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Abstract
Lightweight aggregates for construction applications are beneficial in terms of reducing the deadweight of structures coupled 
with an enhancement in properties such as thermal and acoustic properties. In this study, greener lightweight aggregates 
are developed from industrial wastes, and the corresponding properties are evaluated. Blast furnace flue dust which is a by-
product of steel production was used to replace up to 60% fly ash which is a by-product of coal production in the production 
of the greener lightweight aggregates. The findings from this study showed that it is possible to produce greener lightweight 
aggregates with a density as low as 650 kg/m3. However, the optimum content of blast furnace flue dust to replace fly ash as 
the precursor was found to be 40% as there was a decrease in compressive strength and increase in water absorption at higher 
contents. The compressive strength and water absorption of greener lightweight aggregate composed of 52% fly ash, 40% blast 
furnace flue dust and 8% semi-plastic clay is 8.3 MPa and 17%, respectively. Microstructural investigation of the aggregates 
indicated that the porous nature of the developed aggregates is responsible for their corresponding higher water absorption.
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Introduction

The construction industry is one of the fast-growing sectors 
all over the world, and it is a critical backbone of infrastruc-
ture development [1]. Currently, the construction industry 
depends on the use of natural resources to fulfil the demand 
for the majority of construction materials. Of such are 
naturally occurring stone aggregates which are very criti-
cal components of various construction materials such as 

cement-based and asphalt-based materials [2]. However, the 
increasing demand and utilization of these natural aggre-
gates for various construction applications due to increasing 
urbanization have resulted in over-exploitation of the natural 
sources of these aggregates [3]. In addition, the sourcing of 
these aggregates results in the defamation of the environ-
ment and a corresponding high carbon dioxide emission as a 
result of their mining/production and transportation. Hence, 
in order to ensure sustainable construction; it is essential to 
develop/source alternative sustainable aggregates that can 
be used as a construction material.

The increased sustainability awareness in the construc-
tion industry in the last decade has yielded the use of vari-
ous recycled/waste materials as aggregates as construction 
materials [4]. Some of the common recycled/waste materi-
als that have been used in construction are recycled glass, 
recycled asphalt, crumb rubber, plastics [5–7]. The use of 
these sustainable alternatives has resulted in improving the 
sustainability of construction materials and supplementing 
the natural deposits of aggregates [8]. The lower density of 
some of these recycled/waste materials has also been found 
to make them suitable in the production of lightweight con-
struction composites. Several other studies have shown that 
these lightweight recycled/waste materials can improve 
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properties, such as thermal and acoustic properties of com-
posites [9].

On the other hand, there also exist various industrials 
wastes generated in large quantities that can be sintered 
together to produce lightweight aggregates for various con-
struction applications. Of such wastes are fly ash (FA) and 
blast furnace flue dust (BFD) which are generated as by-
products during power generation from coal plants and steel 
production, respectively. The improper disposal or manage-
ment of these industrial wastes could result in a huge threat 
to the sustainability of the environment resulting in various 
menaces such as contamination of groundwater or pollution 
of the air. Though several studies have utilized these indus-
trial wastes as a binder component in various cementitious 
composites [10, 11], there is an imminent need to find other 
alternative uses for these industrial wastes.

In contrast to existing studies, the FA and BFD were used 
as the composition of the aggregates rather than as a binder 
[12, 13]. In addition, there is limited use of BFD for con-
struction applications. In order to improve the sustainabil-
ity of construction materials, innovative greener lightweight 
aggregates from these industrial wastes were developed in 
this study. FA and BFD were utilized as precursors and ben-
tonite which is a semi-plastic clay (SPC) was used as the 
binder. The SPC was used at a fixed dosage of 8% and BFD 
was used as a replacement of the FA up to 60% starting at 
20% at an increment of 10%. The resulting performance of 
the developed aggregates was assessed in terms of the bulk 
dry density, compressive strength and water absorption. The 
precursors were also characterized in terms of particle size 
distribution and chemical properties. It is anticipated that the 
results presented in this paper would gear more research and 
development of sustainable construction materials.

Experimental program

Materials and mixture composition

Fly ash (FA) and blast furnace flue dust (BFD) was used 
alongside semi-plastic clay (SPC) to produce lightweight 
aggregates. The specific gravity of the FA is 2.8 while that 
of BFD is 1.9. The BFD was used as a replacement of the FA 
up to 60% at an increment of 10%. The detailed composition 

of the samples evaluated is presented in Table 1. The sample 
ID used in Table 1 represents the content of BFD in the sam-
ple. For example, BFD20 and BFD50 indicate aggregates 
produced with 20% and 50% BFD, respectively.

Sample preparation and evaluation

The aggregates were produced using the agglomeration 
method by using a suction grate sinter machine with a 
cross-sectional area of 300 mm × 300 mm and a height of 
500 mm as shown in Fig. 1. For the preparation of each 
sample, the FA, BFD and SPC were mixed thoroughly and 
then pelletized in the presence of 12–16% water by a disc-
granulator to make ball-shaped particles with sizes less than 
20 mm sizes for sintering operation. The suction grate sin-
tering takes place by downward air draft and movement of 
heat zone from top to bottom of the bed. The temperature 
and speed of sintering in this system are related to the bed 
permeability and bed height, the solid carbon content in the 
material and air suction pressure below the grate bar.

The sintering experiment was carried out by maintaining a 
bed height of 400 mm for the granulated particles on a 50 mm 
thick hearth layer with suction pressure 400 mm WG below 
the grate to complete the pre-heating, sintering and cooling 
in 25–30 min. Sintering and cooling are a continuous process 
and it takes place within the hearth itself [14, 15]. The sinter-
ing proceeds through granulated layers where the residence 
time of the maximum heat zone in the layers is two to three 
minutes. Therefore, uniform sintering of particles by suction 
method mostly depends on the granulated size of the aggre-
gate pellet and residence time of the heat zone in the layer.

After the sintering and cooling of the aggregates have 
been completed, the properties of the developed aggre-
gates were evaluated in accordance with IS 383 [16] in 
order to determine the suitability of using the aggregates 
for construction applications. Figure 2 shows the developed 
aggregates. The properties evaluated are bulk dry density, 

Table 1   Composition of 
aggregate mixtures (%)

Sample ID FA BFD SPC

BFD20 72 20 8
BFD30 62 30 8
BFD40 52 40 8
BFD50 42 50 8
BFD60 32 60 8

Fig. 1   Suction grate sinter machine
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compressive strength and water absorption. For the evalua-
tion of these properties, three samples were made for each 
mixture and the corresponding average results were pre-
sented. Microstructural observation of the aggregate with 
the optimum BFD content was also carried out.

Results and discussion

Characterization of precursors

The particle size distribution of FA and BFD is presented in 
Fig. 3. It can be observed from Fig. 3 that BFD is finer than 
FA. The maximum particle size of FA and BFD is 42.5 µm 
and 25 µm, respectively. X-ray powder diffraction (XRD) 
was used to identify the phases in the precursors (i.e., FA 
and BFD), the resulting spectrum is presented in Fig. 4 
while the corresponding chemical composition is presented 
in Table 2.

Figure 4 showed that Quartz, mullite, magnetite and 
minor amounts of vitreous silicates are the mineral phases 
present in the FA whereas the BFD contains phases like 
magnetite, hematite, ferrosilicate (FeSiO3), Fe-metal, quartz, 
mullite and glassy silicates. The chemical composition of the 
precursors indicated that FA is primarily composed of SiO2 
and Al2O3 which results in 83.5% of the chemical composi-
tion of the precursor. On the other hand, BFD is composed 
of 10.7% and 38.8% SiO2 and Fe2O3, respectively. Similar 
phases and chemical composition has been reported for FA 
and BFD [17–19]. The higher LOI of BFD compared to 
that of FA indicates it contains higher organic minerals and 
moisture.

Fig. 2   Photograph of developed aggregates

Fig. 3   Particle size distribution of precursors

Fig. 4   XRD spectrum of precur-
sors



	 Innovative Infrastructure Solutions (2023) 8:25

1 3

25  Page 4 of 6

Dry bulk density

The effect of BFD content used as the replacement of FA on 
the bulk dry density of the aggregates is presented in Fig. 5. 
It can be observed that the bulk density of the aggregates 
reduced with the higher content of the BFD. The density 
of aggregates composed of 20%, 30%, 40%, 50% and 60% 
BFD are approximately 950 kg/m3, 850 kg/m3, 830 kg/m3, 
740 kg/m3 and 650 kg/m3, respectively. The reduction in 
the density of the aggregates with increasing BFD content 
can be associated with the lower specific gravity of BFD 
(1.9) compared to that of FA (2.8). The lower density of the 
aggregates indicates these aggregates can be incorporated 
into various cement-based and asphalt-based composites to 
produce lightweight composites. Lightweight composites are 
known to be beneficial in terms of reduction in deadweight, 
reduction in construction cost and time, and improvement in 
insulation properties. Several studies have also shown that 
the use of lightweight aggregate in the production of con-
struction composites would result in an enhancement in the 
thermal and acoustic properties [20–23]. Hence, in addition 
to the developed aggregates offering a sustainable alterna-
tive to the conventional aggregates and effectively managing 

industrial wastes; they can be utilized to enhance certain 
performances of construction composites.

Compressive strength

Figure 6 shows the compressive strength of the developed 
aggregates in terms of the content of BFD. It is evident from 
Fig. 6 that the optimum content of BFD is 40% as there was a 
decrease in the compressive strength at higher contents (i.e., 
50% and 60%). The increase in the compressive strength of 
the aggregates with an increase in the content of BFD as a 
replacement of up to 40% FA could be a result of the good 
distribution of various particle sizes. However, the reduction 
in compressive strength when 50% and 60% of BFD are used 
could be associated with the more uniform distribution of 
particles rather than a good/non-uniform distribution which 
would result in more refinement of the matrix. Nonetheless, 
the compressive strength of aggregates made with 50% and 
60% is 85.7% and 34.3% higher than those made with 20% 
BFD. Hence, BFD can still be utilized at higher dosages 
past the optimum content (i.e., 40%) to produce aggregates.

Water absorption

The influence of BFD content on the water absorption of 
the aggregates is presented in Fig. 7. It can be observed 
that similar to the compressive strength trend, increasing 
the BFD content up to 40% is beneficial to the proper-
ties of the aggregate. However, the use of BFD as 50% 
and 60% replacement of the FA resulted in an increase 
in the water absorption compared to when 40% BFD was 
used. The water absorption of BFD50 and BFD60 is 22.7% 
and 50.1% higher than that of BFD40. The higher water 
absorption of BFD50 and BFD60 can be associated with 
the presence of more uniform particle distribution within 
the matrix which results in the formation of voids within 
the particles and a corresponding higher water absorption. 

Table 2   Chemical composition 
of FA and BFD (%)

Compound FA BFD

SiO2 56 10.70
Al2O3 27.50 6.45
Fe2O3 2.15 38.75
TiO2 0.80 0.12
Mn2O3 0.18 2.30
MgO 1.20 2.85
CaO 1.45 8.20
Na2O + K2O 0.55 1.18
P2O5 0.25 0.35
SO3 0.80 0.10
LOI 8.00 28.60

Fig. 5   Bulk dry density of aggregates Fig. 6   Compressive strength of aggregates
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Nonetheless, regardless of the BFD content, the water 
absorption of the aggregates is relatively high (i.e., 17% 
to 33%). Hence, it is recommended that various methods 
to reduce the water absorption of composites should be 
utilized when these aggregates are used.

Microstructural property

A scanning electron microscope (SEM) was used to observe 
the microstructural morphology of the aggregate made with 
the optimum content of BFD (i.e., BFD40). The SEM images 
of BFD40 are presented in Fig. 8. In accordance with IS 383, 
the morphology of the developed aggregates can be classified 
as irregular or partly rounded. It is evident from Fig. 8 that 
these aggregates have a porous nature which can be associ-
ated with their lightweight. The porous nature of the aggre-
gates is also responsible for their high-water absorption. For 
example, despite BFD40 being the optimum; it exhibited 
an absorption of 17%. Hence, it is recommended that when 
these aggregates are utilized in construction materials such 
as cement-based ones, supplementary cementitious materials 
(SCMs) should be incorporated to reduce the porosity of the 
composites. Several studies have shown that the use of SCMs, 
such as fly ash, silica fume can be used alongside lightweight 
aggregate in cement-based materials in order to reduce/elimi-
nate the detrimental effect of the porous aggregates on the 
resulting performance of the composites [24, 25]. The use of 
these SCMs would result in the refinement and reduction in 
the pores present in the matrixes of the aggregates.

Conclusion

Greener lightweight aggregates for construction applica-
tions are developed from fly ash and blast furnace flue dust. 
Results from this study showed that it is viable to utilize 

these industrial wastes (i.e., fly ash and blast furnace flue 
dust) to produce aggregates by sintering methods. Increas-
ing the content of the blast furnace flue dust reduces the 
bulk density of the aggregates. The density of the aggre-
gates developed in this study in the range of 650–950 kg/m3 
showed that they can be classified as lightweight aggregates 
and utilized in the production of lightweight construction 
composites. The lightweight nature of these aggregates 
also makes them suitable in the production of composites 
with enhanced thermal and acoustic properties. Micro-
structural investigation of some of the aggregates indicates 
they possess a porous nature which corresponds to their 
lower density and higher water absorption. To improve the 
performance of construction composites made with these 
aggregates, it is recommended that additives such as supple-
mentary cementitious materials be incorporated alongside 
these greener aggregates to enhance the microstructure of 
the composites’ matrix.

Fig. 7   Water absorption of aggregates

Fig. 8   SEM image of BFD40
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