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Concrete as a construction material is extensively used in the construction industry, with global annual consumption of

approximately 25 billion cubic meters. 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. Among different constituents of

concrete, binder materials are highly important for development of hydration in the microstructure of the concrete.
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1. Introduction

Typically, cement is utilized as a binder in the formation of concrete . It was reported that about 1 ton of CO 2 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 CO 2 globally, which is corresponding to about 9% of the worldwide total CO 2 emission globally .

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 .

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 CO 2 emissions . 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 . FA is called pulverized fuel ash in the UK . 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 . Despite that, over 6.6 × 10 7 and 11.1 × 10 7 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 . Under such a condition, utilizing FA in green application technologies is

necessary.

Figure 1. Potential percentage utilization of FA [23]. Reprinted with permission from Elsevier [23].
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Recently, substantial efforts have been performed to improve the manufacturing of sustainable cement and the

performance of FA-based alkali-activated material (AAM) . FA is commonly employed as a pozzolanic material. It is

also often employed as OPC’s partial or whole replacement material in concrete production . Endeavors to reuse FA

squanders were relatively successful, with about 70% of the total waste being reduced . Figure 2 shows the

worldwide production and utilization of FA . 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 . In

recent years, researchers have assessed the probability of mixing diverse sorts of wastes with FA .

Figure 2. Production and utilization of FA globally (CFA: classified FA) [23]. Reprinted with permission from Elsevier [23].

In many nations, the construction sector demands an increase in the production of SCMs, like FA, because of their role in

dropping the CO 2 emissions caused by cement production. Focus has turned to produce eco-friendly concrete that

utilizes by-product materials such as FA ( Figure 3 ) . 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.

Figure 3. Main constituents of FA and their applications (modified with improvements from Danish [31]).

2. 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.

Curing protects concrete from evaporation, temperature extremes, and the negative influence of cement hydration .

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 . 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 .
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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 . Curing time and temperature are the most influential factors

in FA-based AAM’s compressive strength. However, Adam  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 . 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 . FA-based AAM

could be remedied at room temperature, but its strength grows gradually and continuously, and thereby, requires extended

curing time . Nasvi et al.  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 .

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

. 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 . The test can be performed in line with BS 1881: Part 110 . The AAM

that is cured in the absence of high heat can be utilized in other areas beyond precast members . Manesh et al. 

prepared FA-based AAM pastes with sodium silicate ( Na 2SiO 3) 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 . Moreover, AAM can attain higher compressive

strengths through oven curing compared to that of ambient curing .

3. Mechanical Properties

Table 1 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 . 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 . 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 1. Review on field measurement data of concrete produced with cement and FA.

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]
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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

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 -  

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 . 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 . They reported that when the percentage of sweet sorghum fibers was 2%, the tensile strength of the AAM

increased by almost 36% . 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 . 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 , steel fiber , sweet sorghum

fiber , and cotton fiber . FA-based AAMs can undergo stiff failure with small tensile strength and fracture

toughness . 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 . Furthermore, cotton fabric layers were also included in the FA-based AAM composite to increase the

flexural strength of the composite . 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 . 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 .

It has been demonstrated that the modulus of elasticity and compressive strength of FA concrete are strongly correlated

. Generally, using FA in concrete increases the elastic modulus of concrete given the FA’s pozzolanic action over the

concrete’ hydration period . The low modulus of FA-based concrete is attributed to the low early strength development

of the concrete . AAMs with the average density of 2350 kg/m 3 have a higher elastic modulus than those containing

OPC .
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4. 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 2 ) . 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 . The concrete temperature due to

hydration is mainly governed by the mix and material properties and ecological factors . 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 .

Table 2. Summary of Ca-based and Na/K-based activators in FA concrete.

Mix Activator Records Findings Refs.

FA + OPC

Ca(OH)

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) .

CaO displayed favorable effects when AAM cured
at ambient temperature exhibited unfavorable

influences when cured at elevated temperatures.
[262]

FA + Lime

CaCl

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

4% CaCl  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% CaCl  and 10% FA
is the optimum mix.

CaCl  offered a considerable improvement in both
early and long age strength and in accelerated

setting time.
[248]

FA + Lime

CaSO

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 f  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, f  = 50 MPa with 10 M NaOH.

FA + OPC

Na CO

3% and curing in ambient
temperature.

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

FA +
Ca(OH)

Na CO  did not amend strength for
NaOH-activated FA.

A noticeable enhancement in microstructure and
strength was attained. [267]
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Mix Activator Records Findings Refs.

FA + OPC

Na SO

Ash can be activated at earlier ages
by increasing the creation of A  and

alkalinity.

Compressive strength of mortar is improved by
40% for the first 3–7 days. [105]

FA + Lime
Na SO  enhanced lime consumption

on the first day and then did not
thereafter.

4% NaSO  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 K SO 1% K SO  and cured at 20 °C. It is beneficial in lowering the total porosity and
improving the early strength. [269]

FA

Na SiO

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

Activation of Na SiO  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 Na SiO  resulted in higher
compressive strengths with the corresponding

modulus = 1.0.

 

  

FA + NaOH

Na CO

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

NaOH formation.

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

FA + OPC Secondary phases, such as AFm and
gaylussite, were preferred.

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

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 . The CaO/SiO 2 ratio of the C-S-H produced in mixes containing FA was less than

those in mixes with cement .

The total heat produced by hydration of OPC and mixed pastes with FA in 2 days is shown in Figure 4 . 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 .

Figure 4. Cumulative heat of hydration after 2-days for cement and different FA-based pastes [140]. Reprinted with

permission from Elsevier [140].

Summary of Ca-based and Na/K-based activators in FA concrete.
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5. 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 . 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 .

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 .

Generally, FA is used as an SCM in concrete production and other materials shown in Figure 5. Several FA utilization

areas include mine filling, construction of roads, and several building components (e.g., bricks and tiles) (Figure 6).

Figure 5. Modulus of elasticity versus age of Saudi FA (SFA)-based concrete [41]. Reprinted with permission from

Elsevier [41].

Figure 6. Common applications of FA around the world . Reprinted with permission from Elsevier .
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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  and the amount of FA to be used in choice and specific

applications have been predicted, as shown in Figure 7 . 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.

Figure 7. Typical applications of FA . Reprinted with permission from Elsevier .

6. 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 CO  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.
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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 CO  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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