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Abstract

The paper presented the possibility of manufacturing aggregates from industrial waste materials and their ecological benefits. The cold 

bonding process to create aggregates uses substantially less energy than the sintering technique. This study deals with the outcomes 

of an experimental assessment of the physical and strength properties of environment-friendly cold-bonded and sintered fly ash (FA), 

ground granulated blast furnace slag (GGBFS), and quartz (Q) lightweight aggregates. The waste materials were mixed with Portland 

cement at 20–50 percent by weight to make artificial lightweight aggregates. To investigate the impacts of temperature on the physical 

properties, such as crushing strength, density, and water absorption, the pellets were sintered at 300, 600, and 900 °C for an hour. 

The results show that all the produced aggregates might be categorized as lightweight aggregates due to the combinations' average 

densities being less than 2,000 kg/m3. The fly ash lightweight aggregates had higher density and crushing strength, as well as decreased 

water absorption. The density and crushing strength improved somewhat by raising the temperature, while the water absorption 

decreased with increased temperature. In this research, the most efficient mineral admixture concentration has been evaluated as 

50 percent for both fly ash and ground granulated blast furnace slag and 30 percent for quartz for cold-bonded pellets. Furthermore, 

superior physical qualities have been reported at the 900 °C sintering temperature.
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1 Introduction 
The concept of recycling cement-based industrial waste 
materials in concrete production has been widely used, 
with various research providing results. However, stud-
ies and investigations are ongoing to obtain more accurate 
and practical results [1].

Since concrete is typically used in harsh environments 
and its strength against larger loads is its most significant 
attribute, improving its mechanical properties and endur-
ance is crucial. It is essential to make high-strength, low-
unit-weight concrete with good mechanical and durability 
properties and is environmentally friendly [2].

Concrete has many benefits and good mechanical prop-
erties but is weak in tensile and heavy. Many studies have 
been done to improve these features. Fibers, for example, 
are employed to manufacture concrete to improve ten-
sile behavior, and lightweight artificial pellets are utilized 
to reduce the self-weight of concrete. The investigations 

associated with producing artificial lightweight aggregates 
and employing industrial wastes showed that the compres-
sive and flexural strengths of the composite and its ductil-
ity could be improved. It was shown in Basa et al. [3] study 
that using sintered fly ash aggregate as a replacement for 
fine aggregates enhanced compressive strength, splitting 
tensile strength, and flexural strength. Cold bonded fly ash 
lightweight aggregate was employed to increase the per-
meability of self-compacting concrete [4].

Turkey's economy is growing and is now the 16th largest 
globally. This economic expansion has led to large amounts 
of industrial waste, including FA, GGBFS, and Q  [5–7]. 
Around 15 billion tons of FA are produced annually in 
11 Turkish coal-fired power plants, and 600,000 tons of 
GGBFS make recycling a priority due to increased disposal 
costs and an emphasis on sustainable development  [8]. 
FA  is accepted as a by-product. It is used as a  primary 
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material in the enhancement of concrete processes as well 
as the manufacturing of artificial aggregates [9]. The cold 
bonding technique is extensively used to recycle the dif-
ferent waste materials to produce lightweight aggregates 
used in concrete. Existing literature has investigated sev-
eral aspects of different waste materials, such as municipal 
solid waste incinerator fly ash [10, 11], bottom ash [12, 13], 
granulated blast furnace slag [14], copper slag combined 
with fly ash [15], and quarry dust [16, 17]. Finer material 
fractions are utilized to improve pelletization efficiency 
and artificial aggregate strength. Also, the sintering pro-
cess as a hardening technique and disc granulation at 35°–
50° angle and 35–55 rpm disc speed for around 20 minutes 
are generally recommended [18].

FA aggregates might be formed by using pelletization to 
merge the tiny particles of cement and waste materials into 
pellets. The processing parameters and curing conditions 
considerably impact the quality of artificial aggregates. 
Pelletization might be accomplished using cold bonding 
or heat treatment [19]. Cold bonding is an energy-efficient 
approach that utilizes the pozzolanic capability of ash at 
room temperature. Green pellets are subjected to the cur-
ing phase to get the required strength for usage in con-
crete [12, 20]. When comparing the cold bonding and sin-
tering methods, the sintered method has more advantages 
than the cold bonding method. The cold bonded aggregates 
require a long time (28 days) to gain strength, unlike the 
required duration in the sintered process [21].

Furthermore, sintered aggregates' physical and chemical 
properties were superior to cold bonded aggregates [22, 23]. 
The sintered aggregates up to 900 ℃ were lower in bulk 
density, specific gravity, and water absorption than the cold 
bonded aggregates [24]. Different types of artificial aggre-
gates are utilized in the literature; Appendix A shows each 
type's properties in specific gravity, water absorption, and 
bulk density.

Thermal hardening, autoclaving, sintering, and steam 
curing strengthen ash pellets and reduce water absorption. 
The sintering process, which involves heating pellets to 
1200 °C for 30 minutes to 2 hours, relies on atomic dif-
fusion within the material [25, 26]. The impact of sinter-
ing temperature on the chemical and physical properties 
of sewage sludge and river sediment lightweight aggre-
gates has been evaluated. Furthermore, the best sintering 
temperature for lightweight aggregates with high density, 
minimal water absorption, and high strength was deter-
mined to be 1100 ℃  [27]. Sintering the incinerator bot-
tom ash lightweight aggregate at a temperature between 

1000  ℃ and 1050  ℃ resulted in lightweight aggregates 
with potential use in construction products and geotech-
nical applications [28]. Sintered fly ash aggregates might 
produce high-strength concrete with high carbonation 
resistance [29]. Compressive strengths ranging from 20 to 
80 MPa may be readily employed based on the lightweight 
mixture content used during casting concrete [30].

Because aggregates account for 65–75 percent of the total 
volume of concrete, utilizing waste in synthetic aggregates 
in its manufacture is a very sustainable recycling alterna-
tive that contributes to natural resource conservation [31]. 
Numerous studies have been conducted to improve the 
performance of artificial lightweight aggregates-based 
high-performance concretes with a reduced bulk density 
(1900 kg/m3) than regular concrete yet a comparable out-
standing strength range (30–80 MPa) [9, 10]. The mechan-
ical performance of concrete, including fly ash-based 
lightweight cold bonding and sintering aggregates, was 
evaluated. The findings indicated that the sintered aggre-
gates demonstrated the maximum compressive strength 
of concrete compared to the cold-bonded aggregates [24]. 
The  compressive strength of concrete produced with sin-
tered aggregates is higher than that of concrete made with 
granite aggregates [32]. A large number of voids in the cold-
bonded fly ash aggregates reduced the mechanical proper-
ties of concrete in terms of compressive strength, flexural 
strength, shrinkage, porosity, and modulus of elasticity [33]. 
It is feasible to manufacture a 56 MPa-compressive strength 
lightweight concrete. Furthermore, it is found that the sin-
tered fly ash aggregates positively affect the workability of 
lightweight concrete compared to the workability of con-
crete made with normal aggregates [34, 35].

In this research, a framework that examines the rele-
vance of the utilization of waste components, FA, GGBFS, 
and Q, was offered, alongside a low-energy (cold bond-
ing) and sintering technique to carry out the sustainability 
assessment of coarse aggregates. This study's findings are 
valuable for engineers, project managers, and academics 
in selecting sustainable alternative building materials for 
infrastructure projects.

2 Experimental methods 
The present study focuses on the possibility of producing 
artificial, lightweight coarse aggregate by utilizing differ-
ent types of industrial waste. The study aims to reveal the 
ideal dosage of FA, GGBFS, and Q to be mixed with ordi-
nary Portland cement to achieve a coarse aggregate whose 
physical and mechanical properties are closer to those of 
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natural aggregate. Tests of density, water absorption, and 
crushing strength are applied per ASTM standards to ana-
lyze the properties of the cold-bonded and sintered artifi-
cial aggregates.

2.1 Materials
2.1.1 Cement
This experiment utilized CEM I 42.5 N-type Portland 
cement (equivalent to ASTM Type I) with a Blaine fine-
ness of 3430 cm2/g and a specific gravity of 3.17. This kind 
of cement comprises a significantly greater quantity of 
main silicate compounds. It has an average fineness level, 
is ideal for desirable settings, and has safe hydration heat 
release. The chemical compositions of the Portland cement 
utilized in this investigation are provided in Table 1.

2.1.2 Fly ash (FA)
The FA utilized in manufacturing artificial lightweight 
aggregates was class F, and its specific gravity was 2.25. 
The specific chemical compositions and physical proper-
ties of class F FA (conforming to ASTM C618-19 [36]) are 
presented in Table 1.

2.1.3 Ground granulated blast furnace slag (GGBFS)
This material is obtained by quenching molten iron GGBFS 
(a by-product of iron and steel-making) from a blast furnace 
in water or steam to provide a glassy, granular product that 
is then dried and ground right into a fine powder. Table 1 
shows the chemical and physical properties of GGBFS.

2.1.4 Quartz (Q)
The chemical and physical properties of the used quartz 
are shown in Table 1. 

2.2 Preparation of artificial lightweight aggregate via 
the cold-bonding technique 
At the beginning of the experimental study, the cold-bond-
ing palletization method was carried out to produce light-
weight aggregates. As shown in Fig. 1, an electrical pellet-
izer pan with a diameter of 800 mm and a depth of 300 mm 
was used to manufacture the artificial lightweight aggre-
gates. The pelletizer pan had a horizontal angle of 45 degrees 
and a rotational speed of 42  rev/min. As the dry powder 
material for the artificial lightweight aggregates, a combi-
nation of 20, 30, and 50% FA, GGBFS, and Q by weight 
of cement were used. Table 2 shows the exact mix propor-
tions for all the artificial aggregates produced. This mix-
ture of powder material was poured into the pelletization 

disc and allowed to be blended till a well-blended mixture 
was achieved. Water constituted 22 ± 2 percent of the pow-
der material by weight and was sprayed onto the cement 
and mixtures at the primary level of the manufacturing 
method. Water in this system acted as the coagulant, and 
spherical pellets achieved the quilt for 10-min in the first 

Table 1 Physical and chemical properties of cement, FA, GGBFS, and Q

Chemical 
composition (%)

Portland 
Cement FA GGBFS Q

CaO 62.58 4.24 34.12 0.28

SiO2 20.25 56.20 36.41 89.05

Al2O3 5.31 20.17 10.39 5.03

Fe2O3 4.04 6.69 0.69 3.62

MgO 2.82 1.92  10.26 –

SO3 2.73 0.49 – –

K2O 0.92 1.89 0.97 0.28

Na2O 0.22 0.58 0.35 –

Loss on ignition 3.02 1.78 1.64

Specific gravity 3.15 2.25 2.79 2.65

Blaine fineness 
(m2/kg) 326 287 418 –

Fig. 1 Photographic view of pelletization disc

Table 2 Mix proportions of materials used in the artificial aggregate 
production

Mix ID Cement (%) FA (%) GGBFS (%) Q (%)

2F8C 80 20 0 0

3F7C 70 30 0 0

5F5C 50 50 0 0

2S8C 80 0 20 0

3S7C 70 0 30 0

5S5C 50 0 50 0

2Q8C 80 0 0 20

3Q7C 70 0 0 30

5Q5C 50 0 0 50
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stage. Next, the pelletization disc containing spherical pel-
lets has been allowed to rotate for an extra 10 min. This 
is the second stage by which the stiff and compacted pel-
lets have been manufactured. Fig. 2 indicates the method 
of manufacturing the aggregates. Also, the manufactured 
lightweight aggregates are proven in Fig. 3. These pellets 
were saved in plastic luggage with a relative humidity of 
70% as soon as the manufacturing process was completed. 
Then, the plastic bags were preserved in the curing room, 
where the temperature was stored at 22 ± 2.

2.3 Preparation of the artificial lightweight aggregates 
via sintering technique
The impact of sintering on the attributes of the artifi-
cial lightweight aggregates was investigated by heating 
a series of aggregate samples at three different tempera-
tures of 300, 600, and 900 °C. The temperature rise rate 
was set to 10 °C min–1 (Fig. 4). After sintering for 1 hour, 
the hot pellets were stored in the oven to be gently cooled 
to room temperature. After cooling, all the sintered pellets 
were examined in terms of particle density, water absorp-
tion capacity, specific gravity, and crushing strength. The 
colour and shape distortion for cold-bonded and sintered 
aggregates are exhibited in Fig. 5. 

2.4 Applied test methods
2.4.1 Physical and mechanical properties investigations
The crumbled artificial lightweight aggregates were 
sieved by passing through the 4-mm sieve, and the passed 
aggregate particles were utilized in cementitious compos-
ite manufacturing. The sieve analyses of all aggregates are 
displayed in Fig. 6.

The dry density, bulk density, water absorption, and 
crushing strength tests were carried out to study the physi-
cal and mechanical parameters of the manufactured aggre-
gate pellets. Density, specific gravity, and water absorp-
tion were performed according to ASTM 127 [37]. The 

crushing strength test was performed on the individual 
pellets after 28 days of curing. It was completed by posi-
tioning the pellets between two parallel plates, applying the 
direct load, and constantly increasing force until the failure 
occurs, as per BS 812 part 110. The load was then recorded 
as the average of 10 pellets' readings as the final result.

Fig. 2 Cold-bonding manufacturing process

(a)

(b)

(c)
Fig. 3 Photographic view of cold-bonded (a) FA, (b) GGBFS, and (c) Q 

artificial lightweight aggregates
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3 Results and discussion
3.1 Mineralogy and microstructural analysis
After covering the pellets with goal goat, the cold bonded 
and sintered pellets were analyzed using scanning elec-
tron microscopy (SEM). The microstructure of the cold-
bonded and sintered FA, GGBFS, and Q aggregate pellets 
are shown in Fig. 7. The minor disappearance between the 
three cold bonded artificial aggregate types is the sharp-cor-
nered GGBFS artificial aggregate and the presence of voids 
more than FA and Q aggregate. The effect of the elevated 
temperature resulted in more homogenous matrixes for all 
aggregate types, indicating that FA, GGBFS, and Q are 
active during heat exposure. However, the more compact 
and denser microstructure was found at 600 ℃ heating of 
Q artificial aggregate as the discontinuous cracks that clear 
at 300 ℃ started to disappear. The 300 to 900 ℃ heating 
of both FA and GGBFS aggregate resulted in significant 
changes in morphology and led to porosity enlargement.  

Raw materrals Cold-bonddng granulatton

SSnterrng currng oven

Currng the arttffccal aggregate

SSntered arttffccal aggregate

Fig. 4 Sintering manufacturing process

Fig. 5 Effect of sintering on the color and shape of artificial aggregates, 
(left) is cold-bonded FA artificial aggregate, and (right) is sintered FA 

artificial aggregate at 900 ℃

(a)

(b)

(c)
Fig. 6 Size distribution of the artificial of (a) FA, (b) GGBFS, and  

(c) Q aggregates
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3.2 Bulk density 
The density results of cold-bonded artificial aggregates 
are shown in Table 3. The density results of all the arti-
ficial lightweight mixes were within the range of (652.18 

and 1114.42 kg/m3). The increase in density was caused by 
the SiO2 content in the FA, GGBFS, and Q, which reacted 
with the Ca(OH)2 from the cement's hydration response 
to provide a vital extension of calcium silicate hydrate gel 
(C-S-H), resulting in further reduction in porosity during 
hydration. Waste materials used in manufacturing artificial 
aggregates also improve the density of the aggregates due 
to their high specific gravity, as shown in Table 1. The out-
comes agreed with the size distribution results of the man-
ufactured aggregates (Fig. 6). The sizes of the mixes were 
close together, and thus the density effects of the mixes 
were as well. The bulk density of the sintered aggregates 
ranged between 881.5 and 1337 kg/m3 at 900 °C for the fly 
ash and quartz aggregates, respectively. Also, microstruc-
ture analysis of the aggregates clearly shows the dense sur-
face of the aggregates at higher temperatures (Fig. 7). The 
bulk density results of the cold-bonded and sintered aggre-
gates are shown in Fig.  8. The  abbreviations CB and S 
refer to the cold bonded and sintered artificial aggregates, 
respectively. The results agree with European Standards 
that aggregate density should not exceed 2000  kg/m3. 
A comparison between the results of density and some pre-
vious studies is shown in Appendix A.

3.3 Water absorption
The water absorption of all synthetic aggregates is given in 
Table 3. The findings also indicated that the 5F5C FA mix 
had a maximum water absorption of 28.5 percent, which 
is related to defective adhesion (having a reduced density 
[937.59 kg/m3]). The cement hydration and the pozzolanic 
reaction of FA developed a denser microstructure because 
of the larger quantities of the formed C-S-H. The outcome 
of the GGBFS mixes revealed a considerable increase in 
water absorption (16–18 percent). The Q mixes showed 

(a)

(b)

(c)
Fig. 7 Microstructure of cold-bonded and sintered (a) FA, (b) GGBFS, 

and (c) Q aggregates

Table 3 Physical properties and strength of cold-bonded artificial 
aggregates

Mix 
ID 

Specific 
gravity

Apparent 
specific 
gravity

Density 
(kg/m3)

Water 
absorption 

(%)

Crushing 
strength 

(N)

2F8C 1.64 2.62 912.24 22.56 271.11

3F7C 1.66 2.62 920 25 582.14

5F5C 1.43 2.43 937.59 28.52 722.96

2S8C 1.84 2.77 652.18 18.05 453.29

3S7C 1.80 2.60 750 17.20 541.78

5S5C 1.74 2.43 1114.42 16.27 1038.98

2Q8C 1.63 2.55 915.4 19.61 418.89

3Q7C 1.61 2.70 928 18 675.512

5Q5C 1.71 2.36 910.51 15.83 496.94



118|Ibrahim and Atmaca
Period. Polytech. Civ. Eng., 67(1), pp. 112–122, 2023

a water absorption of 15 percent for the ratio of 50 per-
cent Q. In contrast, the other ratios exhibited 19 percent 
and 18 percent water absorption for the 30 percent and 
50 percent ratios, respectively. A greater porosity leads 
to a  higher water absorption percentage. These water 
absorption findings are per the density results, in which 
water absorption rises with decreasing density.

On the other hand, the water absorption decreased with 
the rise of the sintering temperature (Table 4) owing to 
the fact creating a glassy texture on the surface of aggre-
gates at the higher temperatures. Furthermore, as shown 
in Fig. 7, it is noted that at higher temperatures, the aggre-
gates become smooth with a thick surface, which is related 
to the gas release and the melting of the basic materials 
that reduce water absorption. Fig. 9 illustrates the effects 
of heating on the rate of water absorption for all mixes.

3.4 Crushing strength
The crushing strength of all the artificial aggregates is pre-
sented in Table 3 and Fig. 10. The addition of FA to the 
Portland cement somewhat raises the crushing strength of 
the artificial aggregates. The combination containing 20 
percent FA had the lowest crushing strength (271.11  N). 
Adding 50 percent of FA to the mixture of produced aggre-
gates increased the crushing strength by 62% compared to 
the mixture containing 20 percent of FA. Adding 50per-
cent of GGBFS to Portland cement significantly increased 
crushing strength to about 56 percent compared to the 
20 percent of GGBFS mix. The artificial aggregates that 
mixed Q with cement showed optimum crushing strength 
at 30 percent of the Q value. Fig. 10 illustrates the effect of 
heating on the artificial aggregates. For the sintered aggre-
gates, the crushing strength substantially increased with 
raising the temperature. At 900 °C, the fly ash aggregates 

(a)

(b)

(c)
Fig. 8 Bulk density of (a) FA, (b) GGBFS, and (c) Q aggregates at the 

cold-bonded and sintering methods

Table 4 Physical properties and strength of sintered artificial aggregates

Tests Temperature (℃)
Mix ID

2F8C 3F7C 5F5C 2S7C 3S7C 5S5C 2Q8C 3Q7C 5Q5C

Bulk 
Density 
(kg/m3)

300 960.2 968.6 992.1 881.5 1044.7 1159.2 923.85 950 970.5

600 940.2 955 980.2 1101.3 1210 1286 1197 1171 1184

900 968.8 985 1012.2 1299 1324 1337 1210 1220 1222

Water 
absorption 
(%)

300 21.99 23.5 25.3 19.55 18.32 15.28 16.98 15.9 14.2

600 20.21 22 24.9 16.25 15 11.3 16.3 14.8 13.97

900 20 20.3 22.8 15.85 14 11.15 14.2 12.65 12.17

Crushing 
strength 
(N)

300 112.3 298.3 687.3 420.3 584.5 782.2 520.8 565.5 670.5

600 380.87 315.9 798 590.6 658.2 750.98 598.2 607.6 820.5

900 412.5 590.8 945 690.8 858.5 1059.87 643.5 689.2 865.3
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with 50 percent fly ash exhibited 945  N strength, and 
the aggregates with 30 percent quartz exhibited 689.2  N 
strength (Table 4 shows the sintered aggregates results). The 
sintered slag containing aggregates did not exhibit much 
difference at different heating temperatures. The crushing 
strength findings conform with the density values. As indi-
cated in Table 3, the maximum density of each combination 
is consistent with the highest crushing strength. The 5S5C 
mix had the greatest crushing strength and density values 
of 1038.98 N and 1114.42 kg/m3, respectively.

The enhancement in strength occurred by adding FA, 
GGBFS, and Q, which is the result of the chemical com-
position of the materials. Their reaction with the interior 

silicate phase of FA allows the reaction and production 
of additional C-S-H. Moreover, the high quantity of CaO 
in the excessive calcium GGBFS reacted with the sili-
con oxide phase to generate hydration products that help 
increase aggregates' crushing strength [38].

4 Conclusions
Due to the urgent and continuous demand for natural 
aggregates to produce concrete and the negative effect of 
waste accumulation on the environment, by-products can 
be utilized as lightweight aggregates using the cold-bond-
ing process, which uses little energy and is cost-effec-
tive. In this study, FA, GGBFS, and Q were chosen to be 

(a)

(b)

(c)
Fig. 9 Water absorption for (a) FA, (b) GGBFS, and (c) Q artificial 

aggregate at different temperatures

(a)

(b)

(c)
Fig. 10 Crushing strength for (a) FA, (b) GGBFS, and (c) Q artificial 

aggregate at different temperatures
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recycled and utilized in producing lightweight aggregates. 
Considering the collected findings, the following conclu-
sions are drawn:

1.	 The density of the produced aggregates was in the 
range of 652.18-1114.42 kg/m3. Therefore, accord-
ing to BS EN 13055-1 [39], these materials may be 
employed to manufacture lightweight aggregates as 
the reported particle density was less than 2,000 kg/m3. 
The highest density was reached in the mixture con-
taining 50 percent GGBFS by weight with 50 percent 
Portland cement, while the mixture containing 20 per-
cent GGBFS exhibited the minimum density.

2.	The optimum crushing strength was 722.96 N, which 
belonged to the 5F5C mixture, and the 5S5C mixture 
exhibited a crushing strength of 1038.98 N. In addi-
tion, when considering the Q-containing mixtures, 
the maximum crushing strength was obtained by 
adding 30% Q by weight to the cement (675.51 N).

3.	 It was discovered that water absorption could be 
increased by increasing the quantity of Portland 
cement in the mixture. This is due to increasing quan-
tities of hydrated products (C–S–H). It was observed 

that the 5F5C combination did not contain adequate 
water to agglomerate the binder for hydration or poz-
zolanic reaction. Nonetheless, it achieved the best 
crushing strength in the FA mixtures. 

4.	 Due to the formation of the glassy texture at higher 
temperatures, sintered aggregates showed decreased 
water absorption with increasing the temperature for 
all the aggregate mixtures. The crushing strength 
increased with the temperature increase, demon-
strating that the maximum strength was recorded at 
900 ℃. Furthermore, the recorded bulk density sig-
nificantly increased by increasing the temperature. 
The optimum mixtures were selected at 900 for the 
minimum water absorption and the highest crushing 
strength, which are the most influential parameters in 
enhancing the strength of concrete.

5.	 Further experimental studies are scheduled to be car-
ried out utilizing these artificial aggregates to replace 
the coarse aggregates in concrete mixes with varying 
ratios. These investigations might assist in analyzing 
the influence of artificial aggregates on the durability 
qualities of concrete.
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Appendix A

Table A1 Characteristics of various artificial coarse aggregates

References Type of aggregate Specific gravity Crushing value (%) Water absorption (%) Bulk density (kg/m3)

Rahman and Chandrakala [40]

Furnace slag

2.45 - 1 -

Chinnu et al. [41] 2.74 2.95 3 1800

Sawant et al. [42] 2.80 - - -

Nandagawali and Dhamge [43] 2.90 - - 1300

Kumar and Pradeep Kumar [44] 2.52 - 2.59 1305

Kumar et al. [45] 2.02 18.36 14.20 750

Harikrishnan and Ramamurthy [28]

Sintered fly ash

1.75 - 21.31 -

Kayali [46], 1.69 28 36.1 -

Kockal and Osturan [47] 1.58 28 36.1 933

Chi et al. [48] 1.65 43.90 34.40 -

Vaidhyanathan et al. [49], 1.40 19.42 16.80 830

Kockal and Ozturan [35]

Cold bonded fly ash

1.89 35 25.50 789

Priyadharshini et al. [50], 2.12 22.70 13.23 -

Reddy et al. [51], 2.12 21.60 11.83 1247

Harilal and Thomas [52] 1.85 - 17.3 998

Joseph and Ramamurthy [22] 1.98 - 20.46 995
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