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Abstract

The ever increasing pace of globalization, production and consumption have led to a
situation where the nature is experiencing tremendous strain to meet the demands of
raw material to try and satisfy the insatiable appetite of the industry to produce
more. Moreover just to aggravate the situation further the worsening, handling and
disposal capabilities for the heaps of industrial byproducts generated is becoming a
serious handicap in the path of realizing the goal of a comprehensive sustainable
growth. A tremendous amount of efforts have been put forth by the researchers in
the past as well as still going on in figuring out the effective and efficient ways to

handle and absorb the quantum of waste generated.

One of the unilaterally accepted frontrunner among the contributors to the waste
generated has been the construction industry. With the kind of lifestyle and living
standard changes going across the globe stone industry have emerged as one of the
foremost cause of concern with respect to the quantum of waste generated. Marble
and Granite waste have been the significant portion of the total stone waste.
Concrete by many matrices is by far and likely to remain one of the largest
consumed material in the world. Concrete is remarkably a versatile material which
has shown commendable affinity to absorb a variety of industrial byproducts as
partial to full replacement of fine aggregates and cement in it.

Quite significant research has already been done that establishes the credentials of
Marble as a substitute for fine aggregate and cement upto optimum percentage as
reported by various researchers. However a comprehensive and concluding research
assessing the capability of the Granite Cutting Waste as a partial replacement for
fine aggregate in concrete with parametric w/c ratio was still missing and therefore

the thesis attempts to address and deliver the same.

The experimental methodology included making the detailed assessment of
rheological, mechanical and durability characteristics of Granite cutting waste

substituted concrete and explaining the phenomenon observed with the assistance of



Information gathered from the microstructural studies conducted. Thirty six
concrete mixes were cast in two series at 0.30, 0.35, 0.40 (Series-I) and 0.45,
0.50, 0.55 (Series-11) water cement ratio by substituting 0%, 10%, 25%, 40%,
55% and 70% river sand by GCW. It was found that the replacement of fine
aggregate with GCW leads to the reduced workability of the resulting
concrete mix and this was clearly reflected by the decrement in the observed
values of slump. The observations for mechanical properties were made by
evaluating the response of specimens casted in terms of compressive strength,
flexural strength and split tensile strength. The results have been found to be
very encouraging as these strength parameters showed increment over the
values observed for the control concrete up to a certain optimum percentage
replacement (25-40%). The durability of the concrete was evaluated using
various tests including permeability, water absorption, carbonation, corrosion,
chloride penetration, shrinkage, acid attack and corrosion. The test result
clearly showed that GCW substituted concrete exhibits enhanced resistance to
carbonation chloride penetration, acid attack at optimum GCW replacement of
25%. No loss in weight was observed at all duration of MgSO, solution. The
specimen with 25% GCW replacement exhibits greater intensity and peak area
for hydration productas compared to control specimen. It was observed that
replacement with GCW leads to enhanced properties of the concrete as far as
the aforementioned tests are concerned. Concrete matrix becomes more dense
and compact with optimum percentage of GCW substitution. To deliver the
detailed explanations for the improved behavior of Granite Cutting Waste
substituted concrete specimens SEM and XRD tests were carried out. To study
the extent of hydration water present concrete was exposed to elevated
temperatures ranging 30-900 C and gravimetric observations were then
made and analyzed to seek appropriate explanations for the behavior
observed.
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1.1 General

Concrete is one of the most widely utilized material globally with total production
of about 25 billion tonnes per annum. Its key ingredients are cement, fine aggregate,
coarse aggregates, water and admixtures etc. With rapid surge in the growth rate of
globalization and urbanization comes the insatiable demand for the raw materials in
the concrete industry. The exponential demand for the fine aggregate i.e., natural
sand exerts tremendous stress on the natural reserves of sand i.e., river beds. As per
calculations, world consumes 5-7.5 billion tonnes of river sand every year for
construction purpose. The excessive consumption of river sand has depleted the
river beds and adversely affected the surrounding flora and fauna. The excessive
mining of sand has resulted in reduced water storage of stream, lower water tables,
and unstable substructure of river bridges and eroded river beds. Thus, authorities in
some countries have banned or constrained the usage of river sand as construction
material. The limited supply of river sand on one hand and enhanced infrastructural
development throughout the country has compelled the researchers and concrete
manufacturers to look for other viable alternatives. The Rajasthan high court also
imposed a ban on sand mining from river Banas in 2013, the ban was later lifted and
provisional sanction was given due to sand requirement for ongoing Jaipur Metro
Project [India Times, 2015].

Researchers have assessed and tried to establish the feasibility of a wide range of
industrial waste products such as slag, rubber tyre, recycled glass, pond ash, waste
foundry sand, plastic waste, stone waste etc. as a substitute or partial replacement
for fine aggregate in the concrete production. In 2012 the world's total production of
dimension stones including granite came out to be 125 million tons India is enriched
with deposits of all types of dimension stones. As one of the largest producer of
stones in the world, It is endued with ample variety of granite comprising over 200
shades. The humongous amount of stone waste generated globally provides the
possibility of being utilized as a potential substitute for the natural sand in the
concrete production. GCW (Granite cutting Waste) is one such stone waste that

2



seeks attention and invites in-depth research courtesy to the large amount of this
waste getting generated every year and structural and functional similarity to the

natural sand being replaced.

1.2 Waste Generated by Stone Industry

Rajasthan is the largest state in India in terms of geographical area and at the same
time it possesses the largest share in the Indian stone industry. It owns a plethora of
stone varieties including marble, sandstone, granite, limestone and kota stone etc.,
and these resources fuel the economy of the state. More than 30% of the state's
income is sourced by the stone industry. This industry engages about one third of
the total population of the state. But in the last few years this industry has faced
serious setbacks courtesy to the repeated forced restrictions and limitations on the
mining activities by the government. One of the prime reasons for such a series of
restrictions is lack of proper disposal mechanism for the waste generated alongside
machining operations encompassing variety of activities like cutting, sawing and

polishing etc.

The table below details the concerned scenario:

Table 1.1: Waste generation in stone industry
(Source: DMG Rajasthan Report, 2011)

Stone waste generated %out of total

Quarrying (ungraded or undersized material, overburden, side 50.00
burden & inter burden)

Processing (Dressing, cutting and polishing) 15.00
Transportation 0.500
Total waste 65.50

It can be readily inferred from the table that more than 50%of the stone is lost as

waste slurry, grit or fines before it is ready for use at the consumer end. A lack of

3



proper waste disposal site invariably leads to huge mounds of waste lying around in
the open causing air pollution and range of health problems like asthma, irritation,
nausea etc. This slurry which is usually dumped on open grounds or near highway
scan render their surface slippery when wet, may cause waterlogging and disturb the
ecology of the area. Also the very fine powder can cause a variety of health and
visibility problems. At times the waste is even dumped on seasonal river beds
threatening the porosity of aquifers. Water logging can also take place in due course
of time. Considering the threat this waste pose to the entire ecosystem in a variety of
ways be it affecting human health, or damaging the natural traits of the watersheds
and aquifers such as porosity etc. it has become imperative to find appropriate

means of efficient and effective disposal mechanism.
1.2.1 Granite Cutting Waste

In 2012 the world's total production of dimension stones including granite came out
to be 125 million tons. From the data of Indian Minerals Yearbook 2013 the
India’s contribution in granite reserves on 1.4.2010 came about 46,230 million cubic
meters. Of this Rajasthan has allocation of 20% of the total share of granite in India
which is around 8479 million cubic meters (as per the DMG Rajasthan report).



Figure 1.1: One of the heaps of GCW in shahpura industrial Area

granite processing which includes sawing and polishing by using blade cutters leads
to the generation of enormous amount of solid waste which is more than 30% by
volume of the final product. This huge waste needs to be properly disposed of in
specially allotted land fill sites according to the Hon’ble Supreme Court of India by
its order dated 14/10/2003 in the Writ petition No. 657/95. (CPCB, 2013). The
disposal of these slurries leads to drastic reduction of water due to evaporation and
percolation leaving behind granite fines as airborne particles which is pernicious to
health. Also because of lack of availability of area the factories are now disposing
these wastes around there own factory surroundings creating respiratory and allergy

problems for both workers and people living nearby.

This growing heap of stone waste is plaguing the Rajasthan stone industry which has
now entered into legal disputes with various administrative bodies over the
environmental impacts of this waste. The mining industry has even been facing

temporary ban from High Court which has put thousands of people out of job.



1.3 Properties of Granite Cutting Waste

1.3.1 Physical Attributes

The particles of granite dust are irregular, angular, and porous and have rough and
crystalline surface texture. The particle size resembles fine sand. Granite dust
particles exhibit interlocking characteristics. The specific gravity of granite dust
varies from 2.36 to 2.72 depending upon its source stone. Table shows the specific
gravity, water absorption and fineness modulus of various granite dust as reported

by various researchers.

Table 1.2: Physical attributes of granite cutting waste

Physical Donza Arulraj  Vijaylaksh Elmoaty Williams Adigu Kala

properties et al. and mi et al. *(2013) et al. n (2013)

(2002) Kannan (2013) (2008) (2013)
(2013)

Specific 2.69 2.61 2.386 2.50 2.6-2.8 2.72 2.58

gravity

Water - - - - 0.5-15

absorption

(%)

Fineness 3.15 - - - - 3.69 2.43

modulus

1.3.2 Chemical Attributes:

Granite cutting waste is primarily composed of silica, alumina and potassium with
minor quantities of calcium and magnesium. The chemical composition is invariably
controlled by the parent rock characteristics. Table exhibits the comparative study of
chemical composition of granite dust acquired from different sources of granite

stone.



Table 1.3: Chemical attributes of granite dust

Chemical  Vieira Hojamberdi Abukersh Vijaylakshmi  Liet Elmoaty
composition  etal. ev et al. and etal. (2013) al. (2013)
(%) (2004)  (2011) Fairfield (2013)
(2011)

SiO, 67.14 65.10 61.40 72.14 57.58 85.5
Al,O3 14.92 14.00 16.30 17.13 10.42 2.10
Fe,O3 4.40 4.34 3.66 - 2.06 0.40
CaO 1.91 6.04 3.69 - 1.89 4.90
MgO 0.73 1.12 1.70 - - 2.50
Na,O 2.93 3.51 3.62 - 3.29 -

K.0 5.18 2.75 3.75 - 3.42 -
TiO; 0.73 - - - - -

SO3 - - 0.05 - - 1.80

LOI 0.50 3.14 5.01 - - 1.10

1.4 Significance and Obijective of the Research Endeavour

1.4.1 Significance

With exponential hike in the rate of generation of industrial by-products arises the

need for efficient and effective solid waste disposal mechanism. The scarcity of the

land space for waste disposal along-with tremendous quantum of waste generated

makes it tedious to facilitate economical waste disposal. Besides, the increasing

demand for raw materials in the construction industry is causing a major upwards

shift in the price thus making it eventually challenging to meet the demands with

limited financial means. A variety of industrial by-products generated in abundant

quantities put forward the possibility of reutilization within concrete industry.

Granite Cutting Waste is one such waste. The reutilization of this waste in concrete
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industry as a partial replacement for sand aggregate will not only facilitate
economical alternative to the need of raw material in the industry but at the same

time will address the threatening problem of efficient and effective waste disposal.
1.4.2 Niche in the Research

India’s share in granite production in the year 2014 was roughly about 45-55 million
sgm / year and waste produced during granite cutting was about 15% by weight,
which is a fairly large quantity [World Natural Stone Association, 2014]. Rajasthan
accounts for about 20% which is around 8479 million cubic meters national granite
productions [CDOS, 2015]. The granite is cut and polished prior to its usage.
Cutting and polishing operations generate large amount of cutting and polishing
waste. Granite cutting waste (GCW) has become a serious problem in its mining
regions throughout the state. Jaipur, Jalore, Barmer, Pali, Sirohi, Alwar, Jhunjhunu,
Tonk, Ajmer, Bhilwara, Sikar and Udaipur being the most affected areas During the
cutting process, granite mass lost is approximately 30% in the form of fine dust.
Every year 250-400 tons of granite waste is generated at site (Rajgor and Pitroda,
2013).

The huge quantum of waste generated invites serious research endeavour to assess
the feasibility of Granite Cutting Waste as a potential substitute or partial
replacement for sand in the concrete manufacturing process. The literature review
ahead clearly put forth the fact that in past only limited scope studies have been
attempted and necessitate the need for a detailed study encompassing GCW
feasibility assessment on strength and durability grounds with parametric wi/c ratios

supported by microstructural attributes study.
1.4.3 Research objectives

Considering the niche in the research area, the final objective of the research
endeavour is to assess the strength and durability of the concrete obtained with
variable w/c ratios of 0.30, 0.35, 0.40, 0.45, 0.50 and 0.55 respectively and view the

results obtained in the light of microstructural studies.
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The final objectives of the research endeavour are:

1. Characterization of Granite cutting waste and natural sand.

2. Study of incorporating GCW various hardened concrete tests including
compressive strength, flexure strength, pulls off strength etc. for different
w/c ratios.

3. Durability assessment of concrete in terms of response to various durability
tests including permeability, acid attack, sulphate attack, carbonation
corrosion and exposure to elevated temperature (TGA).

4. In-depth microstructural study of the incorporating GCW concrete

highlighting features at molecular scale.

1.5 Organization of Thesis:
The thesis has been divided in five chapters:

Chapter 1: This chapter introduces the realm of the problems of GCW disposal and
economical procurement of the raw material in concrete manufacturing. The chapter
includes identification of niche in the industry for the utilization of GCW and

concludes with the research objectives.

Chapter 2: This chapter presents a critical review of the existing literature on the
possibility of use of Granite cutting waste as a partial replacement for natural sand

in the concrete.

Chapter 3: This chapter presents a detailed study of the raw material used and the
methodology adapted for the various strength and durability tests performed during

the course of research work.

Chapter 4: The chapter details the results and observations of the tests performed

including compressive test, flexure strength test, acid attack, sulphate attack,



carbonation, abrasion, chloride-ion penetration, corrosion, shrinkage etc. performed

on specimens with variable w/c ratios.

Chapter 5: The chapter concludes the findings of the research endeavour and makes
recommendations for appropriate replacement of natural sand via Granite Cutting

Waste in the concrete manufacturing process.

References: All the references have been duly mentioned under this heading at the

end of the thesis.
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Chapter 2
LITERATURE REVIEW

e General
e Quarry Waste
e Literature Review Concerned with Utilization of Granite Waste in Concrete
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2.1 General

Increased demand for the raw material and their limited availability at the same time
invites a huge paradigm shift in the way manufacturing of concrete is being carried
out. Loads and piles of unattended waste raise concerns for the effective and
efficient waste disposal mechanism. This is where the need for the utilization of this
waste arises. Concrete has been one of the most dynamic construction material ever
used in the industry and it presents a huge possibility for absorbing this waste as a
potential partial replacement for the aggregate in the manufacturing process. A
variety of industrial by-products have been attempted in the past as a replacement
for sand as key ingredient in the concrete. This huge plethora of by-products include
fly —ash, coal bottom ash, crumb rubber, glass aggregates, silica fume, coal bottom
ash, stone waste etc. Recent studies showed that attempts have been made to
substitute aggregate with stone waste resulting in a sustainable concrete.

2.2 Quarry Waste

Quarry waste generated throughout the world poses a variety of ecological threats
including respiratory problems, water logging, damage to vegetation, slippery
highways etc. India is one of the largest producers of finished processed stones

throughout the world.

Hamza et al. (2011) estimated global quarry waste production to be about 75 million
tonnes.The research work carried out on the effective and efficient utilization of
different stone waste as replacement of fine aggregate in concrete manufacturing has

been reviewed.

Sravani et al.(2014) replaced fine aggregate with quarry dust waste in increments of
25% .1t was observed that up to 75% replacement, the values of compressive strength

were within permissible limits.

Nagabhushana and Bai (2011) investigated the strength of concrete with partial
replacement of natural sand with CRP (Crushed rock powder) in steps of 20%, 30%,

and 40% respectively. It was observed that the compressive strength, flexure strength
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and split tensile strength were not significantly affected up to 40% replacement of
natural sand with CRP and thus sand could be effectively replaced up to 40% with

CRP without compromising the strength of the concrete.

Vijayalakshmi et al. (2013) assessed the strength and durability attributes of concrete
on partial replacement of fine aggregate with granite industry waste. Fine aggregate
was replaced with Granite Powder waste in proportions of 0%, 5%, 10%, 15%, 20%
and 25% respectively. It was observed that workability decreased consistently as the
percentage replacement increased. Compressive strength was maximum at optimum
percentage replacement of 15%. Split tensile strength and flexure strength exhibited
decrement with increasing percentage replacement. These parameters were found to
be comparable to control concrete at a percentage replacement of 15%. Also, the
optimum values for chloride penetration and Ultra Pulse Velocity were observed at
15% replacement. Thus, overall optimum replacement of fine aggregate with Granite

Powder Waste was found to be 15%.

Corinaldesi et.al. (2009) studied the effect of partial replacement of natural sand and
cement with marble dust. Concrete mixes exhibited maximum compressive strength
and comparable workability as that of the control concrete at 10% replacement of
natural sand with marble dust. Therefore, it was recommended that 10% replacement
would be ideal to obtain concrete having good strength and remarkable durability
properties. Alyamag and Adin (2015) attempted a study to find out the maximum
possible percentage replacement of natural sand with marble powder for comparable
properties as that of the control concrete (the one with 0% replacement). They
performed various tests including compressive strength, split tensile strength, water
absorption, sorptivity and abrasion resistance. Besides, a cost analysis was also

performed. The maximum possible percentage replacement was found to be 40 %.

In another study Rana et al. (2015) investigated the effect of partial replacement of
fine and coarse aggregates with recycled Kota stone aggregate. It was found that use
of recycled stone aggregates in place of natural coarse aggregates led to enhanced

compressive strength and lesser permeability as compared to the control concrete.
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Also, the use of recycled stone manufactured sand enhanced the aforementioned
properties of the concrete mix. Thus, it was concluded that the natural coarse
aggregates and natural sand can be effectively replaced by the recycled Kota stone

aggregates and recycled Kota stone manufactured sand respectively.

Rana et al. (2016) investigated the possibility of utilizing dimension limestone as a
replacement for natural sand in concrete. They observed enhanced strength, reduced
permeability, and bleeding for the concrete with a mix of 85% crushed solid stone

waste and 15% slurry as fine aggregate.

Thus, it can be established from the above studies that the partial substitution for
natural sand in concrete can be made with granite cutting waste, granite slurry, Kota
stone slurry, marble slurry respectively up to an optimum percentage replacement.
The enhanced strength and durability parameters may be attributed largely to the
physical and chemical properties of the particles of this waste. While the chemical
similarity with sand is important, the physical properties of the waste particles like
fineness, shape, and surface texture also play a major role in determining the strength

and long-term durability of the resulting concrete.

2.3 Literature Review Concerned with Utilization of Granite Waste in Concrete

Besides the variety of wastes mentioned above, Granite Waste is a waste of critical
importance owing to the huge quantum of these waste generated and striking
similarities with fine sand. Vijayalakshmi et al. (2013) , Adigun (2013) , Kala
(2013) , Joel (2010), Kanmalai et al. (2008), Arulraj et al. (2013) , EImoaty (2013) ,
Divakar et al. (2012), Marmol et al. (2010), Li et al. (2013) , Ramos et al. (2013),
Allam et al. (2014), Kala and Senthuraman (2013), Williams et al. (2008) assessed
the impact of partial replacement of fine aggregate by Granite Cutting Waste on the

rheological, mechanical and durability aspects of concrete.

2.3.1 Attributes of fresh granite dust concrete
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2.3.1.1 Workability

Water required for desired workability of concrete mostly depends upon the
properties and quantity of fine aggregate particles. Granite dust particles are angular
and rough textured and porous. The particles of size smaller than 75um are in higher
percentage in granite dust. Therefore on using granite dust as replacement for fine
aggregate in concrete, the number of rough textured, fine and irregular particles
increases. The increased inter particle friction and surface area might be a reason for
the poor flow characteristics of fresh concrete. Secondly since the granite dust has
much higher water absorption ratio as compared to natural aggregate, the internal
water absorbed by the granite dust particle reduces the availability of water for
lubrication of cement paste which hinders the process of achieving desired
workability. Hence for constant water cement ratio, the workability of granite dust
concrete reduces as compared to the control concrete. In other words, to achieve the
same slump of concrete the water requirement of granite dust concrete is higher. A

summary of relevant studies is presented in subsequent paragraphs.

Falade (1999) the effect of using different grain sized granite fines on the properties
of the concrete. Seven different size ranges namely 4.75-0.063 mm, 4.75-3.35
mm,3.35-2.36 mm, 2.36-1.70 mm,1.7-1.18 mm,1.18-0.3 mm,0.30-0.063 mm and
4.75-0.063 mm were used. It was found that as the particle size of the granite fines

being utilized decreased, corresponding workability of the concrete mix decreased.

Joel (2010) observed that workability of concrete mixtures containing varying
percentage from 10% to 100% of crushed granite dust as sand replacement, improved
with respect to control concrete mixture. While upto 50% replacement the slump
values were equivalent, at higher replacement levels the rise in workability was

observed.

Vijayalakshmi et al. (2013) studied the effect of granite powder on the slump of
concrete. Fine aggregates were partially replaced with 0, 5, 10, 15, 20 and 25%

granite powder respectively. Fixed water cement ratio was considered in all mixes.

15



Slump values were calculated for all the concrete mixes. The slump losses were
calculated at different time range from immediate mixing, i.e. 30 minute and 60
minute. However, there is some contrary data also in the published research which is
against the concept of decreased workability on use of granite dust as sand
replacement in concrete. The published literature which indicate increase in
workability are discussed below.

Adigun (2013) observed the contrary results when crushed granite dust was used to
replace natural sand in varying percentages from 0% to 100%. he observed that for
fixed water cement ratios of 0.42 and 0.45 for two different nominal mixes consisting
of nine trial mixes, the slump value increased with increase in crushed granite

powder content.

Kala (2013) examined the effect of granite powder as sand replacement at levels of
0%, 25%, 50%, 75% and 100% by mass at three different water cement ratios, on
workability of concrete. Mineral admixture was used to replace cement by 27.5%.
They observed that the slump values increased with increase in granite powder
content in the concrete mix. This was attributed to the higher granite dust particle

quantity along with mineral admixture.

Sukesh et al. (2013) observed that as the percentage replacement of sand with granite
quarry dust increases, workability of concrete decreases. The higher water absorption
of granite quarry dust is a major factor behind the decreased workability of the

concrete.

Raghavendra et al (2015) investigated the effect of granite fines on the workability of
the concrete. It was observed that for all the percentage replacements upto 25%
granite substituted concrete exhibited comparable workability to that of the control

concrete.

Harur et al. (2015) observed the workability of concrete when natural sand was

replaced by granite powder for fixed w/c ratios of 0.55, 0.45 and 0.40. The concrete
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mixtures containing varying percentage from 10% to 50% of granite powder as sand

replacement recorded improved slump values as compared to control concrete.

Raghvendra et al. (2015) found that workability in terms of slump value decreases
with the increase in the replacement level of fine aggregate with granite powder.
They found that the slump value reduced from 85mm to 70mm when the replacement

level was increased from o to 25%.

Singh et al. (2016) assessed the impact of replacement of fine aggregate by granite
cutting waste on a host of mechanical and durability characteristics. The experiments
were carried out with the 0.3, 0.35 and0.4w/c ratios and for the percentage
replacements of 0%, 10%, 25%, 40%, 55% and 70% respectively. It was found that
as the percentage replacement increased the workability of the concrete matrix
decreased slightly. It was stated that the loss of workability could be easily make up
by the use of superplasticizers.

Thus it can be concluded from the results reported by the majority of the researchers
that as the percentage replacement for natural sand by granite dust in concrete

increases, the corresponding workability of the concrete mix decreases.
2.3.2 Properties of hardened granite dust concrete
2.3.2.1 Compressive strength

The ultimate resistance offered by the concrete block before yielding to the applied

compressive load can be termed as the compressive strength of the concrete.

The development of strength in concrete is governed by water cement ratio and the
bond at the interface of hydrated cement paste and aggregates. The strength of the
individual constituent material in concrete mix also has some influence on the
strength of concrete mix. The investigation shows that the granite particles are
comparable in strength with natural sand particles. The matrix or microstructure of

the granite dust concrete is dense and has better dispersion of cement grains which
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ultimately results in better compressive strength of granite dust concrete mix at lower

replacement ratios.
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Fig.2.1 . Optimum Percentage replacement proposed by various researchers for maximum
compressive strength

F.Falade (1999) studied the effect of using different grain sized granite fines on the
compressive strength of the concrete. Seven different size ranges namely 4.75-0.063
mm, 4.75-3.35 mm, 3.35-2.36 mm, 2.36-1.70 mm,1.7-1.18 mm,1.18-0.3 mm, 0.30-
0.063 mm and 4.75-0.063 mm were used in the study. The maximum compressive
strength was observed for 1:1.5:3 mix for granite fines particles size range of 0.3-
1.18 mm. The compressive strength for this mix was found to be 14% higher than the
concrete mix containing granite fines with particle size of all the ranges. H. Donza et

al. (2002) studied the effect of using a variety of fine aggregates on the properties of

18



concrete. It was observed that G-530 (Granite sand concrete with 530 kg/m3 Granite
sand) exhibited higher strength at all ages than the S-530 (Natural sand concrete with
530 kg/m3 Natural sand).Assuming all other factors as constant this was attributed to
the higher intrinsic strength of granite sand particles and the strong paste-fine

aggregate interface.

Oyekan and Kamiyo (2008) studied the effect of inclusion of Granite fines on the
compressive strength of the sandcrete blocks. The compressive strength of the
concrete specimens was found out to be maximum for a percentage replacement of
15% of the total volume of fine aggregates by granite fines. Beyond 15%
replacement the compressive strength of the granite fines concrete began declining
gradually.

Kanmalai et al. (2008) investigated the effect of granite dust with varying levels from
25% to 100% as sand replacement on properties of concrete and observed that
concrete mix with 25% granite dust exhibited highest strength increment of 2% to
7% for all days of curing. The mixes with higher replacement levels showed lesser

compressive strength than the control concrete.

Joel (2010) studied the effect of granite dust as partial and full replacement of sand
and observed that compressive strength increased with increase in amount of crushed
granite dust replacement up to 20%. Further addition of granite beyond 20% led to
decrease in compressive strength at all ages such as 7, 14 and 28 days. However at
100% replacement the compressive strength was better than the 30% to 90%
substitutions.

Marmol et al. (2010) demonstrated that use of granite slurry as cement replacement
from 0% to 20% has detrimental effect on compressive strength of mortar at both 7
and 28 days of curing period. When the granite slurry is used to replace natural sand
at 0% to 100% replacement, the compressive strength shows a gradual improvement

at all substitution levels.
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Felixkala and Partheban (2010) studied the properties of concrete with granite
powder as partial replacement for fine aggregate in the concrete. It was found that the
maximum compressive strength was obtained for a percentage replacement of
25%.The compressive strength was found to be greater than the control concrete at
all ages of curing by 2-9%. The replacements beyond 25% resulted in a significant

decrement in the value of compressive strength relative to the control concrete.

Rao et al. (2011) investigated the effect of varying percentage replacement of natural
sand with crushed granite stone on the mechanical properties of the concrete being
casted for studying mode-1l fracture. It was found that the compressive strength
exhibited increment with increasing percentage replacement and the maximum
compressive strength was observed corresponding to a percentage replacement of
50%. Beyond 50% replacement there was a slight decrease in the values of
compressive strength, however it was still higher than the control concrete even at

100% replacement of natural sand with crushed granite stone aggregate.

Olaniyan et al. (2012) assessed the impact of replacement of fine aggregate by
granite fines on the compressive strength of the sandcrete blocks. The percentage
replacements made were 0%, 5%, 10%, 15%, 20%, 25% and 100% respectively.
They found that the maximum compressive strength was exhibited by the concrete

with optimum percentage replacement of 15%.

Divakar et al. (2012) studied the effect of granite dust as fine aggregate replacement
varying from 0% to 50%. The increment in the compressive strength was 22% with
35% replacement of fine aggregates with granite dust, with 50% replacement the

compressive strength increment was only 4%.

Vijaylakshmi et al. (2013) examined the influence of Granite powder as a partial
replacement for fine aggregate on the compressive strength of concrete, up to the age
of 90 days. Fine aggregates were partially replaced with 0, 5, 10, 15, 20 and 25% of
granite powder. As reported the addition of granite dust have  no significant
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influence of the compressive strength of the concrete up to 15% replacement.
Moreover the compressive strength of the concrete increased upon aging as usual .

Kala (2013) observed that at different water cement ratio, the compressive strength
increased with increase in the granite dust content at all ages. However the concrete
was designed with 27.5% mineral admixtures replacing cement. The improvement in
compressive strength could be attributed to the fact that use of mineral admixtures
also helped in the densification of microstructure. He concluded that 25% of granite
dust as sand replacement exhibited 6.12 to 22.14% increase in compressive strength

than control mix and it is optimum amount to get favorable strength.

Adigun (2013) demonstrated that development of compressive strength in crushed
granite dust concrete is higher than control mixtures till 75% replacement and
comparable at higher substitutions. The early strength gain was also higher in granite
dust concrete. The increase in compressive strength is attributed to the fact that rough

and irregular granite particle fill the void and have higher frictional resistance.

Vitoldas Vaitkevicius et al. (2013) assessed the impact of partial to full replacement
of quartz sand with Granite rubble waste on the properties of the ultra-high
performance concrete. It was observed that the granite rubble concrete specimens
observed a decrement in the values of compressive strength than the control concrete.
The reduction in the compressive strength was minimum for the percentage

replacement of 10%.

Arulraj et al. (2013) studied the effect of granite dust as fine aggregate replacement
varying from 0% to 25% in concrete on compressive strength of M20, M30 and M40
grade concrete at 28 days. As presented in Table 5, they observed that the
compressive strength increased with the increase in granite dust content in concrete
mix till 20% replacement. The highest values of compressive strength was obtained

when the sand replacement was 15% by granite dust.

Elmoaty (2013) studied the effect of granite dust as partial replacement and addition

of cement in concrete and observed that when cement was replaced by granite dust
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the compressive strength decreased with increase in amount of granite dust. The
utilization of granite dust up to 5% improved the concrete’s compressive strength by
8.2% at the age of 56 days. Concrete mixes with 7.5%, 10% and 15% granite dust as
cement replacement recorded 5.5%, 11.5%, and 8.2% reduction in compressive
strength at the age of 56 days. The reduced cement content might be the reason
behind the reduction in compressive strength. The concrete’s compressive strength
showed increment up to 10% addition of granite dust. The increase in compressive
strength at 56 days curing period was 1.0%, 11.9%, 12.2% and 4.6% having 5.0%,
7.5%, 10.0% and 15.0% granite dust as cement addition as compared to control mix

concrete.

Li et al. (2013) investigated the use granite dust with fly ash magnesium oxychloride
cement, and they observed that incorporation of small amount of granite dust such as

10% can increase the strength of fly ash magnesium oxychloride concrete.

Ramos et al. (2013) studied the effect of granite dust and superfine granite dust with
levels of 5% and 10% as cement replacement on properties of concrete. They
observed that 10% cement can be replaced with granite dust without significant
losses.

Sukesh et al. (2013) concluded the ideal percentage of replacement of natural sand

with granite quarry dust as 55% for optimum compressive strength.

Shaik and Reddy (2013) investigated the effect of replacement of natural fine
aggregate by granite aggregate on the compressive strength of geo polymer concrete.
They observed that 28 days compressive strength increased with increase in granite
aggregate content and maximum increment was observed for 15% sand

replacement and its values was 20.8%.

Allam et al. (2014) examined the effect of addition of 10%, 17.5% and 25% granite
dust as fine aggregate replacement on compressive  strength of concrete. They

observed that compressive strength increased by 11% at the age of 28 days when
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sand was replaced by 17.5% of granite dust, however at the age of 90 days the
compressive strength decreased.

Kumar et al. (2014) examined the impact of granite fines substitution on the
compressive strength of the concrete. It was observed that the maximum compressive
strength was exhibited by the concrete specimens with percentage replacement of

30% of the natural fine aggregate by the granite fines.

Garas, GL. et.al (2014) studied the effect of incorporation of granite and marble as
replacement of fine aggregate in the manufacturing of green concrete. It was found
that upto 30% replacement with RGD (Red Granite Dust) produced concrete with
compressive strength comparable to the pulverized fly ash concrete. Any further

replacement beyond 30% was found to cause a significant reduction in the strength.

A. Arivumangai and T. Felixkala (2014) assessed the properties of concrete with
partial replacement of natural sand by granite powder and partial replacement of
cement by fly ash, silica fume, slag and super plasticizer. It was observed that the
maximum increment in the value of compressive strength occurred for the percentage
replacement of 25%. Further replacement led to decrease in the value of compressive
strength however even at 50% replacement the value of compressive strength was
still higher than the control concrete.

Reddy et al. (2015) investigated the impact of replacement of fine aggregate by
granite fines on the mechanical properties of the resultant concrete mix. The
percentage replacements made were 2.5%, 5%, 7.5% and 10% respectively. It was
found that concrete specimens with 7.5% replacement percentage exhibited
maximum increment in the compressive strength. The concrete specimens with 10%
replacement were found to have comparable compressive strength to that of the

control concrete.

Raghavendra et al (2015) investigated the effect of granite fines on the compressive
strength of the concrete. It was observed that the maximum compressive strength was

shown by concrete at the optimum replacement of 15% at all ages of curing.
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J.Jayavardhan .Bhandari and Seetharam Munnur (2015) examined the compressive
strength of concrete with partial replacement of fine aggregate by granite fines
.Replacement was made in steps of 5% beginning from 0% and a maximum of 20%
replacement was made. The maximum value of compressive strength was found out

to be corresponding to the percentage replacement of 15%.

Harur et al. (2015) investigated the effect of granite powder on compressive strength
of concrete at curing ages of 7 and 28 days. They observed that the percentage of
granite powder strongly affected the compressive strength of concrete. They found

50% of granite powder as the optimum percentage replacement for natural sand.

Senthil et al. (2015) observed that compressive strength of granite slurry concrete
was higher than that of control concrete till 30% replacement. At higher percentage a
gradual decrease was observed however the compressive strength of granite slurry
concrete was higher than that of control concrete.

Raghvendra et al. (2015) observed that concrete mixes prepared with granite powder
replacing natural sand showed higher compressive strength as compared to reference

concrete.

Singh et al. (2016) assessed the impact of replacement of fine aggregate by granite
cutting waste on a host of mechanical and durability characteristics. The experiments
were carried out with the 0.3, 0.35 and 0.4 w/c ratios and for the percentage
replacements of 0%, 10%, 25%, 40%, 55% and 70% respectively. The optimum
percentage replacements for the w/c ratios 0.3 & 0.35, 0.40 were found out to be

25% and 40% respectively.

Thus from the above literature review it can be established that in the majority of the
cases, the replacement of natural sand by granite dust upto optimum percentage
replacement increases the compressive strength of the concrete. The optimum
percentage replacement varies for different types of granite dust procured from

different source stones.
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2.3.2.2 Flexural strength

Flexural strength of concrete is the resistance offered by the concrete block before
failing under the application of bending (flexure) stresses induced by appropriate

loading mechanisms.

F.Falade (1999) studied the effect of using different grain sized granite fines on the
flexural strength of the concrete. Seven different size ranges namely 4.75-0.063 mm,
4.75-3.35 mm, 3.35-2.36 mm,2.36-1.70 mm,1.7-1.18 mm,1.18-0.3 mm,0.30-0.063
mm and 4.75-0.063 mm were used in the study. The maximum flexural strength was
observed for 1:1.5:3 mix for granite fines particles size range of 0.3-1.18mm.The
flexural strength for this mix was found to be 15% higher than the concrete mix

containing granite fines with particle size of all the ranges.

Divakar et al. (2012) studied the effect of granite dust as fine aggregate replacement
varying from 0% to 50%. The flexural strength increase was 5.41% with 5%
replacement of fine aggregates with granite dust. With 15%, 25%, 35% and 50%

replacement a significant decrement in the flexure strength was observed.

Vijaylakshmi et al. (2013) examined the influence of Granite powder as a partial
replacement of fine aggregate on the flexural strength of concrete, up to the age of 90
days. Fine aggregates were partially replaced with 0, 5, 10, 15, 20 and 25% of granite
powder. As reported the addition of granite dust showed slightly lower flexure
strength of the concrete up to 15% of substitution rate however beyond 15%

replacement a significant loss in flexure strength was observed.

Ramos et al. (2013) observed the impact of granite replacement for cement in
proportions of 5% and 10% in mortar. It was observed that the split tensile strength

values observed a continuous decrease with increase in the percentage replacement.

Kala (2013) observed that at different W/C, the flexural strength increased with
increase in the granite dust content at all ages. The concrete was designed with

27.5% mineral admixtures replacing cement. The improvement in flexural strength
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could be attributed to the fact that use of mineral admixtures also helped in the
densification of microstructure. He concluded that 25% of granite dust as sand
replacement exhibited 12.5% to 19.88 % increase than control mix and it was
optimum amount to get favorable strength. Even at 100% replacement of natural
sand with granite dust the increase in flexural strength observed was 0.65% to 4.78%

for various curing ages.

Shaik and Reddy (2013) observed that concrete specimen containing 20% granite
aggregate showed improved flexural strength over control specimen at the curing age
of 28 days.

Senthil et al. (2015) observed that 28 days flexural strength of 30% granite slurry
concrete was highest. With the increase in natural fine aggregate replacement level

beyond 30% the flexural strength was found to be reduced.

Reddy et al. (2015) investigated the impact of replacement of fine aggregate by
granite fines on the mechanical properties of the resultant concrete mix. The
percentage replacements made were 2.5%,5%,7.5% and10% respectively. It was
found that concrete specimens with 7.5% replacement percentage exhibited
maximum increment in the flexural strength. The concrete specimens with 10%
replacement were found to have comparable flexural strength to that of the control

concrete.

J.Jayavardhan .Bhandari and Seetharam Munnur (2015) examined the flexural
strength of concrete with partial replacement of fine aggregate by granite fines
.Replacement was made in steps of 5% beginning from 0% and a maximum of 20%
replacement was made. The maximum value of flexural strength was found out to be

corresponding to the percentage replacement of 15%.

Thus it can be inferred from the research work of the majority of the researchers that
the replacement of fine aggregate by the granite dust upto an optimum percentage
replacement results in a concrete with either comparable or better flexural strength

than the control concrete.
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2.3.2.3 Split tensile strength

Split tensile strength is the ultimate resistance offered by the cylindrical concrete
specimens before disintegrating under the application of a transverse load acting
perpendicular to the longitudinal axis of the cylinder. Granite dust influences the
development of split tensile strength to a larger extent than flexural strength of

concrete.

Kanamalai (2008) observed that granite substituted concrete exhibited increment in
split tensile strength over control concrete at a replacement level of 25%.However
beyond 25% further addition of granite powder led to the decreased split tensile

strength giving values even lesser than that of the control concrete.

Felixkala and Partheban (2010) studied the properties of concrete with granite
powder as partial replacement for fine aggregate in the concrete. It was observed that
a percentage replacement of 25% resulted in a slight increment in the value of the
split tensile strength over that of the control concrete. However the strength began to

reduce with further replacement beyond 25%.

Joel (2010) studied the effect of granite dust as partial and full replacement for sand
and observed that split tensile strength increased with increase in amount of crushed
granite dust replacement up to 20%. The additions of higher amount of granite dust
than 20% led to decrease in compressive strength at all ages such as 7, 14 and 28

days.

Babafemi Adewumi John and Olawuyi Babatunde James (2011) studied the impact
of partial replacement of sand with granite fines on the strength attributes of the
PKSC concrete (Palm Kernel Shell Concrete).The trend observed for the split tensile
strength was similar to that for the compressive strength. The optimum value of split
tensile strength was found to be at the percentage replacement level of 25%.

Divakar et al. (2012) studied the effect of granite dust as fine aggregate replacement
varying from 0% to 50%. The split tensile strength remained same for 0%, 25% and
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35% replacement of fine aggregates with granite dust. At 5%, replacement the
increment in split tensile strength was 2.4%. However at 15% replacement level the

reduction in tensile strength was 8% when compared to control mix concrete.

Vijaylakshmi et al. (2013) examined the influence of granite powder as a partial
replacement of fine aggregate on the split tensile strength of concrete, up to the age
of 90 days. Fine aggregates were partially replaced with 0, 5, 10, 15, 20 and 25% of
granite powder. As reported the addition of granite dust shows little lower split
tensile strength of the concrete up to 15% of substitution rate however a significant

decrease in split tensile strength was observed beyond the replacement level of 15%.

Arulraj et al. (2013) studied the effect of granite dust as fine aggregate replacement
varying from 0% to 25% in concrete on split tensile strength of M20, M30 and M40
grade concrete at 28 days. They observed that the split tensile strength increased with
the increase in granite dust content in concrete mix till 20% replacement. The highest
value of split tensile strength /was obtained at 15% replacement of sand by granite
dust.

Elmoaty (2013) studied the effect of granite dust as partial replacement and in
addition of cement in concrete and observed that when cement is replaced by granite
dust the split tensile strength decreased with increase in amount of granite dust. The
use of 15% granite dust slightly decreased the concrete split tensile strength by 8% at
56 days. The reduction in compressive strength decreased with the increase of curing
period. Reduced cement content caused reduction in split tensile strength. The
concrete split tensile strength showed increase when 10% of granite dust was used as
cement addition. The increase in 56 days split tensile strength was 4.6% with 10.0%

granite dust as cement addition as compared to control mixes.

Kala (2013) observed that at different water cement ratios, the split tensile strength
decreased with increase in the granite dust content at all ages. The concrete was
designed with 27.5% mineral admixtures replacing cement. He concluded that 25%
of granite dust as sand replacement exhibited 14.88 to 21.95 % increase over control
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mix and it was optimum amount to get favorable strength. The split tensile strength
decreased with increase in sand replacement level beyond 25%.

Shaik and Reddy (2013) observed that split tensile strength of geopolymer concrete
samples containing 30% granite aggregate as sand replacement was higher than

control concrete.

A. Arivumangai and T. Felixkala (2014) assessed the properties of concrete with
partial replacement of natural sand by granite powder and partial replacement of
cement by fly ash, silica fume, slag and super plasticizer. It was observed that the
maximum increment in the split tensile strength was observed for the percentage
replacement of 25%. Any increment beyond 25% induced decrement in the split

tensile strength.

J.Jayavardhan .Bhandari and Seetharam Munnur (2015) examined the split tensile
strength of concrete with partial replacement of fine aggregate by granite fines
.Replacement was made in steps of 5% beginning from 0% and a maximum of 20%
replacement was made. The maximum value of split tensile strength was found out

to be corresponding to the percentage replacement of 15%.

Reddy et al. (2015) investigated the impact of replacement of fine aggregate by
granite fines on the mechanical properties of the resultant concrete mix. The
percentage replacements made were 2.5%, 5%, 7.5% and 10% respectively. It was
found that concrete specimens with 7.5% replacement percentage exhibited
maximum increment in the split tensile strength. The concrete specimens with 10%
replacement were found to have comparable split tensile strength to that of the

control concrete.

Senthil et al. (2015) observed that up to 30% natural fine aggregate replacement
exhibited an increment in the split tensile strength. A noticeable decrement in the
split tensile strength was reported beyond 30% replacement with granite slurry

content.
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Thus the literature review establishes the fact that in most cases the partial
replacement upto optimum percentage replacement of the natural sand by the granite
fines led to an increase in split tensile strength of the concrete. The reduction in split
tensile strength in a few cases might be due to the presence of external impurity in

the granite dust been used.
2.3.2.4 Modulus of elasticity

Modulus of elasticity is a physical parameter that reflects the mechanical behaviour

of any material in response to the induced stresses due to loading.

Kanamalai (2008) observed that the modulus of elasticity of the granite substituted
concrete specimens was more or less similar to that for the control concrete.
Moreover at 25% replacement at 90 days of curing modulus of elasticity value
observed 2% increment over that of control concrete. This was attributed to the

increment in strength with curing age.

Felixkala and Partheban (2010) studied the properties of concrete with granite
powder as partial replacement for fine aggregate in the concrete. It was observed
that the modulus of elasticity exhibited similar trend as observed that for the split
tensile strength. The value of modulus of elasticity at 25% replacement was slightly
higher than the control concrete. However any replacement beyond 25% let to a

reduction in the value as compare to the control concrete.

Vijaylakshmi et al. (2013) observed that the modulus of elasticity decreases when the
substitution rate is increased. The elastic modulus value of modulus of elasticity of
the mixtures having 5%, 10% and 15% granite dust were comparable to control

concrete.

Kala (2013) designed concrete with 27.5% mineral admixtures replacing cement.
He found that 25% of granite dust as sand replacement exhibited 10.16 to 18.54 %
increase in modulus of elasticity than control mix and it was therefore the optimum

amount to get favorable strength.
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Only a few studies have been conducted on assessing the effect of natural sand
replacement by granite dust. Among these studies mixed kind of results have been
reported in the sense that some researchers reported increase while others reported
decrement in the values of modulus of elasticity when sand was partially replaced by

granite dust.
2.3.2.5 Drying shrinkage

The loss of moisture from the concrete matrix on drying induces shrinkage and this
can be termed as drying shrinkage. Limited literature is available on drying shrinkage
properties of granite dust concrete. The drying shrinkage strain of granite dust

concrete increases as the percentage of granite dust increases.

Kanamalai (2008) studied the drying shrinkage characteristics of the granite
substituted concrete. It was found that with the increment in the percentage
replacement there occurred a sustained rise in the values of drying shrinkage. The
observed increment in the drying shrinkage value for GP25 (With 25% Granite

Powder Replacement) was marginal.

Williams et al. (2008) studied drying shrinkage from 1 day to 90 days of granite dust
concrete with 0% to 100% natural sand replacement. The drying shrinkage in all

granite dust concrete was similar to control mixture.

Felixkala and Partheban (2010) studied the properties of concrete with granite
powder as partial replacement for fine aggregate in the concrete. It was observed that
the replacement with granite powder leads to increase in the values of drying
shrinkage. Also it was found that values of drying shrinkage were increasing with

increase in the curing age.

Kala and Senthuraman (2013) observed that for W/C ratio of 0.35 and different
curing temperatures of 32°C and 38°C, the drying shrinkage values of granite dust

concrete were higher than that of control mixture. The shrinkage in concrete with
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25% replacement of natural sand by granite dust was 60% more than that of control

concrete specimen.

The prominent published research studies unanimously establish the fact that the
partial replacement of natural sand with the granite dust leads to increased drying

shrinkage.
2.3.2.6 Density

Density or unit weight of a material is a physical property which directly or
indirectly conveys the state of compactness and denseness within the material
concrete matrix to some extent. Very less data related to the measurement of the
density of the granite substituted concrete is available in the published literature. The
data reported shows that when granite waste is utilized as fine aggregate in concrete
there is a slight decrease in the unit weight of concrete. Singh et al. xfines being

utilized decreased, corresponding density of the concrete mix decreased.

However Harur et al. (2015) observed that the density of concrete containing upto
50% granite powder as fine aggregate replacement for w/c ratio of 0.55, 0.45 and
0.40 exhibited slight increment over that of the control concrete.

The literature study reveals that the replacement of natural sand by granite dust

generally leads to the decrease in the unit weight of the resulting concrete.
2.3.3 Durability properties of granite dust concrete
2.3.3.1 Permeability

As the name suggests permeability of a material is a parameter reflecting the extent
of allowance to the flow of any fluid across the interconnected pores /voids present

in the matrix of the material.

The permeability of the aggregates and the pore size distribution in the cement paste
plays an important role in the concrete permeability. The reported research indicates

that as compared to natural sand concrete, granite dust concrete has higher
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permeability. With the increase in granite dust content in concrete its permeability

increases.

Williams et al. (2008) found that the water permeability of granite dust concrete was
better than control concrete at 25% and 50% replacement of natural sand by granite
dust. It was also observed that water penetration value was decreasing when the

curing age was increased.

Kanamalai (2008) observed that water penetration increased for granite substituted
concrete over control concrete at all values of percentage replacement .It was also
observed that as the curing age increased a noticeable reduction in the values of

water penetration was observed.

Vijaylakshmi et al. (2013) reported that as per ASTM C1202-97 specifications, the
chloride permeability of granite dust concrete is higher than that of control concrete
mix at the ages of 180 and 365 days. the chloride permeability of the concrete was
found to be directly proportional to the substitution rate. The water permeability test
exhibited compliance with the RCPT test result and showed that increasing
percentage of granite dust caused higher permeability. The rise in permeability was

attributed to the increased specific surface area and density.

It can be inferred from the literature review that as the percentage replacement for
natural sand by granite dust increases, the corresponding permeability of the concrete

generally increases.
2.3.3.2 Resistance to sulphate attack

It is the resistance and resilience of the concrete on exposure to sulphate containing

chemical agents.

Vijaylakshmi et al. (2013) studied the influence of granite dust in concrete on its long
term durability. In the investigation carried out they established that concrete
containing granite dust showed significant losses in compressive strength as

compared to control mixes and the increase in substitution rate caused increase in
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sulphate attack. It was predicted that the durability was influenced by a reactive

material present in granite dust hence some treatment for granite dust was advised.
2.3.3.3 Carbonation depth

It helps in determining the extent of penetration of carbonate within the concrete

matrix and is thus an indirect measure of quality of concrete matrix.

Vijaylakshmi et al. observed the carbonation depth of granite dust concrete at the age
of 180 and 365 days. Upon investigation it was found that increase in granite dust
content increases carbonation depth, however the increase in depth is not
proportional. The carbonation depth values for substitution rate of 15%, 20% and
25% were 7.7 mm, 8.9 mm and 10.2 mm which is closer to the cover of reinforcing
steel bars which can cause corrosion. The substitution rate greater than 15% is not

advisable for structural concrete.
2.3.3.4 Electrical resistivity

The electrical resistivity is a measure of resistance offered by the concrete matrix to

the flow of ions through it.

The electrical resistivity of concrete is related to the pore structure of matrix. For
higher electrical resistivity, the corrosion resistance is more. Vijaylakshmi et al.
(2013) demonstrated that with increase in substitution rate, the specific surface area

increases. As a result, the electrical resistivity of concrete mixtures is reduced.

2.3.3.5 Water Absorption and Sorptivity
Both the parameters are indicators of the extent of porosity of the concrete matrix.

GL Oyekan and OM Kamiyo (2008) studied the effect of inclusion of Granite fines
on the water absorption & sorptivity of the sandcrete. The water absorption and
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sorptivity of the sandcrete specimens were found out to be minimum for a percentage
replacement of 15% of the total volume of fine aggregates by granite fines.

J.Jayavardhan .Bhandari and Seetharam Munnur (2015) examined the water
absorption and porosity of concrete with partial replacement of fine aggregate by
granite fines. Replacement was made in steps of 5% beginning from 0% and a
maximum of 20% replacement was made. The minimum value of water absorption

was found out to be corresponding to the percentage replacement of 15%.

Harur et al. (2015) demonstrated that at same w/c ratio the water absorption and
sorptivity of the concrete mixes decrease with increasing percentage of granite

powder upto 50% replacement of natural fine aggregate.

This can be inferred from the literature that as the percentage replacement for natural

sand by granite increases, the water absorption and sorptivity generally decreases.
2.3.3.6 Chloride-ion Diffusion

Ramos et al. (2013) observed the effect of replacement of cement in mortar by
PG (powdered granite from quarries) and PGS (superfine Granite powder from
quarries) in proportions of 5% and 10%. It was found that lower values of
chloride resistance were observed for the coarser PG mortar matrix. However
the fine PGS mortar matrix exhibited an increase in the value of chloride
resistance. The increase in the chloride resistance over that of control concrete
was observed to be 67% and 70%  respectively for PGS5%, PGS10%
respectively. Literature review showed huge potential of granite waste as a
replacement of natural fine aggregate.

Literature on the utilization of granite dust in concrete is not extensive. Only
few studies have been reported on the strength and durability properties of
concrete. There is untouched part for microstructure and effect in elevated
temperature of concrete. Therefore, present studies important and its findings
will be very useful in concrete technology area, wherein, fine aggregates are to

be replaced with industrial byproducts in making structural grade concrete.
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Chapter 3
EXPERIMENTAL PROGRAM

e Materials Used

e Mixture Details

e Properties of Concrete
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The detailed analysis of physical and chemical attributes of a substance is necessary
to gain insight to the behavior of the concrete. Physical assessment includes studies
on particle size distribution, specific gravity, water absorption. Chemical assessment
includes monitoring minute details of the chemical elemental composition of the
substance and is of vital importance in understanding the mechanical and durability
behavior of the material. The chemical assessment these days is being increasingly

carried out using accurate and sophisticated X-Ray based techniques.

The first half of the chapter explains the details of mix proportions, physical
chemical and morphological attributes of the material. The second half of the
chapter explains in detail the experimental methodology adapted in compliance with
detailed guidelines issued by competent authorities and relevant codes. This chapter
presents details of experimental methodology for the measurement and assessment
of attributes and characteristics of fresh concrete (workability) and hardened
concrete (Mechanical and durability properties). Also, the procedural details for the
microstructural studies (SEM and XRD) have been explained along with TGA
(Thermo Graphic Analysis) for the prepared concrete specimens.

The details on physical and chemical attributes seek to provide appropriate
explanations for the mechanical and durability behavior mentioned in the chapters
ahead. The research has been carried out on concrete specimens for six different
water cement ratios ranging between 0.3 to 0.55 in increment of 0.05 fetching large
sample sizes to attain statistical control and accuracy in the behavior observed. The
morphological studies were based on the SEM (Scanning Electron Microscope)
images captured for the specimens. These images provide deeper understanding of
the morphological characteristics of various ingredients. The TGA (Thermo Graphic
Analysis) test was carried out to study the change in behavior of the concrete on

exposure to elevated temperatures of the order of up to 900°C.
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3.1 Materials Used:
3.1.1 Cement

Ordinary Portland Cement of grade 43 confirming to IS 8112-1989 was used in the

experiments being carried out.
3.1.2 Fine Aggregate [River Sand and Granite Cutting Waste (GCW)]

For the experimental study the locally available Banas river sand with a maximum
aggregate size of 4.75mm was used. GCW was procured from stone industries in
Shahpura, Jaipur . The comparative assessments of the attributes of the river sand
and GCW have been tabulated as follows:

3.1.2.1 Particle size distribution

Particle size distribution (or Gradation of aggregates) of GCW and sand was
determined using sieve analysis as per the procedure mentioned in IS: 2386 (Part 1)-
1963 [BIS, 1963]. The sample was dried before weighing and sieving. Each sieve
was shaken separately for at least 2 minutes and finally the weight retained on each
sieve and percentage passing was determined. Grading zone to which GCW and
sand conforms to, was determined using IS: 383-1970 [BIS, 1970].

Particle size distribution of river sand and GCW aggregates are shown in Table 3.1
and 3.2. Fineness modulus of GCW and river sand comes out to be 2.573 and 3.36
respectively. Thus, GCW and river sand belong to Zone IV and Zone Il as per

grading limits of fine aggregates mentioned in 1S: 383 - 1970.
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Table 3.1: Sieve analysis of River sand

I.S. Sieve Weight  Percentage Cumulative Percentage 1S:383-1970

Size retained weight percentage passing  Requirement

(grams) retained weight for Zone 111
retained

10.0 mm 00 00 00 100 100
4,75 mm 39.50 3.95 3.95 96.05 90-100
2.36 mm 25.00 2.50 6.45 93.55 85-100
1.18 mm 89.00 8.90 15.35 84.65 75-100
600 pm 161.50 16.15 31.50 68.50 60-79
300 pm 522.00 52.20 83.70 16.30 12-40
150 um 126.00 12.60 96.30 3.70 0-10

75 um 25.00 2.50 98.80 1.20 -

PAN 7.50 0.75 99.55 0.1 -
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Table 3.2: Sieve analysis of GCW

I.S. Sieve Weight Percentage Cumulative Percentage 1S:383-1970

Size retained weight percentage passing Requirement
(grams) retained weight for Zone IV
retained
10.0 mm 00 00 00 100 100
4.75 mm 2.50 0.25 0.25 99.75 95-100
2.36 mm 0.50 0.05 0.30 99.70 95-100
1.18 mm 6.50 0.65 0.95 99.05 90-100
600 pm 14.50 1.45 2.40 97.60 80-100
300 pm 622.50 62.25 64.65 35.35 15-50
150 um 263.50 26.35 91.00 9.00 0-15
75 um 68.00 6.80 97.80 2.20 -
PAN 19.50 1.95 99.75 0.25 -

40



—A— River sand
—a— GCW

120

% Passing

Sieve size

Figure 3.1:. Gradation Curve of Fine Aggregates

Fig.3.1 shows gradation of GCW and river sand. GCW has larger proportion of fine
particles compared to river sand. Proportion of particles finer than 75 pum is higher
in case of GCW compared to sand. Also, sand is well graded fine aggregate
compared to GCW as it has larger proportion of particles of varying sizes. Thus,
concrete prepared using sand as fine aggregate requires minimum cement paste for
filling up the voids [Mehta and Monteiro, 2006; Mindess, 2003] as sand contain
minimum voids. If concrete is prepared using GCW as partial replacement of sand
(optimal % of GCW), overall performance of concrete gets improved
[Vijayalakshmi et al., 2013; Ramos et al., 2013; Kala, 2013] and concrete produced
is even better than conventional concrete. Use of GCW as partial substitute of sand
results in filling up of voids in cement-aggregate matrix (filler action) and thus
strength and durability of concrete increases and also cement paste requirement
decreases which means there is less requirement of water and cement to produce
concrete [Vijayalakshmi et al., 2013; Kala, 2013; Mehta and Monteiro, 2006]. Thus,
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utilization of optimal proportion of GCW with sand helps in producing concrete of
high strength, greater durability, lower shrinkage and better resistance to freezing
and thawing effect [Mindess, 2003; Shetty, 2005; Neville, 1981].

Better gradation of fine aggregates (mixture of GCW and sand) results into
reduction of voids which means excess amount of cement paste is available for
better lubrication effect and hence aggregate particles (of varying sizes) easily slide
over one another with minimal amount of compacting effort and thereby improving
the workability of concrete [Mehta and Monteiro, 2006; Mindess, 2003; Shetty,
2005]. Although gradation of river sand is better than GCW but interlocking of
particles of river sand is very poor [Mehta and Monteiro, 2006] due to the fact that
sand particles are round in shape and thus, compressive strength of concrete is less

compared to concrete mix with partial replacement of sand by GCW.
3.1.2.2 Specific gravity and density

Specific gravity of GCW and sand was determined in compliance with IS: 2386
(Part-3)-1963 [BIS, 1963]. 0.5 Kg of clean and dry aggregate sample was taken in
pycnometer which was filled with distilled water. Proper care was taken so as to
eliminate entrapped air by rotating the pycnometer on its side after covering the hole
in the apex of the cone by a finger and then the jar was completely filled by water up
to the brim of pycnometer. Finally, the surface of pycnometer was cleaned and as
per the procedure mentioned in IS: 2386 (Part-3)-1963, the specific gravity of both

GCW and river sand was determined separately.

Unit weight or bulk density of GCW and sand were also determined using IS: 2386
(Part-3)-1963 [BIS, 1963]. Aggregates were filled in the container and then
compacted using a standard manner as per the guidelines of the code. Thus, the
weight of the aggregates gives the value of bulk density in Kg/litre or Kg/m?.

Specific gravity of aggregates helps in determining the strength and material quality
of aggregate [Mindess, 2003; Murdock, 1960]. Specific gravity of aggregates is also
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used in design calculations involved in concrete mix proportioning, thus when
specific gravity of each constituent is known, the weight of the aggregates can then
be converted into solid volume occupied by the aggregates in the concrete mix. This
helps in determination of theoretical yield of concrete per unit volume. Specific
gravity and porosity are also related to each other as volume of voids in the
aggregates can also be determined if specific gravity of aggregates is known [Shetty,
2005; Neville, 1981].Specific gravity also helps in determining the compaction
factor of concrete (required to determine workability of concrete mix).

Specific gravity of GCW and river sand comes out to be 2.624 and 2.7 respectively.
This means that for a given weight of aggregates (GCW and sand), the volume
occupied by GCW aggregates is larger than that of sand as volume is inversely
proportional to specific gravity of aggregates. Moreover, larger volume of GCW
indicates that specific surface area of GCW particles is higher than that of sand
[Vijayalakshmi et al., 2013]. Hence, the water demand of GCW increases due water
absorption and if in concrete production w/c ratio is kept constant and cement
content is kept constant then workability of concrete containing GCW (G mix -
concrete mix with GCW as partial replacement of FA i.e. sand) comes out to be
lower than that containing sand as fine aggregate (NC mix normal conventional
concrete mix without GCW) [Vijayalakshmi et al., 2013]. Also, due to higher solid
volume of GCW (compared to sand), cement requirement increases so complete
replacement of sand by GCW is not economical.

Bulk density of GCW and river sand was 1682 Kg/m® and 1886 Kg/m® respectively.
Since bulk density of GCW is less than that of sand because of angularity of GCW
particles, hence % voids or void ratio is slightly higher in case of GCW. So, GCW
cannot be used as complete replacement of sand but its use in conjunction with sand
as partial replacement is highly beneficial as it would result in higher strength and
durability of concrete mix (G- mix) compared to NC mix because of dense and

compact matrix obtained in case of GCW [Vijayalakshmi et al., 2013; Ramos et al.,
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2013; Kala, 2013; Siddique, 2011]. In general, cement paste requirement is more in
case of GCW as specific surface area is high in case of GCW compared to sand,
hence use of GCW along with sand is preferable in production of concrete of high
strength and durability but workability of this mix is still lower compared to control
mix as water demand of GCW is higher on account of higher angularity and rough

texture of these particles [Day, 2003].
3.1.2.3 Water Absorption

Water absorption of aggregates was determined by noting down the difference in
weight of the oven dried sample of aggregate when immersed in water for a period
of 24 hours. Water absorption of fine aggregates (GCW and sand) was determined
by following the procedure and guidelines of IS: 2386 (Part-3)-1963 [BIS, 1963].

Water absorption of fine aggregate is an important physical property of aggregate
which helps in determination of net w/c ratio required in production of concrete mix.
Water absorption (% by weight) of GCW and sand was 4.36 % and 2.9 %
respectively whereas moisture content was 0.68 % and 0.35 % respectively. Since
water absorption of GCW is higher than sand, the amount of water required to
produce concrete mix is more in case of GCW (as fine aggregate). Prominent reason
behind high water requirement of GCW is due the fact that GCW particles are more
angular and elongated compared to sand particles which are round and generally
water requirement increases with increase in angularity of grains of aggregate
[Hughes, 1954; Murdock, 1960]. Moreover, GCW particles have higher specific
surface area because of angularity of particles and this enhances the cohesion and
friction between particles of aggregate but at the same time, water requirement for
concrete production also increases [Mehta and Monteiro, 2006; Day, 2003]. Higher
water absorption, decreases the workability of concrete and hence to maintain
workability additional quantity of water is required. But addition of more water
increases w/c ratio which adversely affects the compressive strength of concrete, so

use of admixture in place of water is preferable. Higher water absorption indicates
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an increase in drying shrinkage and reduction of freezing and thawing resistance of
concrete [Mehta and Monteiro, 2006; Mindess, 2003; Shetty, 2005; Day, 2003].
Since, GCW has a filler action in cement aggregate matrix, hence densification of
matrix retards ingress of water and thus decreases drying shrinkage and enhances
the freezing and thawing resistance of concrete compared to conventional concrete
mix. Therefore, utilization of optimal % of GCW (as partial replacement of sand)
has beneficial effect on performance of concrete but an adverse effect on
workability.

3.1.2.4 Chemical Composition

Chemical composition of GCW and sand was determined experimentally in CDOS
Lab, Rajasthan (India).

Table 3.3:Chemical composition of River sand and GCW

Chemical Compounds % (by weight)
GCW River Sand
SiO; 72.57 84.73
Al,O3 15.63 10.66
MgO 0.83 1.33
Na,O 4.21 -
K,O 6.76 3.28

Table 3.3 clearly shows that amount of silica present in GCW is relatively lesser

compared to that in river sand. On the other hand, proportion of alumina is higher in

case of GCW. Also, magnesium oxide (magnesia) is present in minute quantities in

both GCW and river sand. Similarly, small percentage of potassium oxide is also
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present in GCW and sand. One major difference is the absence of sodium oxide in
river sand. Thus, chemical composition of sand and GCW are comparable without
any significant difference in quantities of different compounds. So, chemical
analysis of GCW shows that it is suitable for concrete production. Moreover, using
optimal GCW content along with sand in concrete production has significant
changes in performance of concrete (enhancement of strength and durability)
[Vijayalakshmi et al., 2013; Kala, 2013; Adigun, 2013].

3.1.2.5 Morphology of river sand and GCW (SEM Analysis)

Scanning electron microscope, Nova Nano FE-SEM 450 (FEI), was used for taking
SEM images of sample of fine aggregates i.e. GCW and river sand at different
magnifications. In SEM analysis, electron beam was directed towards the surface of
specimen (of GCW and sand) and after striking the object, electron beam was either
absorbed or scattered and finally the responses were collected as SEM image [EDS
Analysis, 2015]. SEM images of sample were taken at different magnifications so as
to closely examine the morphological characteristics of GCW and river sand such as

particle size, shape, and surface texture.
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Figure 3.2: SEM image of (a) GCW and (b) Sand particles passing 2.36 mm and retained 600 pm
sieves (65X)
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Figure 3.3: SEM image of (a) GCW and (b) Sand particles passing 600 um and retained 300 pum
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Figure 3.4: SEM image of (a) GCW (b) Sand particles passing 300 um and retained 150 pm sieves
(200X)
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SEM images clearly depict the particle shape and surface texture which significantly
affects the worlkability of fresh concrete and strength and durability of hardened
concrete. Generaily, GCW particles are more angular and elongated compared to
river sand particles which are predominantly round in shzpe [Ramos et al., 2013;
Mehta and Monteiro, 2006; Ho, 2002].

SEM image of GCW and river sand particles of different sizes are shown in Figs.
3.2, 3.3 and 3.4. SEM images were taken at 65 X, 100 X and 200 X magnifications
so as to clearly demonstrate the morphology of GCW and sand particles. SEM
images shows that GCW particles are irregular in shape and are more angular and
elongated compared to sand particles which have regular shape with smooth surface.
Also, sand particles are nearly round in shape compared to GCW particles.
Moreover, GCW particles have a rough and angular texture which means that these
particles have higher water absorption compared to sand particles. Angularity of the
grains increases the water absorption % [Hughes, 1954; Murdock, 1960] which
means that on addition of GCW in concrete the workability of fresh concrete
decreases on account of higher water demand of particles [Mehta and Monteiro,
2006; Mindess, 2003; Day, 2003]. Higher angularity of the GCW particles has a
positive influence on compressive strength of concrete because of higher cohesion
and friction between these particles compared to sand particles [Vijayalakshmi et al.,
2013; Ramos et al., 2013; Kala, 2013; Day, 2003]. Angular aggregate (GCW
particles) exhibits better interlocking effect in concrete resulting in higher bond
strength and thereby enhancing the strength of concrete to a greater extent compared
to concrete mix without GCW [Mehta and Monteiro, 2006; Day, 2003] whereas
smooth textured round particles of sand yield poor concrete due to the absence of
proper bond between sand particles of smooth surface and cement paste. Moreover,
adherence of cement paste will be higher in case of rough textured GCW particles
which would result into higher strength of bond between aggregates [Shetty, 2005;
Day, 2003].
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Rough texture of aggregate also means that more amount of cement paste (water and
cement) will be required to produce concrete of high strength [Mehta and Monteiro,
2006; Mindess, 2003] which is uneconomical and less cost effective. But when
GCW is used as partial replacement of sand in concrete production, then it will have
a filler action which helps in reduction of voids in the matrix and thereby reduces
the quantity of cement paste required to establish high strength bond between
aggregates. The only disadvantage of using GCW in concrete production is the
reduction in workability of concrete, but this can be compensated by addition of
admixture (super plasticizer) which improves the workability of concrete
[Vijayalakshmi et al., 2013]. Therefore, utilization of optimal % of GCW improves
overall performance of concrete [Vijayalakshmi et al., 2013; Ramos et al., 2013;
Kala, 2013; Ilangovana et al. 2008] with an additional advantage of cost
effectiveness [Adigun 2013] in concrete production coupled with reduction in
transportation cost and disposal problems. Moreover, conservation of river beds can
also be ensured as an additional benefit by incorporation of this waste in production
of concrete.

3.1.2.6 EDS Analysis

EDS analysis was performed to detect the presence of various elements in granite
cutting waste and river sand. It helps in identification of elements and their relative
proportion in the sample of aggregates. EDS was carried out along with SEM
analysis. Several points were selected on SEM image of the sample (i.e. GCW and
sand separately), and were analysed using EDS technique. EDS identifies the
presence of elements in the sample by detecting X-rays emitted by specimen itself
[EDS Analysis, 2015]. EDS collects the X-ray photons emitted by the specimen and
finally intensity (counts) vs emission voltage graph was obtained. Basically, total
number of counts for an element in the sample is proportional to the quantity of that
element present in the specimen [Sarkar et al., 2010; Ogwuegbu et al., 2011].
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Figure 3.5: Energy Dispersive Spectra of river sand

EDS helps in detection of elements in the GCW and sand. EDS is carried out along
with SEM analysis of the sample and EDS at some specific points or regions of
SEM image of GCW and sand are shown in Figs. 3.5 and 3.6.
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Figure 3.6:Energy Dispersive Spectra of GCW

EDS analysis proves that the river sand contains the elements such as potassium (K),
magnesium (Mg), aluminium (Al), silicon (Si), and oxygen (O). Predominant sharp
peaks of Si, O, Al, and K are observed in EDS spectra of river sand [Fig. 3.5.] which

means that these elements are present in significant amount in river sand whereas
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small and broad peak of Mg is also observed in the spectra. Predominant peaks also
signify the presence of silica and alumina in river sand whereas small-broad peak of
Mg indicates the presence of MgO (magnesium oxide) in very small amount in river
sand. Moreover, absence of peak of sodium (Na) in EDS spectra indicates that Na,O
is not present in significant amount in river sand [Fig. 3.5].

Fig. 3.6. shows the EDS spectra of GCW. EDS spectra clearly indicates the presence
of elements such as Si, O, K, and Al in significant proportion (sharp narrow peaks)
compared to Na and Mg which present in trace amounts in the sample. Fig. 3.5 and
3.6. shows EDS spectra at a specific point or region marked on SEM image [P1 and

P2 points marked on SEM images].

3.1.2.7 XRD Analysis

PANalytical X pert PRO Powder diffractometer was used for performing XRD
analysis of powdered sample of GCW and sand. During the analysis, radiation
source (copper electrode- Cu ka radiation and Ni filler) was operating at 40 mA and
40 kV. During scanning process of powdered sample of GCW and sand, the speed
of detector was 0.02°/0.5 sec and detector was in a continuous motion in the range
from 10.02°-79.98°. Scans of about 5 min duration were performed over powdered
specimen of GCW and sand, each of size 10 mm. X’pert High score (with database
ICDD 2003) software was used to prepare intensity (counts) vs 26 graphs for GCW

and sand and Origin software was also used for analysis of the these graphs.

Fig. 3.7 and 3.8 shows the X-ray diffraction pattern of the river sand and GCW.
Peaks of diffractograms correspond to different compounds present in the specimen.
Sharp and narrow peaks indicate the presence of highly crystalline compound
whereas flat and broad regions or peaks denote presence of amorphous compound in

the sample.
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Figure 3.8: X-ray diffractogram of the GCW
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XRD analysis of GCW indicates that sharp narrow peaks [High intensity (%) or
intensity counts] of silica (at 20 =26.562°) and alumina (at 20 =25.438°) clearly
denotes that these compounds have high crystallinity whereas flat regions (broad
peaks) of diffractograms shows that some amorphous silica is also present in GCW
which goes undetected in X-Ray diffraction. Significant peaks of compounds such
as MgO, Na,O and KO are also observed in XRD diffractogram of GCW whereas
peak of Na,O was not observed in diffractogram of river sand which means that
sodium oxide is absent in river sand. Diffractogram of river sand also indicates the
presence of compounds such as silica, alumina, MgO, and K,O except Na,O which
is absent in river sand (or present in very minute quantity). Diffractograms also
helps in comparison of peak intensities corresponding to different compounds
present in GCW and river sand which gives clear idea of crystallinity of various
compounds. Total number of counts [of different intensities] is directly proportional

to quantity of compound present in the sample [Sarkar et al., 2013].

XRD diffraction pattern of GCW and river sand indicates the presence of silica,
alumina, etc. Calcium present in cement reacts with silica to produce calcium
silicate hydrate (C-S-H) which imparts most of the strength to concrete. Moreover,
calcium also reacts with alumina and oxides to produce tri calcium aluminate which
helps in initial setting of concrete. Also, peaks corresponding to quartz [SiO;], iron
oxide [Fe,Os3], Mica, Microcline [KAISi3Og], and Albite [NaAlSizOg] were
observed in diffraction pattern of GCW whereas in river sand, only peaks
corresponding to quartz [SiOy, iron oxide [Fe;Oz], and Microcline [KAISizOg]
were observed. Relative intensities of various compounds were also different in
XRD diffraction pattern of sand and GCW which clearly indicates that crystallinity
of the compounds present in the aggregates are different. Mica content increases the
water requirement in concrete production [Day, 2003] but since it is present in
minor quantities in GCW and sand so it does not affect the workability and strength
of concrete significantly. Prominent peaks of important compounds present in GCW

and River sand are shown in Fig. 3.7 and 3.8.
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3.1.2.8 TGA (Thermo-gravimetric analysis)

TGA technique was used to identify the quantity of chemically bound water in
GCW and sand. Initially, GCW and sand was grounded into fine powder (less than
75 pm) and 200 mg sample each of GCW and sand was placed in Aluminium oxide
crucible separately. Crucible was then placed inside Simultaneous Thermal Analyser
(STA 6000). Continuous heating of powdered sample from 30°C to 900°C was
carried out at a steady rate of 10°C/min and during the process of heating, furnace of
the analyser was purified by introduction of nitrogen at a steady rate of 50ml/min.
With variation in temperature, weight lost by the sample was recorded and finally

the weight loss is expressed as a percentage of mass of dry sample.
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Figure 3.9: TGA Thermal curve of GCW
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Figure 3.10: TGA Thermal Curve of River sand

Loss in the weight of sample (of GCW and sand) with varying temperature was
determined using TGA analysis. Descending trend of TGA thermal curve [(%
weight v/s Temperature (°C)], from left to right, indicates that a loss in the weight of
the sample has occurred due to rise in temperature. Thermo-gravimetric analysis of
dried sample of GCW and sand was performed (separately) to determine the
decomposition temperature and loss in the weight of the sample with variation in
temperature. Fig. 3.9. shows TGA thermal curve of GCW up to 900 °C. In case of
GCW sample, about 6.959 % weight loss has taken place as the temperature
increases from 30 °C to 900 °C mainly because of removal of chemisorb (type of
absorption involving a chemical reaction between the surface and the adsorbate)
water from the dried sample. In case of river sand [Fig. 3.10], % weight loss in
same temperature range is about 5.793%.

Main reason of loss of weight of the sample due to rise in the temperature from 30

°C to 900 °C, is the removal of crystalline water resulting from the decomposition of
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Ca(OH); into CaO. Significant loss in weight of the sample has not occurred beyond
this temperature range which clearly indicates that complete decomposition of
Ca(OH), to CaO has taken place at temperature around 900 °C. Thus, similar
behaviour of both sand and GCW with variation in temperature was observed in
TGA analysis (as % weight loss values are very close) and hence, GCW is also
suitable for concrete production. Moreover, using a mixture of sand and GCW in an
optimal proportion is beneficial in terms of performance of concrete without

compromising with strength and durability characteristics of concrete.

3.1.3 Coarse Aggregates

Crushed natural stones of nominal size 20 mm and 10 mm in compliance with
Indian standards (BIS, 1970) were used in the preparation of experimental concrete
specimens.20mm and 10mm aggregates were used in equal proportions to prepare

concrete mixes.

3.1.4 Super-Plasticizer

The experimental investigation revealed the fact that a continuous decrement in the
workability occurred as the percentage replacement of fine aggregate by Granite
cutting waste increased. The loss in workability was made up by using the second
generation polycarboxylic ether based superplasticizer (Master Glenium SKY8777)
of BSAF company complying with BIS: 9103-1999.
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3.2 Mixture Details

3.2.1 Experimental Parameters
The experimental methodology involved detailed analysis based on the following

parameters:

e Water/Cement ratio-
1. Series 1-0.30,0.35,0.40
2. Series 11-0.45,0.50,0.55
e Percentage fine aggregate replacement in proportions of 0%, 10%, 25%,
40%, 55% and 70%. The proportions of replacement were decided based on
the fact that a clear trend shift or noticeable difference in the properties
should be observed for specimens with different w/c ratio to study the effect

of w/c ratio on the properties of the concrete.

3.2.2 Methodology for Mix Proportioning

Once the ingredients for the concrete were finalized the next step was to decide the
appropriate proportions of ingredients, a process called mix proportioning for the
concrete manufacturing. Mix proportioning is an important process of concrete
manufacturing that ensures production of high quality concrete meting all the
required specifications at an affordable cost by saving wastage of material. To
achieve a concrete of required strength it is absolutely essential to have right
proportions of all the ingredients which is duly ensured in mix proportioning. The
mix design for the experiments was carried out in compliance with IS
:10262,2004.The details of the mix design including w/c ratios and corresponding
quantities of the ingredients are tabulated as follows in Table 3.4 and Table 3.5 for

the two series of w/c ratios chosen.
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Table 3.4: Mixture proportions (Kg/m?) of different concrete mixes Series |

Mix Water Cement w/c GCW  River Coarse Superplasticizer
Sand Aggregate
Ao 197 359 055 0 670 1114 0
Ap 197 359 0.55 67 603 1114 0
Ay 197 359 0.55 167.5 5025 1114 0
Ay 197 359 0.55 268 402 1114 0
Ass 197 359 0.55 3685 3015 1114 0
A 197 359 0.55 469 201 1114 0
Bo 179.5 359 05 O 669 1161 1.615
B1o 179.5 359 05 66.9 602.1 1161 1.615
Bos 179.5 359 0.5 167.25 501.75 1161 1.615
Bao 179.5 359 05 2676 4014 1161 1.615
Bss 179.5 359 0.5 367.95 301.05 1161 1.615
Bro 179.5 359 0.5 468.3 200.7 1161 1.615
Co 161.55 359 045 O 660 1197 3.590
Cio 16155 359 0.45 66 594 1197 3.590
Cys 16155 359 0.45 165 495 1197 3.590
Csp 16155 359 0.45 264 396 1197 3.590
Css 16155 359 0.45 363 297 1197 3.590
C,o 16155 359 0.45 462 198 1197 3.590
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Table 3.5: Mixture proportions (Kg/m?) of different concrete mixes series 11

Mix Water Cement w/c GCW  River Coarse Superplasticizer
Sand Aggregate

Do 176 440 0.40 0 605 1146 1.980
Do 176 440 0.40 60.5 544.5 1146 1.980
Ds 176 440 0.40 151.25 453.75 1146 1.980
Dao 176 440 040 242 363 1146 1.980
Dss 176 440 0.40 332.75 272.25 1146 1.980
Do 176 440 0.40 4235 1815 1146 1.980
Eo 154 440 0.35 0 605 1197 4.400
E1o 154 440 0.35 60.5 544.5 1197 4.400
Exs 154 440 0.35 151.25 453.75 1197 4.400
Eqo 154 440 0.35 242 363 1197 4.400
Ess 154 440 0.35 332.75 27225 1197 4.400
(= 154 440 0.35 4235 1815 1197 4.400

Fo 132 440 0.30 0 602.8 1254 7.040
Fio 132 440 0.30 60.28 54252 1254 7.040
Fas 132 440 0.30 150.7 452.1 1254 7.040
Fao 132 440 0.30 241.12 361.68 1254 7.040
Fss 132 440 0.30 33154 271.26 1254 7.040
Fo 132 440 0.30 4214 181.4 1254 7.040
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All the factors except wi/c ratio were kept constant to study the effect of w/c ratio on
the concrete attributes clearly. The correction for the absorption and surface

moisture were duly made during the process of mix design.

The water content for Series | -w/c ratios of 0.55, 0.5 and 0.45 of were 197,179.5
and 161.55 kg /m® respectively. The second series was designed with high cement
content coupled with low w/c ratio to study the influence on the properties of
concrete. The water content of Series Il —w/c ratios of 0.4, 0.35 and 0.3 were
176,154 and 132kg/m® respectively.

3.2.3 Preparation of Concrete Mixes

For the purpose of preparing concrete mixes all the ingredients were oven dried and
then kept at room temperature. i.e., 27+2°C.The cement was thoroughly mixed
before use so as to ensure proper blending and to obtain a homogeneous mass.
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Figure 3.11: Pan Type Mixer

The coarse aggregates of size 20 mm and 10 mm were mixed in equal proportions to
obtain a mix with proper grading. The mix proportioning was done by weight so as
to avoid the problem of bulking. The ingredients were mixed in a Pan type mixer, as
shown in Fig. 3.11 to attain a uniform and homogeneous concrete mass. Dry granite
powder was mixed with the other ingredients in various proportions already
discussed. Once a dry homogeneous mass was obtained a pre-calculated quantity of
water was added to obtain the final concrete.
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3.2.4 Compaction

After preparing the concrete, it was poured into the oiled moulds in layers of 5cmeach.

Figure 3.13: Casting Cubes
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Each layer was then subjected to appropriate vibration facilitating proper
compaction while at the same time taking care of the fact that no segregation and

bleeding is observed owing to excessive compaction.
The top layer of the concrete specimen was levelled with trowel post compaction.
3.2.5 Curing

The test specimens were kept undisturbed in moist air for 24+2hrs at 27+2°C after
the addition of water to the concrete ingredients. The ambient humidity levels were
atleast 90%.The specimens were then removed from the moulds and were
adequately marked for identification purpose. The specimens were then kept in the

curing tank till the date of testing.
3.3 Properties of Concrete

The impact of replacement of fine sand by granite cutting waste in various
proportions was assessed in terms of various parameters as mentioned below in
compliance with the guidelines issued by the competent authorities in relevant codes

concerned.
3.3.1 Rheological Properties

Rheological studies involve assessment of a variety of concrete characteristics
including pumpability, placeability, flowability, fluidity, stability and mobility and
all of these are to varying extents being affected by the workability of concrete. The
workability of fresh concrete is studied using slump cone test in compliance with the
codal provisions of BIS 1199-1959.

3.3.1.1 Slump Test

The slump acts as a proxy to monitor the workability and consistency of the

concrete. A fairly workable concrete is the one that exhibits ease of mixing, placing

and compaction and does not entertain segregation and bleeding .The slump of
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concrete is defined as the difference between the height of concrete specimen with
slump cone and height of unsupported concrete after removing the slump cone from
top surface. The slump cone apparatus used for measuring the slump value is
demonstrated in the Fig. 3.14.

Figure 3.14: Slump Cone

Workability of concrete was measured using slump loss method as described in
BIS 7320:1974. Just after mixing, concrete was placed inside slump cone [BIS-
7320, 1974]. The slump cone of height 30 cm, top diameter 10 cm, bottom diameter
20 cm was deployed. The cone was filled completely in four equal layers of fresh
concrete, by tamping each layer 25 times. The mould was then raised slowly in
vertical direction resulting in subsidence of concrete. The difference between the

height of mould and subsided concrete in mm was recorded as slump value.

3.3.2 Mechanical Attributes

The assessment of mechanical properties includes measurement of compressive

strength, Flexural strength and pull off strength in compliance with 1S516-1959 and

ASTM D7234-05 respectively. The age of testing for each test is mentioned below:
e Compressive strength at 7, 28 and 90 days
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e Flexural strength at 7, 28 and 90days.
e Pull off strength at 28 days.

3.3.2.1 Compressive Strength

The cube specimens of size 100X100X100 mm?>were cured for 7,28 and 90 days
and specimens were dried in the sun before testing the compressive strength of
concrete mix using universal testing machine of capacity 2000KN. The test were
carried out at 7, 28 and 90 days of curing period. The vertical axis of the concrete
specimen was aligned with the center of the loading plate. The setup for assessing
compressive strength of the concrete specimen is demonstrated in the figure 3.15
Load was applied at the rate of approx. 140kg/sq cm/min and three specimen of each
category of design mix were tested at the required age according to IS : 516 - 1959.
The test results were obtained by averaging the compressive strength of three

specimens.

Figure 3.15: Compressive Strength Testing Machine
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The peak load at failure point was recorded and this load divided by the area gave

compressive strength of the concrete specimen under study i.e.,
P
C_A
Where C= Compressive strength of the concrete specimen
P= Peak load at failure
A= Area of the loaded face i.e., 100mmX100mm

3.3.2.2 Flexural test

Preparation of concrete mix was similar to compressive strength test specimens.
Beam of size 500X100X100mm were cast and the test was carried out in moist
condition using 2 point loading (IS: 516-1959). The setup for the two point loading
test for flexural strength is demonstrated by the figure 3.16.

Figure 3.16: Flexure Strength Test
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The bed of the testing machine was provided with 2 steel rollers of 38mm diameter
and spaced 40cm centre to centre, on which the specimen was supported. Load was
applied through two similar rollers placed at the middle third portion of the
supporting span spaced at 13.3cm centre to centre. The load was applied without
shock and at an increasing loading rate of 400kg/min. The load was increased till the
specimen failed and the mean value of modulus of rupture was calculated for each
W/C ratio.

Modulus of Rupture = P—lz
Bd

Where P= load at failure
B=width of the beam

d= depth of the beam

3.3.2.3 Pull off Strength Test

Pull off strength of the specimens was measured in compliance with ASTM
D7234-05. Pull off strength is a quantification of the surficial tensile strength of the
concrete .The experimental methodology involves pulling off a disc bound to the
surface of concrete using epoxy adhesive. The pull off strength test apparatus is
demonstrated in the Fig. 3.17. The adhesive material possess greater strength than
concrete and this ensures that the bond breaks off in such a manner that a small
bounded surficial layer of concrete is detached off on application of load. The metal
disc was attached to the surface of the concrete using epoxy adhesive and then disc —
specimen assembly left undisturbed for 24hours.An increasing load was applied on
the assembly and the peak load at which the disc is pulled off the surface gives the

value of pull off strength.
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Figure 3.17: Pull-off Strength test apparatus

3.3.3 Abrasion Test

Abrasion test was performed in compliance with BIS :1237-2012.The test specimen
was prepared of size 100X100X100 mm? After curing for 28 days it was dried at
110° + 5°C for 24 hours and weighed to the nearest of 0.1 g. The specimen after
initial drying and weighing was placed in the thickness-measuring apparatus with its
wearing surface upwards and the reading of the measuring instrument was taken.
The image of the Abrasion Testing apparatus is shown in the fig 3.18 The specimen
was fixed in the holding device with the surface to be grounded facing the disc.
Abrasion powder was put evenly throughout the surface of the disc. The specimen
was loaded at the centre with 600 N (300N force for each 50cm?) load and the disc
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was rotated at a speed of 30 rev/min. After the abrasion was over the specimen was
weighed to the nearest of 0.1 g. Its thickness was also measured at five different
points i.e. one at the centre and four at the corners. The thickness lost due to
abrasion was calculated in terms of “depth of wear”. The wear path of abrasion disc
was evenly laid with 20gm abrasive powder. After the completion of 22 revolutions,
the disc was paused and fresh abrasive powder was introduced. The specimen was
rotated in clockwise direction about the vertical axis by an angle of 90°, the sample
was then replaced in the holder. The process was repeated nine times by subjecting

each specimen to 220 revolutions.

Figure 3.18: Abrasion Testing Machine

Average loss in thickness of concrete specimen was recorded using the formulae

mentioned below:
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_(W1-w2)xV1
N AXW1

where,

t= average wear or thickness loss (mm)

W 1= initial weight of specimen (gm)
W2=final weight of abraded specimen (gm)
V1= initial volume of specimen (mm?®)

A= surface area of the specimen (mm?)

3.3.4 Durability Attributes

The durability of concrete is an indicator of its resistance to external disruptive
agents like acid, sulphate, carbonates and also dimensional stability of the concrete.
The durability is impacted by a number of factors including harshness and severity
of the external environment and internal factors including dimensional and concrete
matrix stability.

The chapter assesses the durability traits of the concrete with partial replacement for
natural sand by Granite Cutting Waste. The permeability of concrete is one
important characteristic which reflects the compactness and densification of the
concrete matrix and governs the extent of ingress and inclusion of external
deteriorating agents like acid, chloride, sulphate and carbonates etc.

Shrinkage of concrete is a strong indicator of degree of dimensional rigidity and
stability of concrete .Shrinkage leads to the development of cracks in the concrete
specimen thus aggravating the ingress of deteriorating agents mentioned above.
Corrosion is a major phenomenon governing the durability of the concrete
Corrosion causes damage to the steel reinforcement and characterised by the
formation of oxides of iron. The formation of these oxides cause significant increase

in the volume and this induces instability and cracks in the concrete matrix.

71



The durability attributes of the concrete have been assessed in terms of response to
water permeability, water absorption, acid attack, sulphate attack, carbonation,
chloride penetration and corrosion.

In the past quality of concrete was determined based on the mechanical traits like
compressive strength ,flexure strength and modulus of elasticity only but recently it
was realized that durability properties of the concrete play an equally important role
as does the mechanical attributes in determining the quality of concrete.

The long term serviceability and performance of the concrete is characterized to a
larger extent by durability parameters besides mechanical strength attributes. The
detailed experimental methodology adapted and their compliance with relevant

codal provisions and guidelines are duly mentioned in the subsequent sections:

3.3.4.1 Permeability

Permeability of specimens was calculated using test procedure as specified in DIN
1048:1991.The test apparatus used in the experiment is shown in fig 3.19. Oven
dried, 28 days cured specimens of 150 mm dimensions were subjected to a constant

water pressure of 0.50 MPa, perpendicular to mould filling direction.
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Figure 3.19: Water Permeability Test (DIN)

The pressure was applied for duration of 72 h. The test therefore assesses the
permeability response under adverse conditions of sustained water pressure. The
specimens were then split from middle and maximum depth of water permeation
was noted to the nearest 0.5mm. The mean depth of water permeation obtained from

three samples was recorded as final reading.
3.3.4.2 Water Absorption

Quality of concrete can easily be determined by the amount of water it absorbs. The
test was conducted as per the guidelines of 1S 15658:2006. Three cubical specimens
of 100 mm dimensions were immersed in water at room temperature, for 24 h. The
specimens were then removed and kept on a 10mm or coarser wire mesh for 1min
to facilitate draining of the excess water. After removal, visible water present on
specimen was rinsed off by damp cloth. The weight of specimen was then recorded
immediately (W1). Specimens were then dried in an oven at 107+£70C for not less
than 24 h, until a constant dry weight (W;) was obtained.
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Figure 3.20: Water Absorption
Water absorption of concrete was calculated as percentage of the dried weight.

The water absorption is given by the following equation:

Water Absorption; 2=2)-100

2

3.3.4.3 Chloride ion penetration

The penetration of Chloride ion in the concrete and subsequent swelling of concrete
along with enhanced susceptibility of the reinforcement to corrosion can be termed
as’ Chloride-Attack. In order to study resistance to chloride ion penetration
standard silver nitrate spraying test was used in accordance with the Ref. Baroghel-
Bouny Veronique, (2007). The specimens (100X100X100mm) were tested for the
chloride attack at the age of 28 days, 56 days and 90 days respectively being soaked
for this duration in 3% NaCl solution. The depth of chloride penetration for these
specimens was measured after being soaked in the NaCl solution for 28, 56 and 90
days respectively. The cubes were dissected into halves and the freshly split pieces
were sprayed with 0.1N AgNO; solution .Silver Nitrate on reaction with free
chloride ion fetches white precipitate of AgCI. In those regions where free CI™ ion is
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not present AgNOj3 yields brown colour due to the formation of AgO. Thus the depth
of CI" penetration can be easily obtained clearly indicated by the transition colour
boundary from white to brown. Mean penetration depth was calculated for the three

specimens used:

3.3.4.4 Carbonation

The process of deterioration of alkaline environment within concrete specimen
domain due to the intrusion and attack of CO, and subsequent corrosion of steel
reinforcement can be termed as “carbonation’. The depth of penetration was
assessed based on the guidelines of CPC RILEM (RILEM 1988). Each of the
concrete specimen (100mmX100mmX100mm) was oven dried for a period of 48
hours. Each specimen was dissected into four identical parts of dimensions
(50mmX100mm).These parts were then dried in an oven and a dual coating of
epoxy paint was applied on the longitudinal surface. The samples were then marked
for identification. The dried marked samples were then brought into a standard
carbonation chamber. The chamber had the controlled humidity levels of about 55
Rh, CO, concentration of 5%, temperature at 27°C.3 pieces were obtained from each
specimen after a period of 2, 3, 4, 6, and 12 weeks of exposure in Carbonation
Chamber .
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Figure 3.21: Carbonation chamber

Figure 3.22: Split and spray samples

These pieces were tested for carbonation depth measurement using Phenolphthalein

indicator. Each piece was further dissected along the length such that length of the
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pieces obtained was same as the parent piece but width of each daughter piece was
halved. These pieces were then sprayed with Phenolphthalein Indicator (1%
phenolphthalein in 70% ethyl alcohol) The carbonated areas which are characterized
by low pH of about 8.3-9.3 do not turn the colourless phenolphthalein into purple
colour . However the portion where pH is > 9.2 (non - carbonated area) on contact
with phenolphthalein exhibits purple red colour.

The basic analysis model for carbonation originates from Fick's First Law applied to
a simulated diffusion of CO; into the porous system of concrete (Anna V. Saetta and
Renato V. Vitaliani, 2004). The model states that the diffusion of CO; in the
concrete matrix is directly proportional to the square root of the duration of exposure

under constant hygrometric conditions.

The carbonation coefficient depends on environmental conditions such as humidity
and ambient CO, concentration and also on the properties of concrete matrix such as
W/C ratio and packing density etc.

Where C is Carbonation coefficient.

X and T is the carbonation depth in mm and period of exposure in days

respectively.

3.3.4.5 Acid Attack

The deterioration, break down and leaching away of hydration products of concrete
especially calcareous products on exposure to chemical liquids with lower pH
values can be termed as acid attack.

The assessment of resistance of concrete specimens towards acid attack was done in
accordance with ASTM C 267-01 (ASTM 2012) .The concrete has a high pH value
and is strongly alkaline in nature. Concrete is therefore vulnerable to exposure to the
acids .These acids may be formed either from SOj in the atmosphere or may be
synthesized by bacterium present in sewage water. Sulphuric Acid formed by the
aforementioned agencies reacts with Ca(OH), present in concrete and produces
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gypsum i.e.CaSQO4.2H,O which is a water soluble compound. The reaction of
Sulphuric Acid with Calcium Silicate Hydrate generates Silicate Oxide in aqueous
state.

Two types of observations were taken and analysed for the specimens to study the
effect of acid attack. The specimens were observed for the loss in compressive
strength at the age of 1, 4,8,12 weeks.

The loss in compressive strength of the concrete is given by:

fc (28 Days) — fc (t Days)*100
fc (28 Days)

Loss in strength (%)

where : f; 28 pays) = Compressive strength of concrete cube specimens at 28 days

fc  t paysy = Compressive strength of concrete cube specimens after t days of
immersion in H,SO,4 solution.

The observations for loss in weight were taken after a period of 1, 4, 12 weeks
respectively.

The loss in weight of the cube specimens is given by:

W (28Days)—W (t Days)*100
W (28 Days)

Loss in weight (%) =

where W 28pays) = Initial weight of the specimen at the age of 28 days
W (c paysy = Final weight of the specimen after t days of immersion in H,SO,4

solution.

3.3.4.6 Sulphate-Attack

The formation of ettringite and other expansive compounds as product of the
chemical reaction between Calcium, sodium, magnesium and ammonium sulphates
with components of cement hydrates (Calcium Aluminate & Ca (OH) , and
subsequent cracking of concrete can be termed as "Sulphate-Attack’. One of the

chemical reaction responsible for ettringite is given as follows:
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4Ca0.Al,03 Fe,03 + H-0 + 804-2 > C&6A|2(SO4)3(OH)12 .2H,0 + CaS0O,2H,0

Test carried out obeys the methodology prescribed in  ASTM C 1012-10 .The
sample specimens after having been cured for 28 days were then brought under
physical observation in which the length of each of the specimen was noted down
.The three sample cube specimens were kept immersed in 10% MgSO, solution.
The readings were then taken after 7, 28, 90,180 and 210 days respectively for the
weight of immersed specimens. These readings for the GCW substituted comparator
specimens were then compared with that for the control specimen. The loss in
weight was noted for all the specimens after 7, 28, 90, 180 and 210 days. Also
observations were made for the compressive strength of the specimens after 28, 90
and 180 days respectively.

The loss in compressive strength of the concrete is given by

fc (28 Days) — fc (t Days)*100
fc (28 Days)

Loss in strength (%)

where: f; 28 pays) = Compressive strength of concrete cube specimens at 28 days
fo « pays™= Compressive strength of concrete cube specimens after t days of
immersion in MgSQO, solution.

The loss in weight of the cube specimens is given by:

W (28Days)—W (t Days)*100
W (28 Days)

Loss in weight (%) =

where W (28pays) = Initial weight of the specimen at the age of 28 days
W (t pays) = Final weight of the specimen after t days of immersion in  MgSO4

solution.
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3.3.4.7 Shrinkage

The decrement in the initial dimensions of the specimen due to loss of moisture can
be termed as shrinkage. Three specimens of dimensions 75X75X300 mm were taken
for each of the wi/c ratio under consideration. The observations were made over a
period of 365 days. Demec studs were installed at a predefined spacing of 212
+1mm in longitudinal direction after 28 days curing to facilitate quantification of
shrinkage of concrete specimen. The specimens were kept at a temperature of 25°C
and 55% RH. The numerical observations for quantifying the shrinkage were
facilitated by mechanical strain gauge with least count 0.002mm. After recording
initial value at 24h observations were made at 7, 15, 30, 45, 60, 90,180, 270, and
365 days respectively. The mean value of shrinkage for the three specimens was

recorded as the shrinkage value for a particular wi/c ratio.

3.3.4.8 Corrosion

Corrosion in context of concrete can be understood as the electrochemical
degradation of steel reinforcement characterized by the formation of oxides of iron.
The methodology complied with the guidelines of ASTM G109-99a.Two coats of
epoxy based paint were applied on all the vertical faces. A solution of 3% NaCl (by
weight) was poured in the ponding well. The specimens were kept at room
temperature. The bar at the top was anode and two bars at the bottom were cathode.
The 1:2 ratio of anode to cathode facilitates accelerated corrosion rate. The circuit
involved anode and the cathodes with a resistance in between. The specimens were
subjected to alternate wetting and drying cycles for 14 days respectively. At the end
of each wetting cycle the potential difference across the electrodes was measured

using a high impedance voltmeter.

80



i)

e Macro-cell- Current
The entire duration of test was confined to a test period of 19 months. ASTM109-
99a states that the macro-cell current (I;) is given as:

Voltage(V1)
100

Where resistance of the resistor is 100 .

e Half Cell Potential

|1:

The observations for open cell potential were made for duration of 22 months. The
electrical connection for the circuit was deliberately broken 24 hours ahead of
making the measurements for the potential difference to facilitate the current
stabilization. The electrochemical potential of the top electrode i.e., anode was
measured relative to copper-sulphate reference electrode. As per the guidelines of
ASTM C 876(ASTM 2009b) copper copper-sulphate reference electrode
measurements can be used to project the probability of occurrence of corrosion as
per the following guidelines:

The value of potential over an area when more positive than -200mV is a clear
indicator of less than 10% probability of steel reinforcement being corroded in the
particular area under study.

The measured values of potential between -200 and -350mV for the area under study
indicates uncertainity in predicting the probability of corrosion in the area.

The measured values of potential more negative than -350mV in the area under
study being a strong indicator (> 90% probability) of the steel reinforcement being

corroded in that particular area of interest under study.

e Corrosion Rate
At the end of the test duration observations were made for assessing the rate of
corrosion using gravimetric method. The specimens were disassembled and the

anodic steel reinforcement was then weighed. The method used for cleaning the
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corroded bars was the one stated in ASTM G1-03 which prescribes the use of
hydrochloric acid as a cleaning agent. Mean corrosion rate is given as:
Corrosion rate (mm) = (KX W)/AXTXD
Where K= a constant =8.76X10*
W= mass loss in g
A = cross section area of the specimen
T= time duration of exposure in hours

D= density of steel =78.5g/cc.

3.3.5 Microstructure & Thermographic Analysis
3.3.5.1 SEM (Scanning Electron Microscopy)

Concrete cubes (specimens) were cured in water for 28 days and then the cubes
were oven-dried at 105 °C for 24 hours. Sections of 20 mm x 20 mm x 10 mm were
obtained from a depth of 50 mm from selected concrete specimens and their
microstructure was examined using Field Emission Gun Scanning Electron
Microscope (FESEM) as shown in Fig. 3.23. The sections were polished with
diamond paste and coated with platinum layer to avoid cutting& grinding damages

and improve the conductivity of electrons respectively.
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Figure 3.23:Field Emission Gun SEM

FESEM focussed a beam of incident electrons and developed a topographical image

of specimen by collecting reflected and scattered electron beams.

3.3.5.2 XRD Analysis

XRD Analysis was carried out using PANalytical X pert PRO Powder
diffractometer (Type-11141934) as shown in Fig. 3.24.
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Figure 3.24: X-ray Powder Diffractometer

Copper electrode, acting as a radiation source (Cu ka radiation and Ni filler) was
operated at 40 kV and 40 mA. There was a continuous movement of detector in
range from 10.02°-79.9800° during the measurements and its speed was set to
0.02°/0.5sec (during scanning of powdered sample) where 0.02 is the step size
[°2Th.] and 0.5 is scan step time in seconds. Scans of specific time (about 5min)
were performed over each of the powdered specimen size of 10mm for different
concrete mixes. Diffractograms of each sample were prepared using X’pert High
score with database ICDD 2003. Origin Software was also used for data analysis
(peak analysis) and for making Intensity (counts) vs 26 graphs for different concrete
mixes. The intensities of peaks for different minerals is directly proportional to the
quantity of the mineral present in the sample.
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Procedural Deduction of Minerals from XRD Diffractogram:

For a given sample, XRD graphs are plotted in a way such that intensities and 2_
values are plotted on Yaxis and X axis respectively.

The d values and intensities of peaks of various minerals are compared with the
standard information available in the library resource files of the software.

3.3.5.3 TGA (Thermo-gravimetric Analysis)

TGA test aims to study the trend in the variations of weight loss of concrete as a
function of temperature when exposed to progressively elevated temperatures at a

predefined rate.

Figure 3.25: TGA-DTA

Few experiments for studying effect of elevated temperature on compressive
strength of Ordinary Portland Cement, concrete containing fly ash or slag cement
have been attempted in the past. G.G. Carette et.al (1982) observed in their
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experimental study on a set of cylinders that the compressive and split tensile
strengths of cylinders showed a steady decline relative to that prior to the exposure
to elevated temperatures. R Sarshar and G.A. Khoury, (1993) observed that
lightweight aggregate concrete exhibits a much lower loss of strength than the
normal weight concrete. C.Castillo & A.J Durrani, (1990) found in their study of
TGA test given in section 3.1.2.8. High strength concrete that there occurred a
relatively higher loss of strength in the case of high strength concrete relative to the
normal strength concrete. The amount of chemically bound water, present in
different concrete mixes were found by TGA. Three small pieces of mortar paste
were taken out at depths of 30, 75 and 130 mm from 150 mm x 150 mm x 150 mm
concrete specimen. The mortar pieces so obtained, were grounded together to a fine
powder (<75um).Sample is prepared for The powdered sample was continuously
heated from 30°C to 900°C at a steady rate of 10°C/min. While heating, furnace of
analyser was purified with nitrogen at a constant rate of 50ml /min. The weight lost
by the sample against varying temperature was recorded. The weight loss was
expressed as % of dry sample mass taken.
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Chapter 4
RESULTS AND DISCUSSION

Rheological Properties
Mechanical Attributes
Abrasion

Durability Attributes
SEM & XRD ANALYSIS

TGA (Thermo-gravimetric Analysis)
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The present experimental methodology involves testing of thirty six different mixes
at six different w/c ratios with partial replacement for natural sand by Granite
Cutting Waste in proportions of 0%, 10%, 25%, 40%, 55% and 70%. All the
concrete mixes were provided with adequate dosage of superplasticizers on trial
basis except w/c ratio of 0.55 (no super-plasticizer required). Rheological attributes
(workability), mechanical attributes (compressive strength, tensile strength and pull
off strength), durability attributes (permeability, water absorption, acid attack,
sulphate attack ,carbonation, chloride diffusion, chloride penetration and corrosion)
and microstructural attributes (SEM and XRD studies) and thermographic analysis
have been studied and the results are presented in the chapter for the two series of

wi/c ratios chosen.
4.1 Rheological Properties
4.1.1 Slump Test

The increased substitution of river sand by GCW resulted in a gradual loss of
workability at all w/c. The slump values for control and maximum replacement level
were 120, 110,105, 100, 95, 90 mm and 69, 63, 54, 50, 46, 41 mm at 0.55(A), 0.50
(B), 0.45 (C) 0.40 (D), 0.35 (E) and 0.30 (F) wi/c respectively. (Fig: 4.1).The
workability loss of mixes containing GCW can be due to increased internal friction
due to incorporation of angular and rough textured GCW particles in concrete.
Rounded aggregates of sand particles have lesser surface area and in turn lesser
demand of cement paste for lubrication. The rounded aggregates of natural sand also
have lesser voids than the rough, angular and flaky GCW particles. This enables
availability of lesser amounts of cement paste for lubrication in case of GCW

substituted concrete mixes.
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Figure 4.1: Slump values v/s GCW content

Vijaylakshmi et al. (2013) also documented that concrete containing granite dust is
less workable than reference concrete. On the contrary, Adigun (2013) reported

increased workability of concrete containing granite fines.
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4.2 Mechanical Attributes
4.2.1 Compressive Strength

Fig 4.2-4.4 displays the compressive strength of control and GCW substituted
concrete. The concrete mixes were divided in the following series i.e., A, B, C, D,
E and F series with wi/c ratio of 0.55.0.5,0.45,0.4,0.35 and 0.3 respectively. Similar
pattern was followed for the other series as well.

—a— A-0.55w/c
6 —e— B-0.50w/c
—aA— C-0.45w/c
—w— D-0.40w/c
—<¢— E-0.35w/c
—»— F-0.30w/c
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Figure 4.2:7days Compressive Strength v/s GCW content

It was observed that the 7d compressive strength showed a continuous increment
over control concrete for all the series upto 40% replacement. The maximum value
of compressive strength was observed for the mix with 25% GCW replacement in
all the series. This may be attributed to the fact that initial addition of GCW led to
the densification of the concrete mix due to the addition of fine Granite waste.

However beyond a particular optimum replacement level (25%), further addition of
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Granite Cutting Waste led to increase in the specific surface area thus demanding
more cement paste to facilitate proper blending and bonding of aggregate and
cement. Since the quantity of cement was kept constant the increased specific
surface area led to the poor strength of aggregate cement paste and transition zone
between cement paste and aggregate in turn leading to the poor strength at higher

than optimum substitution levels.
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- o —A— C-0.45w/c
o _— \\\\\ —w— D-0.4w/c
S ,,,,,77/0»”,,,,,,,,,,,:1— —a_ ~ ¢ E035wl
T _ | -<4—F-0.30w/c
— v VT )
4 \
L
A A A Ny

Compressive Strength(N/mm?)
w

10 20 30 40 50 60 70 80
GCW(%)

Figure 4.3:28 days Compressive Strength v/s GCW content

It was observed that the 28d compressive strength showed an increment for all the
series of mixes upto 40% replacement except 0.3 w/c ratio mix for which increment
in strength over the control concrete was observed till 25% replacement only. The
maximum value of compressive strength was observed for the replacement level of
25% for all the series of mixes. The reason for increase in the 28 days compressive

strength for all the mixes upto 25% granite replacement could be attributed to the
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less availability of effective water content available for hydration due to the greater
surface area of the Granite Cutting Waste Particles. The Granite substituted concrete

mix would therefore behave as the concrete mix with lower w/c ratio.

—a— A-0.55w/c
—e— B-0.50w/c
—a— C-0.45w/c
—wv— D-0.40w/c
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—»—F-0.30w/c
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Figure 4.4:90 days Compressive Strength v/s GCW content

The 90 days compressive strength was observed to be exhibiting almost similar
behaviour as that of 28 days behaviour for all the series of concrete. The 90 days
compressive strength was observed to be exhibiting a sustained increment over the
control concrete for all percentages of Granite Cutting Waste upto 40% replacement.
The maximum Compressive strength was obtained at the percentage replacement
level of 25%. This may be attributed to the better densification of the concrete
matrix formed by filling up of large number of voids with micro-filler material i.e.
GCW, which is fine enough. with fine GCW particles and also to the enhanced
hydration due to availability of more surface area for gel formation. Increase in
strength can also be accredited to better adhesion between cement mortar paste and

rough GCW particles. However beyond a particular optimum percentage
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replacement the increased GCW content increases the specific surface area of
concrete which in turn increases the demand for cement paste. However the cement
content remaining the same leads to poor aggregate binder bonding. The strength of
the interfacial transition zone also decreases which could be one of the reason for
the decrement observed in the value of 90 days compressive strength at higher
percentage replacement levels beyond 40%. In a similar study, conducted by
Vijaylakshmi et al. satisfactory strength performance of concrete containing 15%
granite dust was reported. Adigun (2013) found that the maximum compressive
strength for Crushed Granite Fine substituted concrete was found at a replacement
percentage between 25% and 50% for different concrete mixes. Similarly Flexikala
and Partheban (2010) found that the maximum compressive strength was obtained
for a percentage replacement of 25%.

4.2.2 Flexural Strength

The trend observed for the 7" day flexure strength is depicted in the Fig. 4.5. It is
evident from Fig. 4.5 that the flexural strength showed a slight increment till the
percentage replacement of 55% and the maximum flexural strength was obtained at

the percentage replacement of 40%.
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Figure 4.5:7 days Flexure Strength v/s GCW content

The maximum increment in the values of flexural strength at 40% over the control
concrete were found to be 7.74%, 10.93%, 11.13%, 9.7%, 12.14% and 13.82% for
the series F, E, D, C, B and A respectively. This clearly reflects the fact that as the
w/c ratio increased the corresponding increment in the 7" day flexural strength also

increased except for the C series.
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Figure 4.6: 28 days Flexure Strength v/s GCW content

It was observed that 28" day flexural strength showed increment over the control
concrete for all percentage of replacement .The increment is strength was marginal
with maximum increment observed for all series 40% replacement. Similarly the
maximum increment observed in the flexural strength over the control concrete was

observed to be even lesser at 90" day flexural strength measurement
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Figure 4.7: 90 days Flexure Strength v/s GCW content

This reflects the fact that the influence of substitution on early age flexural strength
is more. This may be attributed to the better initial hydration with the use of angular
and rough textured Granite Cutting Waste particles. The GCW particles provide
better densification and compact concrete matrix thus might be leading to increase
in the flexural strength. Diwakar et al. (2012) and Kala (2013) also reported increase
in the flexural strength on replacement with Granite Cutting Waste and respectively

concluded the optimum percentage replacement as 5% and 25%.
4.2.3 Pull off Strength

The values obtained for the pull off strength showed a close correlation with the
compressive strength. The peak values for all the water/cement ratios were obtained

for specimens at 25% replacement as shown in Fig. 4.8.
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Figure 4.8: Pull-off Strength v/s GCW content

The maximum values of the pull off strength for specimens with water/cement
ratios of 0.55, 0.5, 0.4, 0.35 ad 0.3 were found out to be 3.65, 4.27, 4.59, 5.07 ,5.54
and 6.09 N/mm? respectively. The pull of strength of the control specimens for the
above specimens were observed to be 3.57, 4.09, 4.41, 4.91, 5.39, and 5.94 N/mm?
respectively. Pull strength of the concrete is a function of surface adhesion between
the concrete and the steel reinforcement. Particles of granite being rougher in
texture than the corresponding grains of sand exhibit enhanced friction at surface
upto an optimum percentage replacement. Also pull off strength of the concrete is a
function of its compressive strength at for mixes of lower compressive strength.
Since the compressive strength of the concrete mixes was found to be maximum at
25% replacement, this could be a major factor responsible for the enhanced pull off
strength of the concrete mixes. The bond strength of concrete might also be
dependent indirectly to some extent on the densification of the concrete matrix as
the flaws or cracks present might cause stress concentration for certain portions of

the concrete and result in premature failure of the concrete specimen. Since Fig. 4.2-
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4.4 showed that maximum densified and compact concrete was observed to be the
one with 25% replacement the results obtained for the pull strength test were found
to be in alignment with those observed for the compressive strength.

4.3 Abrasion

The abrasion resistance of concrete containing up to 40% GCW was comparable or
better than control for the series A, B, C and D. The abrasion resistance of concrete
generally depends upon its compressive strength and hardness at surface zone .A, B,
C and D series exhibited the minimum depth of wear at 40% replacement. The depth
of wear for these series was observed to be 1.77mm, 1.74mm, 1.68mm and 1.62mm
respectively. For these series the depth of wear for the control mix were found to be
1.92mm, 1.84mm, 1.76mm and 1.70mm respectively. For the series E and F the
minimum depth of wear was observed at 25% GCW replacement. The depth of wear
for series E and F were observed to be 1.43mm and 1.39mm respectively. The
depths of wear for the control mixes of these series were observed to be 1.52mm and
1.45mm respectively.
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Figure 4.9:Depth of wear v/s GCW content
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The depth of wear or the abrasion resistance can be thought of as the trade-off
between the compressive strength and the intrinsic hardness of the Granite cutting
waste. Upto a certain percentage replacement both the compressive strength and
aggregate hardness of the concrete matrix increases as the percentage replacement
increases. However beyond a certain optimum percentage replacement the
compressive strength of the concrete decreases courtesy to the increment in the
specific surface area and poor aggregate —binder bonding. However intrinsic
aggregate hardness goes on increasing as the percentage replacement increases
owing to the fact that the GCW particle exhibits more intrinsic hardness than the
sand particle. The decrement in the compressive strength is steep beyond 40% and
25% replacement for the series A, B, C, D and series E and F respectively. This
steep fall in compressive strength gets exhibited in the form of decreased abrasion

resistance beyond optimum replacement.

4.4 Durability Attributes
4.4.1Permeability

The durability of a concrete structure is much dependent upon its permeation
characteristics. An impermeable concrete will result in increased life of
structure.The increasing replacements of GCW in place of river sand resulted in
increased impermeability of concrete upto 70% replacement level for series for all
series of mix. The control mixes prepared at all w/c ratios were more permeable than
GCW concrete. Concrete mixes formulated with 55% substitution ratio were least
permeable at all w/c ratio for series D, E and F.The reduced water penetration for
GCW concrete can be attributed to reduced number of capillaries and voids due to
the fine GCW addition. However for series A, B and C the minimum permeability

was observed at 70% replacement.
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Figure 4.10:Depth of water v/s GCW content

The differences in the behaviour of permeation characteristics of these series may
be attributed to the fact that for high wi/c ratio concrete mixes the behaviour of GCW
particles predominantly remains that of a micro filler since these highly porous
concrete mixes exhibit the capacity to absorb the fine GCW particles as a densifying
agent within the voids present in the concrete matrix .For low w/c ratio mixes only
an optimum percentage (55% GCW) could be accommodated within the concrete
matrix. Further addition of the GCW would invariably increase the cement paste
demand and specific surface area thus making the compaction of the concrete mix
difficult and in turn increasing the porosity and voids within the concrete matrix.
Increment beyond 55% leads to development of micro cracks because of binding
action being adversely affected by the extra amount of GCW which can also be
envisaged from SEM image of G70 mix [Fig 11 (a)]. Fig.4.10 depicts the variation
of penetration depths of various concrete mix with GCW (%). Water permeation of
70% GCW concrete was slightly higher than 55% GCW concrete. Still, 70% GCW

concrete displayed less permeability than control. On the contrary, Vijaylakshmi et
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al. (2013) reported increased permeation in concrete mixes prepared with granite
dust.

4.4.2 Water- Absorption

The water absorbed by a concrete is a good indicator of its quality and durability.

The results of water absorption test were very similar to those of water permeability.

—a— A-0.55w/c
—e— B-0.50w/c
—A— C-0.45w/c
—w— D-0.40w/c
—<4— E-0.35w/c
—»— F-0.30w/c

Water Absorption after 24h (%)

10 20 30 40 50 60 70 80
GCW (%)

Figure 4.11:Water Absorption v/s GCW content

The concrete containing 55% and 0% GCW showed minimum and maximum water
absorption at all substitution levels (Fig. 4.11) for all the series of concrete mixes.
The water absorption of concrete containing GCW progressively reduced upto 55%
substitution level. The water absorption of 70% GCW concrete was slightly more
than 55% GCW concrete. The concrete containing GCW absorbed relatively less
water than control mix. This may be attributed to the fact that the introduction of
fine GCW particles might have densified the concrete matrix by reducing the
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volume and connectivity of capillary pores. The dense microstructure of GCW

concrete reduced the volume of water absorbed by it.

4.4.3 Chloride Penetration

Fig 4.12-4.17 shows the graphs for the chloride penetration depth v/s percentage
GCW replacement for these W/C ratios the maximum depth of chloride penetration
observed was at 90 days with a GCW percentage replacement of 70% and the
corresponding values were found out to be 27.1, 22.5, 19.4, 18.4, 16.8 and 15.2 mm
respectively for the wi/c ratio series AB,C,D.E and F respectively. The
corresponding values for the control concrete were found out to be 24.9, 20.8, 17.6,
16.6, 15.9 and 14.3mm respectively. The minimum depth of penetration was
observed at 28 days for a GCW percentage replacement of 25%.It was observed that
initially as the percentage GCW replacement increases from 0% to 25% depth of
chloride penetration decreases at all durations of exposure. This is in agreement with
the results obtained for the carbonation. The minimum values of the chloride
penetration depth were reported to be 13.8, 10.6, 8.7, 7.8, 5.9 and 4.7 mm for the
series A, B, C, D, E and F respectively.
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Figure 4.12: Depth of chloride penetration v/s GCW Content at w/c=0.55

(A Series)
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Figure 4.13: Depth of chloride penetration v/s GCW Content at w/c=0.50
(B Series)
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Figure 4.14: Depth of chloride penetration v/s GCW Content at w/c=0.45
(C Series)
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Figure 4.15: Depth of chloride penetration v/s GCW Content at w/c=0.40

(D Series)
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Figure 4.16: Depth of chloride penetration v/s GCW Content at w/c=0.35
(E Series)
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Figure 4.17: Depth of chloride penetration v/s GCW Content at w/c=0.30
(F Series)

The decrease in the depth of chloride penetration can be attributed to the improved
microstructure of concrete matrix. The GCW initially act as a filler material (being
even finer than sand) and improves the denseness of the concrete matrix. The
enhanced denseness of the matrix results in the decreased permeability which
inhibits to some extent ingress of chloride in the concrete matrix. However with the
increase in the GCW content gradation of fine aggregate begins to get affected. This
leads to the poor pore structure of concrete matrix and seriously affects the
resistance to chloride penetration. The other parameters remaining the same, depth
of penetration observed for W/c ratio of 0.3 were remarkably lesser than those
observed for W/c ratio of 0.4 and other w/c ratios reassuring the fact that with
increase in W/c ratio the flaws, micro cracks and porosity of the concrete matrix
increase noticeably thus leading to increased permeability and subsequently

enhanced chloride penetration depth.
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4.4.4 Carbonation: The graphs for the depth of carbonation for the two series of

WI/C ratiowith various percentage of GCW have been shown in figure 4.18 to 4.23.
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Figure 4.18:Carbonation depth v/s % GCW content (for 0.30 wi/c ratio F

Series)
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Figure 4.19:Carbonation depth v/s % GCW content (for 0.35 w/c ratio E

series)
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Figure 4.20:Carbonation depth v/s % GCW content (for 0.40 w/c ratio D Series)
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Figure 4.21:Carbonation depth v/s % GCW content (for 0.45 wic ratio C Series)
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Figure 4.22:Carbonation depth v/s % GCW content (for 0.50 wi/c ratio B

Series)
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Figure 4.23:Carbonation depth v/s % GCW content (for 0.55 wic ratio A

Series)

It can be seen that a noticeable CO, penetration was observed for all the specimens
after 90 days of exposure. However for 0.3 w/c ratio control concrete specimen
showed nil carbonation depth till exposure period of 90 days. This is due to lower
WI/C ratio. The lower W/C ratio do not facilitate significant dissolution of CO; in the
pore water thereby preventing Carbonation for exposure periods of less than 90
days. This indicates that as the strength of concrete increases (in case of lower W/C
ratio) depth of carbonation decreases. Carbonation Depth at 90 days showed a
declining trend as the percentage of GCW replacement increased from 0% to 25%
indicating improved pore structure. GCW being a fine material serves as an effective
filler material in the concrete matrix thus improves the denseness of the matrix.
Beyond 25% replacement CO, penetration was observed at all periods of exposure
indicating poor matrix behaviour.
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For W/C ratio of 0.35,0.4,0.45,0.5 and 0.55 carbonation phenomenon was observed
at all duration of exposure which can be attributed to the enhanced pore moisture
content of the concrete thereby facilitating easy dissolution of CO, and subsequent
carbonation. For these W/C ratio as the GCW replacement increased from 0% to
25% carbonation depth showed a declining trend. The depth of carbonation
increased continuously as the percentage of replacement was increased from 25% to
70%. This may be attributed to the fact that once the optimum replacement is done
the increased GCW content affects the gradation of fine aggregate in concrete
matrix and thus results in poor mix which increases the probability of CO; ingress in
the concrete matrix which further enhances depth of carbonation. The minimum
depths of carbonation at 90 days were found to be 16.1, 13.9, 12.5, 11.8, 8.2 and 2.9
mm for the series A, B, C, D, E and F respectively and at 25% respectively. The
corresponding values for the control concrete were found to be 3.4, 9.3, 12.6,13.2 ,
14.7 and 17.1 mm respectively. However Vijaylakshmi et.al. (2013) reported
slightly contradictory results as they found that with increase in the percentage
replacement by Granite waste the carbonation depth continuously increased. This
may be attributed to the different particle size used in their experimental study v/s

this study.

Carbonation Coefficient

Fig. 4.24 shows the variation of carbonation coefficient with varying percentage
replacement with GCW for all the series of w/c ratios. The values of carbonation
coefficient have been taken for 90 days in order to assess the impact of substitution

on long term durability.
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Figure 4.24: Carbonation coefficient vs GCW Content

It can be readily inferred from the figure that the values of carbonation coefficient
were observed to be minimum at 25% replacement .All the mixes with percentage
replacement upto 25% exhibited values of carbonation coefficient lesser than the
control concrete for all the water/cement ratios. This may be attributed to the
enhanced denseness of the concrete matrix due to the inclusion of the finer GCW
particles The minimum values of carbonation coefficient were found to be
1.697,1.466,1.318,1.244,0.864,0.306 mm/day®® for the series A,B,C,D,E and F
respectively .The corresponding values of carbonation coefficient for the control
concrete specimens were observed to be 1.803,1.549,1.391,1.328,0.980and 0.358
mm/day®® for the series A,B,C,D,E and F respectively .The graph shows that the
rise in the value of carbonation coefficient for the water/cement ratio 0.3 was
strikingly high as compared to other w/c ratios indicating the adverse impact of
replacement beyond 25%. Beyond a certain optimum replacement (25% in this case)

the specimens exhibited enhanced values of carbonation coefficient indicating
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poorer carbonation resistance due to poorer concrete matrix at higher percentage

replacement.

4.4.5 Acid Attack
Weight loss

Figs 4.25-4.26 displays the deterioration of concrete specimens in terms of
percentage weight loss v/s Immersion period in days. With gradual increase in the
percentage GCW replacement from 0% to 40% a decrease in the percentage weight
loss was observed for all the w/c ratios except 0.3 w/c for which the declining trend
in the values of percentage weight loss was observed till 25% replacement. The
minimum percentage weight loss was observed for the percentage GCW
replacement of 25% for all the wi/c ratios. The weight loss can be attributed to the
leaching out of the products of the reaction b/w hydration products and sulphuric
acid. This leaching out of these by-products results in protruding irregular surface
projections which serve as a means of visual inspection of deterioration of concrete
by acid attack. These protrusions reinforce the fact that by and large acid attack is a
surface phenomenon. The result is in agreement with those obtained for the (Fig.
4.5.3) carbonation and chloride penetration. The improved microstructure of the
concrete matrix might be a possible reason behind this behavior. However once the
optimum percentage replacement was attained the additional GCW fines
replacement resulted in the poor gradation of the fine aggregates, poor packing
density of the concrete matrix and increased demand for cement (as the surface area
increases with increase in the percentage GCW replacement). This leads to
inefficient matrix behaviour and provides a conducive atmosphere for acid attack to
occur.% age weight loss observed in case of A,B and C series specimens was
greater than that observed for D,E and F series specimens confirming the fact that
greater is the porosity of the concrete matrix greater is the probability of
deterioration due to acid attack.
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Sulfuric acid attack is more dangerous than sulfate attack reason being that attack of
sulphate ion is also there besides dissolution by hydrogen.

Bassuoni and Nehdi (2007) gave the following equations to explain the impact of
H,SO40n the hydration products of concrete(Bassuoni MT and Nehdi ML, 2007)
Ca(OH), + H,SO, —>CaS04.2H,0

CaSi0,.2H,0 + H,S0O,~>CaS0O,+ Si (OH) 4+H,0

3Ca0.Al;05.12H,0+3(CaS0O,, 2H,0) + 14H,0 ->3Ca0.Al,03.3CaS0,4.32H,0
Singh and Siddiqui (2014) in their study found that weight loss of concrete
specimens at all durations was lesser for bottom ash concrete than the control
concrete upto 100% replacement of sand by bottom ash. They attributed it to the

reduced permeability of the bottom ash concrete due to bottom ash inclusion.

Strength loss

The losses in compressive strength for the concrete specimens at various durations
of exposure are shown in fig 4.27-4.28 for all the series of concrete mix. It can be
readily inferred that at the optimum percentage GCW replacement of 25% the loss
in compressive strength was observed to be minimum for all the water cement
ratios. This may be attributed to the enhanced denseness of the concrete due to the
filler effect of the GCW. The value of percentage loss in compressive strength was
comparable to control concrete at 40% replacement for all the w/c ratios. Beyond
40% replacement, loss in compressive strength begins to increase surpassing loss in
compressive strength of the control concrete specimen at the percentage replacement
of 55% and beyond. The loss in compressive strength for the series A, B and C were
observed to be greater than the values obtained for the series D,E and F respectively

at corresponding durations of exposure.
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This may be attributed to the fact that with the increase in the w/c ratio the porosity
of the concrete specimen increases resulting in a state of concrete matrix including
more voids, flaws and internal micro-cracks. As the porosity of the concrete matrix
increases the probability of intrusion of acid increases and this makes the concrete
specimen vulnerable to the acid attack which in turn leads to the increased leaching
out of the products of chemical reaction between hydrated products and the acid.
This also leads to the increased loss in compressive strength in response to acid
attack. Singh and Siddiqui (2014) found in their study that the percentage loss in
compressive strength decreased with increase in the percentage replacement by
bottom ash. They also attributed the reduced permeability of the bottom ash concrete
as one of the reason behind the decreased loss in compressive strength as compared
to the control concrete.

4.4.6 Sulphate attack

Weight Loss

For the specimens immersed in 10% MgSQO, solution no noticeable loss in weight
was reported at 28d, 90d, 180d or 210d respectively . The specimens displayed no
signs of spalling or cracking throughout the duration of the test. The specimens
however displayed noticeable white deposits at the end of 210d immersion. Even no
deformation in shape was reported at the immersion period of 210d.Similar
observations were reported by Malkit Singh and Rafat Siddique, 2014 for sand
replacement by coal bottom ash in concrete.

Compressive Strength

The compressive strength of all the specimens was found to be increasing with the
increase in the duration of immersion period. The percentage change in compressive
strength values for series A, B, C, and series D, E F specimen are presented in
Figure 4.29 and 4.30 respectively. The percentage increment in the control concrete
at 180d was found to be 27.17%, 37.59%, 43.17%, 52.4%, 57.1%and 59.2% for the
series A, B, C, D, E and F respectively.
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It was found that the peak value of compressive strength was higher for lower w/c
ratios at any given percentage replacement. The higher incremental change in the
compressive strength in case of lower w/c ratios may be attributed to the less porous
and denser concrete matrix at lower w/c ratios. The compressive strength of the
specimen with 25% GCW content was found to be maximum at all durations of
exposure. It was found that the absolute value of compressive strength was slightly
higher than the control concrete at a percentage replacement of 40% for all the wi/c
ratios. The increase in the compressive strength of all the specimens may be
attributed to the continued hydration. The reason for the fact that that no spalling or
cracking of concrete specimens may be attributed to the improved permeability of
the concrete specimens due to the ingress of the finer particles of GCW. This
improved permeability might be responsible for the less porosity and in turn
decreased inclusion of the sulphate in the concrete matrix. The ettringites formed
might have remained confined to the internal void spaces and thus accounting for
the fact that no weight loss was observed for the specimens. The better performance
of GCW specimen with 25% replacement may be attributed to the high Alumina
content in GCW besides the densification of matrix due to GCW inclusion. Here
Alumina might have formed a protective layer inhibiting entry of Sulphate in the
concrete matrix similar to what is believed to occur in case of High Alumina
Cement. This improved permeability might be a reason for the superior performance
of the GCW concrete. Singh and Siddiqui (2014) found that increment in the
compressive strength was higher for bottom ash concrete than the control concrete
upto 100% replacement of natural sand by bottom ash. They attributed it to the
continued hydration, pozzolonic action of bottom ash and the reduced permeability
of the bottom ash concrete.

4.4.7 Shrinkage

The values of shrinkage strain vs time period are shown in fig 4.31-4.36. The
figures show that the initial shrinkage values upto 60d were lesser for the GCW

concrete than the control concrete at all percentage replacements for all the wi/c
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ratios. After 60days, the shrinkage strain in the GCW concrete became comparable

to the control concrete.

350 1 [-=—o0%ccw
a00] | 10%GCW
1 |—a—25% Gcw
1 |—v— 40% Gcw,
2509 |« 55% GCw,
E 1 > 70% Gew,
& 2004
s |
£ 150-
m 4
100 A
g )
=
= 50
(%]
04
-50 +——

T T T T T T T T T T T T T T T T T T T 1
0 7d 15d 30d 45d 60d 90d 180d 270d 365d
Age (days)

Figure 4.31: Shrinkage strains in w/c 0.55 concrete mixes.
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Figure 4.32: Shrinkage strains in w/c 0.50 concrete mixes
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Figure 4.33:Shrinkage strains in w/c 0.45 concrete mixes
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Figure 4.34:Shrinkage strains in w/c 0.40 concrete mixes
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Figure 4.35:Shrinkage strains in w/c 0.35 concrete mixes
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Figure 4.36:Shrinkage strains in w/c 0.30 concrete mixes
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The slowdown in the initial shrinkage value for all the w/c ratios can be attributed to
the fineness and irregular shape of the GCW particles. The fine and irregular GCW
particles might have absorbed significant amount of pore water from the concrete
matrix thereby leaving lesser amount of free water. This water would have then been
released gradually as the time progressed thereby leading to lesser shrinkage strain
than the control concrete. However as the time progressed almost all the absorbed
water might have been released by the fine GCW particles thereby leading to
comparable shrinkage strain values to that of the control concrete at the duration of
1 year. The variation in the final values of shrinkage strain for GCW concrete at the
duration of 365 days was within 5% to that of the control concrete for all the wi/c
ratios at all percentage replacements indicating the similar behaviour of control
concrete and the GCW concrete from shrinkage point of view.

4.4.8 Corrosion
Macrocell Current Values

The macrocell current v/s time for the series A,B,C,D,E and F respectively are
shown in fig 4.37-4.42. The analysis is consistent with the guideline of ASTM
G109-99a which states that macrocell current value greater than +10pA is an
indication of corrosion process in progress. This can be readily inferred from the
figures that initially all the bars in concrete mixes with different w/c ratios and at
different percentage replacements showed a value of macrocell current lesser than
+10u indicating negligible corrosion activity in the beginning. It was found that for
all the mixes the time taken (in no of months) was comparable for the control
concrete and the GCW concrete upto 40% replacement .However the corresponding
time taken was lesser in case of 55% and 70% replacements. .It was found that the
GCW concrete with 55% and 70% replacement reached a macrocell current value

greater than +10pA at about 6 months for all the series of w/c ratio. The
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corresponding time taken in case of other percentage replacements was about 7-8

months in all the series.
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Figure 4.37:Macrocell Current v/s Exposure period for w/c 0.55 concrete mixes (ASTM
Limit <10gA No corrosion)
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Figure 4.38:Macrocell Current /s Exposure period for w/c 0.50 concrete mixes
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Figure 4.39: Macrocell Current v/s Exposure period for w/c 0.45 concrete mixes
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Figure 4.40:Macrocell Current v/s Exposure period for w/c 0.40 concrete mixes
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Figure 4.41: Macrocell Current v/s Exposure period for w/c 0.35 concrete mixes
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Figure 4.42:Macrocell Current v/s Exposure period for w/c 0.30concrete mixes

As the percentage replacement was increased beyond 40% the values of macrocell
current showed a steep rise in magnitude over the values of control concrete at any
given point of time. This may be attributed to the poor gradation and mix properties
at higher replacements in GCW substituted concrete. The peak value of macrocell
current was found to be lesser in case of lower wi/c ratios than that observed for
higher wic ratios of series A, B and C. This may be due to the decreased porosity

and inturn decreased chances of corrosion with decrease in the w/c ratio

Half-Cell Potential

The graph between the half-cell potential & exposure period for all the series of w/c
ratios are shown in fig 4.43-4.48 respectively. The analysis done is in compliance
with the guidelines issued by ASTM G 109-99a which states that a half cell
potential value more negative than -350mV measured using copper-copper sulphate
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half-cell indicates greater than 90% probability for corrosion being in progress. It is
clear from the graphs that initially for all the concrete mixes with different wi/c
ratios, the values of half-cell potential were between -100 -200mV.It can be readily
inferred that the values of half-cell potential more negative than -350mV were
observed to be after 6-7 months for the percentage replacements of 0%,10%,25%
and 40% for all the series of w/c ratios. For 55% & 70% replacements the
corresponding time taken to attain half-cell potential values more negative than -
350mV were observed to be lesser than or equal to 6 months indicating poorer

gradation, compaction and enhanced porosity at higher percentage replacements.
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Figure 4.43:Half-cell Potential v/s Exposure period for w/c 0.55 concrete mixes
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Figure 4.44:Half-cell Potential v/s Exposure period for w/c 0.50 concrete mixes
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Figure 4.45: Half cell Potential v/s Exposure period for w/c 0.45 concrete mixes
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Figure 4.46: Half cell Potential v/s Exposure period for w/c 0.40 concrete mixes
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Figure 4.47: Half cell Potential v/s Exposure period for w/c 0.35 concrete mixes
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Figure 4.48: Half cell Potential v/s Exposure period for w/c 0.30 concrete mixes
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It was observed that the time taken to attain a potential value more negative than -
350mV was equal to or slightly higher for low w/c ratios as compared to the higher
w/c ratios. The slight increase in the initiation of more negative potential than -
350mV reassures the fact that with increase in wi/c ratio there was a slight decrease
in the porosity of the concrete matrix thus inevitably increasing the susceptibility to
the corrosion. The time taken was maximum in case of 25% replacement in all the
series indicating the significant enhancements in the properties of the concrete

matrix at this replacement.

An important observation can be made from the results of micro-cell current and
half-cell potential measurement. After attaining a maximum value a decrement in
the values of both of these parameters was observed. Similar trend was observed by
Bhavna Tripathi & Sandeep Chaudhary (2015). This was attributed to two reasons.
First one being the retardation offered in the flow of current by the corrosion
products. Second being interruption in the flow of electrons due to non-availability

of electrons caused by the saturation of pores with water.

4.4.1.3 Corrosion-Rate

Figure 4.49: Broken corrosion specimen for visual examination
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The end of electrochemical monitoring was followed by the visual inspection of the
anode bars that were embedded in the concrete. All the anode bars were chemically
cleansed before the visual inspection for corrosion activity. Reddish Brown
corrosion product ,Fe,O3 H,O was taken as the prime indicator of corrosion in the
anode bars. However  few bars also showed the presence of black coloured
corrosion products as  distinct separate patches at different locations of the bars.
Similar products have been reported by the Shalon and Raphael (1959) &
Broomfield (2007). This may be due to the lack of availability of oxygen despite

alternate wetting and drying cycles.

m 0.55 w/c Ratio
W 0.50 w/c Ratio
m 0.45 w/c Ratio
m 0.40 w/c Ratio
m 0.35 w/c Ratio
m 0.30 w/c Ratio

0 10 25 40 55 70
GCW (%)

Figure 4.50: Corrosion Rate of steel bars

The visual examination revealed the presence of different amounts of corrosion
products in different bars. Fig30 represent the corrosion rate in mm/year Vs
percentage GCW content for the different w/c ratios. It can be readily observed from
the figure that at any given percentage replacement the corrosion rate was invariably
higher at higher w/c ratio. The corrosion rate was found to be lesser than or almost

similar to the control concrete upto 40% replacement. As soon as the percentage
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replacement increased beyond 40% a steep rise in the value of corrosion rate can be

observed from the graph for all the w/c ratios.

Overall from the results of micro-cell current, half-cell current and corrosion rate it
can be unilaterally established that any increase in the wi/c ratio led to increase in the
corrosion rate. Also the concrete mixes with replacement upto 40% GCW content

exhibited similar or better resistance than the control concrete for all the w/c ratios.

4.5 Microstructure of concrete

The microstructural analysis of concrete was carried out in conjunction to the
strength and durability assessment tests in order to develop a deeper understanding
of the various parameters affecting the properties of GCW concrete. The SEM and
XRD analysis were carried out in order to study the nature and type of hydration
products and chemical constituents of GCW concrete respectively. The SEM and
XRD analysis of all the w/c ratios involved similar reasoning and trends and
therefore for the sake of simplicity and clarity the results of 0.4w/c ratios have been
included in the results and discussion as follows:

SEM & XRD ANALYSIS

XRD and SEM analysis of control mix (CM) and mixes with different percentages
of Granite Cutting Waste (GCW) was carried out to investigate the microstructure of
concrete which helps in determining the reasons for variation in strength and

durability of concrete.

4.5.1 SEM Analysis

Scanning Electron Microscopy (SEM) plays an important role in examining
concrete samples at micro-structural level. At macro-level, two phases are observed

in concrete namely aggregate phase and cement paste phase whereas in
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microstructure examination a new zone, called Inter-facial Transition Zone or ITZ is
also observed (Mehta and Monteiro, 2006). ITZ is the weakest zone and hence it
becomes extremely important to closely examine this zone so as to explain
mechanical properties of concrete which would otherwise be very difficult to
explain (for example, compressive strength of concrete). Microstructure of concrete
is heterogeneous and very complex to understand. C-S-H (calcium-silica—hydrate)
IS most important phase of the cement-aggregate matrix and there are various factors
which influences the mechanical behaviour of C-S-H phases such as size, shape,
distribution and concentration of particles, composition of phases, orientation of

particles in the matrix etc.

After 28 days, tests analysis of concrete specimens under Scanning Electron
Microscopy(SEM)was carried out so as to obtain the SEM images (micrographs) of
all G mixes from (G0-G55). Analysis of SEM images is done by assuming the dark
portion to be voids and long continuous black portion to be ITZ. Also, CH or
Ca(OH); crystals (calcium hydroxide or portlandite) are assumed to be large crystals
with a hexagonal-prism morphology whereas aggregation of small fibrous crystals
in the images stands for C-S—H gel/ paste (Mehta and Monteiro, 2006). Moreover,
bright particles are inert aggregates, long whisker like particles are ettringite crystals
(present in relatively small amounts in all the mixes) and lastly the medium bright
small particles over coarse aggregate and at 1TZ stands for GCW fines. These
assumptions are made based on the fact that the basic structure of the concrete in all
the samples is the same i.e. only CM is kept constant whereas in all the G mixes
different percentages of GCW fines is added as partial replacement of FA.
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GO0 Mix

AGGREGATE

(b)

Figure 4.51(a),(b). Micrograph of Control Mix [CM or GO mix] at 10K X and
25KX

Fig. 4.51(a) shows the SEM image or micrograph of control mix (G0) at 10 KX
magnification. The gel formation is visible in the micrograph. The encircled dark
portions represents the voids and ITZ, fibrous portion of the SEM image indicates
C-S—H gel and hexagonal plate-like particles are CH crystals (well crystallized
Ca(OH), crystals) which are present in large amounts (Poon et al., 2004) and finally,
inert aggregates (both fine and coarse) are also spotted in the image (clearly marked
on the image). Large pores are also observed at the interfacial transition zone of
cement and aggregate. C—-S—H gel & CH crystals are distributed over the aggregates
and ITZ (Poon et al., 2004). C-S-H gel acts as a binder for aggregate-cement matrix.
SEM image also shows lesser amount of C-S-H gel and whisker-like ettringite, at
and near the ITZ. SEM image at 25 KX magnification [Fig. 4.51 (b)] clearly
demonstrates well- crystallized CH crystals (in large amount) along with fibrous C-

S-H gel and elongated ettringite in relatively smaller concentration.
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Above explanation of SEM images can be clearly understood from the fact that,
after 28 days, as the hydration progresses, poorly crystalline C-S-H and smaller
crystals of ettringite and calcium hydroxide (CH crystals) start filling the empty
voids that exists between the framework created by the large ettringite and calcium
hydroxide crystals, which were formed in earlier stages of hydration reactions. This
helps in enhancing the density and hence the strength of the Interfacial transition
zone (Mehta and Monteiro, 2006).

G10 Mix

Figure 4.52(a),(b). Micrograph of G10 mix at 1 KX and 10 KX

SEM images of G10 mix at 1KX and 10KX magnification [Fig.4.52 (a), (b)] clearly
depicts some major features such as the reduction of number of bigger voids
compared to CM and distribution of C-S-H gel (at few places) such that it leads to
an increase in strength of concrete (by relatively small amount). This clearly
indicates that GCW fines are showing a positive response in terms of enhancement
of strength of concrete. But, increase in concrete strength is not very significant as

the optimum amount of GCW content is not present in this mix which means
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optimum compaction and density of matrix is not achieved. SEM image of 10KX
magnification also shows deposition of CH crystals and C-S-H gel over aggregates
in concrete mix with a larger concentration of C-S-H gel near ITZ. Lesser
proportion of ettringite is also observed in the image. Also, growth of CH is not
much affected by addition of GCW as the replacement percentage in this mix is less

compared to other G-mixes.

G25 Mix

H pressure | mag BB | WD | dwell | tit | 5/10/2015
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U | 5.00kV | 2.54e-3Pa | 10000x | 5.1mm  10ps | 0° | 11:13:08 AM MRC MNIT JAIPUR

Figure 4.53: Micrograph of G25 mix at 10 KX

Micrograph of G25 mix at 10 KX magnifications [Fig. 4.53] clearly shows a much
more reduction in voids and thickness of ITZ mainly because of the occurrence of
greater amount of GCW particles (distributed throughout the image) as GCW
content is increased to 25%. Thus, matrix of G25 mix is relatively more compact
and denser compared to previous mixes. Moreover, C-S-H gel is observed near the
ITZ in addition to relatively higher amount of CH crystals. GCW fines and FA (Fine
Aggregate) are clearly visible at ITZ and are also distributed on CA (Coarse
Aggregate) as well as in the other portions of the image. Lesser amount of ettringite

is visible in SEM images. In this mix, distribution and amount of C-S-H gel is much
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better than previous mixes and this might have increased the strength of G25

concrete mix compared to GO and G10 mixes.

G40 Mix

HV pressure mag WD dwell | tilt 5/10/2015 50 ym
U | 500 kV | 1.28e-2Pa | 1000x | 5.6 mm | 10ps | 0° | 11:31:55AM MRC MNIT JAIPUR

Figure 4.54 (a),(b),(c). Micrograph of G40 mix at 1 KX, 5 KX and 25 KX
Fig. 4.54 shows the SEM images of G40 concrete at different magnifications. Fig.
4.54(a) shows micrograph of G40 mix at 1 KX magnification. This micrograph
shows that throughout the sample the paste has spread finely and also the paste
firmly binds the matrix. Moreover, matrix has become denser and more compact as
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the voids are less. Proper distribution of C-S-H gel and GCW, in addition to their
larger concentration has led to a high strength concrete with strength even higher
than all the G-mixes and control mix. Thus, G40 mix has the highest strength
because of the optimum GCW content as well as better distribution and formation of
C-S-H gel in the matrix. This indicates that there is a perfect blend of all
components in the mix and perfect reactions must have taken place during the
production of this concrete mix.

SEM images of G40 mix at 5 KX and 25 KX magnification [Fig. 4.54 (b), ()]
depicts the presence of CH crystals and C-S-H gel near ITZ as well as on the
aggregates. Also, the thickness of ITZ is very less because of the fact that matrix has

become denser, compact and less porous due to an optimal amount of GCW fines.

G55 Mix

ETIRINGITE

(b)

Figure 4.55 (a),(b). Micrograph of G55 mix at 1 KX and 5 KX

SEM images of G70 mix closely resembled those of G55 mix and therefore have
been omitted here for facilitating clear and simple presentation of the results.
SEM images of G55 mix at 1 KX magnification [Fig. 4.55 (a)] clearly shows a large

amount of loose and bigger GCW particles which are distributed throughout the
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matrix and are distinctly visible. Moreover, increased percentage of GCW particles
has disrupted the binding action of the gel/paste and thus, resulted into a weak and
porous microstructure of concrete. All this has led to a significant reduction in
strength of concrete mix, which is even lesser than CM.SEM image at 5KX
magnification [Fig. 4.55 (b)] shows the presence of GCW particles in ITZ, voids,
around ettringite and CH crystals and hence these particles cause hindrance in the
functioning of C-S-H gel which is of prime importance in increasing strength of
concrete mix. Also with higher GCW content, the distance between these particles
decreases, so the Ca(OH), crystal cannot grow large enough because of limited
space and this leads to a relative decrease in the quantity of CH crystals. Thus, CH
crystal to gel ratio becomes small and the matrix becomes relatively looser. Some
micro-cracks and pores are also visible (marked on image) in the matrix because of
higher density of GCW particles. Although C-S-H gel is in good amount but GCW
particles hamper the growth of C-S-H gel because of the congestion and less
availability of space in the matrix (Siddique et al., 2011). Whisker like ettringite is
also visible in the image and is densely surrounded by GCW. Thus, G55 mix has
minimum strength out of all the G-mixes.

Therefore, a close examination of SEM images of G10, G25, and G40 at different
magnifications shows that ITZ becomes denser as we move from GO to G40 mix
and a decrease in porosity of aggregate-cement matrix is also observed, which can
be understood from the fact that the percentage of granite fine content (GCW) is
increasing relatively. Number of irregular shaped small sized pores decreases by
larger amount as the content of granite fines increases from 10 to 40%. Moreover,
SEM images of G55, shows that apart from large amount of CH and ettringite
crystals, there is an excessive amount of free granite fine content which hinders the
binding action in cement-aggregate matrix and hence increase of GCW content
beyond 40% adversely affects the strength of concrete mix.

SEM analysis of G-mixes also implies that replacement of FA (sand) by GCW

beyond 40% leads to flaws in concrete. Thus, best mix out of the all concrete mixes
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is G40 mix. G40 mix has highest strength, dense microstructure, and formation of
large amount of fibrous C-S-H gel which apart from strength development, also
decreases the permeability of the cement-aggregate matrix and thus making the
concrete mix more water resistant which is also observed in water permeability test.
Moreover, optimum Ca/Si ratio is obtained in this mix which clearly means better
reaction between CaO and SiO,. This means that C-S-H gel formation is optimal in

this mix.
4.5.2 XRD Analysis

X-ray diffraction tests helps in determining the relative intensities of the peaks in
XRD patterns. The diffraction patterns are used to compare the mineralogical nature
(Bacarji et al., 2013) and compositions of the test samples (concrete mixes).
Compositional analysis of concrete mixes was carried out using XRD technique.
Powdered samples were used for the study of microstructure of matrix using XRD.

The X-ray diffraction pattern and analysis of the concrete mixes i.e. control mix
(CM), and GCW concrete mixes (G mixes- G0,G10,G25,G40& G55) at 28 days are
shown in Fig. 4.56 (a)-(e). XRD images of G70 mix closely resembled those of G55
mix and therefore have been omitted here for facilitating clear and simple

presentation of the results.
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Figure 4.56 (b).
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Figure 4.56 (d).
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Figure 4.56 (e).
Figure 4.56: XRD diffraction patterns of various concrete mixes
Intensity vs angle diffractogram of all the G mixes in Fig. 4.56 (a)-(e), shows that
the peaks of C,S, C3S, and C,AF are not visible which clearly indicates that these

compounds are fully consumed after 28 days.

Effect of Silica

XRD analysis of GO shows that the peak of free silica (SiO;) was obtained at
3676.89 (at 26= 26.53°) and the peak value or intensity (counts or cts) value of free
silica for the G10 mix is 2503.95, obtained at 26.7321° which is relatively closer to
peak value of GO mix i.e. 3676.89 at 20 =26.53°. This is because of addition of a
nominal amount of GCW in G10 mix compared to CM and other G mixes. Also, a
significant variation in peak values for G10, G25, G40 and G55 mixes was observed
because of increased amount of GCW content in these mixes. In case of G25 mix,
intensity or peak value decreases to 1203.80 (at 26=26.636°) whereas for G30 mix
148



the peak value was 1315.59 (at 26= 26.813°). Finally, the peak value for G50 mix
was 889.12 (at 20= 26.706°). Moreover, experimental results of compressive
strength of G25 mix comes out to be maximum out of all G mixes which clearly
means that optimum utilisation of silica has taken place for maximum C-S-H gel
formation that resulted into enhanced binding action of the cement- aggregate

matrix.

Silica has a positive impact over strength generation of concrete because it reacts
with most of the calcium hydroxide which is formed (during hydration reaction)
within 28 days. This improves the compressive strength of concrete. Reaction of
silica with CH formed around sand particles and also with the CH dispersed
throughout the paste, affects the pore size distribution of the matrix. Also, Ca/Si
ratio of C-S-H decreases as the content of micro silica increases which ultimately
affects the compressive strength of concrete (Nazari and Riahi, 2011). In addition to
this, presence of small particles of SiO, helps in improving the porous structure of
concrete as these particles gets uniformly distributed in cement-aggregate matrix.
Thus, presence of SiO; affects compact packing and density of cement- aggregate
matrix in concrete and hence their relative amounts in concrete mixes (from GO-
G55) affect the compressive strength of the mixes. Optimum amount of SiO(having
a positive influence) is obtained at 30% replacement of FA by GCW with
compressive strength being maximum of all the mixes whereas 50% replacement
leads to adverse effect on the compressive strength as it comes out to be even less
than that of CM. This can be explained by the fact that the increase in GCW
percentage beyond 30% leads to a reduction in binding action of cement and
aggregate as contact area of GCW becomes higher than the desired level. Also, with
higher GCW content (beyond 30%), the distance between SiO, particles decreases,
so the Ca(OH), crystal cannot grow large enough because of limited space and this
leads to decrease in the quantity of CH crystals. Thus, CH crystal to C-S-H gel ratio

becomes small and the porous structure of the matrix becomes relatively looser (as
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some micro cracks are also visible in SEM images [Fig. 4.55 (a)]). Moreover, an
optimum amount of GCW indicates optimum amount of SiO, particles which not
only helps in making dense and compact matrix but also enhances cement hydration
(in early stages of concrete production) because of high activity of these particles.

Effect of C-S-H (Calcium Silicate Hydrate)

Calcium silicate hydrate is the most important product of hydration reaction. It
governs the overall strength of concrete as it binds the cement and aggregates into a
compact matrix. Higher concentration of C-S-H gel leads to higher compressive
strength of concrete (The Science of Concrete, 2015). XRD analysis of G mixes
shows the diffraction peaks of C-S-H gel at different 20 positions. Also, the mixes
with varying percentage of granite cutting waste (Fig. 4.56), contains different
amounts of C-S-H gel indicated by the number of peaks of C-S-H gel in the
diffractograms. G40 mix has a large number of C-S-H peaks, but the relative
intensities of these peaks are lower compared to CM (control mix) as well as other G
mixes. This can be easily observed in the diffractograms. Some important high
intensity peaks of C-S-H in G30 mix (beyond 26° 26), with intensities equal to
52.473, 111.225, 393.122 and 146.98 are observed at 26 equal to 29.588°, 39.619°,
50.301°, and 60.124° respectively. For CM, some prominent peaks with intensity
equal to 31.502, 208.539, 18.698 and 136.891 cts, are observed at 29.294°, 39.409°,
48.478°, and 59.846° 26 positions.

As compared to Ca(OH), , the concentration of C-S-H gel is higher in all the G-
mixes. Higher concentration of C-S-H is preferable as Ca(OH), doesn’t contributes
much in strength development of concrete (The Science of Concrete, 2015).
Moreover, optimal concentration of C-S-H gel is present in G40 mix compared to
G10, G25 and G55 mix and this is the main reason behind higher compressive
strength of G30 mix. This is also observed in SEM analysis of G mixes with G40

having a dense and compact matrix and with a proper distribution of C-S-H gel at
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various portions of the image. In addition to C-S-H crystals, compressive strength of
concrete mix is also dependent on relative concentration of whisker-like ettringite
and well crystallized Ca(OH), crystalscommonly called as portlandite.
Diffractograms of all concrete mixes are closely examined and it clearly shows the
diffraction peaks at different positions which indicates the presence of the

compounds such as ettringite, and portlandite [Ca(OH),].

Effect of Ettringite

In fresh and plastic concrete, most of the sulphates present in cement is converted
into primary ettringite crystals and this mechanism mainly controls the stiffening of
matrix. After 28 days, dissolution and recrystallization of bigger ettringite into large
number of small and whisker-like crystals, called secondary ettringite crystals, takes
place in the cracks and spaces in cement-aggregate matrix (Portland Cement
Association, 2015). This helps in reduction of voids in the concrete, resulting into a
compact matrix which ultimately helps in increasing durability of the concrete
(Portland Cement Association, 2015).

In SEM analysis, relatively higher amount of needle-shaped ettringite crystals are
observed in G mixes compared to CM. This is because of better dispersion of
cement particles around granite fines which may have increased the reaction rate
and thus, accelerated the occurrence of ettringite in concrete mixes after 28 days.
XRD analysis of G mixes (in Fig. 12) clearly shows the relative diffraction peaks of
ettringite. For GO to G50 mix intensity in counts per second are 164.82, 79.918,
75.292, 393.12 and 203.756 respectively. 26 position of these peaks are 50.076°,
42.529°, 34.114°, 50.301°, and 48.48° respectively. Also, in case of G40 mix, more
number of peaks are observed around 26° 20 (in addition to peaks at other angles),
as compared to other mixes. Moreover, G30 mix has a highest peak (393.12 cts) as
well as large number of diffraction peaks of ettringite which means that
concentration of ettringite crystals is highest in G30 mix (among all G mixes). This

implies that the number of voids / empty spaces is very less in this mix, thus
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resulting into dense and compact matrix which leads to a high compressive strength
of G30 mix. This is also observed in SEM image of G40 mix at different

magnifications.

Effect of CH crystals (Portlandite)

In case of GO concrete mix, XRD patterns of 28 day old samples shows that well
crystallized CH layer is in high concentration at the interface of cement-aggregate,
and higher peak intensity of 90.88 cts (counts per second) at 36.499° 20. Moreover,
intensity (counts) vs 20 diffractograms shows a higher proportion of C-S-H gel at
26.526° and 40.244° 20 positions. For G10 mix, peak value of CH i.e. [Ca(OH),]
was observed to be 81.85 at 36.639° 26 which is slightly lower than that of GO mix.
Moreover, peaks of G20, G30 and G50 were observed to be 104.84, 187.16, and
77.04 respectively. All these peaks were observed around 36° 260. For G40 mix
another prominent peak of 17.46 cts was observed at 28.889° 20 which was neither

observed in CM nor in any other G mix.

In general, contribution of CH in strength and non-permeability of concrete is less as
it fills up the voids or reduces the pore volume by converting the liquid water into
solid form i.e. crystal form (The Science of Concrete, 2015). Hence, G40 mix (with
high CH peak value) has more strength as well as least permeability out of all mixes.
The only drawback of higher CH content is that it decreases the durability of
concrete (The Science of Concrete, 2015). XRD analysis of G40 mix shows that the
number of peaks and hence, the concentration of CH crystals are less in G40 mix
compared to the other mixes. But, above all, amount of C-S-H content is most
important criteria for determining strength of concrete i.e. higher amount of C-S-H
clearly indicated higher compressive strength of concrete. Also, the concrete mix

with highest C-S-H/CH ratio has highest compressive strength.
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Effect of Calcite, Dolomite and Alumina

XRD analysis of G mixes also shows the predominance of calcite [CaCOs3] and
dolomite [CaMg(COs3),] peaks with G40 having most number of peaks
corresponding to CaCOj3 and dolomite, as compared to all the other concrete mixes.
For CaCO3 observed highest peak values are 208.54, 142.32, 115.119, 111.23 and
203.756 cts (around 39° 20) corresponding to CM, G10, G20, G30, and G50 mixes
respectively. Whereas for Dolomite, highest peaks are 136.891, 119.034, 109.433,
393.12, and 71.97 cts (around 59° 26) corresponding to CM, G10, G20, G30, and
G50 mixes respectively. Also, minimum peak of calcite as well as maximum peak
of dolomite is observed in case of G40 mix. Since, number of peaks of calcite and
dolomite are less hence these compounds are present in small amount compared to
silica, and C-S-H crystals. Therefore, calcite and dolomite does not have significant

influence on performance of concrete.

In general, higher alumina content has a positive influence on initial compressive

strength but it weakens the long term strength of concrete (Ramachandranand

Beaudoin, 2008). GCW consist of only 15.63% alumina which does not play any
predominant role in strength development of concrete. XRD analysis of all G mixes
shows that peaks of alumina varies insignificantly with changes in GCW content.
Moreover, alumina content is also very less in comparison to silica (as number of
peaks are less). So, alumina does not affect 28 day compressive strength of concrete.
Also, amount of alumina (peak value= 97.89 cts at 20=68.266°) detected in G40 mix

is less in comparison to all other G-mixes.
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Effect of Alkali oxides (Na,O and K,0) and Magnesium oxide [MgO]

XRD analysis shows that in case of Na,O compound, highest peak for GO to G55
mix are 130.42, 211.149, 109.625, 101.729 and 94.722 cts respectively. Highest
peaks for GO, G10, and G55 occur around 54° 20 whereas for G25 and G40 mix
highest peaks are observed around 26° 26. In case of K,O, similar trend is observed.
Also, more number of peaks is located near 26° 26 in case of G40 and G55 mix as
GCW content is increasing. But these trends cannot clearly depict the effect of alkali
oxides on concrete strength as alkali oxides are present in very less amounts in
GCW as compared to silica. In general, larger amount of alkali oxides i.e. Na,O and
K0, diminishes the rate or degree of hydration reaction during concrete production
which in turn affects the 28 day compressive strength of concrete (Ghosh, 2003).

A large quantity of free magnesia (MgO) leads to unsoundness in Portland cement
(Ghosh, 2003), so lesser proportion of free MgO is preferable in cements so as to
avoid unsoundness to a larger extent. Moreover, free magnesia has no significant
contribution towards development of compressive strength of concrete (Ghosh,
2003). XRD analysis shows that in all the mixes, peaks of magnesia or Magnesium
Oxide are very less and quantity of magnesia is insignificant and hence, magnesia

does not have any significant role in strength development of concrete mix.

4.6 TGA (Thermo-gravimetric Analysis)

Thermogravimetric Analysis involves exposing the sample concrete (powdered
form) to elevated temperatures and the corresponding loss in mass reflects the
amount of hydration products present. The strength and other durability parameters
depend significantly on the extent of hydration of the concrete and therefore results
of thermogravimetric analysis can be taken as a crucial indicator for the quality&
performance of the GCW concrete.
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Figure 4.57: TGA curves for concrete specimen v/s temperature

Fig displays the percentage weight loss observed v/s increments in temperature for
the specimens with varying percentages of percentage GCW content for 0.4w/c
ratio. It was observed that as the percentage GCW replacement increases the
corresponding weight loss for the specimen decreases .This can be attributed to the
fact that with | increase in the percentage replacement of GCW beyond optimum
percentage, the extent of hydration decreases which in turn may be associated with
the higher value of CaO: SiO; ratio.The CaO: SiO; ratio increases as the percentage
GCW replacement increases (Watcharapong Wongkeo and Arnon Chaipanich,
2010). This explains the gradually poor hydration trend observed as the percentage
GCW replacement increases .The decreasing peak areas of the TGA curves for the
C-S-H ,ettringite peak ( peak at about 105°C) at higher replacement reassures the
fact of gradually decreasing hydration extent with increasing percentage GCW
content. Fig 16 depicts the DTG curves obtained for control concrete specimen and
concrete specimens with varying GCW percentage content. Each curve displays
three major endothermic peaks signifying corresponding major weight losses at
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these temperatures. The first major endothermic peak was obtained at about 105°C

corresponding to the calcium silicate hydrates, mainly C-S-H(l) and minor amounts
of ettringite.
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Figure 4.58: DTG curves for Concrete Specimens v/s Temperature

The second endothermic peak observed at about 450°C signifies the
dehydroxylation of portlandite (Ca(OH),).The third endothermic peak was observed
for the specimens in the range 700°C to 800°C corresponding to the breakdown of
CaCOg and its amorphous form. The TGA and DTG curves for the specimens with

all other w/c ratios exhibited similar trend.
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The use of industrial waste in concrete offers the possibility of the addressing the
seemingly mind-boggling problem of eco- friendly disposal. Over the past few
years, use of stone waste in concrete has been a hot topic of research. There have
been ample studies conducted across the globe on assessing the feasibility of
marble as a potential substitute for fine aggregate in concrete. However, the
research on examining the potential of Granite Cutting waste in concrete has been
limited in terms of in depth discussion about the effect of Granite on Durability and
Microstructural aspects besides Strength properties. The present study aims at
assessing the aforementioned attributes of Granite Substituted Concrete
comprehensively. The entire experimental setup has been kept quite exhaustive in
terms of a wide range of w/c and percentage replacements of fine aggregate by
Granite Cutting Waste. The specimens were prepared for the two series of w/c. The
first series comprised 0.55, 0.50 and 0.45w/c while the second series included 0.40,
0.35 and 0.30w/c. The percentage replacements made for each of the w/c were 0%,
10%, 25%, 40%, 55% and 70%. The effect of Granite Cutting Waste on the setting
time and workability was studied. The impact on strength properties was assessed in
terms of compressive strength, split tensile strength and flexure strength. The study
included detailed study of long term durability parameters including carbonation,
acid-attack, sulphate attack, chloride penetration and corrosion. In order to assess
the changes in microstructure of granite substituted concrete, discussion of SEM and

XRD analysis has been included.

Following are the conclusions of the study conducted:
5.1 Rheological Property

5.1.1Workability:

The workability of the Granite Substituted concrete was lesser than the control
concrete and it was observed that the workability decreased with increase in the
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percentage replacement for all the w/c ratio. The loss of workability can be easily

recovered with the application of new generation super-plasticizers.

5.2 Strength Properties
5.2.1 Compressive —Strength

Upto a certain optimum percentage replacement the use of Granite substituted
concrete enhanced the compressive strength of the concrete as compared to the
control concrete. The compressive strength started decreasing for substitution
beyond this optimum replacement attaining even lesser value than the control
concrete at very high percentage replacements.

For 0.3w/c the optimum percentage replacement was found to be 25% . The
optimum percentage replacement for all other w/c was found out to be 40%.A
significant decrement was observed in the value of compressive strength beyond
40% for all the wic.

The same trend was observed for the compressive strength measurements at 7d, 28d
and 90d.

5.2.2 Flexure-Strength and Pull-Off Strength:

The flexure strength and Pull —Off strength results followed the same trend as the
compressive strength. The flexure strength was found to be either same or slightly
higher than the control concrete at 7d, 28d and 90d for all the w/c ratios upto 40%
replacement. Similar trend was observed for the Pull-Off strength at 28d.

Therefore Optimum substitution of Granite Cutting Waste in concrete leads to the

enhanced strength properties.
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5.3 Abrasion

The abrasive resistance of the Granite Substituted concrete was found to be
enhanced upto optimum percentage replacement. For 0.3w/c ratio and all other w/c
ratios the optimum percentage replacement was found to be 25% and 40%
respectively. It was found that at a particular replacement percentage the abrasive
resistance improved with the decrease in the wi/c ratio. The mean value of wear was
found to be within the permissible limits as specified by the Indian Standards for
concrete tiles to be used in General purpose buildings. The results suggest the
feasibility of using GCW concrete in applications of high abrasive resistance such as

tiles, paving blocks, rigid pavements etc.

5.4 Durability Properties

5.4.1 Permeability and Water Absorption:

It was observed that the permeability and water absorption  of the Granite
substituted concrete was less than the control concrete for all w/c ratios and at all
percentage replacements. The minimum permeability was observed at 70% and 55%
replacements for series first and series second respectively.1S:15658-2006 specifies
the permissible limit for water absorption for concrete paving blocks as 6%.It was
found that water absorption for all the concrete mixes was less than 6% at all
percentage replacements. Most of the deleterious chemicals such as chlorides,
sulphates, alkalis use water as a transport medium to get into concrete. The use of
less permeable GCW concrete might enhance the service life and durability of

concrete significantly.

5.4.2 Carbonation

For all the w/c ratios except 0.3 w/c, the carbonation depth was found to be lesser
than the control concrete upto 40 % replacement. The minimum carbonation depth
was found to be at 25% replacement for all the w/c ratios. For a given percentage

replacement, it was observed that the carbonation depth decreased with decrease in
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the w/c ratio. The carbonation depth at 55% and 70% replacement was found to be

greater than the control concrete at all the w/c ratios.

5.4.3 Chloride- Penetration

The depth of chloride penetration was lesser than the control concrete upto a
percentage replacement of 40% for all w/c ratios except 0.3 for which, optimum
percentage was 25%. The depth of chloride penetration increased with the exposure
period and for a given percentage replacement the depth of chloride penetration was

found to be increasing with the increasing w/c ratio.

5.4.4 Acid-Attack

Weight loss for the GCW substituted concrete on exposure to 3% H,SO, solution
was lesser than the control concrete upto a percentage replacement of 40% for all
the w/c ratios except 0.3w/c for which the optimum percentage replacement was
found to be 25%. The lowered values of weight loss with GCW substitution suggest
the feasibility of utilizing GCW concrete in acidic environments.

The loss of compressive strength on exposure to acidic environment was found to be
lesser than the control concrete upto a percentage replacement of 40% for all the w/c
ratios except 0.3w/c for which the optimum percentage replacement was found to be
25%.For all other w/c ratios the loss of compressive strength was found to be

minimum for the optimum percentage replacement of 40%.

5.4.5 Sulphate —Attack

Compressive strength continued to increase with time during the entire duration of
exposure to MgSO, solution and  there occurred a negligible mass loss even at 210"
day of exposure period. This may be attributed to the continued hydration of the
concrete and the negligible formation of expansive compound i.e., gypsum. Also it
suggests that whatever amount of ettringite was formed, it remained well confined

within the volume of voids since visible signs of expansion were not seen.
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5.4.6 Corrosion

Values of macrocell current were comparable for the GCW concrete and the control
concrete upto 40% replacement for all the wi/c ratios except 0.3w/c for which the
optimum replacement was found to be 25%.The GCW concrete with 55% and 70%
replacement showed slightly higher susceptibility to corrosion as indicated by the
reduced duration to attain a macrocell current value greater than +10 A in these
specimens. The time taken to attain the +10A value was 7 months and 6 months for
the 0.3w/c and all other w/c respectively. Also for a given percentage replacement it
was observed that the values of peak macrocell current increased with the increase
in the wic.

Similarly it was found that the GCW concrete showed comparable values of the half
—cell potential to that of the control concrete upto a percentage replacement of
40%except 0.3w/c for which the optimum replacement was found to be 25%.55%
and 70% replacement GCW concrete attained the value of half-cell potential slightly
earlier than the control concrete.

GCW concrete showed slightly lesser value of corrosion rate than the control
concrete upto a percentage replacement of 40% except 0.3w/c for which the
optimum replacement was found to be 25%.Also, visual inspection of the specimens
revealed that the visible corrosion activity was slightly lesser than the control

concrete upto a percentage replacement of 40% for all the w/c except 0.3.

5.4.7 Shrinkage:

Incorporation of GCW in concrete led to the decreased shrinkage strain in the
beginning. However the final values of shrinkage strain were comparable to the
control concrete indicating the similarity between GCW concrete and control
concrete. It also establishes the feasibility of using GCW concrete from shrinkage

point of view.
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5.5 Microstructure (SEM and XRD)

SEM analysis confirms that the cement-aggregate matrix has maximum density as
well as compactness at 40% replacement level. Therefore, strength of G40 mix is
maximum among all mixes. Moreover, porosity of overall system has also decreased
with use of GCW. Also, presence of micro-cracks in G55 mix proves that the
porosity of concrete increases and thereby decreasing the durability of concrete. So,
replacement level must be well below 55% and roughly about 40%.

XRD analysis proves that optimal concentration of C-S-H gel is found in G40 mix
without any adverse effect on binding action of cement and aggregate (due to GCW
addition).This indirectly supports the experimental finding of increased compressive
strength of GCW concrete with 40% replacement..

XRD and SEM analysis clearly demonstrates that the presence of GCW, decreases
the content of Ca (OH), crystals in the ITZ (observed in SEM images) and less
peaks of CH crystals are observed in diffractograms of concrete mixes. Moreover,
size of Ca(OH), crystal also reduces because of GCW, which in turns make the
microstructure of 1TZ more dense and compact . Thus compressive strength of G
mixes increases with optimum amount of GCW replacing  fine aggregate in
concrete.

XRD analysis of all G mixes indicates a small quantity of compounds such as
ettringite, CaCOjs, Dolomite, alkali oxides (Na,O, K;O), alumina, MgO and
portlandite in comparison to silica and C-S-H which are present in relatively larger
concentration in concrete mixes.

Above all, optimum concentration of C-S-H gel and the formation of dense and
compact cement-aggregate matrix (as observed in SEM images) are two important
reasons behind generation of high compressive strength of G40 concrete mix. Thus,

concrete with optimal GCW is suitable in adverse environments.
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5.6 TGA

It was observed that as the percentage GCW replacement increases beyond the
optimum percentage replacement, the corresponding weight loss for the specimen
decreases. The decreasing peak areas of the TGA curves for the C-S-H, ettringite
peak (peak at about 105°C)were reflected the phenomenon of gradually decreasing
hydration extent with increasing percentage GCW content in the concrete

specimens.

The results of mechanical, durability and microstructural studies suggest that upto
40 % GCW can be effectively used as a substitute for the fine aggregate in concrete
for both the series of w/c ratios with improved characteristics and without any
adverse impact. It was found that the morphology and fineness of the GCW played a
significant role in determining the strength and durability traits of the manufactured
concrete. The enhanced properties of the G25 and G40 mixes as reflected by the
microstructural studies establish the feasibility of utilizing GCW in concrete as
substitute for natural sand upto 25%-40% replacement. While GCW concrete
exhibited better performance than the control concrete on grounds of compressive
strength, Carbonation, permeability, chloride penetration, the trend in values of
other strength and durability parameters was comparable to the control concrete.
Overall, it can be safely concluded that the GCW acts can be utilized as a feasible
substitute for natural sand in concrete upto a percentage volumetric replacement of
25%-40%.

5.7 Recommendation
Although the present study establishes the feasibility of utilizing GCW as a
potential substitute for fine aggregate in concrete the following may be considered

as a recommendation for further research:
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1) The use of GCW in combination with other industrial wastes can be considered for
the study of strength, durability and microstructure parameters.

2) The possibility and feasibility of utilizing GCW in the manufacturing of new
construction materials like hollow blocks, paver-blocks and bricks can be worked
out.

3) The feasibility of simultaneous replacement of sand by GCW and use of Granite

aggregates may be worked out.
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