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ABSTRACT

KEYWORDS: Excavation soil, fine aggregate, clay, montmorillonite, geopolymer,
stabilization, lime, GGBS, cement mortar, wet sieving, residual clay, wash
water, heat treatment, dry density, compressive strength, water absorption,

drying shrinkage.

Based on origin of the material, alternative fine aggregates can be classified into three broad
categories viz., natural origin materials, recycled materials and industrial by-products.
Crushed stone is the widely accepted alternative that lies in the category of naturally
originated material. The availability of other sources of natural aggregates such as dune sand,
offshore soil, marine sediments are location specific. In this category of materials, excavation
soil which is composed of rock, sand and clay from earth works like underground
constructions, tunnelling, metro developments and mine spoils is available all over the world
in huge volume (Magnusson et al. 2015). Considering the alternative materials from recycling
of concrete/ brick or the by-products of industries such as foundry sand/ bottom ash, it could
be noted that each of these materials have their own disadvantage such as the presence of
deleterious materials like chlorides, clay, carbon, fines, etc., (Dias et al. 2008; Monosi et al.
2013). The particle size distribution of the material could also affect the properties of mortar
and concrete made of these alternatives (Katz et al. 2006). These result in need for treatment
or processing of most of the available alternatives before it can be confidently used as fine

aggregate in concrete.

Excavated soils are globally available material which has not been well explored for
its use as fine aggregate in concrete. Raw earth or soil is widely used in various applications
based on the quality of the material. It is mainly applied in backfilling, if the soil does not
contain any expansive clay. Rammed earth, stabilized blocks and adobe are made of raw
earth; however, poor resistant to moisture restricts their usage (Pacheco-Torgal and Jalali
2012). Calcined soil with high clay content are used in alkali activated materials which uses
Al-Si as geopolymeric precursors (Li et al. 2016). However, presence of fines and clay is an
important draw back in considering materials like excavation soil as a fine aggregate in
cement mortar applications. Hence, a systematic study of different treatment methods that can



be employed on excavation soil is essential. Such an effort can help in providing value
addition to excavation soils, and thereby serve as a potential alternative to river sand.

Excavation soils cannot be directly used in cement mortar which causes excessive
shrinkage and poor strength due to the presence of excessive fines (with clay). However, the
unprocessed excavation soils can be used as fine aggregates in geopolymer mortar, as alkali
activation of reactive Si-Al in the clay particles helps in the formation of alumina-silicate
inorganic polymers. Hence, as an initial step the excavation soils without any treatment were
used as fine aggregate in fly ash based geopolymer mortar. Three types of plastic soils with
varying plasticity and mineralogy have been chosen. The behaviour in geopolymer mortar
has been studied for the effects of type of soil, fly ash to fine aggregate (F/A) ratio, curing
temperature and molarity of NaOH. The interaction effect of these parameters with four
different fine aggregates (river sand, low, medium and high plastic soils) were identified and
discussed. Their fresh and hardened properties have been compared with conventional
geopolymer mortar made with river sand as filler. Mortar with clayey fine aggregates helps to
achieve better properties at a lower dry density range. It was observed that all the three types

of soil could be used as a fine aggregate material in the geopolymer mortar.

Using excavated soil in geopolymer mortar as fine aggregate may be the simplest
application for the direct use of untreated excavated soil. However, geopolymer is not widely
used and hence, as a next step the performance of treated excavation soil in cement mortar
was evaluated. Initially, dry sieving has been done using 600 pm size sieve to remove clay
and fines. Even after dry sieving, particles < 75 um (silt + clay) were still present in the soil.
Hence, stabilization which is a common treatment method used for improving the poor
quality soil in geotechnical engineering applications, was employed. Stabilization using lime
(2 — 10%) and GGBS (5 — 20%) were tried as treatment methods on unprocessed and sieved
soil samples, for observing its effectiveness in reducing the plastic characteristics of soil. The
treated soils were then used as fine aggregate in cement mortar. The mortar properties such as
dry density, compressive strength, water absorption, and shrinkage strain were compared with
control mortar made of river sand. Though there was improvement in mortar properties,
drying shrinkage could not reach the value of river sand mortar owing to the presence of
superfluous fines content and reaction products in mortar with dry sieved and stabilized high

plastic soil.



To further improve the properties of cement mortar, clay and fines were completely
eliminated from excavation soil using wet sieving method. Wet sieving of excavation soil
resulted in three products namely, sand (>75 pm), wash water and fines (silt and clay sized
particles) with particle size less than 75 um. Low (LP) and medium plastic (MP) soil were
used in the wet sieving process. High plastic soil with more than 50% of particles finer than
75 pm including 41% of clay size (mostly swelling type which clogs the sieve), made it
difficult to treat in wet sieving method. The wet sieved sand (>75 pum) retained in 75 pum
sieve was used as fine aggregate in mortar preparation. With wet sieving process, properties
of mortar with excavation soil could reach a value close to that of mortar with river sand.
Properties of mortar with wet sieved sand were highly influenced by the particle size
distribution of the excavation soil and vary with the source. This could be adjusted by simple
granulometric corrections to the wet sieved sand. The residual slurry (referred as residual
clay) with fines and clay was studied for its applicability as pozzolanic material in cement
mortar. Wash water was analysed for the presence of ions and used as mix water in mortar

production.

Though wet sieving method was effective in LP and MP soils, it was not suitable for
soil with high clay content and results in removal of most of the material as residual clay.
Hence, thermal treatment was adopted to study its effectiveness on medium and high plastic
soil. The influence of temperature (200 to 1000°C) and duration (30 mins to 180 mins) of
thermal treatment of soil on cement mortar properties were studied. Treatment temperature
was identified as the major influential parameter affecting the structural modification of clay
sized particles in soil. The removal of adsorbed water around the clay particles leads to
particle growth (Yilmaz, 2003) which resulted in reduction of clay content. Sintering of clay
particles and growth in particle size helps in shrinkage reduction of mortars with expansive
clay. Plastic shrinkage and durability studies are required for fine-tuning the treatment

method that is most appropriate for a given soil.

Vi
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Concrete is the second most used material by mankind, just next to water. As aggregates
occupy a major portion of it, depletion of river sand all over the world has made a great
impact on the construction industry. Aggregate is said to be the largest volume of solid
material extracted globally (UNEP, 2014). Depletion of natural resources caused the
extinction of good quality raw materials, posing problems to the upcoming infrastructural
developments (Kou and Poon, 2009; He et al. 2012; Suresh et al. 2011). Indirect estimation
of aggregate consumption can be made through cement production which is 4.2 billion tonnes
in 2016 (USGS, 2017). It means that almost 25.2 to 29.4 billion tonnes could be the aggregate
consumption in 2016. In addition to this, aggregates are also used in applications like road
embankments, asphalt pavements and other industries. All together this estimate could
exceed 40 billion tonnes per year which is more than twice the sediments carried by world
rivers every year (UNEP, 2014; Milliman and Syvitski, 1992). Due to the increase in cost of
raw materials and the continuous depletion of natural resources, use of waste materials
became a potential alternative. In 2016, Ministry of Environment, Forest and Climate change
of India released the ‘Sustainable Sand Mining Management Guidelines’. This guideline
stresses on controlled mining of river sand and use of alternatives such as fly ash, crushed
stone, slag and so on. Added to the problem of river sand depletion, the transportation of
aggregate from source to the site location increases the cost of the projects. These highlight
the need for identification of alternative materials that can be a potential replacement for

aggregates in construction.
1.2 ALTERNATIVES TO RIVER SAND

Based on the origin, the materials which have been tried as alternative fine aggregate in
mortar and concrete can be classified into three broad categories as illustrated in Figure 1.1. It
can be a material of natural origin or recycled materials that are otherwise dumped as waste
or an industrial by-product. Natural material that is formed naturally without manual
processing is available all over the world. While finding alternative source of construction
materials is an immense problem in current scenario, other being difficulty in locating places
for disposing of waste/demolished materials. Accumulation of waste has become a prime
1



problem and some of such wastes have been already studied for its applicability as fine
aggregate in concrete. Due to industrialisation, natural resources are getting depleted and
industrial by-products are getting accumulated as waste. Use of industrial by-products in
building materials could be a sustainable solution for waste disposal and to conserve our

environment. A detailed review of each of these materials is presented in Chapter 2.

Alternative Fine Aggregate

Natural origin Recycled materials Industrial by-products
{F d
Crushed stone | Recycled brick & gundoysan
ceramic waste
Dune sand ' _ | Quarry dust
Recycled
- concrete
| Excavated : Nine tailin
il - e tailing
2 Recycled
glass
Offshore soil | Slag
Recycled
Marine ~ tubber
| sediments ' Bottom ash

Figure 1.1 Classification of alternative fine aggregates based on their origin

Main disadvantage of most of the alternative fine aggregate materials is the presence
of excessive fines or deleterious materials. Though concrete produced with alternative fine
aggregates could match with the properties of concrete with river sand, it is done mostly in
partial replacement. However, the main aim of this study is to utilize maximum of the other
natural resources, recycled materials and by-products to reduce the river sand depletion.
Hence, there should be treatment methods to enhance the properties of these alternatives to

increase their replacement level in concrete.
1.3 EXCAVATION SOIL: APOTENTIAL FINE AGGREGATE ALTERNATIVE

Excavated soils are local materials which have not been well explored for its use as fine

aggregate alternative. Soils from earth works like underground constructions, tunnelling,
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metro developments and mine spoils fall under this category. Excavation soil is composed
mostly of rock, sand, and clay, and are generally dumped in vacant land or used for refilling
in construction sites, based on its quality. When dumped, they are not usually compacted,
thereby, posing problems of sliding over the nearby areas. Proper data are not available on
excavated soil generation and disposal. Transportation and disposal tax of such soil also adds
to the cost of the project. Many developed countries impose tax for the disposal of soil wastes
generated from excavation works (Magnusson et al. 2015). Raw earth or soil is widely used
in various applications based on the quality of the material. It is mainly used in backfilling, if
the soil does not contain any expansive clay. Rammed earth, stabilized blocks and adobe are
made of raw earth; however, poor resistant to moisture restricts their usage (Pacheco-Torgal
and Jalali 2012). Plastering with soil as fine aggregate is possible by maintaining the
proportion of soil to lime as minimum as possible and the application is restricted to interior
walls and needs proper maintenance plan (Stazi et al. 2016). Calcined soil with high clay
content is used in alkali activated materials which uses Al-Si as geopolymeric precursors (Li
et al. 2016). However, the presence of fines and clay is an important draw back in
considering materials like excavation soil as a fine aggregate in mortar/ concrete. Hence, a
systematic study is required on treatment methods of excavation soil which helps in

transforming the soil in to a potential alternative to river sand.

1.3.1 Environmental Problem

More than economical issue, dumping of excavation soil should also be looked-up as a matter
of environmental concern. Mine soil or overburden is considered to be the major source of
excavation soil which is the material that lies above the area of economic or scientific interest
of mining. TERI (2001) indicates that, huge volume of overburden is produced as most of the
mineral are extracted from open cast mines (TERI, 2001). In India, every one million ton of
coal extracted by surface mining method damages a surface area of 4 hectares (Ghosh, 1996),
which results in huge volume of mine spoil being dumped near the mining area. This gives a
clear picture of the intensity of the problem in disposing excavation soils from different
sources. Some of the negative effects of mines overburden include environmental pollution,
loss of biodiversity, and problems to the nearby occupants. Similar effects can be expected in

various sources of excavation soil that affect the environmental equilibrium.



1.4 BARRIERS IN USING EXCAVATION SOIL

Presence of impurities in the form of fines and clay in excavated soils is the major problem. It
causes deleterious effects when used as fine aggregate in concrete. There is also possibility
for the presence of other impurities like chlorides and sulphates based on the source of
excavation. Initial investment cost to setup treatment plants for this soil and additional
maintenance cost would also be a barrier for the establishment. The undesirable components
that are separated from the excavation soil require disposal or alternative use.

1.4.1 Fines and Clay in Soil

Particles which are less than 75um come under the category of fines including clay. Fines are
relatively non-reactive and affect the particle packing when the optimum level for a particular
concrete mix is exceeded (Katz and Baum 2006). Clay is a very small (<2 um) layered
crystalline colloidal particle formed by weathering of certain rocks, mainly formed of two
fundamental layers of silica (tetrahedral) and alumina (octahedral). The behavior of the major
clay minerals such as kaolinite, illite and montmorillonite vary based on the arrangement of
the silica and alumina layer, bonding and the free cations in their crystal lattice. Clay surface
usually has negative charge. When placed in water, the dipolar water molecules get attracted
to the charged clay surfaces, forming diffuse double layer (Mitchell and Kenichi, 2005). Free
cations and interlayer space decide the swelling behavior of clay minerals. Free cations attract
the dipolar water molecules to balance the charge. However, with reduced interlayer space,
the attraction between clay layers will be powerful, not allowing the entry of water
molecules. Swelling does not occur in this case. For instance, Kaolinite shows lower ion
exchange capacity due to its charge balanced structure and hydrogen bonding, whereas,
montmorillonite layers joined by Van der Waals force with charge imbalance impart high

cation exchange capacity.
1.4.2 Effect of Fines and Clay on Concrete Properties

Presence of clay can have notable effect on the fresh and hardened properties of concrete.
The magnitude of problem depends on the type of minerology (Li et al. 2009; Norvell et al.
2007). Parsons (1933) observed that 10% of clay replaced for cement caused 10% reduction
in compressive strength of concrete, whereas, 7.5% of fine aggregate replaced with clay
resulted in 37% increase in strength. There was no appreciable effect on water absorption or

permeability of concrete with clay. Similar results were observed by Lyse (1934) and
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demands on the relaxation of limits of clay and fines content in fine aggregates used for
concrete production were made. In contradiction, (Li et al. 2009) found that clay in
manufactured sand results in reduced workability, increased drying shrinkage and increased
freeze-thaw damages. Further, in a detailed study by Norvell et al. 2007, it was concluded
that not all clay sized particles affect the concrete properties. It is only the swelling type
smectite clay mineral that causes negative effects. With non-reactive fines, there is an
improvement in workability and dimensional stability when water/cement ratio is maintained
by using super plasticizers (Chan and Wu, 2000; Seleem and El-Hefnawy, 2003). It is also
argued that the presence of clay has no major influence other than increment in water demand
to maintain workability (Courard et al. 2011) and the water demand is directly proportional to
the amount of reactive clay (swelling type) content. Fernandes et al. (2007) studied the effect
of different clay minerals like kaolinite, montmorillonite (20%) on concrete properties. The
results showed that the strength reduction with kaolinite can be related to the increase in
water demand or compaction difficulty and there are no neo-formed products of clay.
Whereas, montmorillonite mineral does not follow this relation suggesting that this type of
clay is deleterious beyond just increment in water content. Super plasticizer also does not
help in reducing water demand, as clay with its ability for cation exchange can make use of
the organic materials in super plasticizers, increasing the dosage drastically. Other than cost
implications, this result in excessive delay in setting time and poor strength (Norvell et al.
(2007) and Olanitori (2006) suggested to either wash the sand or to use higher cement
dosage, whichever is cost effective, to compensate for the strength loss due to clay bearing

aggregates.
15 MOTIVATION FOR THE PRESENT STUDY

Excavation soil generated from earth works of mining industries, tunneling and large volume
excavation for construction which contains basically sand particles with clay and fines.
Though these are sand equivalent materials, presence of fines and clay makes them
deleterious to mortar production. The problem of excess fines and clay in excavation soil can
be avoided to some extent if replaced partially for river sand. However, the aim is to conserve
depleting river sand and use the available alternatives in larger volume. Hence, treatment
methods to enhance the properties of alternative fine aggregates will be the proper solution,
to use them as complete replacement for river sand in cementitious composites. Though there

exist few studies addressing such issues of fines on fine aggregate alternatives, there is a need



for a systematic study on different treatment methods and their relative effectiveness on
different soil types. There is also gap in understanding the effect of processed material on
properties of mortar. Hence, an attempt is made to study the influence of unprocessed and
processed excavation soil as a complete replacement for fine aggregate in mortar. This also
helps in identifying the adoptability of different treatment methods based on the property of

excavation soil.

1.6 ORGANISATION OF THE THESIS
The thesis consists of 8 chapters.

Chapter 1 is the introductory chapter which provides the motivation for undertaking the

present study. The organisation of thesis is also elaborated here.

Chapter 2 reviews past related research findings on the use of various materials of natural
origin, recycled wastes and industrial by-products as fine aggregate alternatives. This also
includes treatment methods adopted to improve the material property and the influence of
treated and untreated material on fresh, hardened and durability properties of concrete.

Chapter 3 defines the objectives and scope of the present study and provides the
methodology employed to achieve the objectives.

In Chapter 4, experimental investigation on use of three different unprocessed excavation
soils of various plasticity, as fine aggregate in fly ash based geopolymer mortar are discussed.
Properties of soil based geopolymer mortar, such as, flow, dry density, compressive strength,
water absorption and drying shrinkage are compared with that of geopolymer mortar with

river sand.

Chapter 5 discusses the use of “stabilization’ as a treatment method for excavation soil prior
to its use as fine aggregate in cement mortar. Lime and slag at various dosages are tried as
stabilizers. The stabilized soils are used as fine aggregate in cement mortar. To evaluate their

performance, the mortar properties are compared with that of control mortar with river sand.

Chapter 6 explains the applicability and effectiveness of washing and sieving of excavation
soil. The wet sieved soils, wash water and residual clay are studied for their effectiveness as

fine aggregate, mix water and pozzolanic material respectively.



Chapter 7 deals with thermally treating the soils with high plasticity to suppress the clay
reactivity and using them as fine aggregate in cement mortar. The soils are treated at
temperature range of 200 to 1000°C for duration of 30 to 180 minutes. The transition of clay-
silt size particles is studied using hydrometer analysis. The treated soils are used in cement
mortar and the properties of mortar with thermally treated soil are compared with control

mortar.

Chapter 8 suggests the concluding remarks and scope for further studies.



CHAPTER 2
REVIEW OF LITERATURE

2.1 GENERAL

Current state-of-the-art on materials that are a potential replacement for fine aggregates is
presented, with emphasis on its processing techniques, characterisation and material
properties. Initially, the materials are classified based on their origin as materials of natural
origin, recycled wastes and industrial by-products. Later the review is organised as per the
classification (Figure 1.1) with detailed discussions on the material source, treatment
methods, physical properties and concrete performance. Also, effort is made to bring out the
common issues of using untreated materials and practical solutions to fix the drawbacks of
using these materials in cementitious systems. The need for the research on excavation soil to

address the problem due to fines is finally highlighted.
2.2 SOURCES OF ALTERNATIVE FINE AGGREGATES
2.2.1 Natural Origin

Natural alternative materials are those formed without manual processing and are available in
huge volume. However, not all the materials would be economically viable due to the
location specific availability and hence, high transportation cost. Transportation or importing
from other countries will increase the cost of freshwater sand by 10% in coastal areas like
China, Sri Lanka (Table 2.1). Crushed stone remains the dominant choice for use as
aggregate in construction. Recycled concretes are being increasingly substituted for virgin
aggregates. However, the percentage of total aggregate supplied by recycled materials, still
remained very small in 2016 (USGS 2017). An increase of 11% in the usage of crushed stone

is observed in the year 2017.

Dune sand is available in 11 different countries such as Arab, Republic of Botswana,
India, China and Australia. Khan (1982) studied the use of desert sand for highway
construction in the arid zones of Sahara region. Offshore soil from 15 m below sea level will
not affect the environment and ecology, unlike extraction of beach sand (Garel et al. 2010).
This could be a potential material in seashore construction activities. This is the case with

marine sediments also. However, the marine sediments has excess clay content that demands



proper treatment before use. The accumulation of sediments naturally in ports makes the

dredging a frequent process which results in huge volume of these materials.

Table 2.1 Sources and availability of materials of natural origin

Author, Year Material Source Need and availability
USGS, (2017) Crushed | Crushing rocks from Largely available all over the world.
stone quarries. Parent rock However, use of limestone and dolomite
may be limestone, is limited. In 2016, 1.48 billion tons of
quartz, granite or basalt. | crushed stones was produced in US alone.
Khan, (1982); Dune sand | Formed as sediments Arid and semi-arid region like Arab,
Padmakumar from sandy parent Republic of Botswana, India, China and
etal. (2012) material through Australia.
erosion, transportation | Thjs occupies quarter of total land area of
and deposition by the world.
weathering action of
wind.
Garel et al. Offshore | Similar to quarried Places like coastal China, Srilanka which
(2010); Yin et soil aggregates as they are is in immediate need for alternative
al. (2011); formed by deposition of | aggregates for the growing infrastructure
Ratnayake et particles carried by any | needs.
al. (2014); river that ends up in the
ocean.
In addition, they also
have shelly sediments
and chlorides that are
objectionable to
concrete.
Magnusson et Excavated | From any excavation Laterite soil is a type of excavated soil
al. (2015); soil work of earth crust, (mostly low to medium plastic) from road
Osunade, mainly tunneling, major | cut works and construction sites and
(2002) infrastructure and metro | available abundantly in continents of Asia,
projects. America and Africa.
Similarly, different types of excavation
soil are available all over the world.
Aoual- Marine Dredging of marine The dredged sediments (DS) is normally
Benslafa et al. sediments | sediments isa common | disposed somewhere near the Port to

(2014); Limeir
etal. (2012)

practice in the Harbour
to keep it operational.

reduce the transportation cost.




Excavated soil varies widely based on the place of excavation and mostly comprises
of rock, stones, gravel, sand and clay. The quality of excavated soil varies from low plastic to
high plastic based on the mineralogical composition of clay, organic matter and fines content.
Life cycle assessment (LCA) and cleaner production (CP) of excavated soil from earth works
were studied by Cabello Eras et al. (2013). It was emphasised that implementation of such
strategies reduces the overall construction cost of the project. CP mainly focuses on recycling
and reusing of these wastes by pre-treating them. For example, soil reuse program (SRP) to
use the soil from construction site was implemented successfully in a rail transit system
construction in New Jersey (USA) (Lafebre et al. 1998). Magnusson et al. (2015) has given a
conceptual model for construction materials flow which emphasises on reuse of excavated
soil in construction projects. They concluded that scientific community does not see the
excavated soil in source perspective rather as a waste material to be disposed of. Most of
these materials are stabilized with calcium containing materials and used as sub-base
materials for roads (Bell, 1996).

2.2.2 Recycled Materials

While finding alternative source of construction materials is an immense problem in the
current scenario, another one is the difficulty in locating places for disposing of demolished
materials. Accumulation of waste has become a prime problem of the society and some of

these wastes are listed in Table 2.2.

Recycled materials have been studied extensively in the laboratory. However, lack of
confidence on these materials makes it difficult to implement them practically. Silva et al.
(2017) discussed about the barriers in using recycled aggregates (RA) in concrete
“production. They include limited standards and specifications, low quality, client perception,
and, poor market supply and demand. Construction and demolition (C&D) waste constitutes
70% of the total solid wastes in developed countries (EPA, 2014). As a part of construction
and demolition waste, masonry demolition results in huge volume of brick wastes that are
used in landfills. 7% of total world’s waste generation is glass, which is growing due to the
increased use of glass panels in construction industries. Though waste glass can be recycled
in glass industries, there are restrictions due to the presence of impurities, cost and mixed
colour. On the other side, disposing wastes like worn out tires has become a serious issue due

to infections caused by sanitary problems and dwelling of insects in such places (Thomas et

10



al. 2015). In 1990’s, waste rubber had been tried to be utilized in sub-bases of highways,

sound barriers and other transportation structures. Raghavan et al. (1998) considered using

shredded rubber in cementitious system which could help in reducing brittle failure and

plastic shrinkage cracking.

Table 2.2 Sources and availability of recycled materials

Author, Year Material Source Availability
Bektas et al. Brick and | This is a part of C&D waste counts 180 million tons per
(2009); Gonzalez- | ceramics | construction and year in first 15 countries of European
Corominas and demolition (C&D) waste, | Union, with significant portion of
Etxeberria, (2014) mainly from masonry masonry rubble.
demolition. Similar case could be expected in most
Brick and tile part of the world as brick was used in
manufacturing industries | most of the old structures which are in
produces huge volume of | the condition of demolition.
rejects.
EPA, (2014); Concrete | Demolition of structures | Though data is not available all over
Eurostat, (2015); which are standing the world, C&D waste is a concern
Silva et al. beyond their lifespan and | globally.
(2017); Zheng et poses risk of damage. In EU, 30% of total waste produced is
al. (2017) Renovation of older concrete waste. US produce 373 MT of
model structures for demolished concrete and China
increasing capacity and, accounts for 2.36 billion tons.
improving architecture.
EPA, (2014); Glass Disposal of packing Of the total solid waste produced in the
Rashad, (2014) items, filament glass, world, 7% is made of glass.
lighting elements, In the total glass waste produced, 3.3%
residential/ commercial | was recycled to make new containers
building glass panels. or secondary  applications like
aggregates and insulations. Remaining
96.7% is dumped directly in landfills.
Siddique and Rubber | Produced mainly from 1000 million tires end their life time
Naik, (2004); scrap tires. every year all over the world and only
Thomas and 50% of them were recycled.

Gupta, (2016)

By 2030, this is estimated to be 5000
million tires discarded every year.
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2.2.3 Industrial By-products

In India, 960 MT of solid waste is generated every year from different industries of which
290 MT of waste is from mining industries alone (Pappu et al.2007). Use of industrial by-
products in building materials could be a sustainable solution for waste disposal. Different
industrial by-products, which could be used as a replacement for fine aggregates in
cementitious system are given in Figure 1.1. Table 2.3 gives the available data on sources and

availability of these materials in the world.

The high-quality silica sand from foundry with more than 80% silica content are
bonded with clay/chemicals. After certain number of recycling, they cannot be used for
further moulding and casting process. In US alone, 100 MT of sand are used in foundry
industries that will be discarded as foundry sand. Properties of foundry soil depends on the
metal used in the casting, type of casting and furnace used (Ganesh Prabhu et al. 2014;
Siddique et al. 2015). Leaching of heavy metals from foundry sand has been extensively
studied by Siddique et al. (2010) and use of such materials in concrete has been suggested for

its safe disposal without affecting the environment.

Mine tailing has mineral-ore, rock, soil and clay based on the source. In recent years,
the problem of mine tailing persists in almost all countries that have mines, due to
environmental hazardous associated (Kossoff et al. 2014). Mine waste finds its applications
in land reclamation and backfilling of opencast quarries (Skarzynska, 1995).

Quarry dust is often disposed in landfills around the quarry region as a slurry of dust
and water (Naganathan et al. 2012). Proper data on the quantity of quarry dust produced is
not available (Table 2.3). However, Gameiro et al. (2014) emphasize that 80% of the rock
extracted is treated as waste. This gives an idea on the huge amount of waste from these
industries. Positively in geotechnical applications, quarry dust helps in stabilizing and
altering the grading of soil by which improvement in the strength and reduction in plasticity
is achieved (Amadi, 2014).

Industrial slags are formed by quenching of molten metals from furnace in water to
form granular products. Leaching of heavy metals from such by-products filled in lands
would cause problems to ground water. Using them in building materials would bind them
and the leaching of elements from formed products are within same limits (Tripathi et al.

2013). The quenched, cooled and dried slag is broken into sand sized particles to be used as
12



fine aggregate replacement material (Saikia et al. 2008; Aboubakar et al. 2017). This can also

be ground to powder, pelletized with binders like fly ash, and the formed solids are then

crushed to sand sized particles to replace river sand in concrete (Pang et al. 2015).

Table 2.3 Sources and availability of industrial by-products

Author, Year Material Source Availability
Bhardwaj and Foundry | By-product of metal alloy US utilize 100 MT of foundry sand
Kumar, (2017); sand casting industries and discard 10 MT every year.
Ganesh Prabhu et India is the third largest producer of
al. (2014) foundry sand waste next to China.
However, there is no proper
monitoring system to report the total
generation.
Gameiro et al. Quarry | Crushing of stones in quarries | Though known to be available all
(2014); dust produces quarry dust as a over the world wherever quarrying
Naganathan et al. secondary product. exists, there is no proper data
(2012) available on quarry dust.
Kossoff et al. Mine Mine tailing is the solid Billion tons already stored all over
(2014); Wang et tailing | material generated in surface | the world and million tons being
al. (2014) mines when overlies were still produced every year.
removed to access the ore.
The quality highly depends on
the type of mineral ore
extracted.
Dash et al. Slag Slag is an industrial by- Including the major slag producers
(2016); MoOEF, product from the process of of world, 33 MT of copper slag is
(2010) manufacturing different generated yearly. Iron and steel
metals like lead (Pb), copper | industries alone produces 250 MT of
(Cu), zinc (Zn), steel and iron. | slag every year. China stands first in
The toxic metals present in the production of slag from steel
such slags are declared manufacturing, followed by Japan,
hazardous to human health India, USA and Russia.
and environment and hence
has to be handled carefully.
IEA, (2015); Bottom | Collected from settling pond 15-20% of total coal ash (777 MT)
WEC, (2016) ash of coal thermal power is bottom ash which is just

stations.

landfilled.

World depends on coal resources for 40% of its total energy needs. China stands first

in the production of coal-based energy followed by US, European Union, India and Russia.

Of these, Indian coals possess high ash content, resulting in huge volume of coal ashes
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including fly ash and bottom ash (IEA, 2015). Though fly ash has been widely accepted as
construction material, bottom ash needs proven data for practical utilization (Singh and
Siddique, 2013). Coal combustion bottom ash is obtained in the size range of 0 — 5 mm and
collected from the bottom of the furnace. This can be used as fine aggregate. At present,
unutilized bottom ash is land filled, thereby occupying large area for disposal and causing

environmental hazards.
2.3 TREATMENT METHODS FOR ALTERNATIVE AGGREGATES

Without treatment of alternative fine aggregates, only partial replacement studies have been
attempted to produce concrete of equivalent properties as that of concrete made of river sand.
There are studies on different treatment methods to enhance the properties of these
alternatives to increase their replacement level in concrete. The treatment method varies for
different materials based on their material properties and requirement. It can be physical

methods like sieving, washing, or chemical treatments, which are explained in this Section.
2.3.1 Natural Origin

There are different methods used by researchers to address the problems of these natural

materials due to the presence of excessive fines or deleterious materials as given in Table 2.4.
2.3.1.1 Washing and sieving

Cepuritis and Martsell, (2016) washed the crushed stone aggregate to remove the fines. This
is @ common practice followed in most quarries, resulting in quarry dust as waste. Other than
desalination of offshore sand, washing is also adopted to remove chlorides and sediments
(Sun et al. 2011; Dias et al. 2008; Ratnayake et al. 2014). Washed marine sediments
performed better due to the removal of fines, clay and organic matters (Olin-Estes and
Palermo, 2001). Ozer-Erdogan et al. (2016) suggest that each harbour with intensive dredging
operations should be equipped with a washing plant to utilize the generated waste in a better

way.

Excavated soil invariably contains fines and clay in the system. Clay is ambiguous to
understand and its behaviour in concrete is not much explored. Clay means a cluster of
different minerals with diversity in properties and cannot be acknowledged with one
particular performance. Without any treatment, clay increases the water demand and reduces
the strength and durability by influencing the interfacial transition zone (Nehdi, 2014).
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Washing is a simple and viable treatment method to remove undesirable elements like clay
from the feasible fine aggregate materials, provided the disposal of secondary waste sludge is

taken care of without affecting the environment.

Table 2.4 Treatment methods adopted in natural fine aggregate alternatives

Treatment methods
Author, Year Material . - %’
o
2 o & ,§ % < E E
= £ = E E |E E | B
g g S 25|28 |¢
[7%) a O E [ O]
Khouadjia et al. (2015) v
Cepuritis et al. (2015) v
_ Crushed stone
Cepuritis and Martsell, L,
(2016)
Khan, (1982) v
Belferrag et al. (2016) Dune sand v
Bédérina et al. (2005) v
Ratnayake et al. (2014) v
Dias et al. (2008) Offshore sand v
Katano et al. (2012) v
Balogun and Adepegba, P
(1982) _
Excavated soil
Osunade, (2002) v
Kanema et al. (2016) v
Dubois et al. (2009) v v
Hamer and Karius, (2002) v
Aoual-Benslafa et al. (2014) v
Olin-Estes and Palermo, ]
Marine v v v
(2001) ]
sediments
Ozer-Erdogan et al. (2016) 4 v
Sannier et al. (2009) v v v v
Tribout et al. (2011)
v v
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2.3.1.2 Decantation

Decantation is the method adopted to remove the water and reduce the volume of marine
sediments. Natural decantation of sediments helps in removing the excess water from
sediments (Sannier et al. 2009). This involves placing the sediment in a drain and allowing
dewatering to happen by the self-weight of the sediments. The water is then left to evaporate
naturally. Decantation not only helps in removing water from sediments, it also removes
dissolved solids by evacuation. Marine sediments are thermally treated at 450 °C to remove
the organic contaminants (Sannier et al. 2009) and at 700 °C to reduce the volume by
stabilizing them (Tribout et al. 2011). Clay (smectite, illite, chlorite and kaolinite) and other
minerals present in marine sediments can be thermally stabilized and dimensional changes of

blocks could be arrested (Hamer and Karius, 2002).
2.3.1.3 Chemical and thermal treatment

Chemical stabilization method is used mainly on aggregates applied for geotechnical
applications. Earlier in 1982, Khan stabilized dune sand with cement to construct roads in
desert regions and found it to be successful. Sannier et al. (2009) treated marine sediments
with hydraulic binders to stabilize and solidify them for use in roadworks/ embankments. A
combined chemical (phosphate) and thermal (at 700°C) stabilization are carried out by
Tribout et al. (2011) on marine sediments to treat heavy metals and organic matters
respectively. However, phosphatizing and/or calcination make the treatment expensive and

results in a need to go for alternative methods (Sannier et al. 2009).
2.3.1.4 Granulometry

Granulometric adjustment is done to redefine the particle size distribution by adding different
sized particles or by partial replacement. For example, river sand was mixed with crushed
stone aggregate to compensate for the presence of higher fines content (Khouadjia et al.
2015). Cepuritis et al. (2015) adopted air classification method to avoid the problems in
washing, which involved acceleration of air inside a chamber and separating different size
fractions with gravity and centrifugal force. Together with vertical shaft impact (VSI) crusher
and micro-proportioning using air classifier, this technique works well for all types of rocks
in crushed stone aggregate. Granulometric adjustment is feasible with any alternative material
in the category of natural origin. However, the dilution of material results in reduced volume

usage and stresses the use of other materials that may have to be transported at a high cost.
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2.3.2 Recycled Materials
2.3.2.1 Sieving

Based on source, fine recycled concrete aggregate (FRA) may have various contaminants like
Pb, Zn, Ni and Co. Hence, it becomes mandatory to screen materials based on size and use
them in specific applications (Bianchini et al. 2005). Presence of old mortar coating on the
recycled concrete aggregate is a main point of concern in fine recycled concrete aggregate
(FRA). Mechanical grinding or scrubbing and sieving can be applied to remove up to 70% of
such mortar (Hansen, 1990; Purushothaman et al. 2015). Washing is adopted for recycled
materials like rubber and glass to remove the contaminants (Eldin and Senouci,1993).
Rostami et al. (1993) improved the washing process by mixing latex cleaner with the water

for cleaning recycled rubber particles (Table 2.5).
2.3.2.2 Chemical and thermal treatment

Pre-soaking the FRA in an acidic environment with three different acids, hydrochloric acid
(HCI), sulfuric acid (H.SO,4) and phosphoric acid (H3PO,) has been employed by researchers.
Later, the treated aggregates were soaked in water for 24 hours and washed to remove the old
mortar with acidic concentration. Though this method imparts some chlorides and sulphates
to the system, it is said to be well within the limit (Tam et al. 2007; Juan and Gutiérrez, 2009;
Purushothaman et al. 2015). With acid treatment, mortar content could be brought down from
47 to 13% (Akbarnezhad et al. 2011). Modification of surface of FRA increases the bonding
between the aggregate and cement paste.

Ling and Poon, (2014) used acid washing to remove lead (Pb) from the crushed
cathode ray tube (CRT) glasses and brought it under acceptable limit as per toxicity
characteristic leaching procedure (TCLP). Such treatments in alkaline medium (NaOH) also
helped in improving the surface texture of rubber aggregates. Since, rubber particles have
smooth surface, they need treatment for surface improvement to enhance the bonding

between the paste and aggregate (Naik and Singh, 1991).
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Table 2.5 Treatment methods adopted in recycled materials

Treatment methods
Sieving
Author, Year Material = 3 g TEU g 2
~ |z £|§ £ 3 s | E
o |2 8|6 £E|F £ O
=
Hansen, (1990) 4
Bianchini et al. (2005) 4
Tam et al. (2007) v
Juan and Gutiérrez, (2009) v
Akbarnezhad et al. (2011) Concrete v
Purushothaman et al. (2000) v v
Spaeth and Djerbi Tegguer, L,
(2013)
Santos et al. (2017) 4
Ling and Poon, (2012) Glass 4
Naik and Singh, (1991) v
Rostami et al. (1993) v v
Eldin and Senouci,(1993) Rubber v
Segre and Joekes, (2000) 4

Treating FRA thermally to 300°C makes the older mortar brittle, followed by
mechanical scrubbing improved the material properties (Table 2.5). Microwave was used,
exploiting the electromagnetic properties of old mortar and the aggregate particles.
Microwave energy absorption rate of mortar is higher compared to aggregate. Hence, mortar
gets heated up faster, causing differential stresses. This results in delamination of older

mortar and separation of aggregate particles (Akbarnezhad et al. 2011).

2.3.2.3 Coating

Though removal of older mortar from FRA gives better quality aggregates, it results in
generation of secondary waste. Coating can be done to avoid this, while enhancing the
aggregate property without separating the older mortar. This was tried with polymer products
which are water repellent to bring down the water absorption of FRA (Spaeth and Djerbi
Tegguer 2013; Santos et al. 2017). Polydiorganosiloxanes and alkylalkoxysilanes were two

important polymers used for impregnation. Polymer coated aggregates were then dried for 24
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hours, followed by oven drying at 50°C for 24 hours (Spaeth and Djerbi Tegguer 2013).
Molten paraffin wax which does not need long drying period was also tried (Santos et al.
2017). Coating improved the interfacial transition zone between the fine recycled aggregate

and the cement paste.
2.3.3 Industrial By-products

Alternative fine aggregate that are industrial by-products, have few research works
witnessing property enhancement by pre-treatment. Sieving/washing and combination of
both, are the available treatments used on these materials. Slag and bottom ash have been dry
sieved to adjust the particle size distribution. The excess fines in these materials affected the
mortar/ concrete properties. Hence, particular size particles (retained 0.15 mm or between
0.25 to 0.1 mm) have been dry sieved and used as fine aggregate material (Qasrawi et al.
2009; Modolo et al. 2013). Washing treatment on bottom ash has been used to remove
soluble salts in a continuous shower with a running capacity of 10 tonne/hour. Monosi et al.
2013 used combination of washing and sieving (wet sieving) to remove the fines,

contaminant and clay particles in foundry sand that are less than 75 pm in size.
2.4 MATERIAL PROPERTIES
2.4.1 Natural Origin

Table 2.6 shows the physical properties of alternative fine aggregates of natural origin. The
properties of crushed stone vary with characteristics of the parent rock, even within same
mineralogy. For example, granite-based crushed stone shows huge variation in density from
1890 to 2610 kg/m* (Kou and Poon, 2009; Li et al. 2009). The percentage of silica, which is a
major component of river sand varies from 0.34% (limestone) to 99% (quartzite). Similar
differences are observed in other materials too, which makes these materials entirely different
from river sand. Materials of natural origin are rounded in shape, except crushed stone which
is mostly angular due to crushing process. However, by using impact crushing, it is possible
to produce cubical particles (Alexander and Mindess, 2005). Shen et al. (2016) clarified that

though crushed stone looks angular in macro-scale; it shows higher roundness in micro-level.
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Table 2.6 Physical properties of naturally occurring fine aggregate alternatives

Water
Silica Particle size Bulk absorptio
. content Specific . n
Reference Material . density
Mean gravity 3
" . (kg/m®)
(%) FM size (%)
(mm)
Crushed
stone 3.01-
Lietal (2011 (Lime stone | 4.98-5.10 | 3.43 - 1842 -
etal. (2011) Quartzite | 99.22 3 1876
Granite 54.23 2.75 1893
Basalt) 50.53 3.54 1987
Crushed
é%‘é;;d Poon stone |- 3.56 - 2610 | 0.89
(Granite)
Benabed et al.
1 2.21 2. 1541 -
(2012) 68 >
Li et al. (2009) 5.05 2.665 - -
Khouadjia et al. Crushed 0.34 - 2.6 — 2.45— 1489 - ]
(2015) stone 1.37 3 2.56 1618
] (Limestone) | 2.77 — 1720 -
Ding et al. (2016) 334 - - 1820 0.7-1
Celik and Marar
- . 2. - -
(1996) 3.39 65
Al-Ansary et al. 18.41-
025 |2.63 1687 0.5
(2012) 70.08
Al-Harthy et al. ) <0.6 2.56 — ) 0.4 -
(2007) ' 2.66 2.04
Benabed et al.
(2012) - 0.78 2.65 1520 -
Belferrag et al. 21.09 1.33/1 2526 | 1487 1.02
(2016) : : 5/2. :
Bederina et al. Dune sand
21.47 11 - 142 -
(2005) 8 8
Luo et al. (2013) 94.8 1 2.72 - 3.92
Khouadjia et al.
4 . - 1554 -
(2015) 86.45 0.5 55
Padmakumar et al. 80.37- 0.05- | ) )
(2012) 93.84 0.25
1470-
Zhang et al. (2006) 86.92 <03 |- 1520 -
Dias et al. (2008 - 0.6 - - -
R
' sand - : . - -
(2013) 0.9 2.65

20




Table 2.6 continues...

Silica content Particle size B Bulk ab\s/g?;t)?iron

Reference Material Mean SpeC|_f|c density

(%) EM | size gravity | g/m?) (%)

(mm)
Limeir et al. 2012 - <0.25 - 2630
Limeira et al. 2011 - 0-4 - 2510- 0.8-1.7
2670

Zentar et al. 2009 . - <0.063 | - - -
Kazi Aoual-Benslafa M_arme
et al. 2014 sediments 55 >0.063 | - 2450 -
Ozer-Erdogan et al. 1222-
o016 g 97.5 3.15 - lage | 07-46
Tribout et al. 2011 46.4 - - 1000 -

Note: FM: Fineness modulus

Presence of fines and poor gradation are common problems in these materials.
Gradation of fine aggregates is not strictly monitored due to the limited availability of river
sand. However, optimization of fine aggregate gradation can increase the strength up to 39%
and preferred gradation can be achieved by incorporating different size fraction of crusher
fines with available natural sand (Sabih et al. 2016). Compact packing of aggregates helps in
increasing the density and reducing the void ratio, resulting in improved strength. Hence,
granulometric corrections are necessary for alternative materials, atleast when intended to be

used in structural concrete.
2.4.2 Recycled materials

Unanimously, all the recycled materials need crushing or breaking in to particles of fine
aggregate size. This can affect the material properties of such aggregates. Recycled brick
aggregates are crushed and segregated based on size for use as coarse or fine aggregate in
concrete (Aliabdo et al. 2014). Importantly, water absorption and permeability are higher in
brick aggregates due to its porous nature (Debieb and Kenai 2008; Vieira et al. 2016). From
Table 2.5, it is clear that water absorption of crushed brick aggregate varies from 14 to
21.8%. Crushed ceramic waste exhibits lower absorption value for wall tiles and sanitary
ceramic waste and exceptionally high value for floor tile ceramics (Table 2.7). Presence of
crushed aggregates containing impurities like gypsum plaster, organic substance and salts
affects the properties of concrete containing these aggregates (Kesegic et al. 2008).

In case of recycled aggregates, the main problem is with the particle density, which is
lower than natural sand, as the older mortar present in them are porous and lighter in weight
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(Evangelista and de Brito 2007). Recycled aggregates (RA) made using jaw-crusher and
vertical axis impactor, followed by attrition techniques, are better end products as the older
mortar surrounding the recycled aggregates are removed (Ulsen et al. 2013). Type of
crushing process affects the quality of RA and its properties (Fan et al. 2016). Mortar content
increases with reduced density and size of aggregate. Similarly, recycled glass aggregates are
also crushed before use and material properties highly depend on the speed, duration and type

of crushing (Rashad 2014).

Table 2.7 Physical properties of recycled fine aggregate alternatives

. Particle
Material .
Silica Size Specific | Bulk Water

Reference Treated/ | content Mean gravity density absorption

Type Un- % FM™ | size kg/m® kg/m® %

treated (mm)
Aliabdo et al. (2014) 54.2 0.075 - - 18.3
. . Recycled Un-

Zzt(’)'se)b and Kenai brick treated | - 3.91 2.49 1010 | 14.0

waste
Jankovic et al. (2012) - - 0-4 1.61 1216 21.8
Alves et al. (2014) - - - - 2969 0.2
Binici (2007) - 2.68 | - 2.44 1395 0.71

Recycled | yn. | gog3 205 | 2619 | 17.2

Elgi (2015) ceramic treated - -

waste 71.89 2.33 2652 2.75
Medina et al. (2012) - - <4 2.39 - 0.55
Medina et al. (2013) 19.39 - 2.39 - 0.55
Evangelista and de Un- 22— 1950 —
Brito, (2014) reated | 078 |7 |4 o6 |2se0 |27
Akbarnezhad et al. Recycled
(2011); concrete 2.44 - | 2380 -
Purushothaman et al. Treated 2.7 2500 0.78-4.1
(2000)
Rashad (2014) and
Rashad (2015); Tan RZ?;E?" trleJa':; g |70-%0 |- 2'15 T l2s3 |- 0.07
and Du (2013)
(Szlgg;q)g?r;r;i]l::; q Recycled Un- i i 0.0075 | 0.48-— ) )
Gupta ,(2016) rubber treated —-4.75 |0.83

Note: FM: Fineness modulus
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Recycled rubbers are available as shredded tires, ground rubber and crumb rubber, of
which crumb rubber falls in the size range of 4.75 mm and below. The waste rubber can be
converted to crumb rubber by crack mill process, micro-mill process or granular process
which is well explained by Heitzmann (1992). These processes involve either tearing or
shearing of tire rubber, resulting in irregular and granular rubber particles, respectively.
Lighter weight rubber particles result in lower specific gravity and density (Table 2.7).

2.4.3 Industrial by-products

Properties of industrial by-products vary based on the type of industry and the raw materials
used. Foundry sand is one such material which is finer than river sand, and contains clay and
other chemicals as impurities (Table 2.8). Metal ions from cast-industries gets mixed up with
this sand making it impure. Properties of quarry dust vary based on the type of stone quarried
and some of them are shown in Table 2.8. Both foundry sand and quarry dust have the

problem of excess fines content.

Composition of slags varies based on the source metal processed. For example, steel
slag has 97% of Fe,O3 as mentioned by Qasrawi et al. (2009). Slags have the potential to be
used as cement replacement material, properties like abrasion resistance, soundness and
dimensional stability makes them better aggregate materials in concrete production (Gorai et
al. 2003). However, some of them like slag obtained from steel industries have very low

pozzolanicity that cannot be used for cement replacement (Qasrawi et al. 2009).

Material properties of bottom ash, obtained from thermal power stations, depend on
the source and quality of coal used, as reported by various authors (Table 2.8). Pre-treatment
may be needed to avoid leaching of chlorides and to adjust the particle size distribution
(PSD) of the aggregates. Few studies have been done after pre-treatment of bottom ash.
Though PSD of raw bottom ash does not affect the properties of mortar produced, chlorides

and unburnt carbon should be taken care of to preserve the durability properties.
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Table 2.8 Physical properties of industrial fine aggregate alternatives

) . Particle size . Bulk Water
Material Silica Specific ) )
Reference %) Mean i density absorpti
0 FM size gravity 3 0
(mm) (kg/m°) on (%)
- 0.15-
Siddique et al. (2015) 81.5 - 0.6 2.1 - -
Ganesh Prabhu et al.
(2014) 87.48 | - <2.36 2.24 1576 1.13
Khatib et al. (2013) 87.91 |- <025 |- - -
Monosi et al. (2013) Foundry sand | - - 2.04 - - 3.3-
) 2.26 5.4
Basar and Deveci
Aksoy (2012) 8185 | - <2 2510 0.9
Singh and Siddique
(2012) 83.8 1.89 - 2.18 - -
Siddique et al. (2011) 879 [178 |- 2.61 1638 -
Celik and Marar
(199) <0.075
Rai et al. (2014) <2.36 2.54 1800 14
Naganathan et al. Quarry dust )
(2012) 69.94 | 3.3 2.59 1720
Raman et al. (2011) - - <5 2.83 - 0.78
Ho et al. (2002) - - - 2.6 - -
Corinaldesi et al.
(2010) Marble dust | ] ] ] 2550 ]
Gameiro et al. (2014) - - - - 2684 0.14
« | lronore
Zhao et al. (2014) & | tailings 52.06 | - 0-05 |- - -
= barite-
Gallalaetal. 2017) | & | fUOTSPAr | 4093 111 |- . 3270 :
S mine
waste
Saikia et al. (2008) Pb slag 25.7 - 0-4 - - -
Tripathi et al. (2013) Pband | 1701 |- 0-236 (369 |- 045
Zn slag
Al-Jabri et al. (2009) 33.05 - 3.4 - 0.17
Wu et al. (2010) Cu sla 3192 | 178 - 3.66 - -
Al-Jabri et al. (2011) 9 [3305 |- - 3.4 - 0.17
Ambilyetal. 2015) | o 2584 | 343 |- 337 2080 v
= .
Qasrawi et al. (2009) sslfgl 0.8 0-5 3.25 - 0.8
Yiiksel et al. (2011) Blast 1351 |- 0-5 |208 - 8.3
urnace
slag
Aboubakar et al.
(2017) (BFS) - 03-5 |223 2720 1.12
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Table 2.8 continues...

iica [ ean | specific | Bulk | Weter
Reference Material x . pec density absorption
(%) FM size gravity (kg/m®) (%)
(mm)
Bilir (2012) 57.90 0-5 1.39 632 12.10
Andrade et al.
(2009) 56 - - 1.674
: 442- | 2.34-
Kim et al. (2014) 48 381 - 1.91-1.98 | - 8.7-10.8
Yuksel et al.
(2007) Coal bottom 57.90 - 1.39 620 12.10
Singh and ash 47.53-
Siddique (2014a) se4a | 13T |- 139 ] 31.58
Siddique et al.
(2012) 57.76 1.60 - 1.93
Kim and Lee
(2011) 2.36 - 1.8 - 5.45
Kim et al. (2012) 34 2.34 - 1.87 - 5.45

Note: FM: Fineness modulus

2.5 USE OF ALTERNATIVE FINE AGGREGATE IN CEMENTITIOUS SYSTEM
2.5.1 Natural Origin

2.5.1.1 Fresh properties

Materials of natural origin have been studied for their performance in mortar, concrete and in
self-compacting concrete (SCC) as presented in Table 2.9. Many studies have given
importance for fresh property due to the issues of particle size distribution and presence of
excessive fines. Cortes et al. (2008) explained that irregular shape of fine aggregate made of
crushed stone results in loosest packing density that needs more paste for better flowability
and strength. Other than shape factor, crushed stone has high fines exceeding the limit
prescribed in standards which affect the workability of the concrete (Shen et al. 2016).
Gradation is a common issue with not only in crushed stone but also with most of the

alternative materials, which affect the fresh properties of mortar and concrete (Table 2.6).

Flow was found to improve when the volume of paste exceeds the volume of voids in
the mixture. Studies on dune sand and excavated soil show that cement to fine aggregate ratio
should be maintained below 2 for better workability and strength (Falade 1991; Falade 1994,
Zhang et al. 2006). Ji et al. (2013) derived a mix proportion with minimum paste content
concept by using microfines present in the crushed stone to replace some of the cement

content. However, this works only when the amount of microfine is moderate. Strength was
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found to get reduced when a certain limit is exceeded. The minimum paste theory in crushed
stone helps to enhance the volume stability of cement composite. Ding et al. (2016)
mentioned that a powder content of 9%, benefits workability by improving the cohesiveness
of fresh concrete and long term compressive strength is not affected up to 13% of
replacement level. The presence of fines has also been positively used to enhance the flow
properties in SCC (Nanthagopalan and Santhanam 2011; Benabed et al. 2012).

Organic matter present in the aggregates adsorbs the calcium ions from hydration
products and disturbs the setting time. The intensity depends on the type of organic
compound and it is grouped based on its reactivity by Clare and Sherwood (1954). In case of
offshore sand and marine sediments, the presence of chloride ion and organic contaminants
affects the workability. Setting time with chloride ions in concrete is reduced and needs a
suitable retarding agent (Kaushik and Islam 1995). Though clay affects the concrete
properties negatively, the presence of fewer clay particles (up to 2.84%) helps in better
bonding between the cement and aggregate surface, resulted in lower chloride ion penetration
in sea sand mix (Yin et al. 2011).Water-cement ratio of the offshore sand mix should be made
lower to make it less permeable for the ingress of chloride ions. All these factors should be

considered for designing the mix with natural fine aggregate alternatives.
2.5.1.2 Hardened properties

Presence of fines not only affects fresh concrete properties but also hardened properties by
influencing the particle packing. As per standards, fines content i.e., content of particles less
than 75 um size is restricted to a maximum of 7% (ASTM C33, 2016). However, research
shows that this limit can be extended up to 15% to improve the packing density in wet
condition (Kwan et al. 2014). This could also increase the strength of concrete by 30% and
reduces carbonation by reducing the open porosity. On the negative side, this increases the
volume change and water demand as the powder content increases with fines (Katz and Baum
2006). However, on the contrary, with an increase in fines content from 7% to 9%, strength
reduction and increase in porosity was observed by Cho (2013) which means the particle
packing is negatively affected. Presence of fines in dune sand entraps air bubbles leading to
higher air content which in-turn reduces the concrete strength further. However, lower fine
aggregate to cement ratio (<1.41) gives higher strength which is attributed to the nucleation

and pozzolanic effect of fines, thereby enhancing cement hydration (Luo et al. 2013).
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Table 2.9 Studies on cementitious system using untreated fine aggregate of natural origin

Author, Year Material Problems in raw Fresh properties Strength properties Durability properties Properties with treated
materials material
Kou and Poon Angular shape of Angular shape affects the Strength reduced with Larger particle size and | Slump value improved
(2009); Li et al. crushed workability. increase in water lower surface area from 35 mm to 165 mm
(2011); Cepuritis aggregates. Shape, texture, grading and | content to maintain reduced drying by washing.
and Martsell Crushed dust decide the amount of workability. shrinkage.
(2016); stone additional water/cement Slump reduction
required. resulted in poor
compaction and looser
microstructure.
Fine size and Maximum grain size is 1.18 | When Cement to sand Granulometric
Zhang et al. (2006); presence of_ mm. Work_ability isreduced | (C/S) ratip >0.7, _ correction with ri_ver
Luo et al. (2013); excessive fines. by adsor_ptlon of water by compressive s'_[rength is san_d reduced d_rylng
Bédérina et al Dune sand excess fines. comparable with river ) shrinkage and improved
. ' sand mix. When C/S < strength.
(2005); Belferrag 0.7, entrapped air
et al. (2016) increases and reduces
the strength.

Dias et al. (2008); Presence of With 0.075% of Improved resistance to | Accelerated corrosion
Yinetal. (2011) Offshore chlorides, shell. allowable CI', the CI" ion penetration with | performance was

soil - properties are similar W/C ratio of 0.45 to 0.6. | satisfactory and similar

to control mix. to chloride free control
mix.
Balogun and Presence of clay Up to 40% clay could be Compressive strength Results in high Granulometry improved
Adepegba, (1982); and fines. used for laterized concrete reduced with shrinkage strains and granular skeleton and
Thandavamoorthy, | Excavati-on though lower percentages increasing percentage even cracking during reduced shrinkage.
(2014); Kanema et soil are preferable. of excavation soil. drying. Limed earth helped in
al. (2016) Less W/C ratio results in stabilizing the clay.
poor compaction.

Couvidat et al. Presence of >50% | Water demand increased Strength reduced Removal of chlorides
(2016); Ozer- Marine excessive fines, with increasing fines drastically. and sulphates by
Erdogan et al. sediment shell and other content. ) washing improved

(2016)

impurities.

durability.
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Use of blended aggregates with dune sand, crushed stone and river sand improved the
concrete strength (Bédérina et al. 2005; Benabed et al. 2012 and Khouadjia et al. 2015),
which could be the effect of granulometric correction of particle size distribution.
Granulometry is adopted by partial replacement of river sand with laterite soil to match the
mechanical properties of concrete with 100% river sand. Even untreated soil with 50% clay
content performed better when used as a partial replacement (Balogun 1982; Ettu et al. 2013).
As concrete is a complex composite system with different type of aggregates, its gradation,
fines content and its distribution, and the effect of fines and their acceptable limit may change
