer ages [218,219]. The size of the FA particles is important for the strength development of concrete. In long periods, the strength increases with FA up to a replacement rate of about 25–35%, after which the strength starts to decrease with more added FA. Generally, class C FA is used within 15–40% of the total binder of concrete. Class C FAs improves the strength if the replacement level is restricted to 25% by the mass of the binder.



Table 11 presents field measurement data of compressive strength of FA-based AAM. A strong correlation exists between calcium content and strength enhancement [223]. Furthermore, the pozzolanic reaction, packing effect, and hydration rate affect the compressive characteristics of mortars with FA. As was reported, the packing effect on FA mortar’s strength at early ages is larger than that induced by the pozzolanic reaction [152]. The combination of NaOH with Na2SiO3 and KOH with potassium silicate (K2SiO3) as alkaline liquids has been studied in previous research [118]. They discovered that the form of the alkaline liquid has a significant effect on the mechanical strength of concrete. The mixture of NaOH with Na2SiO3 exhibits a higher concrete compressive strength than that of KOH with K2SiO3. FAs with a higher amount of CaO produce a higher compressive strength, particularly in the early ages [40,224]. According to an experimental study that involved the geopolymerization of 16 natural Si-Al minerals, the percentage of potassium oxide and calcium oxide in the raw material, as well as the molar ratio of Si-to-Al, the liquid alkali form, the degree of Si dissolution, and the molar ratio of Si-to-Al in a solution, have a significant impact on the compressive strength of AAMs [225,226]. Furthermore, an increase in the Si/Al ratios typically enhances the compressive strength of FA-based AAM.



The fineness of FA has also a significant influence on the strength development of concrete [152,238]. Moreover, different treatments, such as magnetic extraction, sieving, mechanical separation, and grinding, can be adopted to alter FA’s properties to amend the compressive strength of FA mortars [239]. Furthermore, the presence of calcium in FA or its usage as an admixture is valuable for making the amorphous C-A-S-H and C-S-H gels and reducing the porosity to improve the compressive strength of AAM. An investigation discovered that the compressive strength of cement pastes and mortars containing FA improved by curing at high temperatures [239,240]. It was also reported that relative humidity significantly affected the strength development [239,240]. Curing considerably influences the compressive strength of FA-based AAM by varying the density and porosity of the AAM [133].



As was reported, AAM containing NaOH solution (0.5, 1, and 1.5%) with different FA/slag ratios (0, 20, 40, and 60%) cured for 1, 3, 7, and 28 days exhibited an improved compressive strength with the inclusion of slag [189]. The optimum compressive strength was 93 MPa [189]. In a previous study [241], recycled coarse aggregate (RCA) obtained from crushed structural concrete beams and clay was utilized in FA-based AAM to produce concrete with adequate mechanical characteristics [197,241,242,243]. It was reported that AAM with RCA developed a less compressive strengths of up to 10.3 MPa compared to that with natural coarse aggregates [241]. However, the compressive strength was still within the classic strength distribution. Additionally, the total void ratio of AAM with RCA (21.7% to 26.9%) was comparable to that with natural aggregates (24.2% to 27.4%), and the water penetrability values were 0.71 to 1.47 cm/s against 1.18 to 1.71 cm/s [241]. In another study, RCAs from existing concrete with a compressive strength of 30 to 45 MPa and larger calcium FA content was used to create an FA-based AAM [244]. They reported that the FA-based AAM with RCA displayed compressive strengths of 30.6 to 38.4 MPa, which was somewhat smaller than that of FA-based AAMs with crushed limestone [244].




9.2. Splitting Tensile and Flexural Strength


As well as its brittle nature, concrete is well known for its weakness in tension. The splitting tensile strength of FA-based AAMs can be enhanced using additives, such as sweet sorghum fibers and polyvinyl alcohol (PVA) fibers together with N-carboxymethyl chitosan [133]. A group of researchers made AAM with FA and alkali-pretreated sweet sorghum fibers that were acquired from the wastage of bagasse after removing the juice from the sweet sorghum stubbles for ethanol production [245]. They reported that when the percentage of sweet sorghum fibers was 2%, the tensile strength of the AAM increased by almost 36% [245]. Adding fibers to the mixture by a certain percentage limited the increase of micro-cracks, improving the tensile strength. However, the additional increase in fiber content led to the fiber agglomeration, resulting in a rise in air foams tricked in the mixture and non-uniform fiber distribution, and decreased tensile strength. Adding cotton to an FA-based AAM exhibited a similar trend for tensile strength [246]. It was reported that the increase in the tensile strength of chitosan- and fiber-reinforced FA-based AAM was mainly due to macro-and micro-fibers that could improve hydrogen bonds, load transfer, and fiber bridge action, and reduce the micro-cracks growth and expansion.



The flexural strength of FA-based concrete is considerably improved by integrating various kinds of short artificial fibers, such as polypropylene and PVA, through a linking influence during the macro-and micro-cracking of the AAM matrix under bending. The fibers for strengthening FA-based AAM composites include PVA fiber [247], steel fiber [2,248], sweet sorghum fiber [245], and cotton fiber [249,250]. FA-based AAMs can undergo stiff failure with small tensile strength and fracture toughness [133]. To obtain a great flexural strength, 2% of PVA fiber, 2% of steel fiber, and a hybrid combination of 1% of PVA and 1% of steel fiber were added. Besides, some studies showed the deflection toughening performance of the hybrid fiber-reinforced FA and reported that the flexural and bond strengths between the AAM matrix and PVA fiber were greater than those with cement paste matrix. The AAM matrix’s alkalinity shows no influence in the degradation of steel and PVA fibers [133]. Furthermore, cotton fabric layers were also included in the FA-based AAM composite to increase the flexural strength of the composite [249,250]. The improved flexural strength was exhibited in FA-based AAM in the range of 8.2 and 31.7 MPa, while the cotton fiber content was raised from 0 to 8.3%. Furthermore, FA’s flexural strength is disturbed by the alignment of cotton fabric layers [133]. The great flexural strength of FA-based concrete reinforced with cotton fabric placed horizontally can be accredited to the enhanced load dispersal consistency within the successive cotton fabric layers. The AAM with a vertical fabric alignment endured delamination and detachments between the AAM matrix and the cotton fabric, and had a less flexural strength [250].




9.3. Modulus of Elasticity


It has been demonstrated that the modulus of elasticity and compressive strength of FA concrete are strongly correlated [228,229]. Generally, using FA in concrete increases the elastic modulus of concrete given the FA’s pozzolanic action over the concrete’ hydration period [205]. The low modulus of FA-based concrete is attributed to the low early strength development of the concrete [213]. AAMs with the average density of 2350 kg/m3 have a higher elastic modulus than those containing OPC [251].



Long-term behavior is a significant feature of the durability of FA-based AAM composites. The long-term strength and elastic modulus of concrete increase with an increase in FA up to a replacement rate of approximately 25–35%, after which the strength decreases with the further addition of FA [252]. Furthermore, the elastic modulus of FA concretes with the ranges from 10% to 50% fine aggregate replacements was more than that of the control mixture at different times, indicating that elastic modulus increases with the FA content and age. Figure 14 shows the relationship between elastic modulus of Saudi FA (SFA)-based concrete with time [41]. This tendency is apparent between 40% and 50% replacement levels, but a maximum strength at all times was obtained at 50% fine aggregate replacement.



Furthermore, incorporating FA has a higher impact on elastic modulus than on compressive strength [253,254]. This phenomenon can be attributed to the various distributions of the C-S-H particles and their disposition regarding the other phases and the unreacted FA. Similarly, the combination of condensed graphene oxide (CGO) into AAM was considered. Furthermore, in the spectra of AAM, the spectral absorbance associated with silica-type cross-bridging was improved. Their SEM image revealed that CGO changed the AAM’s morphology from a permeable to a pore-filled composite. The greatest elastic modulus with 376% increase was reached after adding 0.35% CGO.





10. Heat of Hydration


The heat evolution upon complete hydration of a particular amount of unhydrated cement at a given temperature is a property of FA-based concrete (Table 12) [5]. The total volume of free heat and the quantities of heat delivered by a single hydrating compound can be considered as reactivity indicators. Besides, heat of hydration exemplifies the settling and toughening behavior of cement pastes and forecasts the temperature increment [77,78]. The concrete temperature due to hydration is mainly governed by the mix and material properties and ecological factors [78,255]. In terms of using FA, FA affects cement hydration rate, as indicated by the hydration concept. An opposing effect of FAs on hydration kinetics was observed because of differences in their chemical composition. For instance, the effect of Class C FA on hydration is variable, while Class F FAs decrease the hydration. Previous research has revealed that hydrating clinker phases were improved when FA is available within the first hydration days [256,257].



Furthermore, FA particles exhibit a similar phenomenon to the glass. It was illustrated that glass particles were shielded with fibrous hydrates layer, signifying C-S-H’s propensity to nucleate on glass surfaces. In addition, the C-S-H formed from hydrating FA cement pastes is comparable to the cement substitution by metakaolin and slag, with a high surface area and a foil-like morphology [258]. The CaO/SiO2 ratio of the C-S-H produced in mixes containing FA was less than those in mixes with cement [68].



The total heat produced by hydration of OPC and mixed pastes with FA in 2 days is shown in Figure 15 [130]. As shown in the figure, the total heat emitted during the hydration of mixed pastes was lower than that of OPC paste. With an increase in the amount of FA, the amount of hydration heat decreased, which was attributed to the combined impact of the increased FA content and diluting OPC [259].
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Table 12. Summary of Ca-based and Na/K-based activators in FA concrete.
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Mix

	
Activator

	
Records

	
Findings

	
Refs.






	
FA + OPC

	
Ca(OH)2

	
Mild activation with pH between 7 and 13. Enhanced pozzolanic activity in long-term behavior.

	
Making reaction with soluble salts to produce insoluble Ca-compounds and increase the alkalinity.

	
[159]




	
FA

	
Hydrothermal treatment at a temperature of 130 °C.

	
Helped the formation of Al-substituted 11 Å tobermorite and hibschite.

	
[260]




	
FA + OPC

	
CaO

	
For low-Ca FA, CaO was simply beneficial throughout early ages. As for high-Ca FA, the CaO was beneficial during both early and later ages.

	
Optimum dosage of 3% CaO. No enhancement influence was found with CaO content more than 5%.

	
[261]




	
FA

	
CaO was as a less effective additive compared to Ca(OH)2.

	
CaO displayed favorable effects when AAM cured at ambient temperature exhibited unfavorable influences when cured at elevated temperatures.

	
[262]




	
FA + Lime

	
CaCl2

	
It lowered the pH of pastes, however, enhanced Ca(OH)2 dissolution.

	
4% CaCl2 at 23 °C reduced early strength and improved later strength, but it improved both from 35 to 65 °C.

	
[263]




	
FA + Limestone

	
Mixture with 1.7% CaCl2 and 10% FA is the optimum mix.

	
CaCl2 offered a considerable improvement in both early and long age strength and in accelerated setting time.

	
[248]




	
FA + Lime

	
CaSO4

	
Encouraged the formation of ettringite and dihydrate calcium sulfate.

	
Accelerated the pozzolanic activity of FA and considerably enhanced the early age strength of the binder.

	
[264]




	
FA + OPC

	
Anhydrite is more efficient at amending early age strength, however, it is less efficacious at enhancing later age strength than gypsum.

	
10% anhydrite improved the 3 days fc by 70% and showed lower porosity and smaller pore sizes.

	
[265]




	
FA

	
NaOH

	
Growing T triggered a reduction of Si/Al in aluminosilicate gel.

	
Hydrates including traces of zeolite plus amorphous alkali aluminosilicate.

	
[266]




	
FA

	
Cured for 24 h at 30 °C.

	
at high (OH/Al) ratio, NaOH promoted more 6-coordinate Al.




	
FA + Slag

	
Curing at ambient temperature.

	
At 28 days, fc = 50 MPa with 10 M NaOH.




	
FA + OPC

	
Na2CO3

	
3% and curing in ambient temperature.

	
Mortar exhibited 28 days fc = 14.8 MPa (fc = 22.0 MPa when there was no activator group).




	
FA + Ca(OH)2

	
Na2CO3 did not amend strength for NaOH-activated FA.

	
A noticeable enhancement in microstructure and strength was attained.

	
[267]




	
FA + OPC

	
Na2SO4

	
Ash can be activated at earlier ages by increasing the creation of AFt and alkalinity.

	
Compressive strength of mortar is improved by 40% for the first 3–7 days.

	
[105]




	
FA + Lime

	
Na2SO4 enhanced lime consumption on the first day and then did not thereafter.

	
4% NaSO4 improved paste strength at both earlier and later age.

	
[248]




	
FA + NaOH

	
Cured at 85 °C.

	
Converting of N-A-S-H gel into zeolites is enhanced. Sulfates are acting as an activation retarding agent once NaOH is the activator.

	
[268]




	
FA + OPC

	
K2SO4

	
1% K2SO4 and cured at 20 °C.

	
It is beneficial in lowering the total porosity and improving the early strength.

	
[269]




	
FA

	
Na2SiO3

	
Modulus was kept maintained at 1.0 when it was cured at 80 °C.

	
Activation of Na2SiO3 is not appropriate for high-Ca ash, however appropriate for high-Ca ash.

	




	
FA

	
Cured at 60 °C for 24 h.

	
The strength of paste was largely linked to the gel-like hydrates at modulus of 1.64, and the formation of crystalline Na2SiO3 resulted in higher compressive strengths with the corresponding modulus = 1.0.

	




	

	




	
FA + NaOH

	
Na2CO3

	
The major cause of strength was not due to a high pH at the early stage of NaOH formation.

	
Na2CO3 did not amend the compressive strength of the NaOH-activated FA binder.

	




	
FA + OPC

	
Secondary phases, such as AFm and gaylussite, were preferred.

	
Na2CO3 favored precipitation of C-A-S-H-like gel over (N, C)-A-S-H-like gel.

	









It was also reported that the decrease in the total heat evolution with incorporating FA can be because of the relatively low specific surface area and low solubility of the aluminosilicate present in FA [270].




11. Utilizations of FA


The construction industry is one of the world’s fastest-growing sectors. According to statistics, approximately 260 billion tons of cement is needed to meet various global construction needs [243]. Over the next ten years, it is estimated that this quantity will increase by 25%. Using waste material in concrete is one way to minimize cement demand. Eco-friendly concrete can be made from various waste materials, including FA as a partial cement substitute. FA disposal and utilization has been a big concern given the reliance of many countries on thermal power generation. Scientists, technologists, and engineers will face a new challenge in the future management of FA. Furthermore, FAs as binders or fillers are usually dumped in landfill and open fields, creating health hazards and environmental pollution issues [16,271]. Many authors have evaluated its potential as a building and construction material due to its abundance and excellent pozzolanic properties. For potential housing projects, FA is a promising partial cement replacement material [272]. Generally, FA is used as an SCM in concrete production and other materials shown in Figure 14. Several FA utilization areas include mine filling, construction of roads, and several building components (e.g., bricks and tiles) (Figure 16).



Researchers have identified key applications for FA in the future based on the yearly time series data by recognizing a pattern of development using regression analysis [274,275] and the amount of FA to be used in choice and specific applications have been predicted, as shown in Figure 17 [92,276]. The greatest use of ash, to the amount of 44.19%, was anticipated in the concrete and cement industries in 2020–2021. The next-highest, 15.25% of ash, is to be used in ash dyke raising, roads, and embankments, another 12.49% in landfilling and retrieval of lowland areas, 7.61% in bricks and blocks, 8.84% in tiles and mine-filling, 2.47% in cultivation, and 9.14% in other structures. Therefore, the top five application industries are (i) concrete and cement, (ii) embankments, ash dykes, and rising roads, (iii) lowland area retrieval and landfilling, (iv) bricks and blocks, and (v) mine-filling and tiles, based on the upcoming skills. The amount of FA used in other applications could change in the coming years. Based on the literature review, no study has been conducted on utilizing boiler ash in the production of AAMs. Therefore, future work should be conducted to use boiler ash as an AAM material.




12. Conclusions


The use of FA as an SCM in concrete could resolve the disposal and health issues induced by the generation of ash due to coal combustion in industrial boilers or electric utility. The use of FA in concrete could also help lower the pollution induced by the cement factories by decreasing the CO2 emissions in the cement production. FA-based concrete exhibit high pozzolanic activity, opposed to their mineralogical characteristics and fineness properties. Most of the existing studies did not consider the effect of main influential parameters, particularly particle size distribution, particle packing effect, and alkaline activator solutions, on the strength development of FA-based concrete. FA is potentially utilized to substitute a significant volume of OPC (up to 50%) without influencing concrete durability. However, using 50% FA as a replacement by the cement weight may negatively affect the concrete strength. FA’s fineness has a significant role in concrete because it affects the workability and the rate of pozzolanic activity in concrete, thereby contributing to the enhancement of the properties of concrete. FA-based concrete demonstrated a superior performance to that of OPC-based concrete in resisting sulfate attack, acid attack, and carbonation. To approve the favorable influences of FA on concrete characteristics and durability problems, the following research directions are recommended for future studies.




	–

	
The manufacturing and improvement of the performance of FA-based AAM must be controlled, and the reaction aspects of the material should be studied in detail. To this end, several facets, for instance, kinetics, thermodynamics, sympathies of intermediates and perceptions into their systems, and the grades to which the Si-O-Al are polymerized and oligomerized, should be studied. These will develop progressively improved performance of the concrete when the extra additives or components are involved. However, further research is needed to confirm that the manufacturing–structure–behaviors correspondence is accurate.




	–

	
The majority of FA-based AAMs are stiff and susceptible to cracking. This performance obliges restrictions in applications and influences the long-term durability of AAMs. Therefore, innovations in the preparation must be applied to produce improved FA-based AAM composites.




	–

	
Currently, FA-based AAMs are only formed at the research laboratory scale with empirical formulations. Thus, several studies on FA-based AAM production are required and must endeavor to adopt FA-based AAMs on a large scale.




	–

	
The performance of FA-based AAMs for immobilization, toxic metal adsorption and the sealing of CO2 remained unsatisfactory. However, shifting the guidelines for preparation is worthy of further investigation.




	–

	
As an alternative material to conventional concrete, FA-based AAM may be endowed with unique properties or additional functionalities. Therefore, novel applications of FA-based AAMs are worth discovering. For example, FA-based AAMs with biomass can be approved as new light-weight and incombustible materials.




	–

	
The potential use of FA in producing high-strength and self-consolidating concretes must be studied.




	–

	
Fibers must be used to increase the strength and longevity of FA in the concrete hardened state.




	–

	
The use of FA in the design of eco-friendly buildings and cities should be highlighted.
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Figure 1. Potential percentage utilization of FA [23]. Reprinted with permission from Elsevier [23]. 
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Figure 2. Production and utilization of FA globally (CFA: classified FA) [23]. Reprinted with permission from Elsevier [23]. 
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Figure 3. Main constituents of FA and their applications (modified with improvements from Danish [31]). 
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Figure 4. Procedure diagram of incineration fly ash [56]. Reprinted with permission from MDPI [56]. 
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Figure 5. Scanning electron micrographs (SEMs) of cement and fly ash. (a) Cement; (b) Class C; (c) Class F; (d) SW1; (e) SW2 and (f) Wood [66]. Reprinted with permission from Elsevier [66]. 
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Figure 6. Ternary diagram of supplementary cementitious materials (SCMs) [67]. Reprinted with permission from Elsevier [67]. 






Figure 6. Ternary diagram of supplementary cementitious materials (SCMs) [67]. Reprinted with permission from Elsevier [67].



[image: Materials 14 04264 g006]







[image: Materials 14 04264 g007 550] 





Figure 7. Diagram of clean production of FA (coal → FA) [70]. Reprinted with permission from Elsevier [70]. 
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Figure 8. Guidance standards used for FA quality assurance. 
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Figure 9. Crystalline phases for different FAs [103]. Reprinted with permission from MDPI [103]. 
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Figure 10. Strength activity index versus type of mixes with ultra-fine FA [151]. Reprinted with permission from Elsevier [151]. 
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Figure 11. FA with gray to black color compared to the other identical SCMs [8]. Reprinted with permission from Elsevier [8]. 
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Figure 12. Descriptive prototypical of the granulation-alkali activation technique; (a) the precursor particles, (b) granulation process, (c) Materials reactions, (d) aluminosilicate gel, and (e) binding of particles. (f) Finally, the process produces spherical granules [187]. Reprinted with Permission from Elsevier [186]. 
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Figure 13. Effect of FA on water bleeding [208]. (Modified with improvement from [207]). 
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Figure 14. Modulus of elasticity versus age of Saudi FA (SFA)-based concrete [41]. Reprinted with permission from Elsevier [41]. 
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Figure 15. Cumulative heat of hydration after 2-days for cement and different FA-based pastes [140]. Reprinted with permission from Elsevier [140]. 
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Figure 16. Common applications of FA around the world [273]. Reprinted with permission from Elsevier [272]. 
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Figure 17. Typical applications of FA [92]. Reprinted with permission from Elsevier [92]. 
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Table 1. Specifications for class F and class C fly ash (FA).
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Property

	
Specifications

	
Rate

	
Class C

	
Class F

	
Ref.






	
Optional chemical requirements

	
Fe2O3 + Al2O3 + SiO2

	
min%

	
50

	
70

	
[35,45,46,47,48,49,50,51]




	
SiO3

	
max%

	
5

	
5




	
Moisture Content

	

	
3

	
3




	
LOI

	

	
5

	
5




	
Available alkalis

	

	
1.5

	
1.5




	

	
Pozzolanic activity/cement (7 days)

	

	
75

	
75




	

	
Pozzolanic activity/cement (28 days)

	

	
75

	
75




	
Optional physical requirements

	
Fineness (+325 Mesh)

	
min%

	
34

	
34




	
Water requirement

	
max%

	
105

	
105




	
Autoclave expansion

	
0.8

	
0.8




	
Uniform requirements2: Fineness

	
5

	
5




	
Uniform requirements2: Density

	
5

	
5




	
Optional physical requirements

	
Cement/Alkali Reaction: Mortar expansion (14 days)

	
--

	
0.020




	
Multiple factors (LOI x fineness)

	
--

	
255




	
Uniformity requirements: Air entraining agent

	
20

	
20




	
Increase in drying shrinkage

	
0.03

	
0.03
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Table 2. Common properties of FA.
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	Parameters
	Range
	Refs.





	Uniformity coefficient
	3.1–10.7
	



	Permeability (cm/s)
	8 × 10−6–7 × 10−4
	[52]



	Compression index Cc
	0.05–0.4
	



	Consolidation coefficient Cv (cm2/s)
	1.75 × 10−5–2.01 × 10−3
	



	Specific gravity
	1.90–2.55
	[23]



	Internal friction angle (j)
	300°–400°
	



	Cohesion (kN/m2) and Plasticity
	Negligible and non-plastic
	



	Maximum dry density (g/cc)
	0.9–1.6
	[31]



	Optimum moisture content (%)
	38.0–18.0
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Table 3. Distribution of characteristics of different oxides production technique of FA.
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	Category
	Oxide
	Diffusion
	Effective Agent
	Ref.





	Network formers
	Fe3O4
	
	–

	
Usually available in Magnetite and surface of soluble vitreous.




	–

	
Fe-distribution does not exhibit any particular correlation to Si and Al.




	–

	
Iron-rich FA particles are mostly solid and spherical.






	Aluminum oxide.
	[57,58,59]



	
	Fe2O3
	
	–

	
Concentrated in the exterior hull.






	The boiling degree of silica is unlike iron oxide.
	[60]



	
	Al2O3
	
	–

	
Al/Si ratio in all density fractions of high-Ca FA is of the same order of magnitude.




	–

	
Enriched in the cenosphere.




	–

	
Poor FA spheres’ outer layer.




	–

	
Very small percentage is available as 6-coordinate in mullite which does not react.




	–

	
Mainly in 4-coordinate associated with silicon in FA glass.






	Aluminum oxide and silica have a similar boiling point of 2980 °C and 2950 °C, respectively.
	[39,57,61,62]



	
	SiO2
	
	–

	
SiO2 is not reactive in the crystalline quartz and mullite form.




	–

	
Poor in FA spheres’ outer layer.




	–

	
Mainly available as FA glassy contents revealed 4 percent of silicate is available in quartz form.






	Silica’s crystalline degree is chiefly controlled by the coal type, cooling process, and combustion temperature.
	[39,57,58,63]



	Network

Modifiers
	MgO

Na2O

K2O
	
	–

	
Vary largely in different density fractions of FA.




	–

	
Rich in water-soluble contents.




	–

	
Associated with total glass content.




	–

	
Concentrated in the exterior hull.






	The boiling points that are the same in these components are smaller than silica and aluminum oxide, which produces a more volatile concentration of constituents in the outer layer.
	[39,61,62]



	
	CaO
	
	–

	
The maximum CaO content limited in the glassy particles could be near to anorthite (<25 wt. %).




	–

	
Rich CaO in water-soluble contents, including free and anhydrate lime.




	–

	
Rich in terms of fine particle size ranges and focused in the exterior hull.




	–

	
CaO content is large regarding phosphorus or sulfur, which is ascribed to the calcium oxide bearing minerals decomposition including gypsum in coal.






	The calcium oxide mineral distribution will be controlled by the presence of SO3 and free lime.
	[60,61,62]
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Table 4. Global production and consumption of FA.
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Type

	
Million Tons

	
Year

	
Ref.






	
Larger producer

	
India (112/per year)

	
2019

	
[75,76]




	
Consumed

	
3840

	
2015




	
4032

	
2032




	
Fly ash market

	
US$4.13 billion and US$6.86 billion in 2018 and 2026, respectively.
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Table 7. Comparison of measurements in standards for the properties of pozzolanic materials.
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	Property
	EN 13263
	ASTM C 1240





	Reference mix
	225 g of distilled water

1350 g of standard sand

450 g of test cement
	242 g of distilled water

1375 g of standard sand

500 g of test cement and X g of Flow agent (superplasticizer)



	Pozzolanic (by replacement)
	45 g
	50 g



	Superplasticizer

(Flowability determined using specific equipment)
	Superplasticizer is inappropriate with EN-934-2. As much superplasticizer as necessary to determine the standard flow (±5 mm).
	Dry high range water reducer in conformity with C494 Type F. Adding superplasticizer to gain a flow mixture of 100–115% (summation of 4 measurements which done with a special caliper).



	Curing (after 24 h in the mold)
	Submerged in 20 ± 1 °C water temperature for 27 days.
	In airtight glass containers at temperature of 65 ± 2 °C for 6 days.
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Table 8. Review on grain size and grading quality of FA.
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Class of FA

	
Year

	
Grading Quality

	
Curvature Coefficient

	
Uniformity Coefficient

	
Notes

	
Ref.






	
F

	
1990

	
Low

	
1.56

	
4

	
Used for foundations of buildings and roads

	
[160]




	
-

	
3




	
2.4




	
2.8




	
High

	
1.82

	
9




	
2001

	
Low

	
0.95

	
2.14

	
About 70% of FA are made of particulate matter with a diameter of 2–60 μm (size of silt), 25% with diameter 60–200 μm (size of fine sand) and 5% with medium-sized sand (200–600 μm).

	
[161]




	

	
0.76

	
3.67

	
In general, the FA particles have a size equivalent to that of the sludge, the Gulbarga FA being better than the others. Neyveli FA and Vijayawada FA are very similar in size.

	
[162]




	

	
0.95

	
2.14




	

	
0.74

	
6.67




	
2003

	
1.01

	
4.82

	
FA can be classified as a non-plastic ML-type sludge, following the unified soil classification system.

	
[163]




	
0.9

	
5.65




	
C

	
2004

	
High

	
1.03

	
11.2

	
The particle size analysis was conducted using hydrometer and sieving methods (ASTM D 422, D 1140). The distribution curve of grain size indicates most sludge size uniform material.

	
[164]




	

	

	
Low

	
1.04

	
3.16

	
Indian coal FAs consist predominantly of silt-size fraction and some clay-size fraction.

	
[165]




	

	
2.47

	
5.5




	

	
High

	
1.14

	
6




	

	
Low

	
1.09

	
1.59




	

	
0.61

	
5.7




	
F

	
2005

	
High

	
1.68

	
50

	
Original FA with 31% (average size of 19.1 μm) was retained on No. 325 sieve (45 μm). All classified FA (average size of 6.4 μm) passed through No. 325 sieve.

	
[166]




	

	
2.39

	
22




	

	
1.01

	
10.3

	
-

	
[167]




	

	
2.98

	
36.5




	

	
2007

	
Low

	
3.21

	
3.67

	
Cu and Cc values were mentioned as per Indian Standard Procedure.

	
[168]




	

	

	
High

	
1.96

	
7

	
FA has particles the size of clay (5%), sand (17%), and silt (68%).

	
[169]




	

	
2010

	
Low

	
0.94

	
4.02

	
The particle size analysis was carried out by wet dispersion method in water using a Malvern 3601 particle size analyzer.

	
[170]




	

	
0.93

	
3.96




	

	
0.91

	
4




	

	
2011

	
18.15

	
30

	
-

	
[171]




	

	
26.42

	
28




	

	
2012

	
0.67

	
16.67

	
The distribution of particle size was attained from laser granulometry.

	
[172]




	
C

	
2013

	
High

	
1.2

	
12.5

	
-

	
[173]




	
Low

	
0.91

	
6




	
High

	
1.05

	
18.8




	

	
1.08

	
13.8




	
F

	
2014

	
Low

	
1.8

	
7.5

	
FA was 85.4% finer than a No. 200 sieve (0.075 mm diameter)

	
[174]




	
2016

	
1.12

	
2.13

	
-

	
[175]




	
2018

	
1.55

	
5.88

	
86.6% FA passed 75 μm sieve

	
[176]




	
2019

	
3.12

	
5.44

	
-

	
[177]
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Table 9. Summary of the effect of FA on mechanical properties of concrete.
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	Properties
	Influence of FA
	Ref.





	Hydration chemistry
	High-Ca FA: exhibits concurrent cementitious and pozzolanic reactions and gaining high early strength from the following reactions.

2S + 3CH → C3S2H3

C3A + CSH2 + 10 H → C4ASH12

A + CSH2 + 3CH + 7 H → C4ASH12

A + 4CH + 9

C + H → CH

H → C4AH13

Low-Ca FA: exhibits mostly pozzolanic reactions.

3CH + CSH2 + A + 7H → C4ASH12

3CH + 2S → C3S2H3

A + 4CH + 9 H → C4AH13
	[23,32,130,209,210]



	Abrasion
	Abrasion resistance is mainly correlated with the compressive strength of FA concrete and there is not a clear association to the addition of FA.
	[211]



	Splitting tensile strength (ft)
	FA at 50% substitution in enhanced concrete ft by 20%; however, when the substitution rose to 70%, a 35% reduction was observed compared to OPC concrete.
	[212]



	Flexural strength (fbt)
	FA concretes with less than 50% replacement level showed greater fbt than OPC concretes. With FA at substitution levels of 40% to 80%, the fbt of FA concret reduced marginally with increased FA content.
	[213,214]



	Compressive strength (fc)
	FA typically lowers the initial-age fc of concrete. This strength deficiency will diminish given the pozzolanic reaction at later ages.
	[215]
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Table 10. Review on field measurement data of concrete produced with cement and FA.
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Structural Element

	
Age (Days)

	
Exposure/

Service Situation

	
Concrete

	
Compressive Strength (MPa)

	
Cover (mm)

	
Carbonation

	
Footnotes

	
Ref.




	
Depth (mm)

	
Rate (mm/Year)




	
OPC:FA

	
w/c

	
Design

	
In-Situ






	
Slab-on-grade

	
28

	
Industrial

	
100:0

75:15

80:20

	
0·65

0·60

0·60

	
20

20

20

	
Cube: 57·0

Cube: 49·0

Cube: 57·0

	
80

60

60

	
7·0

1·0

4·0

	
1·3

0·8

0·2

	
Slight corrosion found in FA concrete

	
[220,221]




	
Foundation

	
25

	
-

	
100:0

	
0·52

	
21

	
Cube: 66·5

	
-

	
-

	
-

	
[222]




	
Dam monolith

	
25

	
Base 5 ft (1·5 m) above high

	
80:20

100:0

80:20

	
0·52

0·52

0·52

	
21

-

-

	
Cube:69·0

Core: 36·5

Core: 28·0

	
-

	
0

5·0

23·0

	
-

1·0

4·6

	
[146]




	
Outfall canal–

Wall

	
20

	
water level

-

	
100:0

80:0

	
0·60

0·60

	
-

-

	
Core: 50·5

Core: 38·5

	
100

100

	
4.0

16.0

	
0·9

1·6

	
Insignificant cracks in both

concretes; no corrosion

	
[92]




	
Bridge-

embankment

	
10

	
Sheltered

	
100:0

75:25

	
0·55

0·48

	
30

30

	
Cube: 64·0

Cube: 81·5

	
-

	
1·1

0·1

	
0·30

0·03

	
Calcium hydroxide of FA concrete considerably lower than PC concrete

	




	
Bridge—leaf pier

	
10

	
Sheltered

	
100:0

75:25

	
0·55

0·48

	
30

30

	
Cube: 47·0

Cube: 70·5

	
-

	
2·9

2·5

	
0·9

0·8

	




	
Buttress dam

	
30

	
-

	
100:0

80:20

	
0·64

0·60

	
-

-

	
Core: 42·5

Core: 48·0

	
-

	
5·0

8·5

	
0·9

1·6

	
[201]






	
Sea wall (land-ward side)

	
30

	
-

	
100:0

75:25

	
n/a

n/a

	
-

-

	
Core: 59·0

Core: 63·5

	
-

	
0·5

1·5

	
0·1

0·3

	




	
Foundation block

	
33

	
Interiorly

exposed, warm and dry

	
100:0

80:20

	
0·58

0·58

	
-

-

	
-

Core: 41·0

	
-

	
19·5

22·5

	
3·4

3·9

	
-

	
[201]
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Table 11. Summary of compressive strength of FA-based alkali-activated material (AAM).
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	Material/Alkaline Activators
	Compressive

Strength (MPa)
	Curing Time/Temperature (°C)
	Mixing Temperature (°C)
	Ref.





	Class F FA + crushed granite stone + superplasticizer/

Na2SiO3 + NaOH 5/2
	40.9–53.1
	48 h;

1, 3, 7 days/

70
	-
	[32,227]



	FA + Crushed granite rock + river sand/Na2SiO3 + NaOH
	42.0–58.0
	6–72 h/60–120
	AT
	[228]



	Pulverized coal combustion FA + Bottom ash + flue gas desulfurization gypsum/Na2SiO3 + NaOH
	25.5–55.5
	48 h/40
	-
	[229]



	Class F FA/N-carboxymethyl chitosan NaOH (10 mol/L)
	<30
	6 days/60
	AT
	[230]



	FA/NaOH (16.5, 14.0, 12.0, 9.5, 7.0, 4.5 mol/L)
	<25.5
	-/25–28
	-
	[122,227,231]



	FA/Na2SiO3 + Na2SO4, NaOH (10 mol) CaCl2, CaSO4
	26.9–32.2
	48 h/65
	-
	[232]



	FA + wastepaper sludge/Na2SiO3 + NaOH 1/5
	31.2–60.6
	91 days/23–60
	
	



	FA + palm oil fuel ash/Na2SiO3+NaOH
	<38
	24 h/65
	
	[233]



	Class F FA + Red mud/NaOH (50wt.%) + sodium trisilicate (2 mol/L)
	11.3–21.3
	28 days/AT
	-
	[234]



	Class F FA + blast furnace slag/K2SiO3/Al (85 g/L) + NaOH (30 g/L)
	-
	7 days/RT
	-
	[235]



	GGBS + palm oil fuel ash + FA + Manufactured-sand/Na2SiO3 + NaOH
	9.0–66.0
	24 h/65
	-
	[236]



	Class F FA/NaOH 3/5
	1.4–9.9
	7, 28 days/60
	25
	[237]







AT: ambient temperature, RT: room temperature.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
Bleeding, (%)

2
Time from mix (Hours)






media/file8.jpg





media/file27.png
Bleeding, (%)

24
Time from mix (Hours)





media/file34.jpg
Sintered materials;
Glass-ccramic;
Glass

Physicochemical parame-

Containing
silica, alumina,
iron, ete.;

capacity; Favorable
[pH; Source of essential

amelioration

ters resemble with volcanic  [plant nutrients ]
.ash, natural soil %0 ]
T X i
£ /.38 - A 4
35 EEr Silt and clay-sized particles %% g
£z [ 438 Y z
3i[8281/ : 4% + o\ i\ B
I 5§ | 8 | ¢
L = wes Ezsolz3
iszE\ 2 J8s RIFIRE
EEES 25 #3593
gE52 se /izdzfis
=3\ & E » 3 YL Y
§§§ E%EEES samosa1 uepunqy ggi ggg
RS T
§£5 £43% 85
HANL L/ i
3] é i o 3
£ 0 o™ muaniy
it Seuon s T | o
= _rowdosapy 'sa1103) R wnyuen ‘wny
MPPURA ‘WNIUPULIAT J12A000Y

WS U PIPUIQ D)

Sjousyd 'g g Jo [eaouwy






media/file13.png
Si0O2

Silica

fume

Portland cement

Fine limestone

CaO ALOs






media/file31.png
_
-
-
N

) - S - ) -
e -) v )
(Q\ (Q\ — —

(3/r) ‘uoneapAy Jo jedy dAnBNUWO))

Type of Mixes





media/file12.jpg
fume

Portland cement

Fine limestone

Ca0O ALO3





media/file18.jpg
% JUUOD [BIIUIAI





media/file9.png
electrostatic acidic and neutral
boiler deashing precipitator scrubber

neutral

scrub

mercury
removal

cementation
X

ne

recirculation of filter cake

-

L | w»

waste water treatment

cement
bottomash  cy/cd/Pb

o] o

receiving
water

electrowinning
(EW)

gypsum slurry

Rl | solvent extraclion | ——afree—— - o« - o - - - - [

ettt <





media/file14.jpg
=

Biomass Blomass
* Power Plant

i  Acid Leaching Actific
5 Prociitaion [E Y Actifcation
W \m e

Nano-Silica Drying Oven Muffle Furnace  Biomass Ash






media/file35.png
Cement/blended cement raw | Removal of P, B, phenolic
material; Bricks/concrete compounds, dyes from 7
E blocks; Concrete additive; | wastewater; Capturing CQ-, 2
S Geopolymers NO. from flue gases £ &
= ==
- ﬁcEE.E.:m W. m _um
= m é__..,,#aﬁe \e5 unburn; carbop: 2 o &
— = Cem= n..____m_ﬁ.n.., N ; 5 = =
3 5 onic ¥ ciatively charged £S5 E
. 0 surface ; =
B m = poid at high pH B
= s fu e g 5
£ 3 . 2
E& Chemicals and =
PZ2EE »  minerals complex -
=82 S
225835 £ &
2L 20 o = =
2EEx5 [ 3 2
sem O
- 2 g
=T§] i | p—
= - =
4 £ - 2
s 8 3
55 E22_\ = o
el .HW m = -m = ¥ ]
e e e O —
2 dE =z =
Z528E 7
g% &g
g2 E*e ™
=8 rd o W
v N E & oy “adeys E
m m 5 / B2 20gpNs aads 1aydiy ur Surkea b
88 ‘SANBINISOUNLM[E JO AT[IqEIS sapued 10 2
g 8 2 JYFTH SIPIXO d|[EIawW 7
T 20 snoues Sutniejuo)) m
205 z
E sasayds anauew =
[ Woddns sisfjee) pue wogJed JuIngun
sisk[eIe]) ‘saraqdsounn Jaa0aay






media/file20.jpg
160 163

D7days ®28days

160 -

Strength Activity Index (%)

P& &
& ¢ & ¢
& &

Type of Mixes






media/file23.png
.

‘A

Coal Fly ash. Alkali-activated slag





media/file5.png
112

t:-‘q' .@q’ Q%Y' $*‘§* GE' ¥ » -&:‘t &

® CFA Production (Million tons per year) ® CFA utilization (%)
100 100 lll]l]I

85
75
50
45
15 13.
Il
. m| man
»

x§’ 4; & *':‘ &.,‘h- gnrq & & ¢
Gg, ?’ {,; Q e? P <
é

2





media/file15.png
Generator[ 3
: ‘ d
Boiler Ej

8RN

%

Biomass Y " Biomass
,2. . Power Plant N ==
AT Ej T Twww
’ o Bottom Ash

X

South China Sea Islands

AW
N Precipitation : Acid Leaching Actification
‘ " I Alkaline Extraction

s (@ mm |

Nano-Silica Drying Oven Muffle Furnace Biomass Ash





media/file19.png
76

80 -

60 -
50 -
40 -
30 -
20 -

0/, “JUIIUO0I [BIIUIIA]






media/file28.jpg
mBOO (0% SFA, Reference) M B10 (10% SFA)
= B20 (20% SFA) B30 (30% SFA)

35 840 (40% SFA) 850 (50% SFA)

30

25

£
G
£
S
% 20
ki
©
5 15
E
310
H
5
0
14 28 56 91

1year

Time, days





media/file2.jpg
[r—

somotcaton 175%






media/file32.jpg
50.00%
45.00%
40.00%
35.00%
30.00%
25.00%
20.00%
15.00%
10.00%

5.00%

0.00%

46.40%






nav.xhtml


  materials-14-04264


  
    		
      materials-14-04264
    


  




  





media/file11.png
10 pm

10 pm






media/file6.jpg
Fly ash
components

and their
utilzations

Cenospheres

Unburned
carbon

Magnetite

Solid
fraction

=)
=
e

=

Lightweight

Liess water
absorption

Carbon
black

Fermite rew
material
Fertliser

Bricks

Cement

< shicld

et filler

Absorbent

Spin probes

Pigment

Zeolites

Buffering

Lightweight

Emulsion

Supplementa
"y dule

Magne

Cement
addition

Ceramics
and glass

Soil
stabilizer





media/file24.jpg
a) - e
ol s mg

‘Spherical granule

Fly ash
Reactive material
"' ‘Alumino-silicate
Alkali activator gel





media/file29.png
Modulus of elasticity, GPa

w
o

N
9

N
o

=
92}

=
o

Ul

o

m BOO (0% SFA, Reference) mB10 (10% SFA)
W B20 (20% SFA)
m B40 (40% SFA)

™ B30 (30% SFA)
M B50 (50% SFA)

14 28 56 91
Time, days

1 year





media/file10.jpg





media/file7.png
Fly ash
components

and their
utilizations

Cenospheres

Unburned
carbon

Magnetite

Solid
fraction

=
e
=
.

e

Lightweight
concrete

Lless water
absorption

Carbon
black

Ferrite rew
material

Fertiliser

Bricks

Cement raw
materials

Electromagneti

¢ shielding

Inert filler

Absorbent

Spin probes

Pigment

Zeolites

Buffering
action

Lightweight
ceramics

Emulsion

Supplementa
ry dule

Magnetite

Cement
addition

Ceramics
and glass

Soil
stabilizer





media/file33.png
50.00%

45.00%

40.00%

35.00%

30.00%

25.00%

20.00%

15.00%

10.00%

5.00%

0.00%

46.40%






media/file16.jpg
ASTM
C311-05

ASTM ‘

€593-06 ‘

\d

AASHT
' Guidance oM
standard -
I ‘ for fly ash ‘
ASTM .
D 5239-
ot ASTM
D6024-

02






media/file3.png
~ Cement raw materials, 8.29%

Miscellaneous/others, 2.60%

Infil, 0.89% _ _

Agriculture, 0.05%

Aggregate, 1.01%

Blended cement, 10.40%

Snow and ice control, 0.99% _ "4
/
Structural
Bricks+ceramics, 0.22%

fills/embankments, 18.06

—
- = =

Mining application, 5.27% /
!
Flowable fill, 0.34%

~« __General engineering fill, 4.11%

Soil modification, 1.78%

Roads and embankments, 2.74% ,'





media/file0.png





media/file22.jpg
Circulating fluidized beds Fly ash (FA)

Coal Fly ash Alkali-activated slag





media/file17.png
ASTM
C311-05

ASTM ‘

C593-06 ‘

\

AASHT
. Guidance oM
standard 295
I ‘ for fly ash ‘
ASTM .
D 5239-
04

ASTM
D6024-
02






media/file4.jpg
= CFA Production (Million tons per year) & CFA utilization (%)
100 100 100 g

H| | m I} Jis

3
&
Rl

\y &,~ ar & Qi-

66





media/file30.jpg
il

000000
7 2 2 8 =7
4 &8 = =

(8/r) ‘uoneapAy jo yeay daneNWO)

300

Type of Mixes





media/file25.png
Spherical granule
Fly ash
Reactive material
! 7 Alumino-silicate
Alkali activator gel





media/file21.png
[ N R i T | y
2 2 § R B 8 &8 ¥ "R °
T L] i =i —i

(32) xapu| Ananoy yaduans

Type of Mixes





