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ignition (CI) engines are used to move major portion of the world’s goods, power much of the
world’s equipment, and generate electricity more economically than any other device in their

–
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Abstract 

 

According to research paper, copper recovery from high grade copper was make an effort treating with a chemolithotrophic 

microorganism, and Acidithiobacillus ferrooxidans bacteria. The aim of the present  study is to understand the changes in Copper ore 
beneficiation based on surface chemical properties of bacteria during adaptation to high grade copper minerals and the projected 
consequences in flotation and bio-flotation processes .The utility of bio processing in the beneficiation of Copper ore through bio-
flotation is demonstrated in this work. An autotroph Thiobacillusferroxidansbacteria is adapted to high grade mixed copper ore sample, 
which was supplied from HCL Malanjkhand Copper Plant, Open cast mines. According to the procedure the collection and activation of 
the bacterial strains of Acidithiobacillus ferrooxidans.In 9K media Culture bacteria was developed, added sufficient amount of nutrients 
and agitated the culture to enhance the growth at room temperature. Copper sample was adapted by repeated subcultures of bacteria. The 

surface characteristics were studied Zeta Potential by analysis at different Ph values and different time intervals. After that the samples 
were analyzed by Chemical Analysis in the Laboratory for the percentage of the Copper recovered from each sample and also calculated 
rate constant (k) by using Flotation kinetics. From the studies it was observed that the mineral adapted cells became more hydrophobic as 
compared to un adapted cells during bio-flotation .It was also noticed that there was no significant changes in the surface charge of 
bacteria before and after adaption. If the adaption of bacteria is high then the recovery of Copper is more.   

 
Keywords: Recovery, Culture preparation, Bio processing, flotation, Bio-flotation, Zeta Potential studies. 

 

1. Introduction 

Quick progress is being done in mineral processing based on 
biological principle. Microorganisms (Acidithiobacillus 
ferrooxidans) can be used beneficially in mineral processing, from 
mining to waste disposal and management.  Low-Grade ore, small 
and complicated ore bodies, waste ores, tailings and ores that are 

uneconomical to be recovered by traditional methods can be 
economical recovered by bioleaching. Microbe process provides 
an economic substitute for the mineral industry, when high-grade 
mineral reserves are being decreased. 
Rapid industrialization around the world has increased the demand 
for metals slowly but gradually, thus led to the depletion of high 
grade ore due to large-scale exploitation of the high-grade ores. 
Thus it has all come to processing of lean grade ores to meet the 

requirements of the industries. Bio processing techniques possess 
eye-catching characteristic for reacting with complex ores.  Use of 
various microorganisms in beneficiation process like bio-leaching, 
bio-flotation and bio-flocculation has become a reality. 
New resources for metals must be developed with aid of novel 
technologies. Improvement of already exist mining technologies 
can result in metal recovery from sources that have not been of 
economical interest until today. Metal-winning process based on 

activity of microorganisms offer a possibility to obtain metals 
from mineral resources not accessible by conventional methods. 
for example, its application could result in extraction of gold, 

copper, nickel and zinc from sulphide ore without emission of 

sulphide emission of sulfur dioxide as occurs with conventional 
smelting technologies. The mineral industry and the community 
will benefit enormously from a successful mineral biotechnology. 
The main copper mineral in the copper ore is chalcopyrite. 
Researchers have been striving for decades to understand the 
reasons for slow dissolution of chalcopyrite in both chemical and 
biological leaching reactions. The main problem hindering 
commercial application of bio hydrometallurgy processing of 

chalcopyrite is the slow dissolution rate. The bioleaching rate of 
other copper sulphides such as covellite CuS and chalcocite Cu2S 
are relatively high in the presence of iron oxidizing bacteria, since 
the mineral react favourable with ferric ion, the principle oxidant. 
However the solubilisation rate of chalcopyrite in an oxidizing 
medium is characteristically slow. Application of chalcopyrite 
bioleaching in heap and dump processes can potential result in 
lower cost and reduced environment impact of copper production, 

as well as a substantial increase in known-extractable resources of 
copper bearing minerals.     

2. Materials and Methods 

2.1. Materials 

 
The high grade copper ore sample supplied from Hindustan 
Copper Limited ,Malanjkhand About 25kg from supplied sample 
was taken for processing .The high grade copper ore is subjected 
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for size analysis ,the result are given in table. Further and the ore 
was subjected for grinding to produce 65%-75µm particle sizes. 
The chemical analysis of the sample indicated 1.7%Cu and 2.8% 
Fe in the ore samples. Mineral samples of -75µm fractions were 
also subjected to Zeta potential meter for its surface study. 

 

2.2 Culture Preparation 

 
Microbial culture was developed from the tailings of Hindustan 
Copper Limited and recultured.The growth was carried out in 250 
ml conical flasks containing 90 ml of the 9-K Media with 10 ml of 
inoculums (old culture), i.e.10% V/V inoculums without ore. The 
flasks were incubated at room temperature on a rotary shaker at 

120 rpm. After 10 days the culture was ready for bioleaching tests. 

 

 
Fig.1: Full Growned culture 

 
Chemical used  Amount Required  

FeSO4.7H2O  44.2 gm 

(NH4)2 S04  3 gm 

10N H2SO4  1ml  

MgSO4.7H2O  0.5 gm 

KCl 0.1 gm 

 

pH-2.9,Temperature30ºC 

 

2.3 Flotation 

 
Flotation is a process of separation and concentration based on 
differences in the physicochemical properties of interfaces. 
Flotation can take place either at a liquid–gas, a liquid–liquid, a 
liquid–solid or a solid–gas interface. In froth flotation, the 
flotation takes place on a gas–liquid interface. Hydrophobic 
particles, which may be molecular, colloidal, or macro-particulate 

in size, are selectively adsorbed or attached to and remain on the 
surface of gas bubbles rising through suspension, and are thereby 
concentrated or separated from the suspension in the form of froth. 
This ability to modify the floatability of minerals has made 
possible many otherwise difficult separations that are now 
common practice in modern mills. Flotation is widely used to 
concentrate copper, lead, and zinc minerals, which commonly 
accompany one another in their ores. Many complex ore mixtures 

formerly of little value have become major sources of certain 
metals by means of the flotation process. 

 

2.4 Bio-Flotation 

 
The bio flotation process concern the mineral response to the 
bacterium presence, which is essentially considered as interplay 
between microorganism and physico-chemical separation process. 

 
Fig.2: Flotation Mechanism 

 

 
Fig.3: Denver Flotation Cell 

 
The process of material being recovered by flotation from the pulp 
consists of three mechanisms: 

 Selective attachment to air bubbles (or "true flotation"). 

 Entrainment in the water which passes through the froth. 

 Physical entrapment between particles in the froth attached to 
air bubbles (often referred to as "aggregation"). 

 Minerals are classified into two types i.e. polar and non-
polar. Polar minerals are those with strong covalent bond. 
These minerals react effectively with water and also having 

hydrophobicity in nature. Non-polar minerals characterized 
by weak molecular bond. These minerals are establishing the 
covalent bond together by Vander Waals forces. Non-polar 
surface not attached to the water molecules and then they are 
water repellent. Examples are graphite, sulphur; diamond and 
coal have natural floatability with a contact angle of 60 and 
90 degree. 

Formulation used for calculating recovery is: 

Recovery = (Cc/Ff)*100 

Where  
C-Weight of final copper concentrate 
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c-% copper in concentrate 
F-Weight of copper sample taken for flotation 
f-% of copper in copper sample taken for flotation 
2.5 Flotation reagents: 
The mineral particles can only attach to the air bubbles if they are 
to some extent water-repellent, or hydrophobic. Having reached 
the surface, the air bubbles can only continue to support the 
mineral particles if they can form a stable froth, otherwise they 

will burst and drop the mineral particles. To achieve these 
conditions it is necessary to use the numerous chemical 
compounds known as flotation reagents. The classifications of 
different reagents are  
Collectors :Minerals have to be hydrophobic so that they can 
float. To achieve this, collectors are added to the pulp and time is 
allowed for adsorption during agitation in what is known as 
conditioning period. Collectors are organic compound which make 

the minerals hydrophobic by making a layer on the surface, thus 
making the bubble to attach on the surface easily and thus float. 
Collectors are of two types non- ionizing and ionizing. Ionizing is 
of two types anionic and cationic. Cationic are water repellent. 
Anionic are divided into Oxyhydryl and Sulphydryl. Examples of 
oxyhydryl are carboxylic, sulphates and sulphonates. Sulphydryl 
consists of Xanthates and dithiophosphate. Apart from these 
bacterial proteins can also be used as collectors in flotation.  

 

2.6 Frothers 

 
They are added to stabilize the bubble formation in the pulp phase, 
to create a reasonable stable froth, to selectively drain the mineral 

and to increase the flotation kinetics. It should be able to act in 
water and air phase only. They should be able to create enough 
bubble strength. Widely used Frothers are crysylic acid, pine oil, 
Methyl iso butyl carbonyl (MIBC). 

 

2.7 Regulators  

 
This is used to reduce the action of collectors either by modifying 
the hydrophobocity on the surface of mineral. Thus then the 
reaction of the collectors most effective towards the minerals. 
Types of regulators 

 Activators 

 Depressants 

 pH regulators 

Activators are reagents which enhance the chemical nature of the 
mineral surface thus changing to hydrophobic. E.g.: Copper 
Sulphate Depressants are reagents which render the mineral 
particle to hydrophilic by formation of hydrophilic coating at the 
surface. E.g.: Sodium Cyanide. pH regulators essentially regulate 
pH. They increase the selectivity by providing the stable condition 

for collectors. Xanthate is the most widely used collectors which 
has working range of 4-12.  

 

2.8 Bacteria as Collector in Flotation  

 
Same procedure is followed except that in the place of NaCN, a 
bacterium is used as Collector in flotation. The bacterium used is 
Thiobacillus Ferrooxidans which is given various interaction time 
of 20, 40 and 60 min with the ore before the experiment was 
started. The amount of bacteria (100,200,300 and 400ml) used for 
interaction with the ore was also changed. The Bacterium 
Thiobacillus Ferrooxidans was grown using 9K media for about 5 
days at 350 C.   

The result of the studies indicates an increase in the recovery in 
the percentage of Copper from 65% to 98.5%.  

 

2.9 Zeta Potential Study 

 
In this study the surface charge of the particles are measured by 
Zeta potential equipment the zeta potential is measured for the ore 
or Copper concentrate which is interacted with or without bacteria 
for different interval of time at different pH. The solution is 
poured into the cell. A charge of 200 volts is applied through the 
solution. The measured zeta potential is noted down for all the 
sample accordingly In order to study chemical changes, resulting 
from microbe mineral surface interaction, zeta potential 

measurements have been carried out by using full grown culture of 
Thiobacillus ferrooxidans. Initially, the studies were carried out on 
the Copper ore. For this purpose the ore was ground to -75 µm 
size fraction and subjected for zeta potential studies in the absence 
of Thiobacillus Ferrooxidans. From the figure we observe that the 
mineral possess negative zeta potential all over the pH range. We 
also observe increase in the potential of the particle as the pH 
decreases. 
Analytical Method: Chemical Analysis: 

After size analysis, quantitative analysis was carried out by 
volumetric analysis to analyze the percentage of Copper in the 
given sample.  

3. Results & Discussion: 

The results obtained from the experimental work are described 

and discussed below: 
 Analyzing the variation of pH and Microscopic studies 
 Flotation &Bio flotation studies 
 Zeta Potential studies. 
 Equilibrium and kinetic studies 

 

 

3.1 Results of Flotation Studies  

 
These results are drawn from the froth flotation: 
 
S.No. Sample Weight(gm) Initial reading Final reading Difference % of 

Copper 

Recovery % 

1 Froth 54.15 0ml 21.25ml 21.25ml 13.5 86 

2 Tailing 445.84 21.25ml 22.75ml 1.5ml 0.95 49.7 

 

3.2 Bacteria as Collector in Flotation  

Same procedure is followed except that in the place of NaCN, a 
bacterium is used as collector in flotation. The bacterium used is 
Thiobacillus Ferrooxidans which is given various interaction time 

of 1hr, 4hr and 24hr with the ore before the experiment was 
started. The amount of bacteria (100,200,300 and 400ml) used for 
interaction with the ore was also changed. The Bacterium 
Thiobacillus Ferrooxidans was grown using 9K media for about 5 
days at 350 C.  
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S.No. Culture(ml) Incubation 

Time(hr) 

%Recovery 

1. 100 24 82.82 

2. 200 24 92 

3. 300 24 98 

4. 400 24 98.5 

 
We can conclude from this comparison that the recovery of 
Copper has increased with the increase in the interaction time. The 
Copper recovery increased from 65 to 98.5 %. Thus we can 
conclude that interaction time of bacteria and  
concentration of bacteria used are important factors in bio 

flotation. This is because these parameters changed the surface 
properties of the particle to hydrophobic. 
 

 
 
Increase in Copper % in copper concentrate with increase in 
interaction time 

 

3.3 Result of Zeta Potential Studies 

 
In order to study chemical changes, resulting from microbe 
mineral surface interaction, zeta potential measurements have 
been carried out by using full grown culture of 
Thiobacillusferrooxidans. Initially, the studies were carried out on 
the ChalcoPyrite ore. For this purpose the ore was ground to -75 

µm size fraction and subjected for zeta potential studies in the 
absence of ThiobacillusFerrooxidans. The results of the studies are 
given in figure. From the figure we observe that the mineral 
possess negative zeta potential all over the pH range. We also 
observe increase in the potential of the particle as the pH 
decreases. 
 

 
Fig.4: Zeta Meter 

 

 
Fig.5: Zeta potential studies 

Zeta potential of microbe mineral Interaction at pH 2 
 
Conditioning time 

(min) 

Zeta Potential     (Ore) Zeta Potential 

(with microbial 

interaction) 

30 -36.7 -26.5 

60 -37.2 -23.7 

90 -34.5 -20.2 

120 -35.6 -10.4 

 

 
 
Potential of ore without bacterial interaction at different pH 
Further, in order to study the microbe mineral interactions studies 
were carried out on the copper ore . 

 

 
 
Potential of ore with bacterial interaction at different pH 

 
The result indicates changes in zeta potential due to surface 
chemical changes. From the figure it may also be observed that 
concentrates of copper possess negative potential throughout the 
pH range. From the studies it is interesting to note that the 
variation in zeta potential was higher in zinc concentrate – 
microbe mineral interaction than that of lead concentrate microbe 

interaction. This variation may be due to the increased adsorption 
of microbes to galena than sphalerite. Hence, critical observation 
of the results indicate that variation in zeta potential may be 
exploited in selective flotation of lead zinc complex sulphide ores. 

 

4. Conclusion 

 
From the studies the following conclusion can be drawn: 
1. The bacterium Thiobacillus ferrooxidans takes at least 4 to 5 
days to grow into a fully grown culture. 
2. Using bioflotation i.e. by using Thiobacillus ferrooxidans as 
collector, there is an increase in the recovery of Copper. 
3. The maximum recovery was found to be 98.5% for copper. This 
recovery was achieved using 400 ml microbial culture at 24hr 
interaction time. 

4. From the Zeta potential studies it was found that maximum 
interaction between the ore and the bacteria takes place between 
pH 2-2.5. 
5. Bio flotation is environment friendly process, were the use of 
microbe can used both as collector and can also used in water 
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treatment plant. From the studies carried out it may be observed 
that the bacterial culture can be used in flotation of high grade 
copper ore as a substitute for xanthate with appreciable recovery 
and grade. 
6. From the studies carried out it may be observed that the 
Thiobacillus ferrooxidanscan be effectively used in floatation for 
valuable metals from lean grade and high grade ores. 
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Abstract 

In this research paper, Investigation has done for comparison 

about mechanical flotation and Column flotation cell,, the 

similar properties were identified among mechanical flotation 

cell and column flotation cell for fine coal processing. 

Moreover the maximum values of operational variables are 

identified, those were essential to select in column flotation for 

desirable separation process. Therefore the frother height, Air 

flow rate, slurry flow rate, collector dosage, the wash water 

rate, the airflow rate and the pulp rate. The coal sample was 

collected from a classifying cyclone overflow stream consisting 

of nominally -500 m material. The Proximate analyses of the 

coal sample were found to be 44.40%, 18.70%, 28.60% and 

0.50%, respectively. Comparison of the column and 

mechanical flotation results indicated that column flotation was 

considerably more efficient than mechanical flotation for fine 

coal cleaning. High frother thickness and wash water addition 

during column flotation made it possible to obtain cleaner 

coals. The column flotation produced 15.60% product ash with 

49.92%  of clean coal and combustible recovery of 80.15%. 

Keywords: Flotation cells, feed rate, Collector dosage, Airflow 

rate, slurry flow rate, pulp rate. 

 

INTRODUCTION: 

Flotation mechanism is one of the versatile processes to use and 

separate the fine coal cleanings extensively from 1918. Column 

flotation cell is a refined froth flotation method; it is elaborated 

as an alternative form of conventional flotation and mechanical 

flotation. The major role of the column flotation cell upon 

mechanical flotation contain outstanding separating capacity, a 

less capital and operating value, a low demand for plant area 

and flexibility to automatic control. The very essential 

parameter is differentiating between column flotation cell over 

mechanical flotation is the cell shape and the not in use of an 

impeller or a stator to get the air droplets. As per mechanical 

flotation air droplets were produced with the action of an 

impeller method although the air droplets are produced in 

column flotation with sprayer by the air compression process. 

Apart from this, clean coals are obtained in column flotation 

cell with addition of clean water with frother.  

In flotation column, raw material was normally entered 3/4 

height of the column by adding compression air through 

pervious material (sprayer) over the tailing output area of 

flotation column. Because of the coal particles travelling down 

combine along with the rise up bubbles of air in the collecting 

area. After, the attached lighter particles to the air bubbles go 

to cleaning section. The non floatable particles reaches to 

beneath of the flotation column, then carried out the 

segregation. The areas of the columns in the agitating section 

are most disadvantages, the major difficulties in the column 

height installations are at closed section of sparger. According 

to previous years, more number of design columns is 

incorporated to remove the difficulties to enhance recovery 

through producing micro bubbles. Few of the mare Leeds 

column, packed column, Flotaire column, Hydro chem. 

column, Jameson column, Microcel flotation column, Cyclone 

flotation column and Cyclonic column of micro bubble. In the 

previous works the column flotation cell performance indicated 

over and few parameters are identified that  airflow rate, raw 

material feed rate, rate of wash water, thickness of the frother 

and collector dosage comparatively impact the  performance of 

flotation. 

 As per research observations, increases the air flow rate, then 

increase the recovery it will gives high amount of yield and then 

it is going to be starts to decrease.  Even though, many kinds of 

results come up from the studies done for the feed rate. Finch 

said that when the rate of raw material maximized, the holding 

period reduced and then the recovery enhanced. Even though, 

Goodland have confirmed that the reverse might be happen. As 

per research results conducted for cleaning water, it has 

confirmed that by the enhancing rate of washed water, grade is 

higher and lower recovery was obtained. As per more 

experimentation it was proved that instead of increase in the 

grade, and then the recovery do not reduced more. The 

parameters frother thickness and wash water rate are  having 

same effect on flotation process.  

Then the frother become hard, higher grade and lower recovery 

was obtained. The impact of collector dosage and frother 

concentration in flotation process is at most equal is recognized 

in mechanical flotation cell. According to different 

observations, at optimum value if collector dosage having an 

maximum level at that level recovery achieves the highest value 

in flotation. 

In most of the research studies the cells were verified relatively, 

finally it has concluded that the column flotation cell produces 

a more recovery with less ash content, with the help of both the 

flotation cells attained washed coal, and having the ash 

percentages 11.50% and 12.30%, respective combustible 

recoveries are 80.10% and 76.50%, accordingly. Relatively, 

Harris, attained washed coals which are having the ash amount 

of 8.70% and 10.50% with grades of 35.30% and 30.10%, 

accordingly. Even though, Gu¨ney et al. (2002)has got that the 
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opposite is achievable and confirmed that column flotation cell 

is having less performance relatively compare to mechanical 

flotation cell. Turkey coal samples percentage of ash around 

43.12% are separated with help of flotation column. Washed 

coals are attained  the percentages of ash like 13.07%, 14.13% 

and 15.11% ,respective combustible recoveries are 

19.10%,31.70% and 39.10%. Finally with the help of 

mechanical flotation cell , clean  washed coals are attained by 

the ash percentages of 12.30%, 19.41% and 21.15% and the 

combustible recoveries of 34.10%, 63.80% and 72.10%, 

accordingly. 

 

MATERIALS AND METHODS: 

The diagrammatic performance of the small scale column 

flotation cell used  for experimentation as per Fig. 1. The 

flotation column containing height of 140 cm circular column 

and 6cm of diameter, 14 L volume of Raw material collection 

tank arranged with a compressor to supply the air. There are 

two positive displacement pumps for feed entering and the 

tailing exit, measurement of flow device, above the 5cm top of 

the column a jet-type wash water system arranged. 

 

Material Used 

The raw material collected by the coal washeries from Baurine 

coal mine. The slurry from raw material obtained through 

classifying section of overflow of the cyclone containing 

normally – 500 m sample. The chemical analysis of the 

sample results are shown in Table 1. 

The coal sample characterization data are shown inTable2.It 

shows 70% of coal sample having -76 mm size of the particle, 

which is having ash content of 46.40% and also total sulfur of 

0.55%. Therefore, the coal was investigated as proportionately 

more content of ash and less sulfur of coal. 

 

 

Figure 1.Column flotation cell Experimental set up 
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Figure 2. Cumulative weight in percentages and combustible recovery in percentages-vs.-cumulative ash  

percentages curves from tree (release) analysis experiment. 

 

 

Figure 3. Rougher–scavenger–cleaner circuit diagram. 

 

Table 1. Characterization of coal (air dry basis) (Proximate Analysis) 

 

 

Table 2. For the various size fractions Distribution of weight, ash and combustible recoveries. 

 

By using release analysis calculated the affectivity of flotation which is given by Dell (1964) performed in (Fig.2). 
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Procedure: 

One Kilo gram of coal sample was taken and added few amount 

of tap water was kept in conditioner tank by adding density of 

pulp is 10% (wt) and conditioning period is about 05 minutes. 

Therefore, the sample of coal was diluted uniformly with water. 

Then the kerosene is used as collector and MIBC as frother are 

added, stirred up agitating about 5 min up to required amount 

was obtained. Then the prepared pulp was kept into the column 

with speed of constant rate of feeding. The concentrate and 

tailing were attained in every stage of column flotation. 

In column flotation experiment single step flotation was 

carried out to get maximum values of dosage collector, 

thickness of frother, rate of wash water, rate of airflow and 

density of the pulp. Another way, the system will produce the 

two products. Rougher clean coal and rougher tailing. Later 

on, it became clear that a single stage was not efficient enough 

for column flotation. Thus, rougher cleaner coal and rougher 

tailings were again sending to the column flotation cell then 

the cleaning process was carried out under the similar 

operating conditions. The circuit configuration of this process 

is shown in Fig.3 

The combustible recovery attained from the flotation 

experiments was determined by the following equation: 

 

𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑏𝑙𝑒 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = [𝑊𝑐X (100-AC) / Wf X (100Af)] X 100 

 

Wc is Clean coal by weight (%). Wf is feed by weight (%).  

Ac is clean coal ash content by weight (%).Af is feed ash 

content by weight(%). 

 

RESULTS AND DISCUSSION: 

Impact of concentration of frother 

The impact of concentration of frother on flotation column was 

determined there are MIBC was used as frother. It has selected 

like frother to give the much amount of froth at various 

concentrations like 20 mg/l, 25 mg/l, 30 mg/l and 35 mg/l. 

Table 3 indicates different MIBC concentrations results at end 

of the tests conducted. 

 

Table 3. Impact of concentration of frother on the flotation column. 

Frother 

(MIBC) 

Collector 

(Kerosene) 

Frother 

thickness 

Rate of 

Wash 

water 

Air flow 

rate 

Feeding 

rate 

Clean coal 

ash 

Clean 

coal 

Combustible 

recovery 

(mg/lt) (g/t) (cm) (cm/s) (cm/s) (cm/s) (%) yield (%) (%) 

20 1200 25 0.20 2.00 0.40 20.00 41.40 63.08 

25 1200 25 0.20 2.00 0.40 20.45 44.04 66.73 

30 1200 25 0.20 2.00 0.40 21.25 44.56 66.84 

35 1200 25 0.20 2.00 0.40 23.40 45.02 65.68 

 

Table 4. Impact of collector on flotation column. 

Collector dosage   Frother 

(g/t)               (MIBC) 

Frother 

thickness 

Rate of 

Washwater 

Airflowrate Feed 

rate 

washed coal ash Clean coal Combustible 

recovery 

(ppm) (cm) (cm/s) (cm/s) (cm/s) (%) yield (%) (%) 

500 25 25 0.20 2.00 0.40 18.15 41.32 63.00 

1000 25 25 0.20 2.00 0.40 20.55 44.30 67.04 

1500 25 25 0.20 2.00 0.40 21.10 44.87 67.43 

2000 25 25 0.20 2.00 0.40 22.55 44.80 65.15 

 

Then the concentration of frother was 20 mg/l, 25 mg/l and 30 

mg/l, the combustible recoveries are 62.05%, 65.33% and 

65.14%, accordingly. If  frother concentration enhanced about 

30 mg/l, then combustible recoveries were done. Then 

concentration of frother about 35 mg/l, combustible recovery 

reduced to 64.57%. According to frother concentration, ash 

content of washed coal achieved to maximum value (22.30%) 

by mineral entrainment. Finally maximum frother 

concentration determined by the test results was 25mg/l. 

 

 

Impact of collector dosage 

In this experiment selected collector was Kerosene. The 

experiment has performed at different dosages of kerosene like 

500 g/t, 1000 g/t, 1500 g/t, 2000 g/t were shown Table 4. When 

dosage of collector increased 500 g/t   to 2000 g/t it shown the 

content of ash percentage washed coal enhanced 18.15% to 

22.55%, accordingly. On other hand, enhancing the dosage of 

the kerosene dose not given appropriate changes about 

combustible recovery. Then dosage collector is around 1000 g/t 

20.55% and 67.04%, are ash content and combustible recovery 
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of clean coal respectively. Then the maximum amount of 

collector noted about 1200 g/t. 

 

Impact of frother thickness 

The test was performed at different frother thicknessesd like 15 

cm, 20 cm, 25 cm, 30 cm were shown Table 5. if thickness of 

frother increased, and then ash content and combustible 

recoveries of coal were decreased. The very important 

consideration for this is by the result of frother thickness 

increased, the holding time of the particles in the frother section 

rise up and drop back potential of gangue minerals performed 

with rising of water because of reduces the froth with water. 

According to  flotation experiments, maximum value of the 

frother thickness was calculated as 25cm. 

 

Impact of the rate of wash water 

According to the  tests conducted by the different rates of 

wash water 0.10 cm/s, 0.20 cm/s, 0.30 cm/s, 0.40 cm/s were 

shown  Table 6.Finally observed content of  ash from clean 

coal attained more rate when wash water rate less. When 

rate of wash water 0.1 cm/s, then clean coal ash percentage 

24.82%; if this is 0.40 cm/s, 17.45% reduced. Combustible 

recoveries at 0.1 cm/s and 0.40 cm/s are 70.36% and 

51.66%, accordingly. As per flotation test it is check out 

thourouly the impact of the rate of wash water on flotation 

test, the maximum rate of wash water was determined about 

0.2cm/s. 

 

Impact of the airflow rate 

As per Table 7 the experiment carried out based on different air 

flow rates like 1.50 cm/s, 2.00 cm/s, 2.50 cm/s and 3.00 cm/s. 

Apart from this, if  rate of air flow is more, due to clean coal 

ash content. If air flow rates are 1.50 cm/s and 3.00 cm/s, then 

ash contents are 20.18% and 24.22%, accordingly. Because of 

ash content 2 cm/s the flow rate of air disorder in the flotation 

process. Stabilization of froth is also in disorder. 

 

Table 5. Impact of thickness of frother on flotation column. 

Frother 

thickness(cm) 

Frother 

(MIBC) 

Reagent 

dosage 

Rate of Wash 

water 

Airflow 

rate 

Feed 

rate 

Clean coal 

ash 

Clean coal 

yield 

Combustible 

recovery 

 (ppm) (g/t) (cm/s) (cm/s) (cm/s) (%) (%) (%) 

15 25 1200 0.20 2.00 0.40 22.10 45.90 68.10 

20 25 1200 0.20 2.00 0.40 21.45 45.08 67.44 

25 25 1200 0.20 2.00 0.40 20.95 44.48 66.97 

30 25 1200 0.20 2.00 0.40 19.55 40.16 61.54 

 

Table 6. Impact of rate of wash water on flotation column . 

Wash water rate 

(cm/s) 

Frother 

(MIBC) 

Reagent 

dosage 

Frother 

thickness 

Air flow 

rate 

Feed 

rate 

Clean coal 

ash 

Clean coal 

yield 

Combustible 

recovery 

 (mg/l) (g/t) (cm) (cm/s) (cm/s) (%) (%) (%) 

0.10 25 1200 25 2.00 0.40 25.82 50.51 71.36 

0.20 25 1200 25 2.00 0.40 21.46 45.11 67.48 

0.30 25 1200 25 2.00 0.40 19.06 41.46 63.92 

0.40 25 1200 25 2.00 0.40 17.45 33.49 52.66 

 

Table 7. Impact of air flow rate on flotation column. 

Airflow 

rate 

(cm/s) 

Frother 

(MIBC) 

Reagent 

dosage 

Frother 

thickness 

Wash water 

rate 

Feed 

rate 

Clean coal 

ash 

Clean coal 

yield 

Combustible 

recovery 

 (mg/l) (g/t) (cm) (cm/s) (cm/s) (%) (%) (%) 

1.50 25 1200 25 0.20 0.40 20.28 41.28 62.68 

2.00 25 1200 25 0.20 0.40 21.35 44.90 67.26 

2.50 25 1200 25 0.20 0.40 22.95 45.80 67.17 

3.00 25 1200 25 0.20 0.40 25.22 47.45 67.58 
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Table 8. Impact of feed rate on flotation column. 

Feed 

rate 

Frother 

(MIBC) 

Reagent 

dosage 

Frother 

thickness 

Wash water 

rate 

Air flow 

rate 

Clean coal 

ash 

Clean coal 

yield 

Combustible 

recovery 

(cm/s) (mg/l) (g/t) (cm) (cm/s) (cm/s) (%) (%) (%) 

0.30 25 1200 25 0.20 2.00 21.55 46.25 68.11 

0.40 25 1200 25 0.20 2.00 21.82 45.90 67.35 

0.50 25 1200 25 0.20 2.00 21.60 45.50 66.94 

0.60 25 1200 25 0.20 2.00 21.10 43.15 63.84 

 

Impact of the pulp rate 

The different experimental values of pulp densities were 

shown. For various pulp densities like 0.30 cm/s 0.40 cm/s, 

0.50 cm/s and 0.60 cm/s, then content of clean coal ash almost 

equal. The combustible recoveries are 68.11%, 67.35%, 

66.94% and 63.84% for similar feed rates, accordingly. When 

the feed rates are high then the combustible recoveries are less. 

If increase feed rate which reduced holding period of particles 

in flotation column and coal recovery less. Due to this 

maximum pulp density achieved 0.40 cm/s. 

 

Differentiation of conventional flotation cell: According to 

conventional flotation cell results, 5 Lts of Denver flotation 

column used for laboratory scale. Optimal operating variables 

are estimated doing the series of experiments before studies. 

Therefore, the exact flotation test achieved with 10% pulp 

density (wt) also agitating speed was 900 rpm. The collector 

dosage (kerosene) was used around 1000 g/t and 20ppm 

concentration of frother. 

Firstly, single-stage flotation experiment is carried out. After 

that attained rougher clean coal and rougher tailing are re-fed 

and floated again. The circuit configuration is relatively 

similar to flotation column.  

As per single-stage column flotation cell clean coal was 

attained and ash percentage was 20.55% and combustible 

recovery was around 67.80%, similarly the mechanical 

flotation cell clean coal had an ash percentage of 22.15% and a 

combustible recovery was around 67.72%. 

 

Table 9. Optimal operating variables of bituminous coal 

Column 

diameter/height 

Solids ratio 

(%) 

Frother 

(MIBC) 

(ppm) 

Reagent dosage 

(Kerosene) (g/t) 

Frother 

thickness(cm) 

Wash water rate 

(cm/s) 

Air flow rate 

(cm/s) 

Feed 

rate 

(cm/s) 

7/150 10 25 1200 25 0.20 2.00 0.30 

 

Table 10. Column flotation cell results under optimum conditions 

Flotation stage Product Ash content (%) Yield (%) Combustible recovery (%) 

Single stage Clean coal 21.55 45.37 67.80 

 Tailings 69.05 54.63 32.20 

Rougher–scavenger–cleaner Clean coal 15.60 50.92 81.85 

 Tailings 80.59 49.08 18.15 

 

Table 11. Mechanical flotation cell results under optimal conditions 

Stages of flotation Product Content of ash (%) Yield (%) Combustible recovery (%) 

Single stage Clean coal 23.15 46.95 68.72 

 Tailings 69.05 53.05 31.28 

Rougher–scavenger–cleaner Clean coal 19.52 53.70 82.32 

 Tailings 79.95 46.30 17.68 

 

Therefore, discarding of ash from both flotation system are 

found to be 53.63% and 50.26%, accordingly. 

With help of rougher–scavenger–cleaner circuit system 

flotation column, clean coal was attained by higher combustible 

recovery 80.85% and lower ash percentage of 16.60%. Inspite 
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of that, mechanical flotation has given the clean coal which is 

having combustible recovery 81.32%. Even though, the ash 

percentage was obtained high amount of (19.52%). Therefore, 

discarding the ash from both flotation system found to be 

67.15% and 58.90%, accordingly. 

 

CONCLUSIONS 

1. By increasing the collector dosage which increases the 

flotation yield. In spite of that, the above mentioned 

dosage, the flotation process opposite. By addition of much 

amount of MIBC and frother like Kerosene, then decreases 

the combustible recovery slowly. In other hand clean coal 

of ash amount was higher. The maximum reagent dosage 

and frother (MIBC) contents are determined 1000 g/t and 

25 mg/l, accordingly. 

2. If the frother thickness increases clean coal was attained. In 

addition to that, if the frother level increases, flotation yield 

decreases. The maximum frother thickness was obtained 30 

cm. 

3. By addining wash water gangue minerals performed with 

frother then it is re washed and removed them and passing 

through the washed coal,by increasing the rate of wah 

water, clean coals are attained. Even though, at higher wash 

water rates, constant frother not attained then slowly 

decreases the yield. The maximum rate of wash water 

calculated about 0.20cm/s. 

4. As per lower airflow rate required frother thickness 

couldn’t achieved, thus, the yield becomes less. At high air 

flow rates, the yield becomes more. Even though, above at 

particular rate, ash content of increases enormously. Then 

optimal air flow rate was calculated as 2cm/s. 

5. By adding more feed rate, then the flotation yield was less. 

In addition to that ash content in clean coal do not vary at 

any point. The maximum feed rate obtained was 0.30cm/s. 

6. If single stage flotation process carried out in both the 

flotation columns, do not extract much coal. The 

combustible recoveries of the tailings are determined 

32.20% and 31.28%, accordingly, those are comparatively 

more values. 

7. If the tailings from rougher and rougher clean coals are 

continuous floated separately for rougher–scavenger–

cleaner circuit, more combustible recoveries (80.85–

81.32%) are attained from both of the flotation cells 

.Moreover, by removal of ash, then it is identified column 

flotation cell was most efficient. Finally, by the column 

flotation cell the ash percentages of the bituminous coal 

was decreased from 46.50% to 17.60% and yield of 

combustible recovery was 80.85%. With help of 

mechanical flotation cell ash percentage of similar coal was 

decreased to 20.52% and 81.32%  

8. The experimental values of the column flotation cell are 

very near to that of release analysis values. Apart from 

this, column flotation cell highly efficient than the 

mechanical flotation cell for fine coal separation. 
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Abstract 

In this research paper, Investigation has done for comparison 

about mechanical flotation and Column flotation cell,, the 

similar properties were identified among mechanical flotation 

cell and column flotation cell for fine coal processing. 

Moreover the maximum values of operational variables are 

identified, those were essential to select in column flotation for 

desirable separation process. Therefore the frother height, Air 

flow rate, slurry flow rate, collector dosage, the wash water 

rate, the airflow rate and the pulp rate. The coal sample was 

collected from a classifying cyclone overflow stream consisting 

of nominally -500 m material. The Proximate analyses of the 

coal sample were found to be 44.40%, 18.70%, 28.60% and 

0.50%, respectively. Comparison of the column and 

mechanical flotation results indicated that column flotation was 

considerably more efficient than mechanical flotation for fine 

coal cleaning. High frother thickness and wash water addition 

during column flotation made it possible to obtain cleaner 

coals. The column flotation produced 15.60% product ash with 

49.92%  of clean coal and combustible recovery of 80.15%. 

Keywords: Flotation cells, feed rate, Collector dosage, Airflow 

rate, slurry flow rate, pulp rate. 

 

INTRODUCTION: 

Flotation mechanism is one of the versatile processes to use and 

separate the fine coal cleanings extensively from 1918. Column 

flotation cell is a refined froth flotation method; it is elaborated 

as an alternative form of conventional flotation and mechanical 

flotation. The major role of the column flotation cell upon 

mechanical flotation contain outstanding separating capacity, a 

less capital and operating value, a low demand for plant area 

and flexibility to automatic control. The very essential 

parameter is differentiating between column flotation cell over 

mechanical flotation is the cell shape and the not in use of an 

impeller or a stator to get the air droplets. As per mechanical 

flotation air droplets were produced with the action of an 

impeller method although the air droplets are produced in 

column flotation with sprayer by the air compression process. 

Apart from this, clean coals are obtained in column flotation 

cell with addition of clean water with frother.  

In flotation column, raw material was normally entered 3/4 

height of the column by adding compression air through 

pervious material (sprayer) over the tailing output area of 

flotation column. Because of the coal particles travelling down 

combine along with the rise up bubbles of air in the collecting 

area. After, the attached lighter particles to the air bubbles go 

to cleaning section. The non floatable particles reaches to 

beneath of the flotation column, then carried out the 

segregation. The areas of the columns in the agitating section 

are most disadvantages, the major difficulties in the column 

height installations are at closed section of sparger. According 

to previous years, more number of design columns is 

incorporated to remove the difficulties to enhance recovery 

through producing micro bubbles. Few of the mare Leeds 

column, packed column, Flotaire column, Hydro chem. 

column, Jameson column, Microcel flotation column, Cyclone 

flotation column and Cyclonic column of micro bubble. In the 

previous works the column flotation cell performance indicated 

over and few parameters are identified that  airflow rate, raw 

material feed rate, rate of wash water, thickness of the frother 

and collector dosage comparatively impact the  performance of 

flotation. 

 As per research observations, increases the air flow rate, then 

increase the recovery it will gives high amount of yield and then 

it is going to be starts to decrease.  Even though, many kinds of 

results come up from the studies done for the feed rate. Finch 

said that when the rate of raw material maximized, the holding 

period reduced and then the recovery enhanced. Even though, 

Goodland have confirmed that the reverse might be happen. As 

per research results conducted for cleaning water, it has 

confirmed that by the enhancing rate of washed water, grade is 

higher and lower recovery was obtained. As per more 

experimentation it was proved that instead of increase in the 

grade, and then the recovery do not reduced more. The 

parameters frother thickness and wash water rate are  having 

same effect on flotation process.  

Then the frother become hard, higher grade and lower recovery 

was obtained. The impact of collector dosage and frother 

concentration in flotation process is at most equal is recognized 

in mechanical flotation cell. According to different 

observations, at optimum value if collector dosage having an 

maximum level at that level recovery achieves the highest value 

in flotation. 

In most of the research studies the cells were verified relatively, 

finally it has concluded that the column flotation cell produces 

a more recovery with less ash content, with the help of both the 

flotation cells attained washed coal, and having the ash 

percentages 11.50% and 12.30%, respective combustible 

recoveries are 80.10% and 76.50%, accordingly. Relatively, 

Harris, attained washed coals which are having the ash amount 

of 8.70% and 10.50% with grades of 35.30% and 30.10%, 

accordingly. Even though, Gu¨ney et al. (2002)has got that the 
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opposite is achievable and confirmed that column flotation cell 

is having less performance relatively compare to mechanical 

flotation cell. Turkey coal samples percentage of ash around 

43.12% are separated with help of flotation column. Washed 

coals are attained  the percentages of ash like 13.07%, 14.13% 

and 15.11% ,respective combustible recoveries are 

19.10%,31.70% and 39.10%. Finally with the help of 

mechanical flotation cell , clean  washed coals are attained by 

the ash percentages of 12.30%, 19.41% and 21.15% and the 

combustible recoveries of 34.10%, 63.80% and 72.10%, 

accordingly. 

 

MATERIALS AND METHODS: 

The diagrammatic performance of the small scale column 

flotation cell used  for experimentation as per Fig. 1. The 

flotation column containing height of 140 cm circular column 

and 6cm of diameter, 14 L volume of Raw material collection 

tank arranged with a compressor to supply the air. There are 

two positive displacement pumps for feed entering and the 

tailing exit, measurement of flow device, above the 5cm top of 

the column a jet-type wash water system arranged. 

 

Material Used 

The raw material collected by the coal washeries from Baurine 

coal mine. The slurry from raw material obtained through 

classifying section of overflow of the cyclone containing 

normally – 500 m sample. The chemical analysis of the 

sample results are shown in Table 1. 

The coal sample characterization data are shown inTable2.It 

shows 70% of coal sample having -76 mm size of the particle, 

which is having ash content of 46.40% and also total sulfur of 

0.55%. Therefore, the coal was investigated as proportionately 

more content of ash and less sulfur of coal. 

 

 

Figure 1.Column flotation cell Experimental set up 
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Figure 2. Cumulative weight in percentages and combustible recovery in percentages-vs.-cumulative ash  

percentages curves from tree (release) analysis experiment. 

 

 

Figure 3. Rougher–scavenger–cleaner circuit diagram. 

 

Table 1. Characterization of coal (air dry basis) (Proximate Analysis) 

 

 

Table 2. For the various size fractions Distribution of weight, ash and combustible recoveries. 

 

By using release analysis calculated the affectivity of flotation which is given by Dell (1964) performed in (Fig.2). 
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Procedure: 

One Kilo gram of coal sample was taken and added few amount 

of tap water was kept in conditioner tank by adding density of 

pulp is 10% (wt) and conditioning period is about 05 minutes. 

Therefore, the sample of coal was diluted uniformly with water. 

Then the kerosene is used as collector and MIBC as frother are 

added, stirred up agitating about 5 min up to required amount 

was obtained. Then the prepared pulp was kept into the column 

with speed of constant rate of feeding. The concentrate and 

tailing were attained in every stage of column flotation. 

In column flotation experiment single step flotation was 

carried out to get maximum values of dosage collector, 

thickness of frother, rate of wash water, rate of airflow and 

density of the pulp. Another way, the system will produce the 

two products. Rougher clean coal and rougher tailing. Later 

on, it became clear that a single stage was not efficient enough 

for column flotation. Thus, rougher cleaner coal and rougher 

tailings were again sending to the column flotation cell then 

the cleaning process was carried out under the similar 

operating conditions. The circuit configuration of this process 

is shown in Fig.3 

The combustible recovery attained from the flotation 

experiments was determined by the following equation: 

 

𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑏𝑙𝑒 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = [𝑊𝑐X (100-AC) / Wf X (100Af)] X 100 

 

Wc is Clean coal by weight (%). Wf is feed by weight (%).  

Ac is clean coal ash content by weight (%).Af is feed ash 

content by weight(%). 

 

RESULTS AND DISCUSSION: 

Impact of concentration of frother 

The impact of concentration of frother on flotation column was 

determined there are MIBC was used as frother. It has selected 

like frother to give the much amount of froth at various 

concentrations like 20 mg/l, 25 mg/l, 30 mg/l and 35 mg/l. 

Table 3 indicates different MIBC concentrations results at end 

of the tests conducted. 

 

Table 3. Impact of concentration of frother on the flotation column. 

Frother 

(MIBC) 

Collector 

(Kerosene) 

Frother 

thickness 

Rate of 

Wash 

water 

Air flow 

rate 

Feeding 

rate 

Clean coal 

ash 

Clean 

coal 

Combustible 

recovery 

(mg/lt) (g/t) (cm) (cm/s) (cm/s) (cm/s) (%) yield (%) (%) 

20 1200 25 0.20 2.00 0.40 20.00 41.40 63.08 

25 1200 25 0.20 2.00 0.40 20.45 44.04 66.73 

30 1200 25 0.20 2.00 0.40 21.25 44.56 66.84 

35 1200 25 0.20 2.00 0.40 23.40 45.02 65.68 

 

Table 4. Impact of collector on flotation column. 

Collector dosage   Frother 

(g/t)               (MIBC) 

Frother 

thickness 

Rate of 

Washwater 

Airflowrate Feed 

rate 

washed coal ash Clean coal Combustible 

recovery 

(ppm) (cm) (cm/s) (cm/s) (cm/s) (%) yield (%) (%) 

500 25 25 0.20 2.00 0.40 18.15 41.32 63.00 

1000 25 25 0.20 2.00 0.40 20.55 44.30 67.04 

1500 25 25 0.20 2.00 0.40 21.10 44.87 67.43 

2000 25 25 0.20 2.00 0.40 22.55 44.80 65.15 

 

Then the concentration of frother was 20 mg/l, 25 mg/l and 30 

mg/l, the combustible recoveries are 62.05%, 65.33% and 

65.14%, accordingly. If  frother concentration enhanced about 

30 mg/l, then combustible recoveries were done. Then 

concentration of frother about 35 mg/l, combustible recovery 

reduced to 64.57%. According to frother concentration, ash 

content of washed coal achieved to maximum value (22.30%) 

by mineral entrainment. Finally maximum frother 

concentration determined by the test results was 25mg/l. 

 

 

Impact of collector dosage 

In this experiment selected collector was Kerosene. The 

experiment has performed at different dosages of kerosene like 

500 g/t, 1000 g/t, 1500 g/t, 2000 g/t were shown Table 4. When 

dosage of collector increased 500 g/t   to 2000 g/t it shown the 

content of ash percentage washed coal enhanced 18.15% to 

22.55%, accordingly. On other hand, enhancing the dosage of 

the kerosene dose not given appropriate changes about 

combustible recovery. Then dosage collector is around 1000 g/t 

20.55% and 67.04%, are ash content and combustible recovery 
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of clean coal respectively. Then the maximum amount of 

collector noted about 1200 g/t. 

 

Impact of frother thickness 

The test was performed at different frother thicknessesd like 15 

cm, 20 cm, 25 cm, 30 cm were shown Table 5. if thickness of 

frother increased, and then ash content and combustible 

recoveries of coal were decreased. The very important 

consideration for this is by the result of frother thickness 

increased, the holding time of the particles in the frother section 

rise up and drop back potential of gangue minerals performed 

with rising of water because of reduces the froth with water. 

According to  flotation experiments, maximum value of the 

frother thickness was calculated as 25cm. 

 

Impact of the rate of wash water 

According to the  tests conducted by the different rates of 

wash water 0.10 cm/s, 0.20 cm/s, 0.30 cm/s, 0.40 cm/s were 

shown  Table 6.Finally observed content of  ash from clean 

coal attained more rate when wash water rate less. When 

rate of wash water 0.1 cm/s, then clean coal ash percentage 

24.82%; if this is 0.40 cm/s, 17.45% reduced. Combustible 

recoveries at 0.1 cm/s and 0.40 cm/s are 70.36% and 

51.66%, accordingly. As per flotation test it is check out 

thourouly the impact of the rate of wash water on flotation 

test, the maximum rate of wash water was determined about 

0.2cm/s. 

 

Impact of the airflow rate 

As per Table 7 the experiment carried out based on different air 

flow rates like 1.50 cm/s, 2.00 cm/s, 2.50 cm/s and 3.00 cm/s. 

Apart from this, if  rate of air flow is more, due to clean coal 

ash content. If air flow rates are 1.50 cm/s and 3.00 cm/s, then 

ash contents are 20.18% and 24.22%, accordingly. Because of 

ash content 2 cm/s the flow rate of air disorder in the flotation 

process. Stabilization of froth is also in disorder. 

 

Table 5. Impact of thickness of frother on flotation column. 

Frother 

thickness(cm) 

Frother 

(MIBC) 

Reagent 

dosage 

Rate of Wash 

water 

Airflow 

rate 

Feed 

rate 

Clean coal 

ash 

Clean coal 

yield 

Combustible 

recovery 

 (ppm) (g/t) (cm/s) (cm/s) (cm/s) (%) (%) (%) 

15 25 1200 0.20 2.00 0.40 22.10 45.90 68.10 

20 25 1200 0.20 2.00 0.40 21.45 45.08 67.44 

25 25 1200 0.20 2.00 0.40 20.95 44.48 66.97 

30 25 1200 0.20 2.00 0.40 19.55 40.16 61.54 

 

Table 6. Impact of rate of wash water on flotation column . 

Wash water rate 

(cm/s) 

Frother 

(MIBC) 

Reagent 

dosage 

Frother 

thickness 

Air flow 

rate 

Feed 

rate 

Clean coal 

ash 

Clean coal 

yield 

Combustible 

recovery 

 (mg/l) (g/t) (cm) (cm/s) (cm/s) (%) (%) (%) 

0.10 25 1200 25 2.00 0.40 25.82 50.51 71.36 

0.20 25 1200 25 2.00 0.40 21.46 45.11 67.48 

0.30 25 1200 25 2.00 0.40 19.06 41.46 63.92 

0.40 25 1200 25 2.00 0.40 17.45 33.49 52.66 

 

Table 7. Impact of air flow rate on flotation column. 

Airflow 

rate 

(cm/s) 

Frother 

(MIBC) 

Reagent 

dosage 

Frother 

thickness 

Wash water 

rate 

Feed 

rate 

Clean coal 

ash 

Clean coal 

yield 

Combustible 

recovery 

 (mg/l) (g/t) (cm) (cm/s) (cm/s) (%) (%) (%) 

1.50 25 1200 25 0.20 0.40 20.28 41.28 62.68 

2.00 25 1200 25 0.20 0.40 21.35 44.90 67.26 

2.50 25 1200 25 0.20 0.40 22.95 45.80 67.17 

3.00 25 1200 25 0.20 0.40 25.22 47.45 67.58 
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Table 8. Impact of feed rate on flotation column. 

Feed 

rate 

Frother 

(MIBC) 

Reagent 

dosage 

Frother 

thickness 

Wash water 

rate 

Air flow 

rate 

Clean coal 

ash 

Clean coal 

yield 

Combustible 

recovery 

(cm/s) (mg/l) (g/t) (cm) (cm/s) (cm/s) (%) (%) (%) 

0.30 25 1200 25 0.20 2.00 21.55 46.25 68.11 

0.40 25 1200 25 0.20 2.00 21.82 45.90 67.35 

0.50 25 1200 25 0.20 2.00 21.60 45.50 66.94 

0.60 25 1200 25 0.20 2.00 21.10 43.15 63.84 

 

Impact of the pulp rate 

The different experimental values of pulp densities were 

shown. For various pulp densities like 0.30 cm/s 0.40 cm/s, 

0.50 cm/s and 0.60 cm/s, then content of clean coal ash almost 

equal. The combustible recoveries are 68.11%, 67.35%, 

66.94% and 63.84% for similar feed rates, accordingly. When 

the feed rates are high then the combustible recoveries are less. 

If increase feed rate which reduced holding period of particles 

in flotation column and coal recovery less. Due to this 

maximum pulp density achieved 0.40 cm/s. 

 

Differentiation of conventional flotation cell: According to 

conventional flotation cell results, 5 Lts of Denver flotation 

column used for laboratory scale. Optimal operating variables 

are estimated doing the series of experiments before studies. 

Therefore, the exact flotation test achieved with 10% pulp 

density (wt) also agitating speed was 900 rpm. The collector 

dosage (kerosene) was used around 1000 g/t and 20ppm 

concentration of frother. 

Firstly, single-stage flotation experiment is carried out. After 

that attained rougher clean coal and rougher tailing are re-fed 

and floated again. The circuit configuration is relatively 

similar to flotation column.  

As per single-stage column flotation cell clean coal was 

attained and ash percentage was 20.55% and combustible 

recovery was around 67.80%, similarly the mechanical 

flotation cell clean coal had an ash percentage of 22.15% and a 

combustible recovery was around 67.72%. 

 

Table 9. Optimal operating variables of bituminous coal 

Column 

diameter/height 

Solids ratio 

(%) 

Frother 

(MIBC) 

(ppm) 

Reagent dosage 

(Kerosene) (g/t) 

Frother 

thickness(cm) 

Wash water rate 

(cm/s) 

Air flow rate 

(cm/s) 

Feed 

rate 

(cm/s) 

7/150 10 25 1200 25 0.20 2.00 0.30 

 

Table 10. Column flotation cell results under optimum conditions 

Flotation stage Product Ash content (%) Yield (%) Combustible recovery (%) 

Single stage Clean coal 21.55 45.37 67.80 

 Tailings 69.05 54.63 32.20 

Rougher–scavenger–cleaner Clean coal 15.60 50.92 81.85 

 Tailings 80.59 49.08 18.15 

 

Table 11. Mechanical flotation cell results under optimal conditions 

Stages of flotation Product Content of ash (%) Yield (%) Combustible recovery (%) 

Single stage Clean coal 23.15 46.95 68.72 

 Tailings 69.05 53.05 31.28 

Rougher–scavenger–cleaner Clean coal 19.52 53.70 82.32 

 Tailings 79.95 46.30 17.68 

 

Therefore, discarding of ash from both flotation system are 

found to be 53.63% and 50.26%, accordingly. 

With help of rougher–scavenger–cleaner circuit system 

flotation column, clean coal was attained by higher combustible 

recovery 80.85% and lower ash percentage of 16.60%. Inspite 
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of that, mechanical flotation has given the clean coal which is 

having combustible recovery 81.32%. Even though, the ash 

percentage was obtained high amount of (19.52%). Therefore, 

discarding the ash from both flotation system found to be 

67.15% and 58.90%, accordingly. 

 

CONCLUSIONS 

1. By increasing the collector dosage which increases the 

flotation yield. In spite of that, the above mentioned 

dosage, the flotation process opposite. By addition of much 

amount of MIBC and frother like Kerosene, then decreases 

the combustible recovery slowly. In other hand clean coal 

of ash amount was higher. The maximum reagent dosage 

and frother (MIBC) contents are determined 1000 g/t and 

25 mg/l, accordingly. 

2. If the frother thickness increases clean coal was attained. In 

addition to that, if the frother level increases, flotation yield 

decreases. The maximum frother thickness was obtained 30 

cm. 

3. By addining wash water gangue minerals performed with 

frother then it is re washed and removed them and passing 

through the washed coal,by increasing the rate of wah 

water, clean coals are attained. Even though, at higher wash 

water rates, constant frother not attained then slowly 

decreases the yield. The maximum rate of wash water 

calculated about 0.20cm/s. 

4. As per lower airflow rate required frother thickness 

couldn’t achieved, thus, the yield becomes less. At high air 

flow rates, the yield becomes more. Even though, above at 

particular rate, ash content of increases enormously. Then 

optimal air flow rate was calculated as 2cm/s. 

5. By adding more feed rate, then the flotation yield was less. 

In addition to that ash content in clean coal do not vary at 

any point. The maximum feed rate obtained was 0.30cm/s. 

6. If single stage flotation process carried out in both the 

flotation columns, do not extract much coal. The 

combustible recoveries of the tailings are determined 

32.20% and 31.28%, accordingly, those are comparatively 

more values. 

7. If the tailings from rougher and rougher clean coals are 

continuous floated separately for rougher–scavenger–

cleaner circuit, more combustible recoveries (80.85–

81.32%) are attained from both of the flotation cells 

.Moreover, by removal of ash, then it is identified column 

flotation cell was most efficient. Finally, by the column 

flotation cell the ash percentages of the bituminous coal 

was decreased from 46.50% to 17.60% and yield of 

combustible recovery was 80.85%. With help of 

mechanical flotation cell ash percentage of similar coal was 

decreased to 20.52% and 81.32%  

8. The experimental values of the column flotation cell are 

very near to that of release analysis values. Apart from 

this, column flotation cell highly efficient than the 

mechanical flotation cell for fine coal separation. 
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Abstract A purely price-based approach to contractor

selection has been identified as the root cause for many

serious project delivery problems. Therefore, the capability

of the contractor to execute the project should be evaluated

using a multiple set of selection criteria including reputa-

tion, past performance, performance potential, financial

soundness and other project specific criteria. An industry-

wide questionnaire survey was conducted with the objec-

tive of identifying the important criteria for adoption in the

selection process. In this work, a fuzzy set based model

was developed for contractor prequalification/evaluation,

by using effective criteria obtained from the percept of

construction professionals, taking subjective judgments of

decision makers also into consideration. A case study

consisting of four alternatives (contractors in the present

case) solicited from a public works department of Pondi-

cherry in India, is used to illustrate the effectiveness of the

proposed approach. The final selection of contractor is

made based on the integrated score or Overall Evaluation

Score of the decision alternative in prequalification as well

as bid evaluation stages.

Keywords Contractor evaluation � Fuzzy Set Theory �
Prequalification � Selection criteria �
Overall Evaluation Score

Introduction

Project construction must be managed in an effective

manner considering the growing demand from clients,

competition, and regulatory agencies [1]. However, a

failure to properly manage these challenges can lead to

problems for the entire project and construction team as

well. One of the potential risks in construction projects is

the selection of unsuitable contractors which have a con-

siderable impact on client goals such as financial resources,

cost, quality, project duration and increasing chances of

project success [2]. Thus, contractor selection is viewed as

a multifaceted decisive problem in the process of con-

struction management due to the involvement of number of

criteria and their interdependence. Therefore, the capability

of the contractor to implement the project should be

evaluated using a multiple set of selection criteria including

reputation, past performance, performance potential,

financial soundness and other project specific criteria [3].

Generally, clients tend to select contractors purely on the

basis of lowest bid price although tender conditions stip-

ulate several other evaluation criteria. Some researchers

opined that contractors should not be selected based on

lowest price, but it should be attributed to the highest

weight in view of the involved project delivery problems

[4]. Both the selected criteria and a sound evaluation

methodology are essential for contractor selection,

including prequalification, in order to guarantee the

simultaneous achievement of time, cost, and quality spec-

ifications [2]. Further, contractor selection is a group

decision making process under multiple criteria wherein

human judgment and crisp data are not adequate to model

human preferences with an exact numerical value. Hence, a

more realistic approach may be to use linguistic assess-

ments instead of numerical values. Therefore, the ratings
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and weights of criteria in the problem are to be assessed by

means of linguistic variables, which are useful in dealing

with too complex or ill-defined situations [3, 5]. Thus,

Fuzzy set based approach that makes use of linguistic

variables and has the advantage of simultaneously con-

sidering multiple criteria, multiple decision makers and

handling vague and imprecise data. This paper outlines a

Fuzzy Set Theory (FST) based methodology, for optimal

contractor selection, to handle the uncertainty involved in

decision making.

Literature Review

Different researchers and client organizations used varying

sets of contractor selection criteria to assess the capability

of the candidate contractors [6]. Russell et al. [7] have

considered financial stability, past performance, experi-

ence, and key personnel availability as selection criteria.

Holt et al. [8, 14] considered contractor’s current workload,

past experience in terms of size of projects completed,

management resources in terms of formal training regime,

past performance and time of year weather; whereas

Hatush and Skitmore [9, 15] used financial soundness,

technical ability, management capability, and health and

safety performance as Contractor selection criteria. Waara

and Bröchner [10] investigated the Price and Non price

Criteria for Contractor Selection. Krishna Rao et al. [11]

conducted a questionnaire survey with construction pro-

fessionals of the Indian construction industry and proposed

criteria set for contractor evaluation in the Indian context.

A few researchers worked on contractor selection and

proposed different methodologies for bid evaluation [12].

Nguyen [13] proposed a model based on fuzzy sets to

tender evaluation. Holt et al. [8, 14] provided example

application of multi-attribute analysis (MAA) to the eval-

uation of construction bidders. Hatush and Skitmore [9, 15]

applied program evaluation and review technique (PERT)

to evaluate contractor data against client goals (time, cost

and quality). Russell et al. [16] developed a rule-based

expert system called ‘Qualifier-2’ for contractor pre-qual-

ification while Sonmez et al. [17] adopted evidential rea-

soning theory to prequalify contractors. McCabe et al. [18]

established a contractor prequalification model using data

envelopment analysis (DEA). Hanna et al. [19] and Lam

et al. [20] applied neural networks to contractor prequali-

fication. Singh and Tiong [21, 22] identified contractor

selection criteria (CSC) relevant to Singapore construction

industry and developed a fuzzy decision framework for

contractor selection. Morote and Ruz-Vila [23] illustrated

the use of a systematic prequalification procedure, based on

Fuzzy Set Theory, for evaluation of five contractors for the

rehabilitation project of a building at Technical University

of Cartagena. Krishna Rao et al. [24] proposed multi-

plicative approach of multi-attribute utility theory for

contractor Prequalification and illustrated the same con-

sidering the case study of construction of a multistoried

building. Paul et al. [25] compared the contractor selection

process using TOPSIS and Extended TOPSIS models.

Krishna Rao [26] pointed out that the current contractor

selection system awards the contract to the prequalified

contractor having the lowest bid price, ignoring the con-

tractor’s merit in prequalification score. A modification to

the present system, combining the prequalification score

and bid price score was suggested by Krishna Rao [26], for

the final selection of the contractor in his proposed fuzzy

set based approach.

A comprehensive literature review revealed that there is

a need to select a potential contractor based on a set of

multiple decision criteria, both price and non-price related

and evolve a method that considers group decision making.

The contractor selection should be made in two—stages

viz; (1) Prequalification—examining the contractors for the

desired minimum requisites of project implementation, and

(2) Evaluation of selected price bids of contractors. Tra-

ditional models of contractor evaluation lean to ignore

vagueness, fuzziness and human behaviour inherent in the

very nature of construction projects.

Research Significance

The concept of integrating prequalification/technical score

with bid price score is gaining popularity for selecting an

optimal contractor to enable the owners/clients to suc-

cessfully complete the projects in terms of time, cost and

quality. The present work addresses this aspect using Fuzzy

Set Theoretic approach for the selection of the contractor.

In the present work, this methodology is demonstrated

through a case study considering 15 contractor selection

criteria (CSC), excepting bid price. Further, relative pri-

ority values of criteria are worked out based on the per-

ceptions of construction professionals (Contractors, Public

and Private Clients), along with the criteria preferences of

Decision Makers (DMs) employed for contractor evalua-

tion in order that the selection process becomes more

effective in realizing its objective in true sense. In this

method, decision makers evaluate the fuzzy weights of the

criteria and contractors assessment on a particular criterion

using linguistic variables to consider the uncertainty asso-

ciated with the mapping of human perception to a numer-

ical value.
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Fuzzy Set Approach to Decision Making

Linguistic Variables and Membership Function

The fuzzy set is a kind of mathematical expression which

deals with some phenomenon with vagueness.

A mapping on the Universe X can be given as

lA : X ! 0; 1½ � ð1Þ
x ! lA xð Þ ð2Þ

where, lA represents a fuzzy subset A on the Universe with

lA as the membership of A, and lA(x) as the grade of

membership. The membership grades are very often rep-

resented by real-number values ranging in the closed

interval between 0 and 1. The grade of membership is

usually expressed in terms of trapezoidal and triangular

membership functions.

The fuzzy set provides the concepts of membership

function, linguistic variables, and so on for describing a

vague concept. The decision makers can evaluate the cri-

teria or alternatives in terms of linguistic variables such as

Very Important/Very Good, Good/Important, Above

Average, Average, Below Average, poor and very Poor.

For each linguistic variable, there is a corresponding fuzzy

number.

Fuzzy Weights Calculation

The average Fuzzy weights can be calculated according to

the fuzzy number of each linguistic variable. Let A = {a1,

a2, a3, a4}, B = {b1, b2, b3, b4} be any two positive

trapezoidal fuzzy numbers and � is the symbol for fuzzy

plus operation, then fuzzy plus operation (fuzzy addition) is

expressed as:

A� B ¼ a1; a2; a3; a4f g þ b1; b2; b3; b4f g
¼ a1 þ b1; a2 þ b2; a3 þ b3; a4 þ b4f g ð3Þ

The average fuzzy weight is the arithmetical average of

all fuzzy weights for factor Cij given by all decision makers

which can be expressed as

Aij ¼ aij; bij; cij; dij
� �

ð4Þ

where, aij ¼
PP

k¼1
ak

P
; bij ¼

PP

k¼1
bk

P
, cij ¼

PP

k¼1
ck

P
and dij ¼PP

k¼1
dk

P
i = 1, 2 …n and j = 1, 2…m.

Aij
k represents the fuzzy weight assigned to factor Cij by

expert/decision maker, k;

Aij = {aij, bij, cij, dij} represents the average fuzzy

weight assigned to factor Cij; and P represents the number

of decision makers involved in the process.

Defuzzification

Defuzzification is an operation of producing a crisp value

that adequately represents the degree of satisfaction of the

aggregated fuzzy number. For a trapezoidal membership

function, the defuzzified value, eij for the average fuzzy

weight of factor Cij is given by the following equation

eij ¼ aijþ bijþ cijþ dijð Þ=4 ð5Þ

where eij represents the defuzzified value for the average

fuzzy weight of factor, Cij.

The defuzzified values are normalized and the weight of

factor, Cij is obtained by using the following equation.

l Cij

� �
¼ eij

P
eij

ð6Þ

where, l(Cij) represents weight of factor, Cij.

Optimal Contractor Selection

In the present study as explained above the Fuzzy Set

Theory is used for the selection of an optimal contractor. A

real case of construction of a multi-storey building for

housing quarters, located in Pondicherry in India, with an

estimated contract value (ECV) of INR 360,000,000 is

considered in this paper. The project completion time is

25 months. Four bidders namely Contractor P, Contractor

Q, Contractor R and Contractor S have participated in

tendering process. The bid prices quoted by contractors P,

Q, R and S for the project under consideration are INR

363,223,423; INR 389,243,765; INR 426,798,887; and INR

385, 678,459 respectively.

Identification of Contractor Selection Criteria
(CSC)

An initial list of 108 criteria, apart from tender price, was

selected from the published literature and on the basis of

popularity of their use in the context of UK, USA, Hong

Kong, Australia, Singapore and Indian Construction

industries. In order to identify the significant criteria for

contractor selection in Indian context, ten experienced

construction practitioners, experienced in tender evaluation

exercise, from public and private sectors were involved.

Based on their input, 68 contractor selection criteria (CSC),

covering 6 main criteria, were chosen for inclusion in the

final version of the questionnaire. The relevant and

important CSC, in addition to tender price, selected from

preliminary round of interviews were categorized into

A Contracting Company’s attributes, B Experience record,

C Past performance of the contractor, D Financial
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capability of the contractor, E Performance potential of the

contractor and F Project specific criteria. Respondents were

asked to indicate their opinion, on the level of importance

of criteria in assessing the capabilities of the contractor, on

a six-point Likert scale (0–5). The 68 criteria of the

questionnaire included in the ‘‘Appendix’’ were weighed

by experienced construction practitioners, ranging from

public to private sectors, based on the scale mentioned. The

questionnaire data were analyzed on the basis of Relative

Rank Index (RRI) or Relative Importance Index (RII)

technique [27, 28]. In the present study, the top 15 criteria

having RRI value more than 0.80, obtained from the ALL

respondent perception i.e. Perceptions of 3 groups of

respondents (public clients, private clients and contractors)

taken together, are considered for the contractor evaluation

process as it reflects the polarized view point of respon-

dents. Those top 15 criteria with RRI[ 0.8, the bench

mark adopted for deciding the significant criteria, are

considered to be significant in contractor evaluation and the

same are enlisted in Table 1. Therefore, the criteria set

shown in Table 1 could be adopted for use in contractor

evaluation [11].

Contractor Prequalification using Fuzzy Set
Theoretic Approach

In the fuzzy set based model for contractor Prequalifica-

tion/selection, the linguistic variables are used by decision

makers to evaluate the fuzzy weights of the criteria and

contractors on a particular criterion. The linguistic vari-

ables and the corresponding fuzzy numbers for the

trapezoidal membership function (Fig. 1) chosen by the

decision maker, to evaluate the importance of the criteria

and the ratings of contractor alternatives with respect to

qualitative criteria are as presented in Table 2. Three

decision makers DM-1, DM-2 and DM-3 were employed to

evaluate the candidate contractors on the criteria consid-

ered, using the linguistic variables shown in Table 2.

Tables 3, 4, 5, 6, 7, 8, 9 and 10, explain the fuzzy evalu-

ation of criteria, calculation and ranking of prequalified

contractors by calculating the crisp score of the decision

alternatives (contractors in this case).

The decision makers’ preferences, in respect of various

main criteria (A–F) and the decision alternatives (con-

tractors), expressed in linguistic variables are presented in

Tables 3 and 6 (decision- makers’ fuzzy evaluation of

importance of criteria and contractors) respectively. The

linguistic variables assigned to criteria are then converted

into corresponding fuzzy numbers as shown in Table 3.

To normalize the differences existing in different deci-

sion makers’ preferences on a criterion or a decision

alternative (contractor in this context), a simple average of

fuzzy numbers (average fuzzy score) is calculated to sub-

sequently determine the weights or priorities. The average

fuzzy scores for the main criteria and decision alternatives

are calculated using Eq. 4 and are shown in Tables 4 and 7

respectively. After determining the average fuzzy score,

defuzzification is done using Eq. 5, to obtain the defuzzi-

fied or the crisp values for various main criteria as shown in

Table 4.

From the defuzzified values of main criteria, normalized

crisp scores or normalized crisp values have been com-

puted using Eq. 6 and are also presented in Table 4.

Table 1 Contractor Selection/Evaluation Criteria (with RRI[ 0.80)

Main criteria Sub-criteria

A Contracting company’s attributes A1 Age (experience), registration of contractor’s firm

B Experience record B1 Experience of working on similar projects

B5 Type and size of past projects

C Past performance of the contractor C1 Work quality in completed projects

C2 Adherence to time schedule in past works

C11 Blacklisting in past projects

C12 Quality of service during defect- liability period

D Financial capability of the contractor D1 Current commitments

D6 Turnover

E Performance potential of the contractor E3 Availability of plant and equipment resources

E4 Present workload and capability to support the current project

E5 Quality control and assurance program

E6 Specialized knowledge of construction method

F Project specific criteria F2 Specified project time schedule

F4 Qualification, experience of professional and technical staff
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Table 5 shows the Relative importance of sub criteria that

is worked out by integrating the preferences of DMs con-

sidered in the present work i.e. Priority (Pi) of main cri-

terion and the Relative Rank/Importance Index (RRI/RII)

of sub-criterion (ri) obtained from the questionnaire survey

conducted with Construction professionals, i.e. Contrac-

tors, Public and private clients in Construction Industry

[26]. Tables 6 and 7 show the details of the decision

makers’ evaluation and the average fuzzy scores of the

contractors.

Tables 8 and 9 respectively show the defuzzified values

(crisp scores) and the normalized defuzzified values of

contractor assessment (calculated using Eqs. 5 and 6

respectively). Normalized defuzzified values provide the

priority of criterion and of the alternative (contractor in this

case) for the criterion under consideration.

In the final step of the process, numerical priorities in

terms of the Overall Priority Values (OPV) that represent

the alternatives’ relative ability to achieve the decision goal

are obtained for each of the decision alternatives. The

Overall Priority Values of contractor (Table 10) are

obtained by sum product of the criterion priority and the

contractor priority for a particular alternative. The pre-

qualified contractors are ranked based on overall priority

value (OPV) and a contractor with the highest OPV is

Ranked-1 and so on. From the Overall priority values

(OPV) of contractors computed in Table 10, using criterion

RRI values of ALL respondents’ percept, the rank order of

the four prequalified contractors P, Q, R and S, based on

prequalification/Technical score is 4–2–3–1.

Final Selection of Contractor

In the preceding part, the prequalified contractors have

been ranked based on their technical potential (prequalifi-

cation score), excepting the quoted bid price. It is generally

Table 2 Linguistic variables and fuzzy numbers for rating criteria

and contractor

Linguistic variables for rating Fuzzy numbers

Criteria Contractor

VI Very important VG Very good (0.8, 0.9, 1.0,

1.0)

I Important G Good (0.6, 0.7, 0.8,

0.9)

MHI Moderate high

importance

AA Above

average

(0.5, 0.6, 0.7,

0.8)

MI Moderate importance A Average (0.4, 0.5, 0.5,

0.6)

MLI Moderate low

importance

BA Below

average

(0.2, 0.3, 0.4,

0.5)

LI Low important P Poor (0.1, 0.2, 0.3,

0.4)

VLI Very low important VP Very poor (0.0, 0.0, 0.1,

0.2)

Table 3 Decision makers fuzzy evaluation of importance of main criteria

Criterion Linguistic variables Fuzzy numbers

DM-1 DM-2 DM-3 DM-1 DM-2 DM-3

A LI LI MI (0.1, 0.2, 0.3, 0.4) (0.1, 0.2, 0.3, 0.4) (0.4, 0.5, 0.5, 0.6)

B VI VI I (0.8.0.9, 1.0, 1.0) (0.8.0.9, 1.0, 1.0) (0.6, 0.7, 0.8, 0.9)

C MHI MHI MI (0.5, 0.6, 0.7, 0.8) (0.5, 0.6, 0.7, 0.8) (0.4, 0.5, 0.5, 0.6)

D I I VI (0.6, 0.7, 0.8, 0.9) (0.6, 0.7, 0.8, 0.9) (0.8.0.9, 1.0, 1.0)

E MI MI MHI (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.5, 0.6, 0.7, 0.8)

F MLI MLI MLI (0.2, 0.3, 0.4, 0.5) (0.2, 0.3, 0.4, 0.5) (0.2, 0.3, 0.4, 0.5)

Table 4 Fuzzy calculations for main criteria

Criterion Average fuzzy score Crisp score Normalized crisp score

A (0.2, 0.3, 0.366, 0.466) 0.333 0.095

B (0.733, 0.833, 0.933, 0.966) 0.86625 0.2471

C (0.466, 0.566, 0.633, 0.733) 0.5995 0.171

D (0.666, 0.766, 0.866, 0.933) 0.80775 0.2304

E (0.433, 0.533, 0.566, 0.666) 0.5495 0.1567

F (0.2, 0.3, 0.4, 0.5) 0.35 0.0998
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observed that any prequalified contractor having the lowest

bid price wins the contract, which underlines the contra-

diction of not taking the first stage prequalification scores

into account in second stage evaluation (price bid evalua-

tion) as the winner may also have the lowest prequalifi-

cation score among the prequalified contractors [26].

Hence, to address this problem, in the present work it is

proposed to combine the bid price score with prequalifi-

cation score for final selection of the contractor, which will

enable the owners or clients to complete the project opti-

mally in terms of time, cost and quality parameters.

In this connection, the normalized technical score, for

each contractor, is determined as the ratio of the technical

score (OPV) of each contractor against the total technical

score of all contractors as shown in Table 11.

Similarly, the bid price score (BP) which is used to

evaluate the bids is computed as the ratio of the base bid

price and the proposed bid price of the candidate contractor

[28]. The base bid price is the client’s Estimated Cost

Table 5 Relative importance of sub criteria—ALL respondents

Criterion Priority

(Pi)

Sub-

criterion

RRI value of ALL respondents

(ri)

Normalized RRI value Ri = (ri/P
ri)

Relative importance of sub-criterion

(Pi*Ri)

A 0.095 A1 0.808 1 0.094

B 0.247 B1 0.892 0.521 0.1293

B5 0.82 0.479 0.1188

C 0.171 C1 0.832 0.2412 0.0415

C2 0.866 0.2512 0.0432

C11 0.913 0.2648 0.0455

C12 0.837 0.2427 0.0417

D 0.23 D1 0.808 0.4879 0.1122

D6 0.848 0.5121 0.1177

E 0.156 E3 0.824 0.248 0.0388

E4 0.833 0.2507 0.0392

E5 0.852 0.2564 0.0401

E6 0.814 0.245 0.0383

F 0.099 F2 0.856 0.5086 0.0508

F4 0.83 0.4914 0.0491

Table 6 Decision makers fuzzy evaluation of contractors

Criterion/contractor DM1 DM2 DM3

P Q R S P Q R S P Q R S

A1 G VG AA AA G G G AA G G AA AA

B1 VG BA G AA VG A AA AA G A AA AA

B5 BA A G VG A AA G VG BA AA G VG

C1 A A A A A A A A A A A A

C2 A AA G G A AA AA VG A AA AA G

C11 VG VG VG A VG VG VG A VG VG VG BA

C12 A A A A A A A A A A A A

D1 AA AA A G AA AA A G AA AA A G

D6 A G BA G A G BA G A G BA G

E3 AA VG VG VG AA VG VG VG AA VG VG VG

E4 A A A A A A A A A A A A

E5 BA VG VG G BA G VG G BA VG VG VG

E6 A A A A A A A A A A A A

F2 A A A A A A A A A A A A
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Value (ECV) to deliver the project without compromising

the quality standards (as per contractor document). Higher

bid price score indicates that the contractor’s proposed bid

price is closer to the base bid price and vice versa.

In the present case study, the base bid price (ECV) is

given as INR 360,000,000. The proposed bid prices of

contractor of contractors P, Q, R and S are INR

363,223,423, INR 389,243,765, INR 436,798,887 and INR

385,678,459 respectively. The bid scores of the four can-

didate contractors P, Q, R, and S are found to be 0.9913,

0.9249, 0.8435 and 0.9334 respectively. The normalized

bid price score determined is as shown in the Table 11. The

Overall Evaluation Score (OES) is calculated by combin-

ing the technical/prequalification score obtained in FST

approach with bid price score, by giving equal weight to

both the scores (Table 11). For example, the Overall

Evaluation Score (OES) of Contractor

P = 0.2243 ? 0.2680 = 0.4923. The rank order of con-

tractors P, Q, R and S is set based on the OES or combined

score as 3–2–4–1.

It can be observed from the final rank order in Table 11

that the ranks 1 and 2 (of contractors S and Q) remained

Table 7 Average fuzzy scores of contractors

Criterion Contractor P Contractor Q Contractor R Contractor S

A1 (0.6, 0.7, 0.8, 0.9) (0.67, 0.77, 0.87, 0.93) (0.53, 0.63, 0.73, 0.83) (0.5, 0.6, 0.7, 0.8)

B1 (0.73, 0.83, 0.93, 0.97) (0.33, 0.43, 0.47, 0.57) (0.53, 0.63, 0.73, 0.83) (0.5, 0.6, 0.7, 0.8)

B5 (0.27, 0.37, 0.43, 0.53) (0.47, 0.57, 0.63, 0.73) (0.6, 0.7, 0.8, 0.9) (0.8, 0.9, 1.0, 1.0)

C1 (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6)

C2 (0.4, 0.5, 0.5, 0.6) (0.5, 0.6, 0.7, 0.8) (0.53, 0.63, 0.73, 0.83) (0.67, 0.77, 0.87, 0.93)

C11 (0.8, 0.9, 1.0, 1.0) (0.8, 0.9, 1.0, 1.0) (0.8, 0.9, 1.0, 1.0) (0.33, 0.43, 0.47, 0.57)

C12 (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6)

D1 (0.5, 0.6, 0.7, 0.8) (0.5, 0.6, 0.7, 0.8) (0.4, 0.5, 0.5, 0.6) (0.6, 0.7, 0.8, 0.9)

D6 (0.4, 0.5, 0.5, 0.6) (0.6, 0.7, 0.8, 0.9) (0.2, 0.3, 0.4, 0.5) (0.6, 0.7, 0.8, 0.9)

E3 (0.5, 0.6, 0.7, 0.8) (0.8, 0.9, 1.0, 1.0) (0.8, 0.9, 1.0, 1.0) (0.8, 0.9, 1.0, 1.0)

E4 (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6)

E5 (0.2, 0.3, 0.4, 0.5) (0.67, 0.83, 0.93, 0.97) (0.8, 0.9, 1.0, 1.0) (0.67, 0.77, 0.87, 0.93)

E6 (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6)

F2 (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6) (0.4, 0.5, 0.5, 0.6)

F4 (0.5, 0.6, 0.7, 0.8) (0.6, 0.7, 0.8, 0.9) (0.4, 0.5, 0.5, 0.6) (0.67, 0.77, 0.87, 0.93)

Table 8 Defuzzified values (crisp scores) of contractor assessment

Criterion Contractor P Contractor Q Contractor R Contractor S

A1 0.75 0.81 0.68 0.65

B1 0.867 0.45 0.6833 0.65

B5 0.4 0.6 0.75 0.925

C1 0.5 0.5 0.5 0.5

C2 0.5 0.65 0.6833 0.8084

C11 0.925 0.925 0.925 0.4499

C12 0.5 0.5 0.5 0.5

D1 0.65 0.65 0.5 0.75

D6 0.5 0.75 0.35 0.75

E3 0.65 0.925 0.925 0.925

E4 0.5 0.5 0.5 0.5

E5 0.35 0.867 0.925 0.8084

E6 0.5 0.5 0.5 0.5

F2 0.5 0.5 0.5 0.5

F4 0.65 0.75 0.5 0.8084

Table 9 Normalized defuzzified values of contractor assessment

Criterion Contractor P Contractor Q Contractor R Contractor S

A1 0.259 0.28 0.2362 0.2248

B1 0.327 0.17 0.2579 0.2453

B5 0.15 0.224 0.2804 0.3458

C1 0.25 0.25 0.25 0.25

C2 0.189 0.246 0.2587 0.306

C11 0.287 0.287 0.2868 0.1395

C12 0.25 0.25 0.25 0.25

D1 0.255 0.255 0.1961 0.2941

D6 0.213 0.319 0.1489 0.3191

E3 0.19 0.27 0.2701 0.2701

E4 0.25 0.25 0.25 0.25

E5 0.119 0.294 0.3136 0.274

E6 0.25 0.25 0.25 0.25

F2 0.25 0.25 0.25 0.25

F4 0.24 0.277 0.1846 0.2985
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same as those based on prequalification score while there is

a small variation in ranks 3 and 4 between the rankings

obtained based on prequalification score and combined

scores. But, Contractor-S emerged as the most desired in

both cases. Further, it is to be noted that the final rank order

is obtained by attributing equal importance or weight to

both technical and bid price scores. Hence, FST approach

can be considered as a method which could predict the

potential contractor more reliably considering the uncer-

tainties in the selection process while the combined score

(OES) aids in selecting the optimal contractor. This could

be visualized from the change in the final rank order of

Table 10 Overall priority values (OPV) of contractors using ALL respondents’ RRI

Criteria Criteria Priority Contractor Priority Value (CPV)

Value (RII) Contractor P Contractor Q Contractor R Contractor S

A1 0.094 0.259 0.28 0.2362 0.2248

B1 0.1293 0.098 0.106 0.0891 0.0848

B5 0.1188 0.15 0.224 0.2804 0.3458

C1 0.0415 0.25 0.25 0.25 0.25

C2 0.0432 0.095 0.095 0.0946 0.0946

C11 0.0455 0.287 0.287 0.2868 0.1395

C12 0.0417 0.25 0.25 0.25 0.25

D1 0.1122 0.098 0.098 0.098 0.098

D6 0.1177 0.213 0.319 0.1489 0.3191

E3 0.0388 0.19 0.27 0.2701 0.2701

E4 0.0392 0.25 0.25 0.25 0.25

E5 0.0401 0.119 0.294 0.3136 0.274

E6 0.0383 0.25 0.25 0.25 0.25

F2 0.0508 0.25 0.25 0.25 0.25

F4 0.0491 0.24 0.277 0.1846 0.2985

OPV = R RII 9 CPV 0.185 0.221 0.1977 0.2212

Rank 4 2 3 1

Fig. 1 Linguistic Variables for

Rating Criteria and Contractor

Table 11 Final rank order of contractors

Score Contractor

P Q R S

Prequalification/technical score (OPV of contractors in Table 10) 0.185 0.221 0.198 0.221

Normalized technical score 0.224 0.268 0.24 0.268

Bid price score 0.991 0.925 0.844 0.933

Normalized bid price score 0.268 0.25 0.228 0.253

Overall evaluation score (OES) 0.492 0.518 0.468 0.521

Final rank order 3 2 4 1
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contractors as compared to the ranking based on prequal-

ification score alone.

Conclusions

1. The study reveals that Fuzzy Set Theory (FST) pro-

vides a reasonable and efficient basis for contractor

evaluation to address the uncertainty in rating criteria

and contractors.

2. The FST approach offers a reliable basis for decision

making as it facilitates an integration of the weights of

criteria obtained from industry survey and the evalu-

ations of decision makers. The decisions arrived are

relevant as they reflect the polarized views of clients

and contractors.

3. FST approach could predict the optimal contractor

more reliably considering the combined score of the

prequalification and the Bid Price Scores.

4. Quality decisions such as predicting the potential

contractor can be made more reliably using FST

approach.

5. The proposed methodology of FST is a fool proof

method and can be customized to other sectors also.

Appendix: Sample Questionnaire

This questionnaire lists out several evaluation criteria, sub-

criteria and their measures that are normally considered by

the project owners/clients or their representatives to assess

the contractors’ potential to execute the construction pro-

ject under consideration. Please give your rating, by ticking

appropriate one, based on your experience with contractor

selection process, their relevance or level of importance in

assessing the contractors’ potential to deliver the project at

hand.

Scale Meaning

IR Particular criterion/attribute (measure) is irrelevant in

assessing the contractor’s potential

VLI It has very low importance in assessing the contractor’s

potential

LI It has low importance in assessing the contractor’s potential

MI It has medium importance in assessing the contractor’s

potential

I It is important in assessing the contractor’s potential

VI It is very important in assessing the contractor’s potential

Respondent Details

1. Name of the respondent:_________________________; Experience:___Years.
2. Respondent Type: Public client / Private client / Contractor or Contracting company.
3. (i) Name & address of department/Firm/Contracting company working 
for_____________________________________________________

(ii) Designation of respondent: _____________________
(iii) Class of contractor/ Type of company: ___________________ 

Place:  ____________   
Date:    ___________ Signature of Respondent
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A Contracting company’s attributes IR VLI LI MI I VI

1. Age (experience) and registration of the contractor’s firm/company

2. Familiarity with regulating authorities

3. Familiarity with local working culture

4. Company’s negotiating skill

5. Company’s trade union record

6. Prior business relationship

7. Company proximity to project

8. Health and safety record of the company

9. Achievement of quality level (e.g., ISO: 9000:14000)

10. Post-business attitude (e.g., claims and counter-claims)

11. Past failures

12. Record of firm’s social responsibility

B Experience record IR VLI LI MI I VI

1. Experience of working on similar projects

2. Experience with owner’s organization

3. Experience in local area

4. Experience in similar geographical and weather conditions

5. Type and size of projects completed in past 5 years

6. Highest value of project executed in past 5 years

C Past performance of the contractor IR VLI LI MI I VI

1. Work quality in completed projects (i.e., third party quality certification and incentives awarded)

2. Adherence to time schedule in past works

3. Percentage of past works completed within the agreed contract value

4. Percentage of works sublet in past projects

5. Standard of sub-contractors’ works in past projects

6. Attitude towards incomplete/correcting faulty works

7. Cordial Relationship with past project clients/owners

8. Relationship with sub-contractors

9. Relationship with suppliers

10. Relationship with regulating authorities

11. Blacklisting in past projects

12. Quality of service during defect liability period

13. No. of arbitral awards or court decisions (litigation history) in past 5 years

D Financial capability of the contractor IR VLI LI MI I VI

1. Current commitments

2. Authorized and paid-up capitals

3. Working capital

4. Current and fixed assets

5. Net worth

6. Turnover

7. Profit generating ability of the company

8. Liquidity status of the company

9. Capital structure of the company (amount of debt and equity)

10. Reference of financial institutions

11. Balance sheet data

12. Credit rating

13. Financial closure (finances-arrangement) for the project
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A B S T R A C T

The possibility of reusing the aggregate from demolished structures in fresh concrete, in order to
reduce the CO2 impact on the environment [23] and to preserve natural resources, was explored
worldwide and it is established that recycled aggregates can be used as a partial replacement of
natural aggregates. Due to its potential to be used in eco-friendly structures and shortage of
supply of natural aggregates in some parts of the world, there is an increasing interest in using the
recycled aggregate. The durability aspects are also of equal concern along with the strength and
economy of any material to be used in the construction. Studies reveal that the behaviour of
ternary and quaternary blended concretes is superior from durability point of view compared to
conventional concrete. Therefore a study is conducted to assess the acid resistance of recycled
aggregate based Quaternary Blended Cement Concrete (QBCC) of two grades M40 and M60. Fly
ash and silica fume are fixed at 20% and 10% respectively from the previous studies while two
percentages of Nano silica (2 and 3%) were used along with the cement to obtain QBCC. Three
percentages of recycled aggregates as partial replacement of conventional aggregate (0%, 50%
and 75%) were used in this study. Two different acids (HCL and H2SO4) with different con-
centrations (3 and 5%) were used in this study. Acid resistance of QBCC with Recycled Concrete
Aggregate (RCA) is assessed in terms of visual appearance, weight loss, and compressive strength
loss by destructive and non-destructive tests at regular intervals for a period of 56 days. The test
results showed marginal weight loss and strength loss in both M40 and M60 grades of concretes.
The Ultrasonic Pulse Velocity (UPV) results show that the quality of QBCC is good even after
being subjected to acid exposure.

1. Introduction

The widespread use of concrete for making architectural structures, foundations, brick/block walls, pavements, bridges/over-
passes, highways, runways, parking structures, dams, pools/reservoirs, pipes, footings for gates, fences and poles and even boats, has
increased the demand for cement concrete as a construction material. Due to increase in infrastructure developments, the demand for
concrete would increase in future. With the continuing expansion of infrastructure and housing construction, especially in the de-
veloping countries of Asia, Africa and South America, the rate of consumption of cement and concrete is bound to grow further. It is
estimated that the world cement production will increase to around 4.8 billion tons per annum by the year 2030 [1], resulting in
proportionate growth in the production of concrete. This consumes the natural resources on one side and increases the demolition
waste on the other. Aggregate recycled from demolished concrete is considered to be waste product which can be utilized effectively
to overcome the harmful effect of producing natural aggregate like depletion of natural resources, effect on the surrounding
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environment, etc. Quaternary blended cement concrete has high workability and improved properties apart from usage of industrial
wastes like fly ash, silica fume, etc. For any material to be used for construction, the durability properties are also important along
with the desired strength and mechanical properties. Hence, a study is undertaken to investigate the acid resistance of Quaternary
blended cement concrete made with varying proportion of recycled concrete aggregate subjected to hydrochloric acid and sulfuric
acid attack. In this study M40 and M60 grades of concrete with different RCA proportions were used.

Alexander and Fourie [2] measured acid resistance of six different sets of concrete materials using hydrochloric acid in a test
method developed at the University of Cape Town. They found that Silica fume concrete showed better acid resistance compared to
the standard concrete and the meta-kaolin concrete. Tang et al. [3] carried out study on compressive strength and durability of
concrete and covered the effect of alkali aggregate reaction, sulphate attack, steel corrosion and freeze-thaw. Medina et al. [4]
conducted studies on the chloride penetration and electrical resistivity, as well as the relationship among the durability indicators
that predict concrete performance during its service life. The study showed that chloride penetration was slightly deeper in recycled
concretes, while no alterations were observed in the relationship among the durability indicators. Faiz and Supit [5] carried out
experimental investigations on the compressive strength and durability properties of high volume flyash concretes containing ul-
trafine class F fly ash (UFFA). They concluded from their investigation that the introduction of ultra fine fly ash improved early age
compressive strength and also durability properties. Chousidis et al. [6] investigated the effect of greek flyash as a partial replacement
of cement on the durability and mechanical resistance of concrete immersed in sodium chloride solution (NaCl) and concluded that
with increase in flyash content chloride concentration increased which in turn increases corrosion of steel.

Dilbas et al. [7] studied the properties of the specimens made of recycled concrete aggregate with silica fume and without silica
fume. The study resulted that the compressive strength of the recycled concrete aggregate was low when compared to the specimens
with silica fume mixed in the concrete. Prasad Rao and Kumar [8] concluded that with the increase in the percentage of nano silica
the various strength characteristics of the concrete were increased upto 1.5% and with further increase in nano silica the strength
decreased. The split tensile strength also indicated the similar trend. Based on the study the strength properties of concrete can be
improved by addition of 1.5% of nano silica and 10% of micro silica by weight of concrete. Prasad Rao and Kumar [9] found the
optimum values of nano-silica and flyash as 3% and 20% respectively from strength point of view. Abdul Wahab et al. [10] concluded
from their study that in triple blended mixes, there is a gradual increase in strength upto 2% of nano silica with 10% condensed silica
fume (CSF) in the mix and above there is gradual decrease in the strengths. Finally the study concluded that adequate plasticizers are
to be added when nano silica and CSF are used along with the cement in high strength concrete mixes. Seshasayi et al. [11] Carried
out an experimental investigation to assess the performance of three types of concrete: the study concluded that Concrete with high
volume fly ash showed better resistance when exposed to acidic environment, though strength decreased marginally. Concrete with
blended cement is found to be more impermeable than concrete with fly ash mixed at site. Mukesh et al. [12] investigated the
mechanical properties and durability performance of concrete produced with Portland silica fume (PSF) and RCA. In this study a
gradual reduction in strength with an increase in RCA content was observed. Reducing the w/c of concrete treated with the RCA has
led to an enhanced compressive strength, higher resistance to carbonation, and chloride ion ingress. Torben and Erik [13] concluded
from their experimental investigations that Recycled aggregate concretes have 15–30% lower modulus of elasticity and 40–60%
higher shrinkage than corresponding conventional concretes.

Buttler and Machado [14] carried out an experimental study to evaluate the physical properties of the recycled concrete coarse
aggregates and the physical and mechanical properties of the concretes produced with these aggregates. Results indicate that the
residues of concrete that were recycled right after generation exhibit higher compressive and tensile strengths when compared to
those concretes with natural aggregates because of the presence of a large amount of non-hydrated cement particles. Meinhold et al.
[15] demonstrated through their experimental work that the industrial production of a high-grade, durable concrete is possible.
Yamato et al. [16] concluded that decrease in strength can be suppressed low by partial use of recycled coarse aggregate. The drying
shrinkage of recycled aggregate concrete showed larger value than conventional crushed aggregate concrete whereas shrinkage
reducing agent can reduce the drying shrinkage of recycled aggregate concrete. Torben and Soren [24] reported experimental results
that show that addition of a plasticizing, an air entraining, a retarding, and an accelerating admixture to original concretes had little
or no effect on the properties of new concretes produced from recycled aggregates obtained by the crushing of original concretes.
Adam et al. [17] investigated the workability, compressive strength, and elastic modulus of normal-strength concrete with recycled
concrete aggregate (RCA) as replacement for coarse natural aggregate (for example, crushed stone, gravel). The results suggest that
the RCA water absorption and deleterious material content can be used to prequalify the material for selected concrete strength and
stiffness performance objectives. Corinaldesi and Moriconi [18] carried out an investigation by completely replacing natural ag-
gregates with recycled aggregates from a crushing plant in which rubble from building demolition was ground. The results obtained
show that because of mineral addition and W/C reduction, recycled aggregates can be used instead of natural aggregates since
concretes with similar compressive strength can be obtained. The use of the recycled aggregates with fly ash replacements also has
significant cost and environmental advantages over ordinary concrete.

Therefore, in this study, acid resistance of quaternary blended recycled aggregate concrete is studied for two different grades of
concrete M40 and M60. The weight loss and strength loss are the main parameters of study. Two acids HCL and H2SO4 are used with
two different percentages selected, based on the literature available, corresponding to exposure conditions. The loss of strength
increased with increased recycled aggregate concrete. However, the value of strength loss is observed to be less compared to earlier
researchers’ findings [19] due to the addition of powders (Quaternary blending). The results of the investigation are useful for
application of QBCC in sewage pipes.
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2. Experimental investigation

2.1. Materials, mix proportions and specimen preparation

The raw materials used for this research were OPC 53grade, recycled coarse aggregate, fine aggregate of zone III, fly ash of class F
with less than 8% CaO, silica fume, nano silica and super plasticizer CONPLAST SP-430 (Sulfonated Naphthalene based). OPC grade
53 with specific gravity 2.99 is used in this investigation and the chemical composition of cement is shown in Table 1. The physical
properties of fly ash, silica fume and nano silica are shown in Table 2. The chemical composition of cement, fly ash and silica fume are
given in Tables 3–5 respectively. The recycled coarse aggregate was obtained from 20 year old residential slab that was crushed,
cleaned from excess mortar and sieved. The physical properties of Fine and Coarse aggregates are shown in Table 6. The grain size
distribution curves are shown in Fig. 1. Hydrochloric acid and sulphuric acid were used for testing acid resistance of QBCC. Twelve
groups of mixtures were prepared in the lab with different proportions for M40 and M60 grades of concrete, with six mixes for each.
The details of mixes are shown in Table 7.

For the mechanical tests, specimens of 100mm×100mm×100mm were prepared. The mixture was filled in the moulds and
vibrated. The specimens were demoulded after 24 h and cured under water for 28 days. After curing specimens were immersed in 3%
and 5% sulphuric acid and hydrochloric acid solutions separately for a total period of 56 days.

2.2. Methodology

The effect of fly ash and recycled coarse aggregate on the durability of concrete was evaluated by various physical and mechanical
tests.

2.2.1. Test for compressive strength
The bearing surface of testing machine and cube specimen were cleaned before placing the specimen in the testing machine. The

cube specimen was placed in the machine and the compressive strength of the specimen was calculated by dividing the maximum
load applied by cross sectional area of the specimen. The change in compressive strength after acidic exposure was determined by
testing the compressive strength of the specimens after selected periods of exposure.

2.2.2. Change in mass
The specimens were removed from acid solution and wiped clean prior to the measurement of mass. Change in mass of specimens

was calculated up to 56 days after being subjected to various periods of exposures, i.e., 1, 7, 15, 28 and 56 days. Mass measurements
were done using an electronic weighing machine. The specimens were returned to the acidic solution container, immediately after the
measurement was done.

2.2.3. Non-destructive test (NDT)
The ultra-sonic pulse velocity (UPV) method is used for non-destructive testing. The main objective of the ultra-sonic pulse

velocity method is to establish the homogeneity of the Concrete, the presence of cracks, voids and other imperfections due to changes
in the structure of the concrete caused by the exposure condition. For this test, specimens were wiped clean and dried prior to the
NDT test. An initial load of 10% of the compressive strength was applied on the concrete specimens, grease was applied on the plain
surfaces and then NDT was carried out. The schematic diagram of UPV test is shown in Fig. 2.

Table 1
Chemical composition of Cement (as per Manufacturers test report).

S. No. Chemical Property Limits as per IS Results

1 Lime Saturation Factor (%) 0.66–1.02 0.82
2 Alumina Iron Ratio (%) Min 0.665 1.2
3 Insoluble Residue (%) Max 2% 0.95
4 Magnesia (%) Max 6% 2.4
5 Sulphuric Anhydride (%) 2.5%–35 1.1
6 Loss on Ignition (%) Max 5% 2.2

Table 2
Physical properties of Fly ash, Silica fume and Nano silica.

Physical property Results obtained

Fly Ash Silica Fume Nano Silica

Specific gravity 2.28 2.22 1.31
Bulk density kg/m3 944 720 –
Average particle size 6.92 μm <1 μm 5–10 nm
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Table 3
Chemical composition of cement (as per manufacturers test report).

S. No Chemical Property Limits as per IS Results

1 Lime Saturation Factor (%) 0.66–1.02 max 0.82
2 Alumina Iron Ratio (%) Min 0.665 1.2
3 Insoluble Residue (%) Max 2% 0.95
4 Magnesia (%) Max 6% 2.4
5 Sulphuric Anhydride (%) 2.5%–35 1.1
6 Loss on Ignition (%) Max 5% 2.2

Table 4
Chemical composition of fly ash.

S. No. Chemical Property Result (% mass)

1 Loss on Ignition 0.43
2 Alumina (as Al2O3) 16.31
3 Silica (as Sio2) 60.82
4 Iron (as Fe2O3) 17.17
5 Calcium (as CaO) 4.64
6 Magnesium(MgO) Not found
7 Sodiun (as Na2O) 0.34
8 Potassium (as K2O) 0.08

Table 5
Composition of Silica fume as per manufacturer test certificate.

S. No Chemical requirements Specification as per IS Test results

1 Silicon dioxide, Sio2 Minimum 85% 85.42%
2 Moisture content Maximum 3% 0.62%
3 Loss of Ignition Maximum 6% 2.26%
4 Physical requirement (> 45 μm) Maximum 10% 0.8%
5 Pozzolona activity index Minimum 10.5% 13.8%
6 Specific surface (m2/gm) Minimum 15 19
7 Bulk density (kg/cu m) 500–700 610

Table 6
physical properties of Fine and Coarse Aggregate.

Physical property tested Results obtained

Fine Aggregate Coarse Aggregate Recycled Coarse Aggregate

Specific Gravity 2.52 2.835 2.72
Fineness Modulus 3 7.313 7.309
Water Absorption – 0.53 2.68

Fig. 1. Grain size distribution of Coarse Aggregate.
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3. Results and discussions

3.1. Workability of concrete

The super-plasticizer dosage is adjusted in all the mixes to achieve the required workability. The slump value for all the mixes
ranged between 50 and 80mm. The workability of concrete reduced as the recycled aggregate content increased while the increase in
nano-silica improved workability.

3.2. Compressive strength

The compressive strengths of the mixes after 28 days of curing and the standard deviations are shown in Table 8.
For M40 grade of concrete the target mean compressive strength could be obtained for both the mix proportions varying per-

centage of nano silica with 0% and 50% of recycled coarse aggregate while for M60 grade of concrete target mean strength could only

Table 7
Mix proportions of twelve groups of mixtures.

Grade Mix Cement content
(%)

fly ash content
(%)

silica fume content
(%)

nano silica content
(%)

RCA (%) Mix Proportiona

M40 M1 68 20 10 2 0 Powder:FA: CA= 1:1.36:2.22 with W/
P=0.36M2 67 20 10 3 0

M3 68 20 10 2 50
M4 67 20 10 3 50
M5 68 20 10 2 75
M6 67 20 10 3 75

M60 M7 68 20 10 2 0 Powder:FA: CA= 1:1.07:1.85 with W/
P=0.30M8 67 20 10 3 0

M9 68 20 10 2 50
M10 67 20 10 3 50
M11 68 20 10 2 75
M12 67 20 10 3 75

a Note: The mix proportions are taken by weight.

Fig. 2. Schematic Diagram of Ultrasonic Pulse Velocity Test.

Table 8
Compressive strengths after 28 days of curing.

Grade of Concrete Compressive Strength (N/mm2) Standard Deviation

0% RCA 50% RCA 75% RCA 0% RCA 50% RCA 75% RCA

M40 (2% NANO SILICA) 56.44 52 41.73 1.229 1.980 2.28
M40 (3% NANO SILICA) 55.46 49 40.12 1.282 1.536 2.177
M60 (2% NANO SILICA) 68.60 55 47.20 1.058 2.182 3.732
M60 (3% NANO SILICA) 61 52 44.60 1.621 1.621 1.916 3.306
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be attained for the mix with 2% nano silica and 0% recycled aggregate (Table 8). For M60 grade concrete with 3% nano silica, the
design strength could be achieved with 0% RCA though the target strength could not be achieved (Table 8). The percentage loss in
weights and compressive strengths of the specimens exposed to acidic solutions for various periods are compared to that of the
control specimens not exposed to the acids.

3.3. Loss in compressive strength

The percentage loss of compressive strength for M40 grade concrete with 2% and 3% nano silica and 0%, 50% and 75% of RCA,
due to acid effect are as shown in Tables 9 and 10 while the same for M60 grade of concrete are shown in Tables 11 and 12. The loss
of compressive strength ranged from 8.7 to 11.9% in M40 grade concrete when exposed to HCL or H2SO4. A marginal increase in
percentage strength loss is observed as the nano silica content or percentage of RCA increased in the mix. The percentage loss in
compressive strength is observed to be more in the specimens exposed to H2SO4 compared to those exposed to HCL. The compressive
strength is found to reduce as the percentage RCA content increased in the mix (by 50% or more) and the loss of compressive strength
due to acid exposure also increased as the percentage of RCA increased leading to further reduction in the strength of RAC. Similar
trend is observed in M60 grade concrete also with the percentage change in compressive strength varying from 8.8 to 12.

3.4. Change in weight

The results of percentage change in weight of the specimens for M40 concrete with 2% and 3% nano silica and 0%, 50% and 75%
of RCA due to different concentrations of acid effect are shown in Figs. 3 and 4 and the same for M60 concrete are shown in Figs. 5
and 6.

The weight loss on the first day of immersion is negative due to absorption of acid solution by the specimens, but there is gradual
increase of loss in weights seen on 7th day, 15th day, 28th day and 56th day of immersion. The weight loss observed is marginal due
to the acid exposure in both the acids HCL and H2SO4. However, the weight loss due to the exposure of concrete of both the grades
M40 and M60 is more in case of H2SO4 compared to HCL. The percentage loss of weight ranged between 1.5–2.9 in case of HCL and
1.65–3.5 in case of H2SO4. The weight loss is also found to increase with the increasing percentage of RCA in both the grades of
concretes tested. There is no effect of nano silica on the weight loss in both the grades of concrete and similar trend in weight loss is
observed for 2% and 3% nano silica.

3.5. Ultrasonic pulse velocity values

The results of all the specimens tested for ultrasonic pulse velocity show that the concretes of both the grades M40 and M60 are
performing well even after 56 days of exposure to acids with the UPV values ranging between 3.5–4.5 km/s. However, there is a
reduction in UPV values with the concentration of acid, increasing age of exposure and increasing RCA content indicating decreasing
quality. The specimens with 3% nano silica performed well compared to the specimens with 2% nano silica in both HCL and H2SO4
for both the grades of concrete with recycled aggregate (Figs. 7–10).

The UPV values of specimens with 3% nano silica show that there is no change or a slight increase in these values with age in both
M40 and M60 grades of concrete without recycled aggregate indicating good acid resistance (Figs. 7(b), 8(b), 9(b) and 10(b)). Similar
trend is observed in M60 grade concrete with 2% nano silica (Figs. 9(a) & 10(a)). However, in M40 grade concrete with natural

Table 9
Loss percentage of compressive strengths of M40 grade with 2% nano silica.

Grade Acid Compressive Strength N/mm2

0% RCA Loss (%) 50% RCA Loss (%) 75% RCA Loss (%)

M40 3% HCL 51.50 8.76 47.40 8.85 37.99 8.96
5% HCL 51.35 9.02 47.27 9.10 37.88 9.22
3% H2SO5 50.40 10.70 46.39 10.78 37.19 10.88
5% H2SO4 49.89 11.60 45.92 11.70 36.78 11.86

Table 10
Loss percentage of compressive strengths of M40 grade with 3% nano silica.

Grade Acid Compressive Strength N/mm2

0% RCA Loss (%) 50% RCA Loss (%) 75% RCA Loss (%)

M40 3% HCL 50.53 8.89 44.64 8.90 36.51 9.10
5% HCL 50.41 9.10 44.50 9.18 36.32 9.46
3% H2SO4 49.49 10.76 43.68 10.86 35.68 11.06
5% H2SO4 48.98 11.68 43.23 11.78 35.31 11.89
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Table 11
Loss percentage of compressive strengths of M60 grade with 2% nano silica.

Grade Acid Compressive Strength N/mm2

0% RCA Loss (%) 50% RCA Loss (%) 75% RCA Loss (%)

M60 3% HCL 62.56 8.80 50.12 8.88 42.96 8.89
5%HCL 62.31 9.16 49.91 9.25 42.66 9.62
3% H2SO4 61.18 10.82 49.01 10.90 41.97 11.08
5% H2SO4 60.6 11.66 48.55 11.72 41.57 11.92

Table 12
Loss percentage of compressive Strengths of M60 grade with 3% nano silica.

Grade Acid Compressive Strength N/mm2

0% RCA Loss (%) 50% RCA Loss (%) 75% RCA Loss (%)

M60 3% HCL 55.56 8.92 47.34 8.96 40.53 9.12
5% HCL 55.39 9.19 47.04 9.53 40.16 9.95
3% H2SO4 54.35 10.90 46.29 10.98 39.60 11.21
5% H2SO4 53.85 11.72 45.82 11.88 39.25 12

Fig. 3. Percentage weight loss vs period of exposure for M40 Concrete with varying RCA exposed to 3% and 5% HCL.

Fig. 4. Percentage weight loss vs period of exposure for M40 Concrete with varying RCA exposed to 3% and 5% H2SO4.
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aggregates and with 2% nano silica, there is a reduction in UPV values with age (Figs. 7(a) and 8(a)).

3.6. Comparison of results with earlier work

Hiren Patel et al. [20] conducted tests on acid resistance of M30 Grade concrete and reported weight loss of 1.5% when exposed to

Fig. 5. Percentage weight loss vs period of exposure for M60 Concrete with varying RCA exposed to 3% and 5% HCL.

Fig. 6. Percentage weight loss vs period of exposure for M60 Concrete with varying RCA exposed to 3% and 5% H2SO4.

Fig. 7. Variation of UPV with period of exposure for M40 Concrete with varying RCA exposed to 3% and 5% HCL.
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Fig. 8. Variation of UPV with period of exposure for M40 Concrete with varying RCA exposed to 3% and 5% H2SO4.

Fig. 9. Variation of UPV with period of exposure for M60 Concrete with varying RCA exposed to 3% and 5% HCL.

Fig. 10. Variation of UPV with period of exposure for M60 Concrete with varying RCA exposed to 3% and 5% H2SO4.
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5% H2SO4 for 28 days and this value is close to our experimental values for M40 Grade which is around 2%. Mohammed Fouad
Alnahhal et al. [19] observed a strength loss of up to 63% in NAC and 67% in RAC when exposed to 3% HCl solution and these losses
were reduced to 39% by adding 30% of rice husk ash. These values are on higher side compared to our observations in the ex-
perimental investigation which is around 9%. This may be due to the presence of mineral admixtures like fly ash, silica fume and
nano silica. Sanjukta Sahoo et al. [21] reported a strength loss of 8% when exposed 1% H2SO4 and this value is comparable to our
experimental value which is 9% when exposed to 3% H2SO4.

4. Conclusions

• The target strength is attained in quaternary blended cement concrete of grade M40 upto 50% of recycled aggregate as partial
replacement of natural aggregate but concrete with 75% of recycled coarse aggregate could not attain target strength.

• The target strength could not be attained in quaternary blended cement concrete of M60 grade when recycled aggregate is used
50% or more as partial replacement of natural aggregate.

• The weight loss of the specimens increased with the increase in the percentage of recycled coarse aggregate in the mix. The loss in
the weight was more in the specimens with 3% nano silica when compared to specimens with 2% nano silica.

• The loss due to acid exposure is more in H2SO4 compared to HCL in both the grades of concrete tested, the maximum loss of
compressive strength being 12% for QBCC with 75% RCA and 3% nano silica. However, the ultra-sonic pulse velocity ranged
between 3.5 km/s–4.5 km/s for both M40 and M60 grade QBCC after 56 days of acid exposure, indicating good quality condition.

• Quaternary blended cement concrete with 0% and 50% RCA are more resistant to acid attack when compared to 75% RCA as
partial replacement of natural aggregates.
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1. INTRODUCTION 

Providing shelter to its subjects is the fundamental duty of all governments which requires several materials such as concrete, 

steel, brick, stone and so on. However, the cement concrete remains the main construction material and for its suitability and 

adaptability concerning the changing environment. This widely used material must also be such that it can conserve 

resources, protect the environment, economize and lead to proper utilization of energy and major emphasis must be laid on 

the use of wastes and byproducts in cement and concrete. The utilization of recycled aggregate is particularly very promising 

as 75 percent of concrete is made of aggregates. In that case, the enormous quantities of demolished concrete are available at 

various construction sites, which are now posing a serious problem of disposal in densely populated urban areas. This can 

easily be done by recycling the aggregate. Research & Development activities have been taken up all over the world for 

proving its feasibility, economic viability and cost-effectiveness. 

The extensive research on Recycled Concrete Aggregate (RCA) has started from the year 1945 in various parts of the world 

after World War II but in a fragmented manner. The first effort has been made by Nixon (1978)[1] who compiled all the 

works on recycled aggregate carried out between 1945-1977 and prepared a state-of-the-art report while concluding that 

some researchers have examined the basic properties of concrete in which the aggregate is the product of crushing another 

concrete. A comprehensive state-of-the-art document on the recycled aggregate concrete has been presented by Hansen et al. 

(1986)[2] in which detailed analysis of data has been made, leading towards the preparation of guidelines for production and 

utilisation of RCA. RILEM technical committee 121-DRC[3] has given broad guidelines for the utilisation of RCA. Several 

researchers concluded 
[4, 5] 

that RCA can be used for normal strength concrete. Limbachiya et al.(2000)
[6]

 concluded that RCA 

could also be utilised in high strength concrete and proper mix proportioning is the key to achieve strong and durable 

concrete. Though concrete lends itself to a variety of innovative designs, it suffers from several drawbacks that affect quality 

constructions such as Lack of toughness and ductility, Flexural strength limitation, Low abrasion/wear resistance, Inherent 

microcracks and Limited impact resistance.  

To overcome above defects addition of Fibre to concrete is one of the solutions. Correct quantities and the right size of fibres 

when incorporated into conventional concrete substantially add to the strength when compared with concrete products made 

without fibre. FRC is also tougher and more resistant to impact in comparison with plain concrete.  FRC conventionally uses 

steel fibre, and a lot of research work is being carried out on synthetic fibres also such as polyester, polypropylene. Synthetic 

fibre reinforced concrete (SNFRC) makes use of man-made fibres that are derived from organic polymers like acrylic, 

aramid, carbon, nylon, polyester, polythene and polypropylene fibres which have been tried as reinforcing material in 

Portland cement concrete. Since the use of PPFRC reduces water penetration and permeability by more than 50% with 

respect to control concrete, IS 2645 recommends it as waterproofing admixture. However, the basic attributes of PPFRC are a 

reduction in shrinkage cracks and improvement in elastic properties of concrete.  

Dave and Desai(2007)
[7]

 found the addition of fibres produce non linear curve after first crack and reaches its peak at the 

ultimate strength of maximum sustainable static load and also the intricate matrix formed by huge number of fibres increase 

the compressive strength of a desired mix of concrete. Polymeric fibres having relatively low modulus of elasticity which 
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reduce the initial stiffness and ultimate strength but their better extensibility results in an appreciable post-peak performance 

and toughness. Tam and Tam (2008)
[8] 

developed a two-stage mixing approach to improve the quality of recycled coarse 

aggregate concrete for high-grade applications. The effects for the two-stage mixing approach can be attributed to the porous 

nature of recycled aggregate, and hence pores and cracks can be successfully filled up during the pre-mixing process, 

yielding denser concrete, improved interfacial zones around recycled aggregate and thus a higher strength in comparison with 

concrete using traditional mixing approaches.  

Mukai et al. (1988)
[9]

 investigated the failure in low reinforced concrete beam specimens made with RCA and conventional 

aggregate concrete. The study also included the shear strength of low reinforced concrete of both the beams. The authors 

observed first cracking in RCA beam specimen. However, the ultimate load was similar in both the beams. Etxeberria et al. 

(2007)
[10]

 produced four different recycled aggregates concretes made with 0%, 25%, 50% and 100% of recycled coarse 

aggregates, respectively. The authors concluded the utilization of RCA produced lower modulus of elasticity compared to 

conventional concretes and verified the numeral models proposed by several researchers.   Tavakoli   and   Soroushian 

(1996)
[11]

 carried out experimental work to determine the compressive, split tensile and flexure strength of recycled aggregate 

concrete and compared them with those of concrete made with the crushed natural aggregate. The authors concluded that the 

strength characteristics of recycled aggregate concrete are influenced by the strength of the original concrete, the ratio of 

coarse to fine aggregate in the original concrete, the ratio of the top size of aggregate in the original concrete to that of the 

recycled aggregate and the water absorption of recycled aggregate. Ajdukiewicz and Kliszcewicz (2002)
[12]

 considered 

different grades of concrete ranging from M40 to M70 in their study and the recycled aggregate used was obtained from 

crushing concrete having a strength ranging from M40-M60.The results showed that the properties of original concrete 

significantly influence mechanical properties of recycled aggregate and it is possible to obtain recycled aggregate with higher 

strength than the original one.   K.J.Rao(2011)
[13]

 conducted tests on concrete using glass/polyester fibres and Recycled 

aggregate and concluded that plain concrete beams with 0% RCA and 50% RCA failed once the first crack was initiated, but 

the large deflections of fibrous concrete beams before failure indicated improved ductility.  

In the present paper, an effort is made to compare some of the mechanical properties of high strength Recycled Aggregate 

Concrete (RAC) with the Natural Aggregate Concrete (NAC) using different percentages of PP 3S polypropylene fibres. 

 

2. MATERIALS USED AND EXPERIMENTAL METHODOLOGY 
Commercially available OPC 53 grade cement conforming to IS:12269

[14]
 was used for preparing cement paste and concrete. 

The standard tests were conducted to find the characteristics of cement, and the results are tabulated in Table 1. Potable water 

available in the laboratory was used for the mixes.  

Table1: Chemical composition and Physical properties of Cement 

 

Chemical 

composition  

 

CaO 

 

SiO2 
Al2O3 Fe2O3 MgO Na2O K2O 

 

SO3 

 

LOI 

Value (%) 63.4 20.1 4.1 3.3 3.6 0.2 0.4 2.1 2.4 

 

Physical 

properties 

Blain fineness (m
2
/kg) Average primary particle 

size 
Specific gravity 

Value  308 28.2 3.14 

 

Fine Aggregate The local river sand passing through 4.75 I.S.Seive and retained on 150 micron was used for preparing the 

concrete. The sand is free from clayey matter, salt and organic impurities. The sand is tested for various properties like 

specific gravity, bulk density, etc., as per Grain size distribution of sand shows that it is close to the zone-III of IS:383
[15]

 

Natural coarse aggregate Crushed granite stone aggregate of nominal size passing 20mm was used throughout the work. 

Recycled concrete aggregate Field demolished concrete is used in the present study to produce the recycled aggregates. The 

concrete debris was collected with the age 7 to 10 years structure and broken into pieces of approximately 80 mm size with 

the help of hammer & drilling machine. The foreign matters were sorted out from the pieces. Further, those pieces were 

crushed in a laboratory jaw crusher and sieved through a sieve of 4.75 mm to remove the finer particles.  

Super plasticizer Polycarboxylic Ether based supplied by M/s FOSROC Chemicals India Private Limited was used. 

Water Fresh potable water free from organic matter and oil was used for mixing of the concrete. 

PP 3S Polypropylene Construction Fibres are triangular polyester fibre in cross section with cut length of 6mm & 12mm 

which is being widely used in Indian construction industry. It is much cheaper than any other imported construction fibres. At 

the specified dosage of 0.25% by weight of cement, there are a million of fibres which form a mesh in concrete. The spacing 

is approximately less than 1mm between any two fibre filaments in any coordinate of the matrix. 

 

3. EXPERIMENTAL INVESTIGATION 
The workability test includes slump and compaction factor and the hardened state properties like compressive, flexural and 

split tensile strengths, and static modulus of elasticity were conducted on standard test specimens in this investigation. 
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Design Mix-ACI method of mix design was adopted and the grade of concrete is M60. The various ingredients and their 

quantities are shown in Table 2. 

 

Table 2.Quantities of various ingredients of M-60 grade concrete 

Cement (kg/m
3
) 594 

Sand (kg/m
3
) 596.75 

Aggregate(kg/m
3
) 1080 

Water(ltrs) 185 

Super plasticizer(kg/m
3
) 5.5 

28Days Cube compressive strength (MPa) 68.75 

 

4. TEST RESULTS AND DISCUSSIONS 

Results obtained from the experimental investigation are the mechanical properties of M-60 grade concrete with 0, 50 and 

100% RCA containing PP fibres. They are compared with the mechanical properties of plain concrete. The test results are 

shown graphically in the    Figures 1 to 8. 

 

4.1 Workability of concrete 

The slump test values of concrete grade M-60 with 0, 50 and 100% RCA with different percentages of Recron 3S PP fibres 

viz, 0, 0.2, 0.3 and 0.4% by weight of cement are shown in Fig 1. For normal aggregate the slump and compaction factor is 

satisfactory. From the results obtained, it is observed that there is no appreciable change in workability of conventional 

concrete and concrete with RCA and PP fibres. However, there is a marginal decrease in the workability as fibres were 

introduced.  

 

4.2 Compressive Strength  

Cube specimens were tested for compression, and the ultimate compressive strength was determined from failure load 

measured using the compression testing machine. The average values of the compressive strength of 3 specimens for each 

category at the ages of 7 and 28 days are shown in Fig 2.  There is a marginal increase in compressive strength as the fibre 

content increased from 0 to 0.2% in natural aggregate concrete and there is a drop in the strength on further increase in fibre 

content. The same trend is observed even in recycled aggregate concrete upto a replacement of 50% though there is a 

marginal decrease in strength of recycled aggregate concrete compared to natural aggregate concrete.  However, there is a 

continuous reduction in strength when the natural aggregate is totally replaced by recycled aggregate for all percentages of 

fibres. The behavior is observed to be similar for seven days and 28 days properties. 

 

4.3 Split Tensile Strength  

Cylinder specimens were tested for splitting tensile strength. The test was carried out according to IS: 5816-1970. The 

variation in the splitting tensile strength of various concrete mixtures over plain concrete is also shown in Fig 3. The increase 

in Split Tensile strength of concrete with normal coarse aggregate (NCA) with 0.2%, 0.3% and 0.4% PP fibre was observed 

to be 17%, 4% and 13% respectively when compared to plain concrete. For concrete mix with 50% RCA, the increase in 

strength with the addition of PP fibres was observed to be 6%, 2% and -4% respectively when compared to NCA concrete. 

For the grades of concrete M-60 with 0, 50 and 100% RCA there is a maximum increase in the splitting tensile strength at 

0.2% of fibre with the percentage increase 17%, 6%and 4% respectively. But when RCA completely replaced NCA at higher 

dosages of fibre, a decrease in strength of 12% was observed. 

 

4.4 Flexural Strength 

Prism specimens were tested under two-point loading at the age of 7 and 28 days and strengths are shown in   Fig 4. There is 

a marginal increase in strength of M-60 grade concrete with NCA and PP fibre of 0.2%, 0.3%and 0.4% when compared to 

plain concrete. Similar trend was observed for 50% RCA also while for 100% RCA, a large reduction in flexural strength of 

about 26% was observed for all PP fibre percentages owing to fibre balling and lesser strength of aggregate.  

 

4.5 Secant modulus of elasticity 

Concrete cylinders were tested for Secant modulus. The tests were carried out confirming to IS:516-1959. The variation in 

modulus of elasticity of various concrete mixtures over the plain concrete is shown in the Fig 5. The observed values are 

coinciding with observations made by several researchers around the globe.  

 

4.6 Ductility Characteristics 

The PP fibre induced prisms exhibited a little ductility characteristics with the appearance of crack before failure. At the 

failure load, a crack appeared in between the loading points and then specimens failed. It was also observed that with the 
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percentage increase in the addition of PP fibre content from 0.0% - 0.4%, there was a decrease in deflections for the same 

load (Fig 6-8) indicating improved flexural stiffness of the beams. 

 

5. CONCLUSION 

The experimental results show that there is a slight decrease in workability with the use of recycled coarse aggregate and also 

with the addition of fibres. There is a marginal decrease in the strength of concrete as 50% of conventional coarse aggregate 

is replaced with recycled coarse aggregate. But in both these concretes (Natural aggregate and Recycled aggregate) the 

strengths were found to increase with the increase in fibre content up to 0.2% of PP 3S fibre. It is observed that the strengths 

for concrete were continuously decreasing, even after adding the PP fibres, for concrete with 100% recycled aggregates. 

However, use of recycled aggregates upto 50% by weight of natural aggregates achieved required strength confirming the 

suitability of their use in high strength concrete of grade M60. The addition of polypropylene fibres improved the stiffness of 

the concrete while imparting ductility. 
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Fig 1. Variation of Slump and compaction factor with different fibre and RCA content 
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Fig 2. Variation of Compressive Strength with different fibre and RCA (0, 50, 100%) content 

 

 

 

Fig 3. Variation of Split Tensile strength with different fibre and RCA (0, 50, 100%) content 

 

 

Fig 4. Variation of Flexural Strength with different fibre and RCA (0, 50, 100%) content 
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Fig 5. Variation of Static Modulus of Elasticity with different fibre (0,0.2,0.3,0.4%) 

and RCA (0, 50, 100%) content 

 

 

Fig 6. Variation of Deflection with load for 0% RCA for different percentage of PP fibres 

 

Fig 7. Variation of Deflection with load for 50% RCA for different percentage of PP fibres 
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Fig 8. Variation of Deflection with load for 100% RCA for different percentage of PP fibres  

 

 

 

Plate 1. Raw Recycled aggregate and Laboratory Jaw Crusher 

 

a. Cylinder  b. Cube 

 

Plate 2. Compression Test on concrete Specimens Plate 3. Flexure Test Set-up in UTM 
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Abstract--Column is the most critical member of a 

structure as its failure may lead to collapse of the whole 

structure. Present research is carried out to study the effect of 

column cross section geometry on various design control 

parameters. A 10 storey structure is designed for gravity loads 

and seismic loads using square shaped columns. The same 

structure is analyzed and designed using circular, rectangular 

and a combination of +, L and T shaped columns with same 

cross sectional area as that of square shaped columns. A 

comparative study is made to check the variation in base 

shear, deflection and stiffness of the structure with various 

column geometries. Study is also made to compare various 

parameters for individual column.  

Keywords—Column cross section, Base shear, Stiffness, 

Moment of inertia, Deflection. 

I. INTRODUCTION 

A structure is subjected to gravity load which include the 

dead load and live load acting on it and also lateral loads 

like wind load and seismic load. These loads increase as the 

height of the structure increases resulting in requirement of 

larger cross section of column. These larger sections reduce 

the working space and hence are uneconomical. Moreover 

the aesthetic view of the spaces will be lost due to presence 

of these protruding columns. In the present scenario all the 

metropolitan cities need to construct high rise structures to 

meet the requirements of growing population. Hence there 

is a greater need for proper designing of structure which is 

safe and economical. To ensure this the conventional 

construction and design practices should be modified with 

the new techniques which provide a solution to present day 

challenges. 

Some of the special construction techniques such as 

adopting special shaped columns behave safe and 

economical than compared with the conventional square or 

rectangular or circular shaped columns. In case of special 

shaped columns, the cross sectional area can be dispersed 

away from the neutral axis can help in increasing the 

moment of inertia thereby increasing the flexural stiffness.  

L-shaped, T-shaped and + shaped columns are some 

specially shaped columns which have equivalent area as 

that of conventional column section but an increased 

moment of inertia about the centroidal axis. 

In the multi-storey structure and high rise residential 

system, the application of specially shaped columns has the 

many advantages such as avoiding the prominent corners in 

the rooms, providing convenience in construction layout, 

increasing the usable area and more economy. The + 

shaped column can be used at the cross intersections of 

beams which is capable of carrying more loads than 

compared with conventional square, rectangular or circular 

columns. The choice of column shape depends upon on 

various factors such as the loading condition, adequacy for 

space, architectural requirements etc. It has been often 

found that to make the column safe, larger dimensions than 

actually required are provided to account for all the loading 

conditions. But the fact is that if we properly adjust the 

cross section of the column according to the requirement, 

much economy can be achieved. 

To study the displacement capacity of a single column 

with various cross sections, a single column is modelled in 

SAP-2000. The area of cross section and the reinforcement 

in all the geometries (+, L, T, square, circular and 

rectangular) is kept constant. The support conditions 

provided are, the base is fixed and top end if free. An 

incremental lateral load was applied at the top end and the 

displacement capacity is studied for all the cross sections. 

To compare various design control parameters under 

gravity and seismic loads a case study is carried out by 

considering a 10 storey shown in figure 8 and response 

spectrum analysis is carried out by using SAP 2000. The 

study concludes by comparing the parameters such as base 

shear, stiffness, area of reinforcement and top storey 

displacement of the structures with various column cross 

sections. In the case of + shaped columns more area is 

dispersed away from centroidal axis which increase the 

moment of inertia, table G shows the comparison with 

conventional square shaped column.  
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The increase in moment of inertia contributes to increase 

in flexural strength capacity which helps in decrease in area 

of reinforcement. 

II. LITERATURE REVIEW 

Mishra, et al.[1] in 2015 made an attempt to compare the 

response reduction factor values given in IS code and ACI 

code using the specially shaped columns. The study 

concludes with the tabulated results of response 

modification factors for different structures incorporating 

specially shaped columns and conventional columns. Yang 

et al.[2] in 2008 published a technical specification by 

considering framed structure with rectangular columns and 

specially shaped columns and are designed respectively 

based on the criterion of same sectional area, same moment 

of inertia and same initial stiffness. This study concludes 

that the structures comprising of specially shaped columns 

could resist the earthquake effectively than compared with 

the conventional columns. Wang and et al.[3]in 2014 

conducted an experimental research on a cross shaped 

columns to estimate the failure modes, bearing capacity and 

displacement ductility using 500MPa grade of reinforcing 

steel bars. Cyclic loads were applied on the cross shaped 

column to study the ductility parameters. The study finally 

concluded that on using high strength reinforcing steel for 

stirrups could help in confining the core concrete and 

decreasing the spacing was effective in increasing the 

ductility, bearing capacity and displacement ductility. 

Agrawal and Pajgade[4]in 2015 discussed a review on 

reinforced concrete buildings with specially shaped column 

and RC building with shear walls. Specially shaped 

columns avoid prominent corners in a room which 

increases usable floor area. Wang and et al.[5]in 2014 

conducted an experimental research on a L shaped columns 

to estimate the failure modes, bearing capacity and 

displacement ductility using 500MPa grade of reinforcing 

steel bars. Cyclic loads were applied on the cross shaped 

column to study the ductility parameters. Wang and Ni [6] 

in the year 2013, suggested some optimization techniques 

to increase the performance of the structures with specially 

shaped columns so as to increase the ductility of the 

structure and the energy dissipation capacity.  

Ductility has to be guaranteed both for the structure and 

for the members. Incorporating the structural systems could 

help in increasing the ductility. 

The dynamic analysis is carried out by using the 

software package SAP-2000 (Computers and 

structures)[7].The other parameters such as zone factors, 

importance factors are referred from the Indian Standard 

Codes i.e. IS 456-2000 (Code of Practice for Plain and 

Reinforced Concrete)[8] and IS 1893-2002 (Criteria for 

Earthquake Resistant Design of Structures Part 1: General 

Provisions and Buildings,)[9]. 

III. MODELLING AND ANALYSIS 

A. Single Column Analysis 

A single column with different cross sections was 

modelled in by using SAP-2000 (Computers and 

Structures, Inc.) shown in figure 1. The area of cross 

section and the reinforcement in all other geometries (+, L, 

T, square, circular and rectangular) is kept constant. The 

cross sectional dimensions are given in table A. The base of 

the column is fixed and the top end is free. An 

incrementing lateral load is applied in addition to gravity 

load at the top end and deflections are noted. 

 

Figure 1. Single column analysis with different cross sections. 

In table A it is observed that the specially shaped 

columns contains flange and web, which helps in reducing 

the deflections of column in the case of lateral loads. The 

lateral load is applied in both the directions so as to check 

the deflection of unsymmetrically shaped columns such as 

rectangular, T and L shaped columns. The plus shaped 

column is expected to show the least value of deflection 

compared to other geometries. 
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TABLE 1  

CROSS SECTIONS ADOPTED FOR SINGLE COLUMN ANALYSIS. 

Thickness of flange 

and web 
Area of cross section Column Cross Section S. No. 

- 600 x 600mm Square shaped column (a) 

- 300 x 1200mm Rectangular shaped column (b) 

- 677.02mm (Dia) Circular shaped column (c) 

300mm 750 x 750mm + shaped column (d) 

300mm 487.5 x 487.5mm L shaped column (e) 

300mm 600 x 900mm T shaped column (f) 

B. Structural Analysis 

Four separate structures, first with square columns (shown 

in figure 3), second with rectangular columns (shown in 

figure 5), third with circular columns (shown in figure 4) 

and fourth with mixed columns (+, L & T) (shown in figure 

2), were modelled. First the 10 storey structure is designed 

using square columns and the amount of steel in each 

column is noted. Other three structures are modelled with 

different cross sections (circular, rectangular, +, L &T) of 

columns maintaining equivalent area of cross sections and 

same area of reinforcement at respective places as that of a 

structure with square columns. [8]Response spectrum 

analysis is carried out to compare the various parameters 

among the four structures. 

 

Figure 2. Layout of structure +, L and T shaped column. 

 
Figure 3. Layout of structure square shaped columns. 

 
Figure 4. Layout of structure with circular shaped columns. 

 
Figure5. Layout of structure with rectangular shaped columns.
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Plus shaped columns are used at all intermediate 

junctions of the beams, L columns are used to replace the 

square shaped columns at corners and T shaped columns are 

used to replace the square shaped columns at all four edges 

of the structure (shown in figure 2,3,4&5) .  

The dimensions of exterior columns were kept less 

compared to the dimensions of interior columns, which is 

explained in table B and table C. The reinforcement also 

varies which is shown in figure 6 and figure 7. 

TABLE 2.  

DIMENSIONS OF EXTERIOR COLUMNS. 

S. No. Column Geometry Size of Column 

(a) Square Shaped Column 450 x450mm 

(b) Rectangular Shaped Column 300 x 675mm 

(c) Circular Shaped Column 507.77mm (Dia) 

(d) L Shaped Column 487.5 x487.5mm 

(e) T Shaped Column 337.5 x 300mm 

 

 
Figure 5.  Specifications of Exterior Columns. 
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TABLE 3.  

REINFORCEMENT DETAILS OF EXTERIOR COLUMNS. 

Longitudinal reinforcement 24No’s 20mm diameters bars  

Lateral reinforcement (ties) 8mm diameter lateral ties at 150mm c/c 

Clear Cover 40mm 

TABLE 4.  

DIMENSIONS OF INTERIOR COLUMNS 

S. No. Column Geometry Size of Column 

(a) Square Shaped Column 600 x 600mm 

(b) Rectangular Shaped Column 300 x 1200mm 

(c) Circular Shaped Column 677.02mm (Dia) 

(d) + Shaped Column 750 x750mm 
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Figure 6. Specifications of Interior Column. 

TABLE 5  

REINFORCEMENT DETAILS FOR INTERIOR COLUMNS. 

Longitudinal reinforcement 32No’s 20mm diameters bars  

Lateral reinforcement (ties) 8mm diameter lateral ties at 150mm c/c 

Clear Cover 40mm 
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TABLE 6  

MODEL SPECIFICATION 

 

The TABLE  and Figure 7 describe the specifications of 

model used to perform response spectrum analysis. The 

structure was analyzed by response spectrum method using 

SAP-2000. The lateral load distribution generated respond 

to the seismic zone 4 and default damping of 5% as given 

by IS 1893:2002. 

Figure 8 and Figure 9 were modelled to determine the 

amount of reduction in area of reinforcement required, by 

comparing the structures comprising of square and mixed 

columns. As the central column carries more gravity load, it 

is considered for the calculation of area of reinforcement 

required in both the structures. 
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Figure 7. 3D model of the structure. 

 
Figure 8. Layout of structure +, L and T shaped column. 

 

 
Figure 9. Layout of structure with square shaped columns. 
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IV. DISCUSSION OF RESULTS 

C. Single column results: 

Dispersing more area away from the centroidal axis 

increases the moment of inertia, by maintaining the same 

area of cross section for + shaped column as that of a square 

column the moment of inertia can be increased by about 

20% shown in TABLE . 
As the moment of inertia is increasing, the stresses 

induced will be less and the load carrying capacity and the 

moment carrying capacity will increase.  

Moreover, if we want to design the column for the same 

designed load and moment as required for the square 

section, then the dimensions of the + shaped column will 

reduce i.e. the amount of material required will be less. 

It is observed from the single column analysis that the + 

shaped column deformed less as compared to other cross 

sections. From Figure 10 it can be observed that the 

deflection for + shaped column is less than compared to 

square, rectangular, circular columns. The rectangular 

column is analyzed in both the directions. T shaped column 

also shows less deflection at the top than compared with 

other column geometries.  

TABLE 7  

COMPARISON OF MOMENT OF INERTIA FOR SQUARE SHAPED COLUMN AND + SHAPED COLUMN. 

Square shaped section 

 

 

+ shaped section 

 Area = 600 x 600 = 360000mm
2 

Area = 360000mm
2 

Moment of inertia: 

Ixx = Iyy= (600
4
) /12 

= 1.08 x 10
10

 mm
2 

Moment of inertia: 

Ixx = Iyy = 2.97 x 10
10

  mm
2 

Increased by 20% 
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Figure 10. Displacement capacity for different column cross sections. 

A. Structure Results 

Table 8.  

BASE SHEAR COMPARISON FOR STRUCTURES WITH 

DIFFERENT COLUMN GEOMETRY. 

 

 

The base shear in the case of the structure with mixed 

shaped column is decreased by 26.4% compared with the 

conventional square shaped column. As the base shear is 

reduced, the deformation of the structure due to lateral load 

is decreased. Table  shows the tabulated results of base 

shear for structures with different column geometries. 

Stiffness in the case of mixed columns was found to be 

increased by 11.9% than compared with the conventional 

square columns. Figure 11 shows the stiffness in the case of 

structures with different column cross section. As the 

moment of inertia increases the stiffness of the structure 

increases. This helps in reduction of deformations for the 

lateral loads.  

 
 

Column geometry Base shear (kN) 

Square column 1505.24 

Rectangular column 2072.36 

Circular column 1266.78 

Mixed column 1106.5 

155 / 174



 

International Journal of Emerging Technology and Advanced Engineering 
(E-ISSN 2250–2459, UGC Approved List of Recommended Journal, Volume 7, Special Issue 2, December 2017) 

International Conference on Innovations in Structural Engineering (IC-ISE-2017), Osmania University, Hyderabad, India. Page 222 

 

Figure 12 shows the top storey deflections of the 

structure when subjected to gravity loads and lateral loads 

in both the directions, the deflection in the case of mixed 

columns structure and the conventional columns structure 

are within the IS code limits. 

 
Figure 11. Plot between stiffness and storey for different structures 

modelled on SAP-2000. 

 
Figure 12. Top storey displacement of the structures with different 

column cross sections. 

 

 

TABLE 9.  

COMPARISON OF STEEL QUANTITIES FOR SQUARE COLUMN AND + SHAPED COLUMN

Square Shaped Column  + Shaped Column 

D
ec

re
as

e 
in

 q
u

an
ti

ty
 o

f 

st
ee

l (
m

m
2 ) 

P
er

ce
n

ta
ge

 d
ec

re
as

e 
in

 

Q
u

an
ti

ty
 o

f 
st

ee
l  

p
er

 

co
lu

m
n

 

Fl
o

o
r 

Le
ve

l 

C
ro

ss
 s

ec
ti

o
n

 (
m

m
) 

A
re

a 
o

f 
st

ee
l  

   
  

(m
m

2 ) 

A
m

o
u

n
t 

o
f 

st
ee

l  
 (

kg
) 

C
ro

ss
 s

ec
ti

o
n

   
   

A
re

a 
o

f 
st

ee
l 

(m
m

2 ) 

A
m

o
u

n
t 

o
f 

st
ee

l  
 (

kg
) 

D
ec

re
as

e 
in

 a
re

a 
o

f 

st
ee

l c
o

m
p

ar
e

d
 t

o
 

sq
u

ar
e 

co
lu

m
n

  

 P
er

ce
n

ta
ge

 d
ec

re
as

e 

in
 a

re
a 

o
f 

st
ee

l 

Below 
Plinth 

600  
x 600 

10094 118.857 

750 x 
750 

7815 92.03 2279 22.5800 

    

G.F 8319 261.217 7634 239.71 685 8.2400 

1 6096 191.414 5655 177.57 441 7.2400 

2 4009 125.883 3705 116.34 304 7.5900 

3 2880 90.432 2852 89.56 28 0.9800 

4 2880 90.432 2852 89.56 28 0.9800 

5 2880 90.432 2852 89.56 28 0.9800 

6 2880 90.432 2852 89.56 28 0.9800 

7 2880 90.432 2852 89.56 28 0.9800 

8 2880 90.432 2852 89.56 28 0.9800 

9 2880 90.432 2852 89.56 28 0.9800 

Total amount in kgs 1330.39   1252.57   77.83 5.9 
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To compare the amount of steel required a column was 

designed form top storey to bottom storey with square and 

+ shaped cross sections. It was observed that the amount of 

steel required reduced by about 6%  by using the + shaped 

cross sections shown in table I. 

V. CONCLUSION 

 From single column analysis the deflection of + 

shaped column was found to be reduced by 46.2% in 

comparison with other columns. As the area is 

dispersed away, more stability is obtained which 

helps in reduction of deflection. 

 Moment of inertia of + shaped column was found to 

be increased by 20% compared with square column 

for the same area of cross section, which contributes 

to increase in stiffness and decrease in deflections. 

 Base shear is reduced by 36% for the structure with 

mixed columns (+, L & T), compared to the structures 

with other geometries. Hence more lateral loads can 

be resisted with less deformations. 

 Stiffness is increased by 11.9% for the structure when 

mixed columns (+, L & T) cross sections are used 

compared to other structures with conventional 

columns. 

 Required area of reinforcement for + shaped column 

is reduced by 6% compared to the square column for 

the same loading conditions. 

 Top storey displacements in both the directions for 

mixed columns structure are within the limits. 
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Abstract—Self-compacting concrete is high performance 

concrete that can flow under its own weight through restricted 

sections without segregation and bleeding.SCC is achieved by 

reducing the volume ratio of aggregate to cementetious 

material, increasing the paste volume and using viscosity 

enhancing admixtures and super plasticizers.Growing 

demands of effective construction waste management 

techniques to cater for the shortage of construction resources 

has compelled research on recycled aggregates in concrete. In 

this paper, the effect of different curing techniques on 

strength ofRecycled Aggregate Self Compacting 

Concrete(RASCC) is studied by using three different curing 

methods; normal water curing, site curing by sprinkling water 

and self-curing are the three methods employed.  The 

variables of study include grade of concrete, percentage of 

Recycled Concrete Aggregate (RCA) and curing period (3, 7 

and 28 days). Two grades of concrete M30 and M50 and five 

different percentages of RCA from 0 to 100% with an 

increment of 25% are used in this study. It is observed from 

the experimental results that site curing and membrane 

curing are giving strengths comparable to that of conventional 

water curing though there is a marginal reduction in the 

strengths. 

Keywords—Self-Compacting Concrete(SCC), Recycled 

aggregates, Field Curing, Membrane Curing, Compressive 

strength. 

I. INTRODUCTION 

One of the major challenges of our present society is the 

protection of environment. Some of the important elements 

in this respect are the reduction of the consumption of 

energy and natural raw materials, and consumption of 

waste materials. These topics are getting considerable 

attention nowadays under sustainable development. The 

use of recycled aggregates from construction and 

demolition wastes is showing prospective application in 

construction as alternative to primary (natural) aggregates. 

It conserves natural resources and reduces the space 

required for the landfill disposal. The physical properties of 

recycled aggregates depend on both adhered mortar 

quantity and quality.  

The adhered mortar is a porous material; its porosity 

depends upon the w/c ratio of the recycled concrete 

employed.Crushing C&D waste concrete to produce coarse 

aggregate for the production of new concrete is a common 

means for achieving an environment-friendly concrete. The 

crushing procedure and the dimension of the recycled 

aggregate influence the quantity of adhered mortar. The 

density and absorption capacity of recycled aggregates are 

affected by adhered mortar, and they must be known before 

utilization of recycled aggregates to control properties of 

fresh and hardened concrete. 

The objective of this paper is to study the compressive 

strength of M30 and M50 grades of concrete using recycled 

aggregate self-compacted concrete with three different 

types of curing methods i.e.  normal curing, site curing and 

self-curing. 

II. LITERATURE REVIEW 

Hajime okamura and Masahiro ouch [1] discussed 

about the properties of self-compacted concrete and tests 

that should be conducted in detailed manner. Engelson.J.C 

adopted NAN-SU method of mix design for his work and is 

based on packing factor (PF) of aggregate. PF is the ratio of 

mass of aggregate of tightly packed state in SCC to that of 

loosely packed state. And the workability tests performed 

in this research were as per EFNARC [12]. Mohd 

Nadeem and SomnathGhosh[2] presented the results of 

the effect of curing method on the strength development of 

alkali- activated blast cement paste. In this study, alkali 

activation was done using a combination of potassium 

hydroxide and sodium silicate. The test parameters include 

the curing methods (water curing at 27
o
C, heat curing at 

50
o
C and controlled curing with relative humidity 50%, 

70% and 90% at 27
o
 C), alkali content with 6.41%, 8.41%, 

10.41% and 12.41% of the mass of GGBS.Mohammed 

Shafeeque[3] in their study, compared compressive 

strength and split tensile strength of concrete with curing 

agent with those of the conventionally curedself-

compacting concrete.  
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Nanak,et. al. [4, 8]carried out their investigations on 

variation in compressive strength of medium strength self-

compacted concrete with 3 different curing techniques. 

Nirav, et. al. [5]made aneffort to understand the working 

and efficiency of curing methods which are generally 

adopted in the construction industry and compared with the 

conventional water curing method.Nan Su, et.al. [6] 

proposed a new mix design method for self-compacting 

concrete (SCC) and the results indicated that the proposed 

method could produce successfully SCC of high quality. 

Compared to the method developed by the Japanese Ready-

Mixed Concrete Association (JRMCA), this method is 

simpler, easier for implementation, less time-consuming, 

requires a smaller amount of binders and saves cost.Ratish 

Kumar [7] addressed the effect of using paraffin wax as a 

self-curing compound in SCC mixes. The variable 

parameters of the study include curing type, concrete grade 

(mix proportions), molecular weight and dosage of paraffin 

wax. Water retention and compressive strength tests were 

conductedonhardenedconcretes.R. K. Dhir, et. al. 

[9]carried outan investigation into the feasibility of 

formulating „self-cure‟ concrete. They are concerned with 

achieving optimum cure of concrete without the need for 

applying external curing methods. The feasibility of curing 

concrete by adding water-soluble chemicals during mixing 

that reduce water evaporation in the set concrete, making it 

„self-curing‟ is discussed. The chemicals' abilities to reduce 

evaporation from solution and to improve water retention 

in ordinary Portland cement were monitored by measuring 

weight-loss.R.J. Flatt, et.al.[10], in his articles, discussed 

models that are being developed to achieve the task of self-

curing. A treatment of interparticle forces and a yield stress 

model integrating these were presented. S.W.Tabsh and A. 

S. Abdel Fatah, et. al. [11], carried out the research on 

recycled aggregate.Los Angeles degradation test results 

indicate that the percentage loss of the recycled concrete 

aggregate is within the acceptable limit of 50% for 

structural applications, irrespective of its origin.  The 

aggregate soundness test results, based on five cycles in 

saturated solution of sodium sulfate, show that the 

percentage loss of the recycledaggregates made from 

concrete withminimum strength of 30 MPa are within the 

acceptable limit. 

 

 

 

 

 

 

 

Experimental Programme: 

A. Materials:  

Ordinary Portland cement:OPC of 43 grade, 

confirming to IS 8112:1989 and locally available river sand 

as fine aggregate (zone-II) confirming to IS-2386, are used 

in this work. The properties of fine aggregate & 

Calculation of Fine Aggregate Content for M 30 &M50  

gradeNASCC and RASCC with Different proportion of 

RCAused are shown in Table 2. 

Coarse Aggregate: The coarse aggregates used in the 

project are both recycled and natural aggregate. Recycled 

Coarse Aggregate (RCA) is obtained from the waste 

concrete brought from the Demolished Building structure 

in Hyderabad, Telangana, India. Natural aggregate is 

replaced by recycled coarse aggregate in four different 

proportions, i.e., 25%,50%,75% and 100%. The maximum 

size of the aggregate was taken as 12.5mm.The Calculation 

of Coarse Aggregate Content for M30 and M50 grade 

NASCC and RASCC with different proportion of RCA 

used are shown in Table 1. 

Mix Design:The mix design is based on the proposed 

Modified Nan Su Mix design analysis.Quantities of 

different ingredients of M30 and M50 Grade NASCC and 

RASCCare shown in Table 3. 

Mixing: Two stage mixing approach (TSMA)is employed 

for this research work. In normal mixing method, all the 

ingredients are fed sequentially and mixed in one go. For 

further improvement in the properties of concrete with 

recycled concrete aggregate, two-stage mixing has been 

advocated. In the two-stage mixing method, all the 

materials including processed recycled aggregate (except 

virgin recycled aggregate) were loaded in the pan mixer in 

the first stage and then the virgin coarse aggregate, which 

need not require any treatment, was added in the second 

stage of mixing to complete the process. The total mixing 

time was 180 seconds in normal mixing and 300 seconds in 

two-stage mixing. 

As per EFNARC guidelines Slump flow test, V-funnel 

test, and L-box test were carried out to determine the 

properties of SCCin fresh state. Compressive strength at the 

ages of 3, 7, and28 days was also determined. The 

properties of SCCmixes as obtained in M30 and M50 grade 

mixes are shown in Table No.4. 
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B. Mix Design: 
 

TABLE NO 1 

CALCULATION OF COARSE AGGREGATE CONTENT FOR M 30 &M50 

GRADE NASCC& RASCC WITH DIFFERENT PROPORTIONS OF RCA 

MIX % 

RCA 

Specific 

gravity 

 

Packing 

factor 

 

Bulk 

density 

 in 

kg/m3 

Prop. 

coarse 

aggrega

te 

Quantity 

of coarse 

aggregat

e in 

kg/m3 

 

 

M30 

0 2.65 1.12 1380 0.48 741.88 

25 2.6 1.12 1373 0.48 738.12 

50 2.53 1.13 1365 0.48 740.376 

75 2.48 1.13 1360 0.48 737.664 

100 2.45 1.14 1355 0.48 741.456 

 

 

M50 

0% 2.65 1.12 1380 0.48 741.88 

25% 2.6 1.12 1373 0.48 738.12 

50% 2.53 1.13 1365 0.48 740.376 

75% 2.48 1.13 1360 0.48 737.664 

100% 2.45 1.14 1355 0.48 741.456 

TABLE NO (2): 

CALCULATION OF FINE AGGREGATE CONTENT FOR M 30 &M50  

GRADENASCC& RASCC WITH DIFFERENT PROPORTIONS OF RCA 

Mix 

 

 

Packing 

factor 

Bulk density 

In kg\m3 

Specific 

gravity 

Proportion 

of fine 

aggregate 

Quantity 

in kg/m3 

M30 1.12 1347 2.45 0.52 784.492 

M50 1.12 1347 2.45 0.52 784.492 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE NO (3): 

QUANTITIES OF DIFFERENT INGREDIENTS OF M30 AND M50 GRADE 

NASCC& RASCC 
 

M
ix

  

%
 o

f 
R

C
A

 

C
o

a
rs

e 

A
g

g
re

g
a

te
 

F
in

eA
g

g
re

g
a

t

e 

C
em

en
t 

 

F
ly

 a
sh

  

W
a

te
r 

 

S
u

p
er

 

p
la

st
ic

iz
er

  

V
M

A
 

Qty in kg/m3 

 

 

 

M30 

0 741 784 416 125 187 6.7 0.67 

25 741 784 416 125 189 6.7 0.67 

50 741 784 416 125 191 6.7 0.67 

75 741 784 416 125 193 6.7 0.67 

100 741 784 416 125 195 6.7 0.67 

 

 

 

M50 

0 741 784 506 50 192.4 8.211 0.82 

25 741 784 506 50 194.4 8.211 0.82 

50 741 784 506 50 196.4 8.211 0.82 

75 741 784 506 50 198.4 8.211 0.82 

100 741 784 506 50 200.0 8.211 0.82 

TABLE NO (4): 

FRESH PROPERTIES OF M30&M50 GRADE NASCC& RASCC WITH 

DIFFERENT PROPORTIONS OF RCA 
 

MIX % RCA Slump 

Cone 

Test  

in mm 

T50 

Slump 

Flow 

Results 

in sec 

V-Funnel 

Test 

Results 

in sec 

L- Box 

Test 

(h2/h1) 

Test 

Results 

 

 

M30 

0% 737 3  8  0.8 

25% 735 3  8  0.8 

50% 720 3  8  0.8 

75% 700 3  9  0.8 

100% 670 4  9  0.8 

 

 

 

M50 

0% 745 3 7  0.8 

25% 720 3 8  0.8 

50% 720 3 8  0.8 

75% 700 3 9  0.8 

100% 680 3 9  0.8 
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Characteristics Of Nascc& Rascc In Hardened State 

 

Fig:(1) Variation of compressive strengths for different RCA content 

and ages for M30 Concrete- normal curing. 

 

Fig:2 Variation of compressive strengths for different RCA content 

and ages for M50 Concrete- normal curing. 

 

Fig:3Variation of compressive strengths for different RCA content 

and ages for M30 Concrete- site curing, 

 

Fig:4 Variation of compressive strengths for different RCA content 

and ages for M50 Concrete- site-curing 
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Fig:(5)- Variation of compressive strengths for different RCA content 

and ages for M30Concrete- self-curing 

 

Fig: (6)- Variation of compressive strengths for different RCA content 

and ages for M50 Concrete-self-curing 

 

 

 

 

III. DISCUSSION ON TEST RESULTS  

1. Workability Properties Of M30&M50 Grade Concrete  

a) Slump cone test results for M30&M50The natural 

aggregate has slump flow of 737 mm for M30 grade 

concrete. The slump value is found to decrease as 

percentage of RCA increased in the mix. The minimum 

slump obtained for 100% RCA is 670 mm. Similar trend 

was observed in M50 grade concrete also. The slump 

values ranged between 745 mm and 680mm for M50 grade. 

b) T-50 Slump Flow Results: The natural aggregate has T 

50 slump value as 3 sec and there is no change in the value 

of T-50 slump flow for all replacements of aggregate for 

M30&M50 grade of concretes 

c) V-Funnel Test Results: The natural aggregate concrete 

has V-funnel value of 8 sec and the same value is 

maintained even for 25%,50% and 75% replacement 

ofRCA. V-funnel time increased marginally to 9 seconds 

for 100% replacement. There is not much change observed 

in V- funnel test results of M50 concrete also. The natural 

aggregate mix has V-funnel value of 7 sec and for 25 % 

replacement of natural aggregate and for 50% replacement 

the value was 8 sec and for 75% and 100% replacement, v- 

funnel value was 9sec.  

d) L-Box test results:There was no change in L-Box test 

results for M30andM50 mix it had same value of 0.8 for all 

replacementsfor M30 and M50 grades of concretes 

2. Compressive Strength Of M30&M50 Grade Concretes 

By Normal Curing, Site Curing And Self Curing 

Compressive strength of conventionally cured concrete:The 

Variation of compressive strengths for different RCA 

content with  normal cured concrete was determined at the 

ages of 3, 7 and 28 days for M30and M50are shown in 

Fig.1 and Fig.2 respectively. The compressive strengths of 

both M30&M50 Grade concretes is observed to decrease 

with increased recycled aggregate content at all ages. The 

reduction in compressive strength of M30 grade concrete is 

less than 10% for 3 days curing while it is about 15% for 

28 days curing. However, for M50 grade concrete, the 

maximum reduction in strength due to the inclusion of 

RCA is around 20% for both 3 days and 7 days curing 

while it is about 25% for 28 days curing. This clearly 

shows that the loss of compressive strength is more in 

higher grade concretes. The Target strength is reached for 

M30 grade concrete up to 50% replacement natural 

aggregate by RCA and beyond 50% replacement there is 

marginal deviation from the target strength.  
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However, for M50 grade concrete the target strength could 

reach only for natural aggregate concrete. As the deviation 

of target strength negligibly small, 25% RCA is 

recommended asreplacement of natural aggregate for M50 

grade concrete.  

Effect of Site Curing on compressive strength: The Results 

of site curing also followed the similar trend as that of 

normal curing.The Variation of compressive strengths for 

different RCA content with site curing concrete was 

determined at the ages of 3, 7 and 28 days for M30and M50 

concretes and are shown in Fig.3. and  Fig.4 respectively. 

The strengths observed in site curing are almost same as 

those obtained for normal curing for M30 grade concrete at 

all ages of testing. However, there is a marginal decrease 

observed in M50 grade concrete. The Target strength is 

reached for M30 grade concrete up to 75% replacement of 

natural aggregate by RCA and beyond 75% replacement 

there is marginal deviation from the target strength. 

However, for M50 grade concrete the target strength could 

reach only for natural aggregate concrete. As the deviation 

of target strength is negligibly small, 25% RCA is 

recommended for M50 grade concrete as replacement of 

natural aggregate. 

Effect of Self Curing on compressive strength:The 

Variation of compressive strengths for different RCA 

content withSelf curing concrete was determined at the age 

of 3, 7 and 28 days for M30and are shown in Fig.5. The 

same for M50are shown in Fig.6. Results of self-curing 

concrete strengths observed are almost same as those 

obtained for normal and site curing for M30 grade concrete 

at all ages. However, there is a marginal 

decreaseinM50gradeself-curing recycled aggregate self-

compacting concrete.  

IV. CONCLUSIONS 

This study investigated the behaviour of NASCC and 

RASCC at different curing methods. Specimens of M30 

and M50 Grade Concretes were made and subjected to 

different curing methods viz conventional curing, site 

curing and self-curing. The following conclusions are 

drawn based on the experimental investigations carried out: 

 The fresh properties requirements of SCC are met with 

for all the mixes tested, i.e., both the grades M30&M50 

and all the RCA contents from 0% to 100% as 

replacement of natural aggregate. 

 The slump spread value reduced with the increase of 

RCA content in both the concretes. However, the slump 

spread value is more for M50 concrete compared to M30 

grade. 

 The target strengths are reached, while meeting fresh 

properties, for Self compacting recycled aggregate 

concrete of both the grades when 50% natural aggregate 

is replaced by RCA. 

 There is not much change in the compressive strengths 

of NASCC & RASCC of M30&M50 grade at 3 and 7 

days age, for 50% replacement of natural aggregate by 

RCA. However, the loss of strength of around 14% is 

observed for RCA 75% and 100% at the ages of 28 days. 

 There is marginal decrease in compressive strengths of 

M30 and M50 concretes at all ages and for all RCA 

Contents when the curing method changed from 

conventional to site curing or membrane curing. 

 From this study it is concluded that self-curing 

techniques can be adopted, without compromising the 

strength, at places where there is acute shortage of water.   

 Utilization of Recycled concrete aggregate as natural 

aggregate replacement avoids the environmental and 

ecological damages caused by quarrying and 

exploitation of raw materials like Coarse aggregate for 

making concrete. Substitution of RCA will help to 

conserve the valuable natural resources. 
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