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ABSTRACT  
 
Coal ash (Coal Combustion Residues) has been used in building construction materials, 
road embankment, land reclamation, mining and mineral extraction, however, achieving 
its full utility become a challenge to the researchers and technocrats. Safe management 
of coal ash becomes a universal issue due to its increase in annual generation and 
associated environmental pollution. During 2013-2014, about 230 million tons of coal 
ash have been released from thermal power stations in India. CSIR- Advanced 
Materials and Processes Research Institute, in India has done extensive research and 
developed several technologies for coal ash recycling.   
 
This paper outlines one of the recent research findings on coal ash recycling in 
developing glossy finish composites of required specification. Such composites can be 
formulated using coal ash particulates as fillers, additives, and as a surface-finishing 
agent with or with out fibres reinforcement in polymeric system. The composites exhibits 
a tensile strength and tensile modulus 30.45  3.52 MPa and 4.7  0.0476GPa 
respectively with lower tensile elongation 0.7  0.0912% using about 50% coal ash with 
epoxy resin. The developed composites are (i) Stronger than wood and plastic, (ii) 
Durable, (iii) Fire self-extinguishing nature, (iv) More cost effective and maintenance 
free. This composite can be used for doors, ceilings, flooring, roofing, partitions, and 
furniture as an alternative to wood, plastic and GRP products in building construction, 
and transport systems. This research finding is expected to support an effective use of 
coal ash, reduce the consumption of non-renewable resources and introduce new 
materials to the composite industry.  
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INTRODUCTION 
 
COAL COMBUSTION RESIDUES (CCRs) 
 
In most of the countries, coal ash has been commonly referred as Coal Combustion 
Residues (CCRs). But, in the present context coal ash deals with fly ash, bottom ash, 
boiler slag, pond ash and other solid fine particles released during coal excavation, 
processing and combustion. Environmental pollution arises due to combustion of coal 
for power generation, world wide, become a major challenge to protect air, soil, water, 
aquatic, flora, fauna and human health 1,2,3,4,5,6. The properties of CCRs depends on 
coal sources / quality, combustion process 7,8,9,10. In most of the power stations, dry coal 
ash has been collected through Electro Static Precipitator (ESP) for use in cement. The 
bottom ash and other residues have been discharged to ash ponds and stored. 
 
CCRS GENERATION: WORLD SCENARIO 
 
Increase in industrialization and technological advancement increases energy 
requirements rapidly. For most of the developed and developing countries, the major 
source of energy is fulfilled through fossil fuels and as a consequence the world CCRs 
generation increases exponentially and is expected to reach about 3000 million tons per 
annum in 2020. Presently, major CCRs producing countries are China (~500 million 
tons per annum MTPA), India (~230 MTPA) followed by United States of America (~ 
136 MTPA) 2,11. Russian countries annually release more than 125 million tons 12,13,14. 
However, per capita electricity consumption in the United States of America (USA) is 
the world’s highest and more than one half of the electricity is generated from coal. 
Among the European Union Countries under the European Coal Combustion Products 
Association (ECOBA), comprising 27 countries together produced more than 20 million 
tons of CCRs annually (ECOBA homepage, 2009). In Japan 8.8 MT of CCRs was 
produced in during 2003, but, presently Japan produces more than 11 MTPA and ~ 82 
% was effectively utilized 2, 15,16. 
 
 
CHARACTERISTICS OF CCRS 
 
Physico-chemical properties 
 
Considerable work has been done by several researchers for characterization of CCRs 
7,8,17,18,19,20.  The pH of CCRs varies from acidic to alkaline. The electrical conductivity of 
CCRs showed as high as 1 dS/m.  The other physical properties such as color, particle 
size, shape, density, texture, porosity and water retention capacity are some of the 
properties has important concern for recycling to appropriate applications and were 
discussed by several researchers 7,10, 19,20,21. Considerable research has been done on 
Indian CCRs. Particle size of Indian CCRs varies widely from few micrometers to 
millimeters with specific surface area greater than 0.1038m2 gm-1 7. Fly ash exhibits low 
bulk density 1±0.26 gm cc-1 and specific gravity varies from 0.6 to 3.0 1,7,8. Physico-
chemical properties of CCRs in general varies as they are influenced by coal source, 
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quality, mineral phases, combustion process, degree of weathering, particle size and 
age of the ash7,22.  Particle size of CCRs stored in the ash pond varies at different 
locations and depth distinctly based on the length and width of the ash pond, flow rate, 
existing natural slope etc. and more details were discussed elsewhere 8. 
 
Indian bituminous and sub bituminous coal results class F ash and lignite coal ash 
exhibits class C ash. Detailed characterization were done by several researchers and 
confirmed that the chemical constituents tend to exist in the finer particles and most of 
the characteristics of CCRs are similar to that of soil with minor variation in the physical 
and morphological properties 23, 24,25. CCRs are a siliceous material and used to 
chemically react with lime (CaO), in water and produce cementitious materials with 
good mechanical strength.   
 
MICROSTRUCTURE AND MINERALOGY OF CCRS 
 
CCRs particles are spherical and hollow in shape and some of them are lightweight and  
cenospheric in character. Microstructure of CCRs influences the binding properties, 
sorption characteristics. The morphology, physico-chemical characteristic of CCRs 
greatly improve the long-term properties of high performance concrete. It is reported 
that cenospheres present in CCRs contributes in developing lightweight concrete, 
composites and sound absorbing structural materials 26,27. There are several mineral 
phases present in CCRs, and the major phases are quartz (SiO2), mullite, (3Al2.2SiO2), 
hematite, tricalcium aluminate and ferrite 28,29,30. The studies revealed that there were 
other mineral phases such as albite (KalSi3O8), mullite (Al6Si2Ol3), esperite (CaPb) 
ZnSiO4, nepoutite (NiMg) 3Si2O15(OH) 4 and tenorite (CuO) was also present in CCRs 
25,31. The mullite crystals are largely attributed to kolonite and illite contributes towards 
the glass and cenospheres5.  
 
ENGINEERING PROPERTIES OF CCRS 
 
The geo-technical aspects of CCRs have been studies by several researchers 32,33,34,35. 
It is reported that the co-efficient of permeability varies from 10 –4 to 10 –3 mm / sec.  
The angle of internal friction varies from 29  40 at dry unit weight 9.3 Kn/m 3 - 12.8 
Kn/m.  The compression index of CCRs varies from 0.1-0.2 34. It is evident from the 
earlier studies that the physico-chemical, mineralogical and morphological properties of 
CCRs are interrelated and the engineering properties of CCRs greatly influence with all 
other properties 32,33. The young’s modules of CCRs found to be 13- 126 GPa, which 
depends on all other aforementioned characteristics of CCRs. It is recorded that courser 
size CCRs (120 µm) exhibits hardness from 160-400 kg mm-1 and CCRs particles below 
20µm showed narrow range of hardness (250-270 kg mm-1).  
 
Unburned carbon and sulphate content in CCRs are undesirable for use in cement 
production.  Similarly, a high percentage of magnesium in ash is undesirable for mortar, 
concrete and concrete products, which results fine cracks on setting.  Crystalline 
materials in low to medium calcium ashes with high carbon content are found to be non-
reactive. The co-efficient of permeability of CCRs varies from 10 –4 - 10 –3 mm / sec35.  
The lime reactivity is higher in fly ash than that of bottom ash and pond ash and is 
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depends on the silica content in CCRs.  Earlier researchers reported that a high 
percentage of free lime content in CCRs contributes to improved compressive strength 
due to the pozzolanic reactivity 34, 36. The CBR value of CCRs varied from 6.8- 15.4%, 
where in dry and fresh ash collected from ESP showed higher CBR values (10.8-
15.4%).  It is recorded that CBR value of bottom ash as high as 20%37. Well-compacted 
CCRs seems to be more suitable for load-bearing fills or highway sub-bases 19.  Pond 
ash has lower dry density, but exhibits higher shear strength, when mixed with mooram, 
it develops a fairly high CBR value19,38.  
 
RADIOACTIVITY PROPERTIES OF CCRS MERCURY EMISSION  
 
The concentration of radionuclides such as 232 Th (parent radionuclide 228 Ac) , 226Ra, 
40K  in Indian CCRs found to be lower than that of values reported for Foreign (United 
States, England, Poland, Denmark and Australia) CCRs 7,17,39. and seems to be almost 
similar to that of normal soil 17,39. But the radioactive level in lignite CCRs has been 
found less than the bituminous and sub-bituminous coal ash 7,39. Though, concentration 
of the radio nuclides are low in coal, CCRs emitted through the stack gets enriched with 
radionuclides and combustion of coal on a large scale for power production become a 
major environmental concern (McBridge et al., 1978). The level of radionuclides in 
Indian CCRs found to be below the upper limit for naturally occurring radionuclides such 
as 232 Th (parent radionuclide 228 Ac), (259 bq/kg), 226Ra (370 bq/kg)40K (925 bq/kg) 41.   
 
Mercury (Hg) content in different types of coal of USA, Australia, South Africa, China 
and Japan varies from 0.013 - 0.119 mg/kg and CCRs of respective coal exhibits 
0.0001-0.0006 mg/kg. However, the mercury content from elevated stack flue gas to 
atmosphere varies from 0.0129-0.1184 mg/kg. Further, during coal combustion, about 
99.5% of the total Hg is emitted to atmosphere 7,42. Further, work carried out by other 
researcher showed that mercury (Hg) in lignite coal having calorific value of 9739 kj/kg 
resulted in 8% ash content which exhibits 82.3-90 ng/g of mercury and its CCRs has 4.8 
ng/g43. Combustion of coal emits ~ 95% of the Hg (total) to atmosphere through stacks 
and 5 % remain in ash and slag 43. Indian coal exhibit 0.11 to 0.32 mg/kg of mercury 
and CCRs contain ~ 0.005 mg/kg of Mercury but, yet detailed studies are required to 
confirm the mercury content both in Indian coal and its combustion residues44. But the 
ultimate impact of each trace element will depend upon its state in CCRs and toxicity, 
mobility and availability of this particular form in the ecosystem.   
 
CCRs RECYCLING OPPORTUNITIES 
 
Extensive research has been done by many researchers around the world on CCRs 
recycling.  It is apparent from the earlier work that the CCRs has many potential uses in 
developing bricks, cement, concrete, adhesives, wall board, road embankment, wood 
substitute composites, paint and agriculture / soil amelioration and land and abandoned 
mine reclamation and solidification and stabilization (s/s), alumina recovery  etc. 1,12, 

2045,46,47,48,49,50,51,52,53,54,55. Work carried out in USA and other developed countries 
showed that value added products like magnetite, pozzolanic materials and 
cenospheres can be recovered after processing with appropriate technique.  Processing 
fly ash, enhances the quality of CCRs especially for high value added applications. 
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Various attempts are being made for the improvement in the pozzolanic property of 
CCRs through grinding and classification to increases the surface area of particles for 
more reactivity in cement concrete mixes.  Many patents have been filled in USA and 
other countries on beneficiation of CCRs for improving the quality for utilization in 
various applications.  
 
Use of a high volume lignite coal fly ash and rice husk ash as a substitute for cement 
(OPC) and fine aggregates were explored for the production of self-consolidating 
concrete (SCC) and the findings of the research showed 40-50 MPa compressive 
strength using up to 60% flyash with 25% rice husk ash56. Synthesis of glass-ceramics 
were done using coal fly ash and studied the principal crystal phases and their 
properties and explored its applications by several researchers and it is reported that 
equivalent to that of natural granite and marbles were achieved by using coal fly ash in 
making glass ceramic products for use in wall-covering panels, floors and roofs, fall 
ceiling materials in containers and road surfacing 57,58,59. 
 
Fly ash contain considerable quantity of unburned carbon up to 10%, even some fly ash 
contain more up to 45%) which hinter in energy loss during combustion as well as the 
application potentials especially for use in cement production but in some cases 
presence of unburned carbon helps in broadening the application potential of fly ash like 
in adsorption process for waste water treatment 60. There are many techniques have 
been developed for separation of unburned carbon and processing from fly ash and the 
advantages of each applications and its activation were discussed by several authors 
60,61,62,63,64. Researchers were studied on  geopolymerization mechanism and  reactive 
Si:Al ratio and size distribution and understanding the reactivity of fly ash in NaOH-
solutions with high  and low liquid/solid ratios and concluded that as compared to 
conventional method the automated feature sizing and chemical typing (FS&CT) 
technique  found to be  more effective method for possible  quantitative analysis  of inter 
particle variations,  non-crystalline potentially reactive aluminium-silicates phase with 
some limitations as fly ash contain mullite, which is an aluminium-silicate often occurs in 
a crystalline, non-reactive form 65,66,67 
 
 
CCRs Utilization: Indian scenario  
 
Presently in India, CCRs has been used as a raw material in cement, cellular concrete, 
fly ash lime bricks, fly ash lime gypsum block, building tiles; as admixture in cement 
concrete, timber substitute products; as aggregate in concrete, road and building block; 
as pozzolana in lime pozzolanic mortars/ plasters, Portland pozzolanic cement; as 
stabilizer in soil stabilization, road construction; as filler in consolidation of ground, land 
and mine-filling, cement free geopolymeric concrete. The other applications of CCRs 
are fabrication of sandwich composites, metals extraction, cenosphere, soil 
amendment/ soil modifier, fertilizer and wastewater treatment 2, 11,31,50,68. 
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In India, several laboratories of Council of Scientific and Industrial Research, 
Agricultural Universities, Indian Institutes of Technology, Tata Energy Research 
Institute, National Thermal Power Corporation, various Governmental and Non 
Governmental organizations are actively involved in conducting various in-depth 
experiments and demonstration trials in recycling and use of CCRs effectively.  Looking 
to the physico-chemical, engineering, mineralogical and morphological properties of 
ash, the Bureau of Indian standard (BIS) has released IS10153 indicating various 
applications of fly ash.  To use fly ash as pozzolona materials IS 3812 specifies various 
characteristics of grade-I and grade II ash generated from various thermal power plants.  
Presently in India the Fly ash utilization rate has been considerably increased up to 50% 
in the following applications 
 

 As raw materials: Cement, cellular concrete, clay bounded fly ash grade, fly ash  
lime bricks, fly ash  lime gypsum block, building tiles,  

 As admixture: Cement concrete for precast lintels, door or window frame etc., 
 As aggregate: Aggregate for concrete, skid resistant road and building block. 
 As Pozzolana: Lime pozzolana mortars/ plasters, Portland pozzolana cement 
 As Stabiliser: Soil stabilisation, road construction, land reclamation 
 As Filler- Consolidation of ground, land and mine filling 
 Multi purpose: Geo-polymeric cement free concrete and concrete blocks and 

cement less pre fabricated products and components, polymeric composites  
 Other Area:- Metals extraction, cenosphere, soil amendment/ soil modifier, 

fertiliser, water treatment,  securing agent in domestic cleaning powder, 
pesticides, paints, dyes, and plastics. 

 
CCRs based composites materials are becoming more attractive, in the recent years, 
due to many significant advantages in terms of mechanical, thermal, acoustic and 
electrical insulating and other engineering properties.  Composites materials epitomize 
as polymer matrix composites (PMC), metal matrix composites (MMC) and ceramic / 
cement / concrete matrix composites (CMC) composites. The performance of each 
composite is distinctive and justifies its distinction. PMC exhibits low density, flexible, 
resistant to corrosion and consume less energy for manufacturing. MMC and CMC are 
stronger, stiffer and resistant to high temperature. In all cases CCRs particulates and 
fibres have been used as reinforcing elements. Performance of these composites 
depends on the properties of reinforcing constituents and their interfacial compatibility. 
In fact, CCRs can be considered as a renewable resource, as its availability become 
certain till the living system exists. CCRs can be utilized as raw materials to produce 
innovative composite materials with dual benefits. The other renewable resources are 
Cellulosic natural fibres (flax, jute, hemp, kenaf, pineapple, sisal, coir, bamboo, cotton) 
and protein rich animal fibres (silk, wool, human hair and feathers), which are cost-
effective, lighter in weight and renewable. Polymer matric composite have unique 
advantages over its conventional counterpart in terms of its specific strength, stiffness, 
density, saving energy and environment. The present paper describes the recent 
innovation and demonstrated research on CCRs particulate reinforced composite and 
understand its performance for wider range of engineering applications as substitute to 
timber, plastic and GRP products. 
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MATERIALS AND METHODS 
 
A process has been developed and optimized the parameters for utilization of CCRs as 
a filler, reinforcing materials and surface finishing agent with epoxy resin for fabrication 
of composites. Attempts were also made to use chopped sisal fibres to explore 
additional reinforcement in the composites. CCRs, termed as fly ash, were collected 
from Satpura Thermal Power Station, Central India. CCRs were processed by drying 
and sieving through 150-micro meter sieve. Sisal fibers were dried in woven, removed 
moisture, cut into 3-4 cm length and were used as a preform mat. Composites were 
synthesized by mixing CCRs in the polymer with the help of a mechanical stirrer. 
Commercial grade Epoxy resin (Araldite- AY 105) with Hardener (HY-951) at the ratio of 
1:0.12 was used in casting composites under compression molding system at 
temperature 60 5C and curing was done in room temperature around 362C for 24 
hrs. 
 
Standard methods of testing procedures were followed to characterize the tensile 
properties of sisal fiber (ASTM 5526) using Universal Testing Machine (UTM), 5 KN 
capacity, LRX Plus, Lloyd, UK. Particle size analysis of CCRs particulates was done 
using Laser Diffraction Particle size analyser (Model HELOS, Sympatec GMBH, 
Germany).  The pH and Conductivity using Orion analyser (Model 1260, Orion 
Research Inc., USA) in a 1:2 solid: water suspension. CCRs  particulates were digested 
using microwave digester (QLAB 6000, Canada) and chemical constituents were 
analysed from the extracts by Atomic Absorption Spectrophotometer (Z-5000, Hitachi, 
Japan) with flame and graphite system. For all chemical analysis, high purity distilled 
water system (Prima1-3 and Elgastat Maxima) England was used. Tensile properties of 
CCRs composites were tested according to ASTM D 638 using UTM, LRX Plus, Lloyd, 
UK. Tensile test was done at a crosshead speed of 0.5mm/min. The density of the 
composites and Flexural properties were performed as per the ASTM D792-91 and as 
per the ASTM D 790.  
 
RESULTS AND DISCUSSION 
 
Properties of CCRs 
 
Physical properties of CCRs is shown in Table 1. The particle size of CCRs varied from 
a few micrometers to millimeter. But, in the present study, 80 percentage of CCRs 
particles are found to be 130-260 µm and more than 50 % of the fly ash particles 
diameter are in the range of 2-50 µm and particle diameter below 2 µm size are less 
than 30 %.  The bulk density of CCRs varied from 0.96 g/cc to as high as 1.25 g/cc, But 
in the present study, the bulk density of fly ash showed almost a narrow range and 
maximum was 1.24g.cc-1 and the corresponding specific gravity was recorded as 2.08-
2.36. 
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Table 1 Physical characteristics of CCRs  
 
Sl. No Physical properties  Values / 

Concentration (%) 
1 Particle size (µm) (D80) 130-260 
2 Bulk density (g/cc)          0.96-1.24 
3 Specific gravity  2.08-2.36 
4 Porosity (%) 34.45-37.5 
5 pH   6.98-7.03 
6 Electrical Conductivity 

(µmohs/cm) 
491.65-504.24 

7 Specific Surface Area (cm2/g) 1338.6-1496 
8 Water holding capacity (%) 52.6- 65.25 
 
Chemical characterization of fly ash samples were done for the processed CCRs. Table 
2 shows the chemical properties of CCRs. The major chemical constituents (average 
contents) in CCRs  are SiO2  (57%) and Al2O3 (20.35%) and Fe2O3 (6%). The other 
chemical constituents present in CCRs are oxides of sodium, calcium and magnesium, 
potassium, zinc, lead, copper. Some of the elements such as arsenic, selenium, and 
molybdenum were also present in trace concentration.  

Table 2 Chemical characteristics of CCRs  
 
Sl. No Chemical properties  Concentration (%) 
1 SiO2 55.5-58.6 
2 Al2O3 16.2-24.5 
3 Fe2O3 5.4-6.6 
4 CaO 0.22-5.5 
5 MgO 1.0-1.52 
6 K2O 1.46-2.0 
7 ZnO 1.04-2.66 
8 PbO < 0.1 
9 CuO < 0.1% 
 
Table 3 shows the heavy metal / trace elements ( Mn, Co, Ni, Cr, Co) and radionuclide  
40K ( Emitters), 226Ra ( Emitters), 228Ac ( Emitters) present in CCRs. One of the 
major concerns with CCRs disposal is the leaching of heavy metals to surface and 
underground water source, which may contaminate the ground water quality nearby the 
ash disposal area 3, 4.  The trace elements in CCRs, such as Zn, Cd, Pb, Mo, Ni, As, Se 
and B are important concern for land disposal due to their environmental significance5,6.  
But the ultimate impact of each trace element will depend upon its state in CCRs and 
toxicity, mobility and availability in the ecosystem 7, 17, 24,48, 69,70. Most of the heavy 
metals/ trace elements in Indian CCRs found lower concentration than that of abroad, 
which is one of the advantages for utilization in agriculture and in embankment, where 
leaching of toxic metals found to be below the USEPA standard 1,17,71.  
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Table 3 Heavy metal / trace elements and radionuclide in CCRs  

 

Sl. No. Heavy metal / Trace 
elements/ Radionuclide 

Values  

Heavy metal / Trace element concentration (ppm) 
1 Manganese 500 
2 Nickel 102 
3 Chromium 90 
4 Cadmium 38 
5 Cobalt 59 
                                  Radionuclide (Bq/kg) 
1 40K ( Emitters) 281.8 ± 6.44 

2 226Ra ( Emitters) 54.13 ± 0.80 

3 228Ac ( Emitters) 74.03 ± 9.57 

 
 
Properties of Sisal fibers 
 
The Chemical composition and mechanical properties of sisal fibres is shown in Table 
4. The major macromolecules present in sisal fibres are cellulose (~ 52.1 %), 
hemicellulose (11.9%), lignin (15.45%). It is not mandatory to use sisal fiber with fly ash 
for making composites. However, sisal fiber can be used for further reinforcement, if 
required depends on the specific application requirement.    Results from the 
mechanical characterization of sisal fibers showed that the density of sisal fibres found 
to be lower than that of CCRs. There was a wide variation in the diameter of sisal fiber 
varying from 145- 440 micrometer. The average tensile strength of sisal fiber was 493 
MPa and the tensile modulus was 10.7 GPa.  
 
 
Table 4 Chemical composition and mechanical properties of sisal fiber 
 
Sl. No. Chemical Constituents  Sisal fiber (%) 
1 Cellulose (%) 41.6-62.6 
2 Hemi cellulose (%) 9.2 -14.6 
3 Lignin (%) 11.4 -19.5 
Physical and Mechanical Properties 
1 Density (g/cm3) 1.28-1.42 
2 Tensile strength (MPa) 126-860  
3 Tensile Modulus (GPa) 4.6-16.8 
4 Elongation (%) 1.54-3.85  
5 Fiber diameter (m) 145-440  
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It is imperative to note that sisal fibres is cellulosic materials and CCRs is an inorganic 
silica rich materials. The micro information on density variation, crystallinity, mechanical 
properties, microchemistry of CCRs as a function of CCRs particle size with relation to 
the mineralogy for a well-defined source are not yet available. And still more micro 
studies are required to be carried out to explore further potentials on use of CCRs with 
clear understanding on the effect of CCRs on different applications. Cellulosic sisal fiber 
and other natural fibres such as jute, coir, hemp, banana, curaua, flax, pineapple, palm, 
bamboo and wool have good potential for use as reinforcing materials in composites. 
Processing of natural fiber is simple and not energy intensive and fibres are from 
renewable sources. Natural fibres have not been fully exploited for their use as 
reinforcing materials in composites. Fabrication of natural fiber composites and its 
performance depends on various aspects such as fiber types, fiber isolation methods, 
fiber properties, hydrophilic / hydrophobic properties, fiber chemistry, fiber orientation, 
aspect ratio, matrix system etc. There is considerable scope for advanced research and 
technological advancement for exploitation of renewable CCRs and vegetative fibres for 
manufacturing advanced composites. 
 
Properties of CCRs composites   
 
The mechanical properties of fly ash fortified composites is shown in Table 5. Fig. 1 
shows the composites developed using CCRs with and without sisal fibre with Epoxy 
resin system. The density of CCRs fortified composites , as shown in Table 5, varied 
from 1.45 to 1.48 gm/cc, which was found to be relatively lower than that of polyester 
resin with fly ash and jute fabric reinforced composites reported elsewhere (Saxena et 
al., 2008), but, comparable to those of related conventional materials such as wood, rice 
husk board, medium density fibreboard. The density of epoxy resin was 1.26±0.02gm/cc 
and the resulting tensile strength was 31.01± 1.11 MPa with tensile modulus 2.24±0.196 
GPa. The tensile strength of the composites developed using CCRs with Epoxy resin 
system is shown in Table 5 and the corresponding stress strain curve is shown in Fig. 6. 
It is evident from the present work that the tensile strength of CCRs fortified composites 
resulted 30.45 ± 3.52 MPa with lower tensile elongation (0.72 ± 0.08%). The Mechanical 
properties of CCRs with Sisal fiber reinforced epoxy composites are shown in Table 6. It 
is to note that with incorporation of sisal fiber the tensile strength increased (33.03 ±1.57 
MPa) compared to neat epoxy resin as well as CCRs composites. The corresponding 
stress strain curve for CCRs and sisal fiber reinforced composites is shown in Fig. 8. 
However, the tensile elongation increased with sisal fiber incorporation and the density 
was decreased.  
 

Fig. 9  shows the comparison of  density of CCRs  infiltrated epoxy composites, CCRs- 
sisal fibers  reinforced Epoxy composites  over other conventional materials. Fig. 10 
shows comparison of tensile strength of CCRs infiltrated epoxy composites; CCRs- sisal 
fibers reinforced epoxy composites over other conventional materials. It is evident from 
the present study that the quality of CCRs composites as well as CCRs with sisal fiber 
reinforced composites have showed improved materials performance as compared to 
the conventional materials such as particle board, rice husk board, medium density 
board and teak wood.  
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 Fig. 1 Composites developed using  CCRs with and without sisal fibre with  
Epoxy   resin system 
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                     Fig. 2 CCRs infiltrated Epoxy composites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                     Fig. 3 CCRs and sisal fiber reinforced infiltrated Epoxy composites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    Fig. 4. Neat Epoxy composites 
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Table 5 Mechanical properties of CCRs infiltrate epoxy composites 
 
 
Sample .No. Tensile 

Strength 
(MPa) 

Tensile 
Modulus 
(GPa) 

Elongation  
(%) 

Density  
(g/cc) 

Specific Tensile strength
(MPa.cc/gm) 

FEC_R1 26.51 4.72 0.63 1.457 18.19 

FEC_R2 31.52 4.64 0.75 1.457 21.63 

FECs_R3 33.31 4.73 0.78 1.48 22.50 

Mean 30.45 4.70 0.72 1.46 20.78 

SD 3.52 0.05 0.08 0.01 2.28 
 
 
 
 
 
 
Table 6 Mechanical properties of CCRs with Sisal fiber reinforced epoxy composites 
 
 
 
Sample 
S.No. 

Tensile 
Strength 
(MPa) 

Tensile 
Modulus 
(GPa) 

Elongation  
(%) 

Density  
(g/cc) 

Specific Tensile strength
(MPa.cc/gm) 

FSEC_R1  32.07  4.13  0.97  1.477  21.711 

FSEC_R2  31.78  4.03  0.88  1.394  22.804 

FSEC_R3  35.26  3.38  1.02  1.287  27.395 

Mean  33.037  3.847  0.957  1.386  23.970 

SD  1.577  0.332  0.058  0.078  2.462 
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Fig. 5. CCRs infiltrated Epoxy composites tensile specimens   
 
 

 
 
 
 
Fig. 6 CCRs infiltrated Epoxy composites Tensile test results: Stress Strain curve 
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Fig. 7. CCRs and sisal fiber reinforced  Epoxy composites Tensile test specimens 
 

 
 
Fig. 8 CCRs  and sisal fibers reinforced Epoxy composites Tensile test results: Stress Strain curve 
 



 16

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

1.6 

1.8 

2 

FEC FSEC FPC RHB PB(EG) MDF TEAK 

1.46 
1.38 

1.68 

0.7 0.7 
0.63 

0.8 

D
E

N
S

IT
Y

 (
g

m
/c

c)
 

COMPOSITE MATERIALS 

Comparision of density of fly ash composites  with other conventional materials 

FEC     - Fly Ash Epoxy Composite 
FSEC - Fly Ash Sisal Fiber Epoxy Composite 
FPC      - Fly Ash Polyester Composite 
RHB      - Rice Husk Board 
PB(EG) - Particle board 
MDF      - Medium Density Fibres board 
TEAK     - Teak Wood 

 
Fig. 9  Comparison of  density of CCRs  infiltrated epoxy composites, CCRs- sisal 
fibers  reinforced Epoxy composites  vs other conventional materials 
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COMPOSITE MATERIALS 

Comparision of tensile strength of fly ash composites with other conventional materials 

 
Fig. 10 Comparison of Tensile strength of CCRs  infiltrated epoxy composites, 
CCRs- sisal fibers  reinforced Epoxy composites  vs other conventional materials 
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CCRs fortified composites developed in this study has showed much improved physical 
and mechanical properties with glossy finish as compared to fly ash polyester resin 
composites and other conventional materials as shown in Fig. 9 and Fig.10. Application 
of fly ash influenced in enhancing mechanical properties of composites and very limited 
work has been reported in the similar area of research with other polymeric system 49, 68. 
Universally, competitive composite materials such glass fiber reinforced plastic (GRP/ 
FRP), carbon fibre composites are the dominant emerging materials.  These materials 
have been used for everyday products to strategic applications. Manufacturing of such 
composites are using glass and other petroleum based fibres / binders are not 
environmental friendly. Productions of such non-biodegradable fibres / binders are 
energy intensive and working with such materials causes hazards to human health72. 
Work performed by earlier researchers compared with compressive strength of 
composites and did not address about the tensile properties. Earlier studies on E-glass 
fiber (20%) reinforced with polyester resin using cenosphere ash (10%) resulted 90MPa 
tensile strength73.Composites were compared with the unreinforced epoxy resin and 
PVC, which is used for flooring, portions and fall celling and the glossy finish 
composites developed in the present study showed improved properties. In composites, 
reinforcement of fly ash and fiber contributed considerably, wherein the chemical 
properties such as silica and alumina oxides acts as a stabilizing agent in enhancing 
composite performance. 

 

CCRs BASED TECHNOLOGIES DEVELOPED AT CSIR AMPRI INDIA 

CSIR-AMPRI, Bhopal, India has developed expertise and created facilities for large-
scale recycling CCRs and consultancy services are offered for the following 
technologies: 
 Development of fly ash polymer composites as wood substitute, plastic substitute 
 Fly ash in bricks, block and coating  
 High volume use of fly ash in cement free hybrid concrete and concrete blocks 
 Immobilisation and recycling hazardous jarosite waste into a non hazardous 

building bricks/ blocks using CCRs 
 Technology demonstration for bulk use of CCRs to improve the agricultural 

productivity and studies on long terms effect of CCRs on soil fertility and crop yield. 

Fly ash based construction materials developed by AMPRI Bhopal have been used in 
mass scale and demonstrated by constructing proto-type houses for confidence building 
and awareness generation. The technologies developed at CSIR AMPRI Bhopal have 
shown great recycling potential of CCRs and setting-up of secondary industry for 
manufacturing of alternative building materials which can significantly contributes 
towards increasing the employment opportunity and economy of the urban / rural people 
and reduce the environmental pollution.  
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ISSUES TO ACHIEVE EFFECTIVE BENEFITS FOR CCRS RECYCLING 
 
Traditionally, timber, bricks, blocks and concrete are being used as major building 
construction materials. All such materials are exploited from natural resources74 . Due to 
depletion of available natural resources like forest reserves, minerals (clay, limestone, 
aggregates etc) and its environmental consequences, it necessary to reserve such non 
renewable resources and utilize wasted resources like coal ash suitably as a raw 
material for developing alternative building materials and components. CCRs is indeed 
wasted resources and it is imperative to leverage R&D organizations’ expertise, 
technologies and research strengths to (i) up-scale lab scale research findings (ii) 
commercialize existing technologies to achieve quantum cost, environmental & social 
benefits on fly ash based alternative composite materials and (iii) perform advanced 
R&D innovation to maximize the use of CCRs to cope-up with the immediate and future 
needs of the society. Yet, there are hindrances for effective realization of new 
technologies for optimum benefit. Especially, lack of awareness and confidence on new 
products among user agency, motivation for initial investment, intellectual perception 
and coordinated participation from industry, inventor, investors and users, which are 
essentially need to be addressed to alleviate existing issues for successful commercial 
exploitation. 
 

CONCLUSIONS 
 
Worldwide, scientific innovations on CCRs utilisation have resulted in the introduction of 
alternative materials as substitutes to cement matrix composites, polymer matrix 
composites and metal metric composites. Mostly, polymer matric composites have been 
manufactured using glass, carbon, aramid and other petroleum based non renewable 
materials. These composites are being used in a variety of applications due to their 
special features, however, emission of undesirable gases during manufacturing of 
petroleum based fibers are becoming major environmental issues prioritizes the 
necessity of use of renewable resources and recycling waste materials for the 
development of new materials that could be used as an alternative to the composite 
industry.  
 
The preset study, demonstrated the development of new class of glossy finish 
composites using CCRs particulates. The mechanical properties of CCRs composites 
showed 30.45 ± 3.52 MPa tensile strength and 4.70± 0.05 GPa tensile modulus with low 
density (1.46±0.01 g.cm-3) and tensile elongation (0.72±0.08%). Furthermore, 
incorporation of sisal fibres resulted further enhancing the tensile strength about 8% and 
reducing the density about 5% and specific strength about 15%. It is evident that 
presence of cellulosic content in biofiber and silica and alumina in CCRs particulates 
influenced in enhancing the quality of composites. The resultant composites have 
potential to use in architectural interiors in building construction industries, and 
transportation system. The findings of this research is expected to significantly 
contribute for recycling of CCRs and other coal wastes produced during coal 
combustion as well as during coal processing and beneficiation in mining industries for 
making composite followed by saving our environment. The glossy finish composites 
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developed using CCRs in the present study can be used as a substitute for timber and 
plastic products. Effective commercial exploitation of this products and utilization would 
help to reduce consumption of timber and plastic in building construction, transport 
system and other interior applications. CCRs can be used up to 60% as fillers, 
additives, and as a surface-finishing agent in making glossy finish polymer composites. 
Realization of this technology is expected resulting in the effective use of renewable 
resources and contributing to reduce CCRs disposal, deforestation and climate change 
issues. 
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