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Preface

Concrete is the most used man-made material in the world since its invention.
Worldwide, about three tonnes of concrete are used annually per person. Concrete
comprises three major fractions, aggregate: binder and water. The aggregate
fraction in concrete is about 75 % of its total volume and therefore it plays a vital
role in the overall performance of concrete. However, traditionally, more attention
has been paid to develop novel binding phases of concrete as it is widely thought
that the innovation in binder materials can help to develop innovative concrete
materials. In fact, a significant improvement has been seen recently in this field
such as the development of ultra-high strength concrete and self-compacting
concrete.

It is common knowledge that the aggregates are the inert material in concrete,
however, being their major constituents, their proper selection is very important to
accomplish innovation in concrete production. In fact, the proper selection of
aggregates and the manipulation of their size distribution are very important steps
for the development of almost all types of special concrete. Moreover, the prep-
aration of some types of concrete such as light and heavyweight concrete, concrete
resistant to sound/vibration can only be achieved with proper selection of aggre-
gates. They must not contain significant contents of deleterious components such
as chlorides or sulphates, and they must also have proper shape and size to obtain a
good quality concrete.

Another important recent developmental aspect in the field of cement and
concrete science is the use of various types of recycled waste materials as fuel and
raw material in cement production, as well as the use of these materials as
aggregate in the production of various types of concrete. Cement and concrete
production can consume a substantial percentage of the total generated waste
materials, which can alleviate the acute environmental impact of these materials
and also partly help to achieve the much needed sustainability in cement and
concrete production. The use of waste materials as aggregate in concrete can
consume vast amounts of them taking into account the scale of concrete produc-
tion all over the world as well as the percentage of aggregate in the overall
concrete volume.



vi Preface

Recycled Aggregate in Concrete is a recent development in the use of various
types of waste materials in concrete production. The information that is scattered
in various journals and conference proceedings published up to the end of March
2012 has been taken into consideration. The comprehensive information presented
in the book will be helpful to graduate students, researchers and concrete tech-
nologists. It is also expected that the data presented in this book will be an
essential reference for practicing engineers who face several problems concerning
the use of these materials in concrete production.

The book can be divided into two parts: the compilation of varied literature data
related to the use of various types of industrial waste as aggregates in concrete and
the information related to the use of construction and demolition waste as
aggregate in concrete. In the book, the properties of the aggregate and their effect
on various concrete properties are presented separately. One chapter is devoted to
describing a quantitative procedure to estimate the properties of concrete con-
taining construction and demolition waste as aggregates. The current codes and
practices developed in various countries to use construction and demolition waste
as aggregates in concrete are discussed in the last chapter of the book. Moreover,
several issues related to the sustainability of cement and concrete production are
highlighted in the first chapter.

We would like to thank Mr. Jodo Silvestre, Researcher, IST-Lisbon for his help
during preparation of some of the figures and Ms. Grace Quinn, Editorial Assis-
tance, Springer London, for her constant advice and help during the preparation of
the manuscript. One of the authors (NJS) is also grateful to FCT, Portugal for
providing financial assistance without which it would not have been possible to
complete this work. Finally, we would like to thank Springer for publishing the
book in excellent form.

Lisbon, Portugal, June 2012 Jorge de Brito
Nabajyoti Saikia
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Chapter 1
Sustainable Development in Concrete
Production

1.1 Introduction

Environmental issues such as climate change and associated global warming,
depletion of natural resources and biodiversity, water and soil pollutions, gener-
ation of huge amounts of waste materials and their disposal are some of the great
challenges faced by present-day civilisation. The emission of large amounts of
particulate materials and various noxious gases including CO,, the major green-
house gas, into the atmosphere, due to rapid industrial and population expansions,
is a major environmental concern and urgent action is necessary to control it. Each
of these issues creates serious crisis to the future development of humankind if
they are not tackled properly. The evaluation of the impact of the current devel-
opments on the environment is therefore an important agenda for present-day
policy-makers and several initiatives have already been taken to tackle the prob-
lems related to these issues. Thus the term “sustainable development” was
developed, which proposes a developing society, where people will live in a
healthy environment with improved economic and social conditions.

The term “sustainable development” gains much attention after a United
Nations report, published in 1987 (UN report 1987). It gains further momentum
after a declaration published in a United Nations conference held in 1992 (Rio
Summit 1992) and after the world summit on sustainable development held in
Johannesburg in 2002 (World Summit 2002). According to the UN report, the term
“sustainable development” is defined as the development that meets the needs of
the present without compromising the ability of future generations to meet their
needs (UN report 1987). The promotion of harmony among human beings and
between humanity and nature is the main aim of sustainable development. How-
ever, several environmental, social and economic factors need to be considered to
attain sustainable development. In this chapter, the environmental impacts of
construction industry, more precisely the impacts of concrete production, on the
environment will be focused.

J. de Brito and N. Saikia, Recycled Aggregate in Concrete, 1
Green Energy and Technology, DOI: 10.1007/978-1-4471-4540-0_1,
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1.2 Sustainability in Construction Materials

The construction industry, one of the largest industries in the world, is notorious
for having a major role on the emission of CO, into the atmosphere. Nowadays,
the pace of development of this industry is increasing enormously all over the
world especially in the developing countries due to rapid economic and industrial
developments and consequent development of infrastructures and standard of
living. As an example, currently, the construction industry is the second largest
industry in India and the total investments in this sector account for nearly 11 % of
the total gross domestic product (Construction Industry in India 2008). Similarly,
the construction industry in China has been experiencing consistent growth for a
long time and each year China spends nearly 16 % of its gross domestic product in
this sector (China construction industry no date). By the end of 2001, about 36.69
million people in China worked on the construction sector. The construction
industry is responsible for 7 % of total employment in the European Union (EU)
and in the EU, the US and Japan combined, it employs more than 40 million
people (OECD 2008).

The residential sector consumes huge amounts of energy all over the world. The
energy used in the construction sector comprises direct use at the construction site
and indirect energy used in the manufacture of the building materials. In the EU,
about 40 % of total final energy is consumed by the residential and tertiary
building sectors (Koukkari et al. 2007). According to Joseph and Tretsiakova-
McNally (2010), building construction in the world consumes around 25 % of the
global annual wood harvest; 40 % of stone, sand and gravel; and 16 % of water
and also generates 50 % of the global output of greenhouse gases and agents of
acid rains. The rapid expansion of this sector is creating a huge environmental
problem all over the world and therefore recently several initiatives have been
taken to tackle such problems.

To evaluate the environmental impact of construction materials, several issues
need to be considered, namely collection, treatment and production of raw
materials, construction, service life and demolition and disposal. In the whole
process of construction, service life of the building and its demolition, not only
huge amounts of energy of all sectors are consumed but also huge amounts of CO,
emissions are created. These activities also consume huge amounts of most non-
energy-related resources, create high volumes of waste and are responsible for
enormous pollution in the atmosphere, soil and water. The uses of energy and the
emission of CO, take place at various steps, such as raw material extractions,
transportation, manufacture, demolition, service life and waste processing.
Table 1.1 shows a typical example of calculation of the emitted amount of CO,
into the atmosphere at the various steps of a building life cycle (BIS 2010).

Thus, by considering the size, importance, resources use and environmental
impact of the construction industry, it is necessary to produce sustainable con-
struction materials with increasing service life but minimum maintenance future
needs. Sustainability in construction is also inevitable due to stringent regulations
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Table 1.1 CO, emitted into

: Steps Amount of CO, emitted

atmosphere at the various

steps of a building life cycle Quantity (Mp) K

(BIS 2010) Design 1.3 0.5
Manufacture 45.2 15
Distribution 2.8 1
Operation on-site 2.6 1
In use 246.4 83
Refurbishment/demolition 1.3 0.4
Total 298.4 100

that have been adopted all over the world on the emission of greenhouse gases
including CO, into the atmosphere to limit the rise of the global average tem-
perature. As for example, EU is currently promoting a goal of 30 % reduction in
greenhouse gas emissions by 2020 compared to 1990 levels in developed countries
(Koukkari et al. 2007). The targets for various measures up to 2020 in the EU
include (Koukkari et al. 2007):

20 % improvement of energy efficiency of cars, buildings and appliances and
especially:

— 30 % reduction of final energy use of buildings;

20 % share of renewable energy on average;

— 10 % share of biofuels;

Nearly 0 % emissions of new power plants.

Several factors such as energy saving methodologies and techniques, improved
use of materials, increasing service life of products, further reuse/recycle of
materials, eco-designing and emission control need to be considered for the
development of sustainable construction materials. The durability of construction
material is another factor that needs to be considered seriously for sustainable
construction. A durable building material has a technically better and longer
service life and therefore reduces the cost and amount of materials used in repair
and in new constructions in a particular time period.

Material efficiency is one of the most important components of sustainable
construction materials. Correct selection of materials by taking into account their
complete service lifetime and by choosing products with minimal environmental
impacts can reduce CO, emissions by up to 30 % (Gonzailez and Navarro 2006).
Without compromising on the quality of the end product, the use of locally pro-
duced materials as well as of renewable and recycled sources should be encour-
aged. In this way, transportation costs and problems associated with the disposal of
other industrial waste can also be reduced. The recycling/reusability of con-
struction products at the end of their service life should also be considered during
the selection of materials. Higher recycling/reusability of construction products
after their service life can reduce the generated amount of waste and associated
disposal problems.
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Other factors that greatly affect the selection of building materials are their
costs and social requirements such as thermal comfort, good mechanical properties
(strength and durability), aesthetic characteristics, health effect and the ability to
build quickly. For example, the use of some building materials such as paints,
treated wood or foams can have a toxic effect on the occupants of a building and
therefore should be considered carefully. Ideally, the combination of all envi-
ronmental, economic and social factors can give a clear description of a material
and thus helps in a decision-making process regarding the selection of the mate-
rials suitable for buildings (Abeysundara et al. 2009). According to Calkins (2009),
the materials that reduce the use of resources, minimise environmental impacts,
pose no or low human health risks during their handling and service life, assist
with sustainable site design strategies can be considered as sustainable construc-
tion materials.

Several codes and policies have been developed for environmentally efficient,
carbon neutral, eco-designed building constructions. For example, the European
commission developed a policy that takes into consideration the whole life cycle
of the product, comprising three main phases: environmental impact of the
products, environmental improvement of the products and policy implications.
However, several problems still exist in addressing the issues related to sustain-
ability in construction such as lack of innovation or inadequate level of skills. In
the following section, sustainability in concrete production, the major construction
material, will be briefly highlighted.

1.3 Sustainability in Concrete Production

Concrete is the major construction material and plays a vital rule in the devel-
opment of current civilisation. It is the most used man-made material in the world
since its invention. Worldwide, about three tonnes of concrete are used annually
per person (Cement Concrete Aggregate Australia no date). The consumption of
concrete as construction material in the world is over twice the total consumption
of all other building materials including wood, steel, plastic and aluminium. It is
reported that the total annual concrete production in the world is more than
10 billion tonnes (Meyer 2009). More than 0.9, 5 and 0.6 billion tonnes of Portland
cement, aggregate and potable water, respectively, are necessary for the produc-
tion of such an amount of concrete. The massive use of concrete as a construction
material is due to its versatile properties. Properties such as strength, durability,
affordability and abundance of raw materials make concrete the first choice
material for most construction purposes. However, concrete production has several
negative impacts on the environment, such as the emission of CO, and other
greenhouse gases and the use of non-renewable natural resources like natural stone
and water, and therefore a lot of attention has been paid recently to tackling the
environmental issues related to their use in concrete preparation.
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Concrete comprises various constituents and therefore the environmental
impact of concrete production is a complex mechanism partly governed by the
individual impacts from each of these constituents and partly governed by the
combined effect of the constituents when they are mixed together. Therefore,
sustainability issues related to concrete production need to be addressed by con-
sidering the individual as well as the combined effects of these constituents. On the
other hand, improvement in concrete design, mechanical and durability properties
and service life of concrete also need to be considered seriously as these factors
also influence the environmental impact of concrete. These points will be pre-
sented briefly in the following sections. Table 1.2 outlines some topics related to
the sustainability of concrete production (Eco-Serve).

1.4 Sustainability in Concrete by Improving Properties
and Service Life of Concrete

The reduction of the environmental impact of concrete structures to a minimum
without compromising on their performance is one of the major concerns for future
sustainable development of the concrete industry. Sustainability in concrete pro-
duction can be achieved by improving current practices, e.g. improvement or
innovation in concrete mix and product design approaches (Khokhar et al. 2010,
Joseph and Tretsiakova-McNally 2010), improvement of the performance of
concrete-based products in their service lives. The improvement of mechanical and
durability performances of concrete in their service life can indirectly reduce the
CO, emission by increasing their service life and reducing the requirements of
materials for repairing. In a report, it was estimated that reducing the volume of
concrete by improving its mechanical strength can decrease the emissions of CO,
by around 30 % (Habert and Roussel 2009). The use of innovative types of
concrete such as high and ultra-high strength concrete and self-compacting con-
crete can also increase the sustainability in concrete production by giving flexi-
bility in product design and by increasing material performance (Joseph and
Tretsiakova-McNally 2010). Recent developments in self-healing concrete, which
can repair cracks automatically, is an important step towards gaining sustainability
in the concrete industry (Dry 2000). The use of innovative approaches in designing
concrete and in using innovative materials in residential and commercial building
sectors, one of the major users of concrete materials, can also reduce the amount of
energy used during its service life. For example, phase change materials (PCM)
can be used to increase the energy storage capacity of buildings and also to control
the room temperature of buildings in summer and winter (Benz and Turpin 2007).

The use of polymeric materials as admixtures and for repair purposes and the
application of nanotechnology are some recent innovations in concrete prepara-
tion, which also gives several economic and technical benefits towards obtaining
sustainability. The addition of polymeric admixtures can improve several
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Fig. 1.1 Typical concrete
mix

@ Cement

B '\Water

O Air

OFine Aggregate

W Coarse Aggregate

Y

mechanical and durability properties of concrete and also indirectly reduce the
emission of CO,. Nanotechnology can provide huge opportunities towards gaining
sustainability in concrete preparation. Improved understanding of nanostructure of
cement hydration product, the only binding phases in concrete using nanotech-
nological tools, the use of nanomaterials such as nano silica, nano alumina and
nanofibres in concrete preparation, the use of photo-catalysts such as nano TiO, for
self-cleaning of concrete products, and the use of nanotechnology to monitor the
performance during service life of concrete, are some of the recent inventions,
which definitely decrease the environmental impact of concrete (Mukhopadhyay
2011). However, the toxic effect of nano-based products in human health during
manufacturing and the service life of the resulting concrete products must thor-
oughly be investigated before their applications.

1.5 Sustainability in Concrete by Innovation in Concrete
Constituents

Concrete mainly consists of at least three constituents: cement as a binding
material, aggregates, the major part of concrete (normally accounting for 70-75 %
of its volume) and water. A typical concrete composition is shown in Fig. 1.1.
Each constituents of concrete has its own environmental impact; however, the
sustainability of concrete as a material is strongly influenced by the cement and
aggregate industries. The sustainability in water use in concrete has also become a
big issue recently due to the huge consumptions of potable water during concrete
preparation as well as the scarcity of potable water faced all over the world.
Sustainability in water, cement and aggregate use in concrete preparation is
highlighted in the remaining sections.
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1.5.1 Sustainability in Water Use

The production of concrete needs huge quantities of potable water. About 15—
18 % of the total volume of structural concrete mix is water. The concrete industry
uses around 1 trillion gallons of water per year worldwide (Meyer 2005). Recent
scarcity of water in many parts of the world requires the sustainable use of water in
concrete production. Therefore, searching for alternative sources of concrete
mixing water is necessary for sustainable growth of the concrete industry. Several
types of waste or non-potable water can be considered, after treatment, as mixing
water and some information is available in the literature to evaluate the accept-
ability of water used in concrete mixing (Abrams 1942; Steinour 1960; Kuhl
1928a, b; Neville 1997; Lobo and Mullings 2003; Cebeci and Saatci 1989). The
waste water generated in concrete production can be a good option and in this way
concrete production units can reach complete sustainability in terms of materials
use with zero discharge. The waste water generated from sewage treatment and
after domestic, agricultural and industrial use can also be considered for concrete
mixing if these water samples meet some specific criteria in terms of concentra-
tions of deleterious constituents. Seawater cannot be considered as a source of
concrete mixing water due to presence of large amounts of chlorides.

Standards such as European EN 1008 (2002 ) and American ASTM C 1602-06
(ASTM C1602) regulate the quality of concrete mixing water, i.e. impose the
restriction on the amount of deleterious components in water and allow using some
type of recycled water in concrete mixing. It can be stated that some alternative
sources of water can be considered as mixing water after treatment; however,
while searching for an alternative source, the effect of chemical contaminants
present in water on the properties of concrete produced and the health effect of
chemical and biological constituents during handling must be considered seriously.

The preparation of concrete using less water by innovating in concrete mixing
methodology and the use of water reducing admixtures in concrete are two good
options that can help to achieve sustainability in water use in concrete preparation.
The addition of chemical admixtures can reduce up to 20 % of water (Cement
Concrete Aggregate Australia 2010).

1.5.2 Sustainability in Cement Production

Cement is one of the major constituents of concrete and therefore huge amounts of
cement are produced all over the world. According to a report (EPA 2004), the
world total annual production of hydraulic cement was about 2 billion metric
tonnes (Gt) and this quantity of cement was sufficient to produce about 14-18 Gt/
year of concrete (including mortars), and makes concrete the most abundant of all
manufactured solid materials. In a recent report (US Geological Survey 2011), it
was stated that the world annual production of cement in 2010 was 3,300 million
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Fig. 1.2 Total annual cement consumption per capita in some European countries (Eco-Serve no
date)

Table 1.3 CO, emissions from cement and concrete production (Wilson 1993)

Amount of CO, emitted in production % of total

per CO,
Ton of cement Cubic yard of concrete
(Ibs) (Ibs)
Source of CO, emission from energy use 1,410 381 60
Source of CO, emission due to limestone 947 250 40
calcining
Total CO, emission 2,410 631 100

tonnes. Figure 1.2 shows the total annual consumption of cement per capita in
some European countries in 2001.

The production of cement poses several sustainability issues that need to be
handled properly to lessen the environmental impacts. The production of cement is
a highly energy consuming process. The formation of cement clinker generally
occurs at about 1,450 °C and limestone is the major source of raw material.
According to Getting the Numbers Right (GNR) data for the year 2006 (CSI
Report 2009), the thermal energy consumption for the production of one tonne of
cement clinker was 3,690 M1J.
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Fig. 1.3 Reduction in CO, emission and increase in fuel and power efficiency in Australian
cement industry due to sustainability initiative (Cement Concrete Aggregate Australia, 2010)

After the power sector, the cement industry is one of the major CO, emitting
sectors. The use of huge amounts of fuel as well as de-carbonation of limestone
emits massive amounts of CO, and other gases into the atmosphere. It is widely
accepted that the production of one tonne of cement roughly emits 1 tonne of CO,.
Table 1.3 shows the amount of CO, that is emitted during the production of
cement and concrete. Therefore, the major focus to achieve sustainability in the
cement industry is the reduction of greenhouse gases including CO, emissions into
the atmosphere.

For a long period, cement industry has been working steadily to increase
processing efficiency and decrease energy consumption due to significant con-
sumption of energy as well as the emissions of toxic gases and particulate matters
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including CO, during cement manufacturing. These efforts also reduce the nega-
tive environmental impact of the cement industry.

For example, due to improvements in fuel efficiency as well as in power util-
isation technology in Australian cement manufacturing industries, a reduction of
about 23 % in emission of CO, per tonne of cement production was observed in
2009, in comparison to that observed in 1990, which is depicted in Fig. 1.3
(Cement Concrete Aggregate Australia 2010). However, the application of modern
technology to reduce CO, emissions and improving the fineness of cement clinker
for getting better technical properties can increase the thermal and electrical
energy consumptions. Research is going on to develop nano-catalyst to reduce the
clinkering temperature which will subsequently reduce the emission of CO,
(Sobolev et al. 2006).

One recent global effort is the “The Cement Sustainability Initiative (CSI)”. A
total of 24 major cement producers, which account for about one-third of the
world’s total cement production with operations in more than 100 countries, got
together to reach the goal of sustainability in cement industry. In this initiative,
four points were identified to control the emission of greenhouse gases: thermal
and electric energy efficiency, alternative fuels, clinker substitution, carbon cap-
ture and storage (CCS) (CSI Report 2009). Except for the last point, which is still
at a demonstration stage, positive impacts of the other three points can already be
seen.

Carbon capture and storage (CCS) is not yet a fully developed technology and
additional research and demonstration are necessary to get benefits from this
technology. However, several feasibility studies were already conducted and gave
promising results. Post combustion capture techniques such as chemical absorp-
tion, membrane technology, oxy-fuel technology and carbonate-looping technol-
ogy are some promising technologies that can provide solutions to control CO,
emission. Moreover, technological, societal and economical aspects of these
technologies must properly be addressed before their application.

In the next two sections, two common practices used to reduce global fuel
consumption and emissions of CO, into the atmosphere of the cement industry,
namely the use of alternative fuels and waste materials, will be briefly described.

1.5.2.1 Use of Waste Materials in Cement Kiln and Clinker Production

Several waste materials are nowadays used in cement kiln either as alternative fuel
or as raw materials. According to a GNR report in 2006 (CSI Report 2009),
globally 7 % of total fuel energy consumption in manufacturing of cement came
from alternative fuels comprising biomass and energetic waste materials. Biomass
has a great potential to be used as alternative fuel in cement kiln. Pure biomass
such as animal meal, waste wood, saw dust and sewage sludge can be used to
replace large amounts of fossil fuels and has the potential to reduce the emitted
amounts of CO,. Cement kilns can burn some waste materials such as used motor
oil, spent solvents, printing inks, paint residue, cleaning fluids, waste textiles,
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papers and plastics, scrap tires, relatively more safely than an MSW incinerator
because the extremely high temperatures in cement kilns result in very complete
combustion with very low pollutant emissions (Knuttgen and Muench 2009;
Wilson 1993). The use of waste materials in cement production can reduce the
problem associated with their incineration or land-filling. Land-filling of these
wastes could emit another greenhouse gas, methane, which has 21 times higher
global warming potential than that posed by CO,.

Some waste materials contain raw materials used in cement clinker manufac-
turing and therefore these materials can be used to replace some of the raw
materials in cement clinker production too. The high temperature processing of
waste in the production of cement clinker can destroy toxic organic compounds
without the formation of dioxins, fix metals in the product and use mineral content
as a constituent of clinker. Using some types of waste in clinker production may
lower CO, emissions if the source of the calcium is different from CaCO;.
Extensive literature is available on the use of waste such as red mud, MSWI ash,
steel mill scale, leather scraps and shavings, construction and demolition waste and
various sludges in the production of clinker (Caponero and Tenorio 2000;
Espinosa and Tenorio 2000; Galbenis and Tsimas 2006; Monshi and Asgarani
1999; Saikia et al. 2007; Trezza and Scian 2007; Vangelatos et al. 2009). The
increasing production of belite-based cement can also reduce fuel requirements,
which has also been an active research area for a long time (Odler 2000).

1.5.2.2 Blended Cement: Reduction of Clinker Content in Cement

A significant proportion of the total cement used in the world was of blended
cement, produced by replacing a given amount of normal cement by supple-
mentary cementing materials (SCM). According to GNR data (Geragthy no date),
the global ratio of clinker to cement was 78 % in the year of 2006. Thus, about 400
million tons of clinkers in 2,400 million tons of cement produced on 2006 were
replaced by other materials. Several natural materials such as natural pozzolans,
ground limestone and waste materials such as blast furnace slag, coal fly ash and
silica fume are extensively used as SCM in the preparation of blended cement. The
impact of these materials on the properties of concrete is already well-known and
reviewed extensively (Taylor 1997). The use of any type of SCM in cement
production is location specific depending upon its availability. Similarly the whole
amount of a waste material cannot be used in concrete preparation. For example,
fly ash is produced in coal fired power plant and fly ash containing high amount of
carbonaceous materials cannot be used as SCM. Fig. 1.4 shows the annual use of
some SCM and gypsum by world-wide GNR participants to produce blended
cements and Portland cement as reported in a CSI GNR Data (2010).

The reduction of the amount of cement used in the production of cement mortar
and concrete by the use of natural and waste materials as SCM lowers the
atmospheric emission of CO,, reduces energy consumption, improves several
concrete properties with increased service life and conveniently reduces the
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Fig. 1.4 Annual use of supplementary cement materials (MIC) in the preparation of blended
cement and Portland cement by the cement industry (CSI GNR Data 2010)

problems associated with the disposal of these waste materials (Roskovic and
Bjegovic 2005; Anand et al. 2006, Taylor 1997). Roskovic and Bjegovic (2005)
observed around 25 and 29 % reduction in CO, emissions due to the substitution
of 25 and 30 % of cement clinker by fly ash and slag respectively.
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1.5.3 Sustainability in the Aggregate Industry

It is estimated that the global demand for aggregates used in construction is
growing 4.7 % annually and in 2011 the global demand was 26.8 billion metric
tons with a cost of $201 billion (Indian Concrete Journal 2008). Aggregates typ-
ically account for 70-80 % of the concrete volume and nearly for 92-96 % of
asphalt pavement. Therefore, they play a substantial role in concrete properties
such as workability, strength, dimensional stability and durability. Conventional
concrete contains sand as fine aggregate and gravel in various sizes and shapes as
coarse aggregate. Aggregates are one of the most abundantly used materials due to
being major constituents of concrete.

Both fractions of aggregates (fine and coarse) are normally collected by mining.
Sand and gravel are mined in two major techniques: in-stream extraction and land
mining. Mined aggregates and rock are obtained by various ways such as blasting
and dredging. Aggregates can be used at the size produced by nature due to
weathering or after crushing larger stone. Washing, blending to grading require-
ments are generally done after extraction and processing of aggregates. As the fuel,
labor and maintenance costs are the major expenses of the aggregate industry,
aggregates are normally mined near the intended market because the cost of
transportation is the major expense in this industry (Meador and Layher 1998,
Ayenagbo et al. 2011).

In comparison to the environmental impact from cement production, aggregate
mining or production has little impact as only simple extraction without funda-
mental alteration of material is necessary to obtain aggregates. However, recently,
the mining of aggregates and rock is becoming an ecological problem in many
parts of the world as the demand for sand and gravel is increasing rapidly due to
rapid infrastructure activities all over the world. Aggregate mining is now creating
ecological imbalance in several ways: damaging biodiversity of nearby areas,
causing erosion in the coastal and river bank, polluting water by increasing tur-
bidity and suspended solid mater, destroying livelihood of the peoples that rely on
fishing, increasing flood, noise and dust pollutions, damaging landscape and
generating waste in mining as well as in the processing sites. The mining, trans-
portation and processing of aggregates also consume energy and therefore those
processes also emit CO, into the atmosphere, although not so significant as that
observed in cement production.

However, these problems are region specific and can be overcome by proper
planning and policy implementation. The reclamation and stabilisation of pits,
surface quarries and underground mines that result from aggregate mining should
also be done. Another way that can make the aggregates industry more sustainable
is through increased efficiency and improved technology in extraction and pro-
cessing of aggregates. Reduction in dust during the processing stages is also
important.

Sustainability in concrete production can be achieved by innovation in aggre-
gate use too. The scarcity of high quality aggregates in construction sites can be
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solved by proper engineering of local aggregates to produce quality concrete,
which will help to overcome CO, emission problem. The use of rejected aggre-
gates in aggregate processing plants should also be considered in the future. The
use of waste materials as aggregate in concrete is another good option to meet the
sustainability goal in concrete production.

1.6 Use of Waste Materials as Aggregate in Concrete

The production of waste materials is an unavoidable stage of all industrial and
human activities. This waste is now creating big environmental and economic
problems all over the world. The management and treatment of industrial solid
waste and municipal waste has recently been gaining importance worldwide. This
waste ranges from relatively inert, e.g. glass bottles, excavated soil, construction
and demolition waste, to hazardous waste with high concentrations of heavy
metals and toxic organic compounds. Several discussions and initiatives were
already taken to decrease the amount of waste production and its recycling/reus-
ing. Several benefits can be achieved by recycling waste materials in other pro-
cesses, such as decrease energy consumption, solve disposal problems, reduce
deforestation and natural resources and reduce the health risks on human and other
biotic components.

In 2004, 2006 and 2008, the total generation of waste in the 27 countries in
European Union amounted to 2.68, 2.73 and 2.68 billion tonnes, respectively
(Eurostat 2011). According to this statistics, each European Union citizen pro-
duced on average about 5.2 tonnes of waste in 2008 of which 196 kg were haz-
ardous. Construction (859 million tonnes or 32.9 % of the total) and mining (727
million tonnes or 27.8 % to the total) are the major economic sectors that gen-
erated the greater part of wastes in 2008 (Fig. 1.5a). Out of the total waste gen-
erated from these two sectors, 97 % of waste was mineral waste or soils
(excavated earth, road construction waste, demolition waste, dredging spoil, waste
rocks, tailings etc.). The share of mineral waste and soils in relation to total waste
and total hazardous waste produced was 65 % (Fig. 1.5b) and 41 %, respectively.

Substantial amounts of waste materials are also recovered, as seen in Fig. 1.6a.
In the case of non-hazardous mineral waste originating mainly from construction
and mining activities amounted to 754 million tonnes and represented 69 % of the
total waste recovered (Fig. 1.6a). The recoveries of all types of waste also grad-
ually increased from 2004 to 2008. For example, the recovery of mineral waste and
animal and vegetable waste increased from 2004 to 2008 by 177 million tonnes or
31 % and 15 million tonnes or 30 %, respectively. The recovery rates of some
waste materials over time are presented in Fig. 1.6b.

Sustainability in the construction sector can also be achieved by reuse/recycling
of waste produced in several other industrial processes as raw materials or as
secondary energy sources in construction material production; nowadays, cement
and concrete production consumes huge amounts of these materials. Waste
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materials can be used as fuel in cement kilns or in brick preparation, as raw
material for cement clinker/brick, as mineral additions to cement, or as granular
material in cement mortar and concrete production.

Although vast amounts of waste material can be consumed in the production of
cement clinker and blended cement, that consumption can be increased substan-
tially if waste is used as aggregate in cement mortar and concrete. The use of waste
material in this way can also solve problems of shortage of aggregates in con-
struction sites, reduce environmental problems related to aggregate mining and, in
some cases, reduce the cost of concrete production. The interest in using waste
materials as aggregates is rapidly growing all over the world, and significant
research is underway on the use of construction and demolition waste, granulated
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coal ash, blast furnace slag, waste glass, waste plastics, rubber waste, sintered
sludge pellets and other materials as replacement for traditional aggregates.

Depending on its properties, waste can be used in the cement and concrete
industry without treatment or after treatment. Some types of waste have to be
treated because they contain detrimental components or perform poorly. Pre-
liminary physico-chemical and mineralogical characterisation of waste is therefore
necessary before using the material in cement-based systems. Waste materials may
be mixed with other materials to prepare aggregates too. Most industrial and
municipal waste contains quite large amounts of toxic constituents, and therefore
waste that contains contaminants should also be assessed for environmental impact
as part of a proper evaluation of any waste materials that may be used as con-
stituents in concrete. This indicates that chemical, civil, material and environ-
mental engineering approaches are necessary before waste can be used safely and
effectively in the construction industry.

However, before application of waste materials in construction, the cost factor
needs to be considered seriously as it plays a vital rule particularly in the
replacement of low-cost materials such as aggregates. To analyse the feasibility of
a waste material as aggregate in concrete production, it is necessary to check
factors such as possible environmental impact of waste if it remains unused for a
long time, existence of other cost effective technology to recycle waste, compar-
ison of cost of waste material with natural aggregates and technical feasibility of
end-product. The identification of special properties inherent to recycled materials,
which can show the advantages of waste material-based product over natural
aggregates-based product, can be beneficial to reach the technical as well as
economic viability of the use of waste materials (Meyer 2005).

1.7 Overview of the Book

The contents of this book describe comprehensively the use of several waste
materials as aggregates in concrete production. The book is divided into a total of
seven chapters including introduction. The second and third chapters describe the
properties of industrial waste and construction and demolition waste used as
aggregates respectively. The fourth and fifth chapters describe the properties of
concrete containing aggregates generated from industrial waste and construction
and demolition waste respectively. The sixth chapter discusses a quantitative
procedure developed by the authors to estimate the properties of concrete con-
taining construction and demolition waste as aggregates. In Chap. 7 current codes
and practices developed in various countries to use construction and demolition
waste as aggregates in concrete preparation are discussed.

The most promising waste that can be used as aggregate in the production of new
concrete is that generated from demolition of construction materials. The waste
generated from old concrete structures is one of the largest single components of
solid waste and a promising material that can be used as aggregate in new concrete
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Table 1.4 Produced and recycled amounts of concrete and asphalt pavement wastes in three
European countries (Oikonomou 2005)

Country  Year of reporting Type of waste Amounts in millions metric ton
Produced Used
Sweden 1999 Asphalt pavement 0.80 0.76
Denmark 1997 Demolition waste 1.5-2.0 Small quantities
Concrete 1.06 0.90
Asphalt pavement 0.82 0.82
Ceramics (bricks, etc.) 0.48 0.33
Germany 1999 Asphalt pavement 12 6.0
Other road materials 22 11
Demolition waste 23 4.0
Building and demolition waste 9.2 9.2

preparation. This waste is produced in the demolition of old structures and in
destructions due to natural calamities. In a report in 1996, it was reported that each
person of the European Union generated annually, on average, 500 kg of construc-
tion rubble and demolition waste (Oikonomou 2005). So, by considering a similar
situation in other parts of world, it can be seen that a huge amount of concrete rubble
and other construction waste is generated annually all over the world. Recycling of
this waste should be encouraged because of reasons such as sustainable development
of construction and concrete industries, protection of natural resources from further
depletion and overcoming disposal problems. Therefore, recycling of construction
waste as aggregate in concrete production is widely practiced in several European
countries and in Japan. Table 1.4 shows generated and recycled amounts of some
construction wastes in three countries in Europe.

The use of construction rubble as aggregates in new concrete production is a
promising option to deal with the costs involved in the disposal of this waste, the
scarcity of natural aggregates and the cost necessary for transportation of natural
aggregates. However, several technical challenges need to be overcome to produce
high-quality waste construction-based aggregates that can be used in all confidence
to replace natural aggregates. If the economics related to recycling allow, it is also
necessary to determine the possible application of this type of aggregate where the
quality of the aggregates is less important. Several standards and codes of practice
for using concrete rubble as aggregates in concrete preparation were developed
and implemented in several countries, which is helping to achieve a much needed
sustainability in the construction sector.

1.8 Conclusions

In conclusion, it can be stated that the implementation of stringent rules and
regulations to overcome the impact of present development on the environment as
a result of increasing global consensus on environmental issues require looking for
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sustainable development in various industrial sectors including the construction
industry. Subsequently several steps have been initiated to minimise the impact of
construction industry on the environment and to adjust on time to the changing
political and societal scenario. Sustainability in construction is a complex issue
that can be achieved by considering several individual factors that need to be
addressed properly, some of which are briefly discussed in this chapter. Vast
amounts of waste materials, an inevitable subproduct of human activities, are
creating several environmental and economic problems, but are presently used or
about to be used for construction purposes. The use of this waste will enhance the
environmental suitability of construction industry and help in attaining the sus-
tainability in construction sector. To use various waste materials as aggregates in
concrete preparation, changes in the existing specifications and codes should be
made without compromising the quality of the product.
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Chapter 2
Industrial Waste Aggregates

2.1 Introduction

The aggregates typically account for 70-80 % of the concrete volume and play a
substantial role in different concrete properties such as workability, strength,
dimensional stability and durability. Conventional concrete consists of sand as fine
aggregate and gravel, limestone or granite in various sizes and shapes as coarse
aggregate. There is a growing interest in using waste materials as alternative
aggregate materials and significant research is made on the use of many different
materials as aggregate substitutes such as coal ash, blast furnace slag, fibre glass
waste materials, waste plastics, rubber waste, sintered sludge pellets and others.
The consumption of waste materials can be increased manifold if these are used as
aggregate into cement mortar and concrete. This type of use of a waste material
can solve problems of lack of aggregate in various construction sites and reduce
environmental problems related to aggregate mining and waste disposal. The use
of waste aggregates can also reduce the cost of the concrete production. As the
aggregates can significantly control the properties of concrete, the properties of the
aggregates have a great importance. Therefore a thorough evaluation is necessary
before using any waste material as aggregate in concrete. Significant work has
been done on the use of several types of waste materials as an aggregate in
preparation of cement mortar and concrete. In this section, various properties of
some waste materials used as aggregate will be presented.

2.2 Types of Industrial Waste Aggregates

The properties of waste aggregates that will be highlighted in this section are:
1. Plastics wastes; 2. Coal ash; 3. Rubber tyre; 4. Slags; 5. Waste from food and
agricultural industries; 6. Pulp and paper mill waste; 7. Leather waste; 8. Industrial
sludge; 9. Mining industry waste.

J. de Brito and N. Saikia, Recycled Aggregate in Concrete, 23
Green Energy and Technology, DOI: 10.1007/978-1-4471-4540-0_2,
© Springer-Verlag London 2013
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Depending on their generation, wastes can be separated into two types: those
that directly result from industry as industrial by-products and those that can be
named recycled wastes. The first type includes coal ash, various slags from metal
industries, industrial sludge, waste from industries like pulp and paper mills, mine
tailings, food and agriculture, and leather. The second type includes different
plastic and rubber wastes.

A broad classification of industrial waste aggregate can be made depending on
the chemical nature of wastes. Some waste aggregates come from production and
use of organic materials. Plastics, rubber, leather and some food industries wastes
are organic wastes. On the other hand, industrial slags, mining wastes, coal
industry wastes and others are inorganic wastes. Glass reinforced plastics and
some industrial sludge may contain both organic and inorganic materials.

Another classification of industrial waste aggregate can be done depending on
the weight of waste aggregates. Some aggregates are lightweight by nature.
Plastics, rubber, most food and agricultural industries wastes and coal bottom ash
are of this kind. On the other hand, most of the industrial slags are heavier than
conventional aggregates.

2.3 Coal Ash as an Aggregate in Concrete

Burning of coal generates two types of waste materials: fly ash and bottom ash.
There are two types of bottom ashes, wet bottom boiler slag and dry bottom ash
depending on both the boiler type and its design.

Coal fly ash, also known as pulverised fuel ash, is the finest fraction of these
ashes, which are released from combustion chamber and transported by flue gases.
Fly ash contains the non-combustible matter in coal along with a small amount of
carbon that remains from incomplete coal combustion. Fly ash consists mostly of
silt-sized and clay-sized glassy spheres. When pulverised coal is burned in a dry
bottom boiler about 80 per cent of the unburned material or ash is entrained in the
flue gas and is captured and recovered as fly ash. The remaining 20 % ash that is
collected from the bottom of furnaces is called coal bottom ash (CBA), which is a
coarse, incombustible by-product with a grain size similar to that of fine and coarse
sized natural aggregates. Bottom ash is produced as a granular material and
removed from the bottom of dry boilers.

Boiler slag, a coarse grained product, is produced from two types of wet bottom
boilers, slag-tap and cyclone boilers. The slag-tap boiler burns pulverised coal
while the cyclone boiler burns crushed coal. Both boiler types have a solid base
with an orifice that can be opened to allow molten ash to flow into a hopper, which
contains quenching water. When the molten slag comes in contact with the
quenching water, the ash fractures instantly, crystallises, and forms pellets. High-
pressure water jets wash the boiler slag from the hopper into a sluiceway, which
then transmits the ash to collection basins for dewatering and further processing.
Boiler slag is a coarse, angular, glassy, black material. When pulverised coal is
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burned in a slag-tap furnace, as much as 50 % of the ash is retained in the furnace
as boiler slag. In a cyclone furnace, which burns crushed coal, 70-85 % of the ash
is retained as boiler slag.

Properties of coal ash depend on coal type, pulverising system, combustion
conditions, temperature, type of furnace, minerals in coals and milling system.
Though a significant number of references are available on the properties and use
of fly ash as a mineral addition in normal Portland cement, not much literature
exists on the use of fly ash, coal bottom ash (CBA) and boiler slag as a granular
additive into concrete. Again compared to CBA, very little work has been done on
the use of other two ashes as aggregate in concrete. The properties of these ashes
will be discussed separately.

2.3.1 Bottom Ash

2.3.1.1 Dry Bottom Ash

Some of physical properties of ash generated from dry bottom boiler (henceforth
called coal bottom ash, CBA) as aggregate are presented in Table 2.1. These
properties depend on the burning efficiency, the method by which the CBA is
obtained and the type of combustion and thus the physical properties of bottom ash
greatly vary in reported works. The density parameters of CBA are considerably
lower than those of natural sand (~2.6 g/cm3) and therefore CBA can be used as
lightweight aggregate in concrete. CBA with relatively low density or specific
gravity is often indicative of the presence of porous particles. Bottom ash with
relatively high specific gravity (above 3.0) may indicate the presence of high
amounts of iron. The bottom ash is a porous material and generally has high water
absorption capacity. However, variation in water absorption capacity in different
CBA is quite large, with a range of 2-32 %. The moisture content of bottom ash
used by Andrade et al. (2009) as a fine aggregate in concrete is about 55 %. On the
other hand, CBA is more brittle than natural sand and has a greater resemblance to
cement clinker (Rogbeck and Knutz 1999).

The porosity and void content of CBA are generally higher than in natural
aggregate and thus CBA can accommodate a high amount of water in a concrete
mix. Therefore there is some difficulty in determining the exact water/cement ratio
of concrete mixes containing CBA. However, the ability to incorporate high
amount of water by CBA can be used as a reservoir of water for future hydration of
cement. This behaviour, commonly known as internal curing is particularly useful
for high strength concrete, where less water is used to make concrete. In this type
of concrete, the hydration process leads to shortage of water in the cement paste.
At this stage, the water content in CBA can promote a supply of water internally to
the concrete for continuous hydration. These hydration products fill the pores or
micro-cracks and improve concrete properties.



Industrial Waste Aggregates

2

26

Ansorod 9[qrssaooe 191eM |, (0797 1-NA SZ ‘Prepuels ysoyng, 7 <Ayaeis oyroads 3 ds ‘KIp-ooejins pajeinies (7§S

0T e 08%°C 0LTT (6007) u0od pue noyf
€l ev'e 01v'c SLTT (6007) 'Te 12 e
1"t 11 (@ss) 061 (@OX8L'1 0¥0°1
YV OS# 8 [8°¢ (ass) 00'¢ (o) 86l 886
£ ECH 4 65’1 (ass) 06'T (O) ¥8'1 89T°1 (0100) 'Te 12 997
(9661) d104ong
08C 0L (AsS) L¥'T (AO) €€7C pue LIooJeyD
(asuap)
(104 (S1) 019 6€°1 099 (3s00]) 0T9 ‘[e 39 [eSyNA
FEEl el (NLSVY) ¥1°'8 (dSS) LL'T (AO) ¥9'T (1107) 997 pue wry
201°01 ¥ 9¢T  (ANLSV) S¥'S (ASS) L8'T (O) LL'T (1107) 997 pue wry
0's U1 cee 8¢°1 (S0027) T8 10 Teg
(CRIRAI (13 -ds ‘ass) 0s'1 (S000) e 10 Teg
¥ 09°1 (138 +ds) 191 (L00T) 'Te 19 opeIpUY
Ss SS'l (18 +ds) $19'1 (L00?) ‘Te 19 speIpuy
€8l U1 68C (ass) o61°c (6007) uoog pue nosy
(9) uuod (wwr) I9jouwerp (%) yu2u0d snnpow  (9,) uondiosqe J/3Y “Kisuop Ju
PIOA# A)Iso10g WNWIXBIA QINMSION SSQUAUL] I91B M /Aaei3 ogroadg /3y ySrom jmun

sonaadoig

QIOURIRJIY

91010U0d Ul d1e3aI133e se patodar yse wonoq [eod Jo seontadoid [edrsAyd [T dqeL



2.3 Coal Ash as an Aggregate in Concrete 27

(a) 100 e b
- . 100 =
E - B0 _i * } “\\\ T =
e ¥ S 80 RN N
e & AN - BoyerRaed
3 o 60 e o \ %
2 g « i —&— Matural Sand € &0 \ [
Y7 40 i il w N \ A
'; g 4 - Furnace Bottom Ash $ \ \
@ & , 2 a0 ,
E : ® Ny
g > =
= T T T T T T T T T T T T 20 \\
L¥] 75 150 212 300 425 600 550 1,18 1,7 236335 5 63 10 14 20 \ﬁ-.___\_
- - ! I e e e —
L gz 180 181 182 183
Nominal aperture size of test sieve U.5. Sieve Size

Fig. 2.1 Particle size distribution of a CBA and of natural sand a Bai et al. (2005); b Ghafoori
and Bucholc (1996)

The particle size of CBA also depends on the factors indicated earlier. In
literature, the use of CBA as fine or coarse aggregate is reported (Table 2.1). The
CBA used in Ghafoori and Bucholc (1996) study was an well-graded fine
aggregate with a fineness modulus (FM) of 2.80 (ASTM’s recommendation of FM
range for fine aggregate is 2.3-3.1). Figure 2.1 shows the particle size distribution
of two typical CBA used as partial substitution of fine aggregate in concrete.

Compared to natural sand aggregate, which is dense, normally smooth in texture,
and round in shape. The particles of CBA aggregate are porous and angular in shape.
It has rough surface texture, large numbers of micro-pores (circular holes with a
diameter in a range of 0.5-5 pm) and internal pores. Some spherical shaped fly ash
particles having a few micrometer diameters can be deposited on the surfaces of CBA
(Kim and Lee 2011). The shape and porous structure of CBA makes it necessary to
use a high amount of water during preparation of the concrete mix. A typical pore-
size distribution curve of bottom ash (presented in Fig. 2.2) indicates that the
nanostructure of bottom ash is quite dense (Kim and Lee 2011).

The chemical properties of CBA are normally controlled by the properties of
coal (its origin). Table 2.2 shows oxide composition of some CBA samples. CBA
is composed primarily of silica (Si0,), ferric oxide (Fe,O3) and alumina (Al,Os3),
with smaller quantities of calcium oxide (CaO), potassium oxide (K,O), sodium
oxide (Na,O), magnesium oxide (MgO), titanium oxide (TiO,), phosphorous
pentoxide (P,Os) and sulphur trioxide (SO3).

The minerals identified in different CBA used as aggregate in concrete are
presented in Table 2.2. Figure 2.3 shows the X-ray diffraction (XRD) pattern of
typical low calcium CBA. The major minerals found in CBA are quartz, mullite
and a non-crystalline glassy phase. In some CBA, iron containing minerals like
hematite and magnetite may also be present. The fused and glassy texture of CBA
normally would make an ideal substitute for the aggregate fraction of concrete.

Unlike its companion—pulverised fuel ash (PFA) or coal fly ash, CBA usually
has low pozzolanicity, which makes it unsuitable to be used as a mineral addition
in cement. It may contain higher concentrations of unburned carbon. Some power
plants recover coal mill rejects with bottom ash and therefore CBA may contain
pyrites that come from mill rejects, which can cause expansion in concrete.
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2.3.1.2 Boiler Slag or Wet Bottom Ash

Boiler slag is a vitrified material, which is a very durable and environmentally
stable form that permanently immobilises its chemical constituents into the glassy
amorphous structure. Boiler slag is made of porous, glassy, angular, uniform sized
smooth granular particles. The quenched slag becomes somewhat vesicular or
porous if gases are trapped in the slag. Boiler slag generated from burning of
lignite or sub-bituminous coal tends to be more porous than that of bituminous
coals (Lovell and Te-Chih 1992).

The boiler slag primarily comprises particles, which can be regarded as single-
sized coarse to fine sand with 90-100 % passing a 4.75 mm mesh sieve, 40-60 %
passing a 2.0 mm mesh, 10 % or less passing a 0.42 mm mesh and 5 % or less
passing a 0.075 mm mesh (Majizadeh et al. 1979). Boiler slag is black in colour,
hard, and durable with a resistance to surface wear.

Boiler slag typically contains 40-60 % SiO,, 18-38 % Al,O;, 2-7 % Fe,0s5,
1-4 % CaO, 0.5-3.0 % MgO and 0.5-2.0 % TiO,. The chemical composition of
boiler slag is also governed by the coal source. Boiler slag exhibits less abrasion and
soundness loss than bottom ash as a result of its glassy surface texture and lower
porosity. The predominate minerals present in boiler slags are mullite, quartz, cal-
cium silicate and quicklime. The specific gravity of boiler slag usually ranges from
2.3102.9. The dry unit weight of boiler slag usually ranges from 960 to 1,440 kg/m”>.
Occasionally, the dry unit weight of boiler slag may reach 1,760 kg/m®.

Deleterious materials, such as soluble sulphates or coal pyrites, should be
removed from the bottom ash and boiler slag before attempting to use these
materials as an aggregate. Pyrites can be removed from the coal before it is burned
using sink-float techniques, or from the bottom ash or boiler slag using magnetic
separation. Due to salt content (soluble chlorides and sulphates) and low pH and
electrical resistivity, bottom ash and boiler slag may be potentially corrosive and
therefore evaluation of the corrosive nature of the bottom ash being used should be
investigated. Corrosivity indicator tests normally used to evaluate bottom ash are
pH, electrical resistivity, soluble chloride content and soluble sulphate content.
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2.3.1.3 Fly Ash

The use of fly ash (FA) as partial replacement of normal Portland cement in concrete
is very common nowadays and around 15-25 % of cement is generally replaced by
FA in normal structural concrete mixes. However, the overall percentage utilisation
remains very low in many countries, and most of the fly ash is dumped at landfills
(Siddique 2003a, b; Ravina 1997). Much higher quantities of FA can be used in
concrete if fly ash can partially replace the fine sand fraction in concrete mix. This
replacement can be made by low quality fly ash too, which has low pozzolanic
properties. Although many references are available on the use of fly ash as a sup-
plementary cementing material in concrete, the number of available references on the
use of fly ash as partial replacement of fine aggregates is not very large.

American Society for Testing and Materials (ASTM) C618-03 (Standard
specification for coal fly ash and raw or calcinated natural pozzolan for use in
concrete), classifies fly ash into two categories—Class F (low calcium) and Class
C (high calcium) fly ash. Combustion of bituminous or anthracite coal normally
produces Class F (low calcium) fly ash and combustion of lignite or sub-bitumi-
nous coal normally produces Class C (high calcium) fly ash.

The chemical composition of fly ash used as aggregate in concrete is presented
in Table 2.3. The chemical composition of fly ash depends on the type of coal.
More references are available on the use of low calcium fly ash as a replacement of
fine aggregate in concrete than high calcium fly ash. High calcium fly ash contains
large amounts of free lime and sulphite than that of low calcium fly ash. Due to the
presence of undesirable chemical components in high calcium fly ash, the use of
this material is much limited compared to low calcium fly ash.

The mineralogical composition of fly ash is very complex. Mineralogically, fly
ashes are a heterogeneous mixture of mineral phases and amorphous glassy phases
with small amount of unburned carbon. The glassy phase of low calcium fly ash is
alumino-silicate type whereas that of high calcium fly ash is a mixture of calcium
aluminate and ferrous alumino-silicate (Das and Yudhbir 2006).
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Table 2.3 Chemical composition of some fly ashes used as a replacement of sand fraction in
concrete

Constituents/ Siddique  Maslehuddin Rajamane  Pofale and Papadakis Papadakis

properties (2003a,b) et al. (1989) etal. (2007) Deo (2010) (1999) (2000)
SiO, 55.3 60.5 59 55.5 53.50 39.21
Al,O3 25.7 23.0 nr 31.3 20.40 16.22
Fe,03 5.3 7.5 nr 6.4 8.66 6.58
CaO 5.6 2.0 1.02 1.02 3.38 (free: 22.78
0.36) (free:
5.18)
MgO 2.1 1.0 0.30 0.21 - -
TiO, 1.3 nr 2.70 - -
SO;3 1.4 0.3 - 0.44 0.63 4.30
Na,O 0.4 nr 0.54 (total - -
alkalis)
K,0 0.6 nr 0.25 - -
LOI 1.9 1.4 1.08 0.74 2.20 2.10
Moisture 0.3 nr nr Nr - -
content
SiO, + Al,O5, 86.3 91 - 93.2 82.16 62.01
Fe, 03

Depending on the fly ash type, the mineral matter present in fly ash varies sig-
nificantly. More than 188 minerals have been identified in fly ash, most of them trace
minerals. High calcium fly ash contains large amounts of calcium-bearing minerals
like lime, anhydrite, gypsum, tricalcium aluminate, alite, gehlenite, akermanite,
portlandite and larnite. Some other minerals like quartz, hematite and magnetite are
also present in high calcium fly ash. On the other hand, low calcium fly ash mainly
contains quartz, mullite, hematite, magnetite and small amounts of calcite.

Silicon and aluminium are mainly present in a glassy phase, with small amounts
of quartz and mullite included. Iron appears partly as oxides (magnetite and
hematite), with the rest in a glassy phase.

The specific gravity of fly ash may vary from 1.3 to 4.8 (Joshi and Lohtia 1997).
FA mainly consists of clay and silt-sized particles (particle diameter <45 micro-
meter), which are generally spherical in shape. There is a wide variation in the
particle size distribution of fly ashes irrespective of the type of fly ash. The particle
size distribution of fly ash mainly depends upon the initial grinding of the coal and
the efficiency of the thermal power plant and even fluctuations in power generation
(Lee et al. 2010). The shape of the FA may vary depending on the various physical
and chemical factors. The glassy phase is mainly spherical in shape. However,
large sized or irregular shaped particles can also be formed from the fusion of
smaller fragments and incomplete melting. The colour of coal ash depends on its
chemical and mineral constituents. High lime containing FA is normally tan and
light in colour. Iron containing FA is brownish in colour. The dark grey to black
colour of FA indicates the presence of a high amount of unburned carbon.
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2.4 Industrial Slag

Slag is a partially vitreous by-product of smelting ore due to separating of the
metal fraction from the worthless fraction. It can be considered a mixture of metal
oxides; however, slags can contain metal sulphides and metal atoms in the
elemental form.

2.4.1 Ferrous Slag

Ferrous slag is produced during the production of iron using blast furnace (blast
furnace slag) as well as in the separation of the molten steel from impurities in
steel-making furnaces (steel slag) (Fig. 2.4).

2.4.1.1 Steel Slag

Steel slag is produced during the separation of molten steel from impurities in steel
furnaces. The slag occurs as a molten liquid and is a complex solution of silicates
and oxides that solidifies upon cooling. There are several different types of steel
slag produced during the steel-making process out of which basic oxygen furnace
steel slag (BOF slag), electric arc furnace slag (EAF-slag) and ladle furnace slag
(LDF-slag) or refining slag are important.

An electric arc furnace produces steel by melting recycled steel scrap, using
heat generated by an arc, created by a large electric current. The slag is formed
through the addition of lime, which is designed to remove impurities from within
the steel. Slag has a lower density than steel and therefore floats on top of the
molten bath of steel.

In the basic oxygen process, hot liquid blast furnace metal, scrap and fluxes,
which consist of lime (CaO) and dolomitic lime (CaO.MgO), are charged into the
furnace. The oxygen, injected into the furnace, combines with and removes the
impurities in the charge. These impurities consist of carbon as gaseous carbon
monoxide, and silicon, manganese, phosphorus and some iron as liquid oxides,
which combine with lime and dolomitic lime to form the BOF steel slag.

After being tapped from the furnace, molten steel is transferred in a ladle for
further refining to remove additional impurities still contained within the steel.
This operation is called ladle refining because it is completed within the transfer
ladle. During ladle refining, additional steel slags are generated by again adding
fluxes to the ladle to melt.

Steel mill scale is produced during processing of iron in steel mills. During the
processing of steel in steel mill, iron oxides, known as mill scale are formed on the
surface of the metal during the continuous casting, reheating and hot rolling operations.
The steel mill scale is removed by water sprays. The steel mill scale is somewhat
similar to steel slag and therefore, like steel slag, it can be used in concrete production.
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Fig. 2.4 Flowchart of production of ferrous slag (courtesy Nippon Slag Association)

The use of steel slag in the preparation of blended cement, or cement clinker,
and as aggregate or hydraulic binder in road construction has been proposed by
several authors for a long time (Mahieux et al. 2009; Monshi and Asgarani 1999;
Shi and Qian 2000). However, not much is reported on the use of steel slag as
aggregate in preparation of cement mortar and concrete. Compared to the use of
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BOF-slag as aggregate in concrete, more references are available on EAF-slag. On
the other hand, LDF-slag is mainly used as a mineral admixture in cement due to
its particle size and possibly its mineralogy.

Steel slag is a crushed product having hard, dense, angular and roughly cubical
particles (National Slag Association 2011). The EAF-slag used by Al-Negheimish
et al. (1997) as a replacement of coarse aggregate in concrete was angular shaped
with honeycombed surface texture. The angular shape of steel slag aggregate can
help to develop very strong interlocking properties. The Flakiness Index (FI) of the
steel slag aggregate is markedly lower than those for the dolerite and quartzite
aggregates (Anastasiou and Papayianni 2006). The amount of clay lump and fri-
able material content in steel slag is considerably lower than in natural aggregates
(Almusallam et al. 2004).

Anastasiou and Papayianni (2006) evaluated several physical properties of
crushed steel slag to be used as an aggregate in concrete. The authors concluded
that the evaluated aggregate properties of steel slag are in between the limits of the
standards and in the best categories. Some physical properties of the different types
of steel slags used as aggregate in concrete or asphalt mix and reported by several
researchers are presented in Table 2.4. Steel slag has higher abrasion resistance
and lower crushing value than natural aggregates. On the other hand, the specific
gravity and water absorption capacity of steel slag are higher than those of con-
ventional aggregates. The porosity of a typical steel slag reported by Manso et al.
(2004) is 10.5 %. EAF-steel slag aggregates have excellent resistance to frag-
mentation (Papayianni and Anastasiou 2010).

The surface texture of steel slag is rougher than that of limestone aggregate
(Xue et al. 2006; Ahmedzade and Sengoz 2009). The scanning electron micro-
graph of EAF-slag indicates the presence of many pores on its surface. Steel slag
has higher bulk density than natural aggregates (Al-Negheimish et al. 1997).

An adequate grading of steel slag is necessary to obtain better performance
from concrete containing steel slag as aggregate (Manso et al. 2006). The particle
size distribution curves of two typical EAF-slags used as coarse and fine aggregate
in concrete are presented in Fig. 2.5. Depending on the cooling process, the par-
ticle size of steel slag may vary. Air-cooled steel slag consists of large sized
granules and some powder (Wang et al. 2010).

The high content of free lime (free-CaO) and periclase (MgO) is the detrimental
factor against using various steel slags as aggregate in concrete. The content of free
lime (free-CaO) and periclase (MgO) in EAF-slag is considerably lower than in
BOF-slag. As steel slag contains expansive materials like CaO and MgO, to be
used in concrete slag is generally treated. Ageing or weathering of slag, steam and
autoclave curing of slag are generally performed to reduce expansive oxide con-
tents (Chen et al. 2007; Faraone et al. 2009; Lun et al. 2008; Pellegrino and Gaddo
2009). As the majority of the steel slag contains free CaO and MgO, experiments
are generally performed to evaluate the free CaO and MgO content in the slag and
soundness of steel slag aggregate.

Tables 2.5, 2.6 and 2.7 show the chemical compositions of BOF-, LDF- and
EAF-slags, respectively. Steel slag is basic in nature (ratio of concentrations of
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Table 2.4 Some physical properties of steel slag

Property Steel Type of  Natural Type of natural Reference
slag  steel slag aggregate aggregate

Specific gravity 3,51 EAF-slag 2.71 Quartzite Almusallam et al.

Los Angeles abrasion (%) 11.6 19.2 (2004).

Water absorption (%) 0.85 1.60

Specific gravity 3.64 EAF-slag 2.66 - Al-Negheimish
et al. (1997)

Water absorption (%) 0.54 1.67

Specific gravity 3.35 EAF-slag Manso et al.
(2004)

Los Angeles abrasion (%) ~20

Water absorption (%) 3.29

Porosity (%) 10.5 -

Specific gravity 3.02 EAF-slag 2.63 Limestone Ahmedzade and

Los Angeles abrasion (%) 20 29 Sengoz (2009)

Shape (flat and long) (%) <10 BOF-slag 10 Basalt Xue et al. (2006)

LA abrasion (%) 13.1 14.9

Crushing value (%) 12.0 12.9

Water absorption (%) 1.18 0.70

Specific gravity 348 BOF-slag 2.66 River crushed Shen et al. (2009)

Water absorption (%) 2.2 1.3 stone

LA abrasion (%) 20.96 23.52

Shape (flat and elongated) 5.14 7.55

(%)
Roundness index (%) 0.60 0.54

Ca0O + MgO to SiO, + Al,Oj3 greater than 1) (Tossavainen et al. 2007). The order
of this ratio for LDF-, EAF- and BOF-slags can be arranged as EAF-slag < LDF-
slag < BOF-slag. The reactivity and free CaO content of steel slag increases with
its increasing basicity (Shi and Qian 2000). Compared to BOF- and LDF-slag,
most EAF-slags contain less CaO and MgO in their chemical compositions. There
are some aggregates reported as steel slags (Maslehuddin et al. 2003; Qasrawi
et al. 2009), which contain more than 85 % of Fe,O3 and are therefore completely
different from other EAF-slags (Table 2.8). This material can be considered as mill
scale. The dominant minerals of EAF-slag can be classified into dicalcium silicate
(C,S), merwinite (C3MS,) or kirschsteinite (CFS), depending on the basicity of
steel slag, of which the basicity of kirschsteinite is the lowest (Qian et al. 2002).

Although the concentrations of some toxic metals in steel slag are higher than
those in normal soil, metals are strongly bound with the slag matrix and therefore
are not readily leached. Therefore, steel slag cannot be considered as “charac-
teristically hazardous” material (Proctor et al. 2000). However, in a recent report
higher leachability values (above the standard limit for inert landfill) of Cr and Mo
from EAF-slag were also reported (Tossavainen et al. 2007). As the chemical
composition of steel slag is highly variable mineralogical composition of steel slag
also varies. Table 2.9 shows the mineralogical compositions of various types of
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slags as reported by various authors. Different calcium silicates, solid solution of
Ca0-FeO-MnO-MgO and free-CaO are the common minerals in steel slag.

2.4.1.2 Blast Furnace Slag

When the blast furnace is tapped to release the molten iron, it flows from the
furnace with molten slag floating on its upper surface. These two materials are
separated using a weir, the molten iron being channelled to a holding vessel and
the molten slag to a point where it is to be treated further. The final form of the
blast furnace slag is dependent on the method of cooling. There are four main
types of blast furnace slag: granulated; air-cooled; expanded and pelletised.
Chemically, the blast furnace slag contains mainly silica (30-35 %), calcium
oxide (28-35 %), magnesium oxide (1-6 %), and Al,O3/Fe,O5 1.8-2.5 %. Due to
its low iron content it can be safely used in the manufacturer of cement. Two types
of blast furnace slag such as air-cooled slag and granulated slag are being gen-
erated from the steel plants. The specific gravity of the slag is approximately 2.90
with its bulk density varying in the range of 1,200-1,300 kg/m>. The colour of
granulated slag is whitish. The air-cooled slag is used as aggregate in road making
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Table 2.9 Mineralogical compositions of various slags

Authors Country  Type of slag Minerals identified
Rojas and Rojas Spain EAF-slag Waustite/plustite, magnesioferrite/magnetite, hematite,
(2004) larnite, bredigite/merwinite, gehlenite,
birnessite/groutellite (manganese oxides)
Faraone et al. Ttaly EAF-slag Fine fraction: glaucochroite (CaMn),SiOy,
(2009) iron manganese oxide (FeMnO)

Medium: calcite (CaCO3), glaucochroite (CaMn),SiOy),
iron manganese oxide (FeMnO), magnetite (Fe;0.),
portlandite (Ca(OH),)

Tossavainen et al.  Sweden LDF-slag Mayenite, (Ca;,Al;4033), free MgO. -Ca,SiOy,
(2007) y-CaySi0,, CayAl,SiO;
BOF-slag Larnite, -Ca,SiOy, solid solution of (Fe,Mg,Mn)O,

solid solution of (CaMg)O
EAF-slag, S1 Merwinite, CazMg(SiOy),, 7-Ca,SiOy, solid solution
of spinel phase (Mg, Mn)(Cr, Al),O,
EAF-slag, S2 p-Ca,Si0,, wustite-type solid solution ((Fe, Mg, Mn)O),
Cay(Al, Fe),0s Fe;05
Qian et al. (2002)  Singapore Kirschsteinite Kirschsteinite (CaFe2+(SiO4)), Mg-wustite

based EAF-
slag

Luxan et al. (2000) Spain EAF-slag, S1 Major: gehlenite [Ca, Al(Al,Si), O], larnite (Ca,SiOy)
and S2 Minor: bredigite [Ca;4Mg,(SiO4)s], manganese oxides

(Mn304, MnO,), magnesioferrite (MgFe,0y),
magnetite (Fe;0,4)

while the granulated slag is used for cement manufacturing. Its use as aggregate in
concrete is not very usual although it has no behavioural problems, and there has
been little research work done on the subject.

Because of their more porous structure, blast furnace slag aggregates have
lower thermal conductivities than conventional aggregates. Their insulating value
is of particular advantage in applications such as frost tapers (transition treatments
in pavement sub-grades between frost susceptible and non-frost susceptible soils)
or pavement base courses over frost-susceptible soils.

The granulated blast furnace slag is formed due to rapid quenching of molten
slag, which converts it into a glassy state. Granulated slag possesses cementitious
properties if it is ground finely. The size and physical properties of granulated blast
furnace slag varies, depending on the chemical composition and method of pro-
duction. Numerous studies are available on the properties of cement and concrete
containing ground blast furnace slag as a latent hydraulic material. Slag cement is
the hydraulic cement that results when molten slag from an iron blast furnace is
rapidly quenched with water, dried and ground to a fine powder. Blast furnace slag
sand was recognised as meeting JIS A 5012 standards in 1981, and has also been
stipulated in guidelines for the Japan Society of Civil Engineers. It is also stipu-
lated as JIS A 5308 (ready-mixed concrete).

Air-cooled blast furnace slag (air-cooled slag) is prepared by cooling the molten
blast furnace slag slowly by ambient air. A small amount of water is generally used
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to spray the surface of the slag to assist in the cooling process. The air-cooled blast
furnace slag is normally processed in a crushing and screening plant to manu-
facture products of particular maximum sizes and gradings. Crushed air-cooled
slag is angular, roughly cubical, and has textures ranging from rough, vesicular
surfaces to smooth glassy surfaces with conchoidal fractures. Processed air-cooled
slag exhibits good abrasion resistance, good soundness characteristics and high
bearing strength. The cementitious property of air-cooled slag is poorer than in
other types of slag prepared by rapid quenching. Slag sand is very angular and
coarse and therefore mixes containing this product require a high fine sand content
or the use of a mix containing three sand types. In general, blast furnace slag
processed for use as a concrete aggregate complies with the same requirements for
naturally occurring dense aggregate. While complying with these requirements,
air-cooled blast furnace slag aggregate differs from the range of naturally occur-
ring dense aggregates in certain properties. The particle and bulk densities of air-
cooled slag are slightly lower than those of natural aggregates. It has higher water
absorption and Los Angeles value. Some typical properties of air-cooled slag are
presented in Table 2.10.

If the molten slag is cooled and solidified by adding controlled quantities of
water, air-, or steam, the resultant slag becomes a lightweight expanded or foamed
type of product. Foamed blast furnace slag is distinguishable from air-cooled slag
by its relatively high porosity and low bulk density. Crushed expanded slag is
angular, roughly cubical in shape and has a texture that is rougher than that of air-
cooled slag. The porosity of expanded blast furnace slag aggregates is higher than
that of air-cooled slag. The bulk relative density of expanded slag is difficult to
determine accurately, but it is approximately 70 % of that of air-cooled slag.
Typical compacted unit weights for expanded blast furnace slag aggregates range
from 800 to 1,040 kg/m”>.

The molten slag can be pelletised during cooling and solidification process. The
produced pellets can be made more crystalline or more vitrified (glassy). Crys-
talline pellet can be used as aggregate. The pelletised blast furnace slag has smooth
texture and round shape. Consequently, the porosity and water absorption are
much lower than those of air-cooled or expanded slag. Pellet sizes range from 13
to 0.1 mm, with the bulk of the product in the 1.0-9.5 mm range. Pelletised blast
furnace slag has a unit weight of about 840 kg/m?.

Collins and Sanjayan (1999) reported the use of an air-cooled porous slag with
maximum diameter of 14 mm as a coarse aggregate in preparation of alkali
activated slag concrete. The specific gravity of the slag aggregate was 2.71, which
was slightly lower than used basalt aggregate (2.95). The water absorption
capacity of slag was 4.4 % and considerably higher than basalt aggregate (1.2 %).

Etxeberria et al. (2010) reported the use of blast furnace slag of size range of
4.75-25 mm as a complete or partial replacement of coarse aggregate in prepa-
ration of concrete. The physical properties of the aggregate were determined
according to British standard, BS EN 1097-6:2000. The oven dry and saturated
surface dry densities of the aggregate were 2.27 and 2.37 g/cm® respectively ,
which are lower than the used natural aggregate (about 2.7 g/cm’). On the other
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Table 2.10 Typical mechanical properties of air-cooled blast furnace slag (FHWA-RD-97-148)

Property Value

Los Angeles abrasion (ASTM C131) 35-45 %
Sodium sulphate soundness loss (ASTM C88) 12 %

Angle of internal friction 40-45
Hardness (measured by Mohr’s scale of mineral hardness)® 5-6
California bearing ratio (CBR), top size 19 mm (3/4 in)® up to 250 %

% Hardness of dolomite measured on same scale is 3—4
® Typical CBR value for crushed limestone is 100 %

hand, the water absorption capacity of slag aggregate was 4.10 % and lower than
that of natural aggregate (2.94 %).

Yuksel et al. (2011) used granulated blast furnace slag (GBFS) with maximum
diameter of 4 mm as partial replacement of fine aggregate in concrete. The various
properties of GBFS aggregate along with a natural fine aggregate are presented in
Table 2.11.

Escalante-Garcia et al. (2009) reported the use of a GBFS as fine aggregate in
cement mortar. The GBFS employed as an aggregate was used as received and
only a fraction of large sized particles was removed; 90 % was retained in the
0.420 mm sieve and 28 % was retained in the 1 mm sieve. The used GBFS has
sharp edges and some particles have several surface pores.

Leshchinsky (2004) reported the use of air-cooled slag sand with maximum size
of 6.3 mm as a fine aggregate in ready-mixed concrete. The moisture content of
the used slag sand is within a range of 2—4 % above the saturated surface dry
(SSD) content. According to the author, complete saturation is crucial for slag
aggregate and for slag sand to achieve the required concrete properties.

2.4.2 Non-Ferrous Slag

Non-ferrous metallurgical slags are generated during refining of various metals
such as Cu, Cr, Zn and treatment of waste such as Pb-acid batteries. Some physical
properties of a few non-ferrous slags are presented in Table 2.12.

2.4.2.1 Copper Slag

Copper slag is a by-product obtained during the matte (molten copper sulphide)
smelting and refining of copper (Biswas and Davenport 1976). Major constituents
of a smelting charge are sulphides and oxides of iron and copper. The charge also
contains oxides such as Al,O3, CaO, MgO, and principally SiO,, which are either
present in the original concentrate or added as a flux. As a result, copper-rich matte
(sulphides) and copper slag (oxides) are formed as two separate liquid phases. The
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Table 2.11 Physical properties of granulated blast furnace slag (Yuksel et al. 2011)

Property Type of aggregate

GBFS Natural
Loose bulk density (kg/m®) 1,052 1,930
Dense bulk density (kg/m3) 1,236 1,950
Specific gravity 2.08 2.60
Water absorption (%) 8.30 2.30
Amount of clay (%) 1.0 4.0
Loss on ignition (%) 1.8 5.0
Lightweight particles (%) 3.0 4.0

Table 2.12 Some physical properties of various non-ferrous slags (Publication number: FHWA-

RD-97-148)

Property Nickel slag Copper slag Phosphorus slag Lead, lead-zinc,
and zinc slags

Appearance Reddish brown to  Black Black to dark grey Black to red
brown-black

Texture Massive, angular,  Glassy, more Air-cooled is flat and Glassy, sharp
amorphous vesicular elongated but granulated angular
texture when is uniform, angular (cubical)

granulated particles
Unit weight, 3,500 2,800-3,800 Air-cooled: 1,360-1,440 <2,500-3,600
(kg/m®) Expanded: 880-100
Absorption (%) 0.37 0.13 1.0-1.5 5.0

molten slag is discharged from the furnace at 1,000—1,300 °C. When liquid slag is
cooled slowly, it forms a dense, hard crystalline product where a quick solidifi-
cation by pouring molten slag into water provides amorphous granulated slag.
Production of one tonne of copper generates approximately 2.2-3 tonnes of copper
slag. In the United States the amount of copper slag produced is about four million
tonnes (Collins and Ciesielski 1994), in Japan it is about two million tonnes per
year (Ayano and Sakata 2000), and approximately 360,000, 244,000 and
60,000 tonnes of copper slag are produced every year in Iran, Brazil and Oman,
respectively (Behnood 2005; Moura et al. 1999; Taeb and Faghihi 2002).

Recycling, recovering of metal, production of value added products and
disposal in slag dumps or stockpiles are the options for management of copper
slag. It has been widely used for abrasive tools, roofing granules, cutting tools,
abrasive, tiles, glass, road-base construction, railroad ballast, asphalt pavements,
cement clinker and blended cement production (Shi et al. 2008). Many researchers
have investigated the use of copper slag as fine or coarse aggregate in the prep-
aration of cement mortar and concrete.

The main concern in large-scale use of copper slags including in construction is
the content of toxic elements in copper slag and the consequent leaching from slag
and slag based products. However, copper slag has been excluded from the listed
hazardous waste category of the United States Environmental Protection Agency
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(USEPA). The United Nations (UN) Basel Convention on the Transboundary
Movement of Hazardous Waste and its Disposal also ruled that copper slag is not a
hazardous waste (Alter 2005).

The chemical composition of copper slag depends on the type of furnace, the
metallurgical production process, and the composition of the extracted ore. The
range of percentage of the main oxides of copper slag can vary as follows—Fe,O5:
35-60 %, SiO,: 25-40 %, CaO: 2-10 %, Al,03: 3—15 %, CuO: 0.3-2.1 %, MgO:
0.7-3.5 %. The density of copper slag varies between 3.16 and 3.87 g/cm’, the
average specific gravity of copper slag is about 3.5 g/cm’ and the average water
absorption of copper slag is 0.15-0.55. Water-cooled copper slag has a higher
water absorption and lower unit weight than air-cooled copper slag due to its more
porous texture (Shi et al. 2008). Air-cooled copper slag has a black colour and
glassy appearance. The specific gravity varies with iron content, from 2.8 to 3.8.
The unit weight of copper slag is somewhat higher than that of conventional
aggregates. The absorption capacity of the material is typically very low (0.13 %).
Granulated copper slag is more porous and therefore has lower specific gravity and
higher absorption capacity than air-cooled copper slag. The granulated copper slag
is made up of regularly shaped, angular particles, mostly between 4.75 and
0.075 mm in size (Emery 1995; Hughes and Halliburton 1973).

Air-cooled and granulated copper slag has a number of favourable mechanical
properties for aggregate use, including excellent soundness characteristics, good
abrasion resistance, and good stability. It has high friction angle due to sharp angular
shape. However, the slag tends to be vitreous or ‘glassy,” which adversely affects their
frictional properties (skid resistance), a potential problem if used in pavement surfaces.

Khanzadi and Behnood (2009) reported the use of copper slag as a coarse
aggregate in concrete, which meet the grading requirements of ASTM C 33 for
12.5-4.75 mm size aggregates. The physical properties of the copper slag aggre-
gates along with a coarse natural limestone aggregate are presented in Table 2.13.
The used copper slag has significantly higher specific gravity than the limestone
aggregate. The high specific gravity and the glass-like smooth surface properties of
irregular grain shape of copper slag aggregates can increase bleeding. The water
absorption capacity of copper-slag is 0.4 % and lower than limestone aggregate,
which is 0.6 %. Copper slag aggregate is harder than natural limestone aggregate.

Wu et al.(2009) reported the use of copper slag as a fine aggregate in concrete.
The copper slag used in this investigation had a density of 3,660 kg/m?, in contrast
with the density of sand of 2,640 kg/m>. The fineness modulus of the copper slag
was 1.78, which was finer than sand, with a fineness modulus of 2.91. The particle
size of the copper slag was well distributed within the range of 0.1-1 mm. The
shape of sand is irregular with rounded edges at 50 x magnification while that of
copper slag is angular with sharp edges. The surface texture of sand is rougher than
that of copper slag at 200 x magnification. Under observation at 1,000 x mag-
nification the presence of moisture on sand surface is visible, but the surface of
copper slag is glassy and dry.

Al-Jabri et al. (2011) reported the use of a copper slag as a fine aggregate in the
preparation of cement mortar and concrete. Before using the slag, the material was
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Table 2.13 Some physical properties of copper slag and limestone aggregate (Khanzadi and
Behnood 2009)

Properties Copper slag aggregate Limestone aggregate
Specific gravity, g/cm® 3.59 2.65

Aggregate crushing value, % 10-21 23

Aggregate impact value, % 8.2-16 11

Water absorption, % 0.4 0.6

Particle size, mm 4.75-12.5 4.75-12.5

grinded in the laboratory into a fine powder to the required size. The particle size
distribution of the ground slag along with normal sand is presented in Fig. 2.6.

Copper slag has high concentrations of silica, alumina and iron oxides. Results
from specific gravity and water absorption tests revealed that copper slag has a
specific gravity of 3.4 which is higher than that of sand (2.77), whereas the water
absorption values for copper slag and sand were about 0.2 and 1.4 %, respectively.

Brinda et al. (2010) used a copper slag as partial replacement of sand and
cement in concrete preparation. The physical properties of copper slag are pre-
sented in Table 2.14. The slag was made of black glassy particles and granular in
nature and has a particle size range similar to sand. The specific gravity of the slag
is 3.91. The bulk density of granulated copper slag varied from 1.9 to 2.15 kg/m?,
which is almost similar to the bulk density of conventional fine aggregate. The
hardness of the slag lies between 6 and 7 in the Mohr scale. This is almost equal to
the hardness of gypsum. The pH of aqueous solution of aqueous extract as per IS
11127 varies from 6.6 to 7.2. The free moisture content present in slag was found
to be less than 0.5 %. The amount of silica in slag is about 26 %. The fineness of
copper slag was calculated as 125 m?/kg.

Ishimaru et al. (2005) reported the use of a copper slag as a replacement of sand
in the preparation of concrete. The density, water absorption and fineness modulus
of used copper slag are respectively 3.46 g/cm?, 0.65 and 2.58 %.

2.4.2.2 Other Non-ferrous Slags

The use of other non-ferrous industrial slags as aggregate in concrete and cement
mortar is also reported. Lead slag generated from lead smelting and from recycling
of secondary lead batteries may be used as fine and coarse aggregate in the
preparation of cement mortar and concrete.

Atzeni et al. (1996) reported the use of granulated slag generated during
smelting of lead and zinc by two different processes (named as Imperial Smelting
and Kivcet slags), as a partial and total replacement of the sand fraction in cement
mortar and concrete. The slags were used as received from granulation plants.
Both types of slags were essentially vitreous with small amount of gehlinite,
crystobalite and iron oxides as minor crystalline components. Both slags contain
FeO, SiO,, CaO and Al,O3 as the major oxides with significant amounts of zinc
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Table 2.14 Some physical

- Particle shape Trregular

properties of copper slag

(Brinda et al. 2010) Appearance Black and glassy
Specific gravity 391
Percentage of voids 43.20 %
Bulk density 2.08 g/em®
Fineness modulus 3.47
Angle of internal friction 51°20

and lead. Most slag grains are rounded and others are polygonal as a result of
conchoidal fracture caused by thermal shock induced by granulation. Imperial
Smelting slag is generally less regular than Kivcet slag. The grain size distribution
of both slags is similar to that of normal sand. The predominant fraction by mass is
the 0.15-2 mm size range. The grains have very low porosity, on average 1 % by
volume for the K slag and 3 % by volume for the IS slag.

Penpolcharoen (2005) reported the use of a secondary lead slag as an admixture
and/or as an aggregate in the production of concrete blocks. The slag was produced
from battery smelting using CaCOj as flux. The fine fraction of slag, which passed
through ASTM sieve No. 200, was used as a partial substituent of ordinary
Portland cement, while the coarse fraction of slag, which passed through ASTM
sieve No. 4, was used to partially replace crushed limestone aggregate. The CaO
content in slag is 6.2 times less than that in OPC, whereas its iron content, as FeO,
is 15.1 times higher. The Fe in slag is mainly contained as FeO and therefore
weight gain was observed during determination of loss on ignition test. The
physical properties of fine and coarse fractions of slags are presented in Table 2.15
along with OPC and crushed stone aggregate.

Sorlini et al. (2004) reported the use of two different types of slag that contained
very high amounts of Zn as aggregate in the preparation of concrete. A fresh slag
obtained after water cooling and a cured slag after storage of about 6 months in
landfill were used in this study. The slag is generated as a by-product of the
conversion of electric arc furnace (EAF) dusts (with zinc concentration of
18-35 %) into an impure zinc oxide, called Waelz oxide (with zinc concentration
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Table 2.15 Some physical properties of secondary lead slag (Penpolcharoen 2005)

Property OPC Fine slag Crushed stone Coarse slag
Specific gravity 3.15 3.62 2.71 3.62

Blain fineness 3,380 3,333 - -
Fineness modulus - - 4.74 4.70

of 55-65 %), that can be reprocessed in metallurgical plants. This slag is classified
as dangerous waste. Both slags contain very high concentrations of calcium
(43 %). Zinc and lead concentrations are about 6 and 1 % respectively; other
metals, like manganese, cadmium, copper, chromium and arsenic, are also present
in considerable amounts. However, the leachability of these toxic elements in
concrete blocks with this slag as aggregate is within the specified limit.

Zelic (2005) investigated the use of a high-carbon ferrochromium slag as
aggregate in the preparation of concrete. Before using the slag as aggregate, the
original air-cooled slag was crushed to a grain size in the range of 0—16 mm, first
by a hammer crusher and then by a cone beaker. The metallic globules of ferro-
chromium metal were then removed from the crushed slag by the Remer jig
treatment by means of difference in specific gravities of slag and metallic fraction.
The specific gravity of slag and FeCr metal is 3.2 and 7.1 g/cm?®, respectively. The
refined slag (0—16 mm) fraction contains up to the 11 % Cr.

The part of the Cr,O3; component in the slag is 8.3 % in mass smaller after the
jig treatment than in the original slag before the treatment, which was the actual
aim of the applied process of metal concentration and its removal from the slag.
No chlorides were observed in the slag and the sulphur SO; content of 0.50 % in
mass is much lower than the allowed value of 1.00 % in mass, indicating that the
slag does not contain harmful components that may be found in aggregates. The
major minerals present in slag are: forsterite, (Mg, Fe),SiO,, common-spinel
(MgAl,O,), chrome-spinel (Mg, Fe)(Cr,Al),0,4) as unaltered chromium ore and
also of small amounts of enstatite (MgSiO3). The slag exhibits better performance
than normal limestone aggregate during the Loss Angeles and Bohme wear tests.
The fineness modulus of the unfractionated slag varied from 4.0 to 5.1 suggesting a
too uneven size distribution of the slag, as the upper acceptable limit is 3.6. The
volume mass of ferrochromium slag particles is about 3,250-3,310 kg/m® and that
of the limestone ones about 2,700 kg/m3. The Faury coefficients, k, obtained for
both the (4-8 mm) and the (8-16 mm) fractions of slag are 0.17 and 0.22,
respectively. The results of the mortar bar expansion test indicate the slag
aggregate as non-reactive in terms of alkali-silica reaction. The frost resistance of
slag is comparable to natural limestone aggregate and well within the standard
specifications.

Morrison et al. (2003) reported the use of ferro-silicate slag, generated during
the production of zinc in Imperial Smelting Furnace (ISF-slag) was as aggregate in
concrete road construction (Morrison et al. 2003, Morrison and Richardson 2004).
The slag is glassy and granular in nature and has a particle size range similar to
sand, indicating that it could be used as a replacement for sand present in
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cementitious mixes. The density of this slag (3,900 kg/m?) is higher than that of
traditional aggregates, suggesting it may have advantages over these aggregate
materials in certain applications, such as in noise barriers. The X-ray diffraction
(XRD) showed the presence of inclusions of metallic iron, although the principal
crystalline components detected were FeO and ZnS.

Metwally et al. (2005) reported the use of a slag produced from recycling of
spent lead-batteries as aggregate in concrete production. Recycled-lead slag (RLS)
was used as both fine and coarse aggregate in concrete manufacture after crushing
into the desired gradation by using a roller mill. The physical and mechanical
properties of the used fine aggregate (sand and fine lead-slag) and coarse aggregate
(gravel and coarse lead-slag) are given in Table 2.16. The coarse lead-slag were
washed carefully and dried before mixing to remove any impurities and organic
matters, which may weaken its bond with the cement paste. Mixing water was
clean tap water free from impurities and organic matters.

Pereira et al. (2000) reported the use of a salt cake slag, produced from alu-
minium scrap re-melted as partial replacements of either sand or cement in the
preparation of cement mortar production after washing. Non-washed slags cannot
be mixed with cement due to the volumetric expansion observed during setting,
high chloride content and release of high concentrations of noxious gases. As the
concentrations of some toxic elements in the majority of these slags are very high,
before application the environmental suitability as well as the long-term
mechanical and durability performance of concrete containing slag must be
evaluated for the application of these materials as aggregate in concrete.

2.5 Other Waste as Aggregate

The meat and bone mill bottom ash (MBM-BA) used by Cyr and Ludmann (2006) as
afine aggregate in cement mortar preparation has a grading size between 0 and 2 mm
and a mean diameter of 0.4 mm (Fig. 2.7). The physical properties of MBM-BA are
presented in Table 2.17. The bulk density of MBM-BA is around 900 kg/m* and
much lower than that of normal sand (1,500 kg/m?). The average density of the ash is
2,900 kg/m>. The external specific surface area, calculated from the density and the
particle size distribution (considering cylindrical particles), is about 3 m*/g. The
BET method gives a specific surface area of 3,000 mZ/kg, which is a thousand times
higher than the value calculated using the particle size distribution. This significant
difference is related to a large open porosity of the grains, leading to water absorption
of 11 %, a very high value compared to normalised siliceous sand (less than 1 %).

The strength of MBM-BA is evaluated using a friability coefficient, defined as
the ratio between the mass of crushed particles (less than 0.1 mm) and the whole
mass of material before crushing. The friability coefficient of MBM-BA, measured
as 37 %, is well within the specified value, which is 40 % for 60 MPa concrete
intended for building construction.
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Table 2.16 Physical properties of fine and coarse lead slags along with natural aggregates
(Metwally et al. 2005)

Property Natural sand  Natural gravel Fine lead slag  Coarse lead slag
Specific gravity 2.57 2.51 4.28 3.79
Density (kg/m®)

Loose 1,600 1,530 2,280 1,990
Dense 1,869 1,640 2,820 2,120
Voids (%)

Loose 38 39 47 47
Dense 27 35 34 44
Water absorption (%) 0.42 0.35 3.95 2.35
Fineness modulus 2.49 6.90 3.35 6.95
Crushing value (%) - 13.5 - 29.3
Impact value (%) - 6.82 - 134
Loss Angeles value (%) - 16.7 - 47.0

The major minerals present in MBM-BA are hydroxylapatite Cas(PO4)3(OH)
and whitlockite Caz(PO,),. Calcium hydroxylapatite is the major inorganic con-
stituent of bones and teeth. Trace amounts of some minerals such as quartz,
hematite and magnetite are also present in MBM-BA, which probably came from
other waste used as co-combustion materials. Although MBM-BA contains small
amounts of trace elements, the leachability of these meets the regulation set by
French Government for using in road construction.

Oztiirk and Bayrakl (2005) investigated the possibilities of the use of tobacco waste,
a by-product in a cigarette factory as aggregate in lightweight concrete production.
The organic and water content in this aggregate are 66.21 and 25.45 % respectively.

Yellishetty et al. (2008) evaluated the recycling potential of four different iron
ore mineral wastes as aggregate in the preparation of concrete. The waste was
collected randomly, from different fresh waste dumps as recommended ASTM
D75; C702 sampling of aggregates. It was mixed to form a representative
homogeneous mixture. The sieve analyses of typical particle overburden material
from the waste dumps of the corresponding iron ore mines are presented in
Fig. 2.8. A volume equivalent of approximately 50 % of the total is within the
usable range as aggregates for making of concrete cubes. Of the whole volume,
20 % is in the range of sand—silt—clay material. Variability in size distribution is an
indication of inherent geological properties of mine waste material and of the
crushing and compaction that waste undergoes while breaking/loosening.

Various physico-mechanical properties of the mine waste were measured
according to ASTM methods and presented in Table 2.18. In aggregates from
different mines, the fineness modulus (FM) was within the range of 1S2386
specifications prescribed for aggregate for civil constructions. Most of the physical
properties of the mine aggregates, belonging to different mines, were within +5 %
range of standard specifications and were in conformity with the concurrent Indian
Standards for aggregates.
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Table 2.17 Physical Density (kg/m’) 2,900
properties of meat and bone - 3
mill ash (Cyr and Ludmann Bulk density (kg/m’) ) 900
2006) Specific surface area, BET (m“/kg) 3,000
Particle size range (mm) 0-2
Mean diameter (mm) 0.4
Morphology Irregular particles
Adsorption coefficient (water) (%) 11
Friability coefficient (%) 37

Gallardo and Adajar (2006) reported the use of paper mill sludge as a partial
replacement of fine aggregate in concrete preparation. The composition of paper
sludge is generally a function of the raw material, manufacturing process, chem-
icals used, final products and wastewater treatment techniques. Sludge from pulp
and paper mills are mainly cellulose fibres generated at the end of the pulping
process prior to entering the paper machines. Paper sludge obtained directly from a
mill wastewater treatment plant is composed generally of 50-75 % organics
(cellulose fibres and tissues) and 30-50 % kaolinite clay. The paper mill sludge
used in this study was air-dried for several days and facilitated by an artificial
method using a blow drier. The dry sludge was then crushed and sieved using sieve
No. 4 to separate the fine particles to be used as fine aggregates in the mix. The
physical properties of paper sludge along with fine aggregates (sand) are presented
in Table 2.19. Sludge was lighter than normal sand and it has very high water
absorption capacity. The large absorption percentage of sludge is indicative of its
high porosity or entrapped air content and that it absorbs water faster than sand.
The high absorption rate is due to hydrogen bonding in the property of sludge.
There was no silica content in paper sludge while calcium and iron is of lesser
amount as compared to fine aggregates. Some other element contents in paper
sludge are lower than the normal sand.

Ahmadi and Al-Khaja (2001) investigated the use of paper sludge, obtained from
a tissue paper manufacturing facility as partial replacement of fine aggregate in the
preparation of concrete. The sieve analysis of sludge and normal sea sand indicates
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that the used sludge is coarser than the sea sand. About 50 % of the particles of
sludge are coarser than 2 mm compared with sea sand in which 100 % of the
particles pass the 2.36 mm sieve. The chemical analysis of the waste shows that it
has a low pH value with acceptable levels of other chemical parameters and falls
within the permissible limits established in Bahrain for use of waste in construction.

Kuo et al. (2007) reported the use of petroleum reservoir sludge as fine
aggregate in the preparation of cement mortar. The composition of sludge is
presented in Table 2.20. The sludge contains very high amount of smectite clay
(>60 %), which can cause a detrimental expansion to some extent, when it is
mixed with water. Hence, reservoir sludge cannot be directly used as fine aggre-
gates in concrete and therefore, before using it as aggregate, hydrophilic sludge is
converted into hydrophobic by using a cationic surfactant.

The sieve analysis of modified sludge organically modified reservoir sludge
(OMRS) along with normal sand is presented in Table 2.21. More than 80 % of
the OMRS particles are smaller than 0.6 mm but larger than 0.075 mm. From the
thermal analysis of reservoir sludge before and after the treatment, the authors
confirmed that the OMRS particles have been organically modified and became
hydrophobic before they were mixed with water, quartz sands and cement.

Kinuthia et al. (2009) reported the use of dark coloured colliery spoil, generated
during mining of coal as replacement of fine and coarse aggregate in the prepa-
ration of medium strength concrete. It was obtained as two materials, a fine
fraction of low plasticity, and a coarser non-plastic fraction. The two fractions
were blended in equal proportions to produce a well-graded colliery spoil material,
which is presented in Fig. 2.9 along with other constituents of prepared concrete.
The specific gravity of both types of spoils was 1.8 and lighter than normal
aggregate.

Ilangovana et al. (2008) reported the use of quarry rock dust as fine aggregate in
the preparation of concrete. The authors defined the quarry rock dust as residue,
tailing or other non-valuable waste material after the extraction and processing of
rocks to form fine particles less than 4.75 mm. The level of utilisation of this dust in
nations like Australia, France, Germany and UK has reached more than 60 % of its
total production. The physical properties of the used dust are presented in Table 2.22.
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Table 2.18 Physical properties of various mine waste aggregates (Yellishetty et al. 2008)

Properties Sample 1 Sample 2 Sample 3 Sample 4
Fineness modulus: coarse 7.5 8.0 7.0 8.0
Fineness modulus: fine 3.3 34 3.2 3.5
Flakiness index, % 10 13 14 11
Elongation index, % 11 15 14 11
Impact value, % 19.09 29.00 15.75 21.94
Specific gravity 2.5 23 2.6 2.5
Water absorption, % 11.00 13.10 5.59 8.13
Bulk density: rodded, kg/l 1.39 1.25 1.40 1.30
Bulk density: loose, kg/l 1.36 1.22 1.30 1.20
Void ratio: rodded, % 44.40 46.80 46.00 48.00
Void ratio: loose, % 45.60 48.08 47.00 52.00
Crushed value, % 30.0 30.0 28.6 29.9
Abrasion value, % 29.42 30.00 30.00 29.00
Angularity number 3 3 1 7

Table 2.19 Properties of

Properties Sand Sludge
normal sand and paper sludge -
(Gallardo and Adajar 2006) Moisture content (%) 10.00 25.77
Specific gravity 2.60 1.57
Water absorption (%) 4.00 22.35
Silica (%) 18.91 0.00

The major oxide composition of the quarry rock dust and fine sand is presented
in Table 2.23. Rock dust contains lesser amounts of silica and higher amounts of
alumina, iron oxide, calcium oxide, magnesium oxide and titanium oxide than
natural sand. On the other hand, the total alkali content in these materials is almost
the same.

2.6 Ceramic Industry Waste

In the ceramic industry several types of waste are generated. According to
Pacheco-Torgal and Jalali (2010), ceramic waste can be separated into two cate-
gories in accordance with the source of raw materials. In each category, the fired
ceramic waste was classified according to the production process. This classifi-
cation is presented in Fig. 2.10. These were produced by using red and white
ceramic pastes. However, the use of white paste is more frequent and much higher
in volume.

It has been estimated that about 30 % of the daily production in the ceramic
industry goes to waste (Senthamarai and Devadas 2005). In Europe, the amount of
waste in the different production stages of the ceramic industry reaches 3-7 % of
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Table 2.20 Composition of reservoir sludge (Kuo et al. 2007)

Physical properties

Gravel content, % 0
Sand content % 0
Silt content 31.9
Clay content 68.1
Specific gravity 2.72
Chemical composition

Silica 53.03
Alumina 22.32
Iron oxide 8.56
Others 16.09

Table 2.21 Sieve analysis of sludge (OMRS) and quartz sands (Kuo et al. 2007)

OMRS Quartz sand
Sieve size Cumulative passing (%) Sieve size Cumulative passing (%)
4.75 100 4.75 100
2.36 100 2.36 100
1.18 100 1.18 98.6
0.600 100 0.600 26.2
0.300 86.8 0.300 34
0.150 55.2 0.150 1.4
0.075 19.3 0.075 0.2
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Fig. 2.9 Particle size distributions of colliery waste along with other materials (Kinuthia et al.
2009)

its global production (Fernandes et al. 2004). Although the reutilisation of ceramic
waste has been practiced, the amount of waste reused in that way is still negligible
(Pacheco-Torgal and Jalali 2010). Ceramic waste can be used safely in the pro-
duction of concrete due to some of its favourable properties. Ceramic waste is
durable, hard and highly resistant to biological, chemical and physical degradation
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Table 2.22 Physical properties of quarry rock dust and natural sand (Ilangovana et al. 2008)

Properties Quarry rock dust Fine sand
Specific gravity 2.54-2.60 2.60
Bulk relative density (kg/mS) 1,720-1,810 1,460
Water absorption (%) 1.2-1.5 Nil
Moisture content (%) Nil 1.5
Particles finer than 0.075 mm (%) 12-15 6

Sieve analysis (Indian standard specification) Zone 11 Zone 11

Table 2.23 Oxide

- Oxide constituents  Quarry rock dust (%) Natural sand (%)
composition of quarry rock

dust and natural sand Si0, 62.48 80.78

(Ilangovana et al. 2008) AlLOs 18.72 10.52
Fe,0; 6.54 1.75
CaO 4.83 321
MgO 2.56 0.77
Na,O Nil 137
K,0 3.18 1.23
TiO, 1.21 Nil
Loss on ignition 0.48 0.37

forces. In the following paragraphs, the aggregate properties of some ceramic
waste will be discussed.

The waste used by Senthamarai and Devadas (2005) as coarse aggregate in the
preparation of normal concrete was collected from a ceramic electrical insulator
industry. The material was too big to be fed into a crushing machine and therefore
it was broken into small pieces of about 100-150 mm with a hammer. The surface
was also deglazed manually by chisel and hammer. These small pieces were then
fed into a jaw crusher to reach the required 20 mm size.

The various physical properties of waste as well as those of natural aggregates
are presented in Table 2.24. According to the same authors, the properties of
ceramic waste aggregate were similar to those of natural crushed stone aggregate.
The specific gravity and fineness modulus of aggregate were 2.45 and 6.88
respectively. The surface texture of the ceramic waste aggregate was found to be
smoother than that of crushed stone aggregate. In the soundness test, after 30 cycles,
the weight loss of ceramic waste aggregate was 51 % less than that of conventional
crushed stone aggregate, since ceramics are more resistant to all chemicals.

Binici (2007) used ceramic industry waste as a partial replacement of fine
aggregate (40-60 %) in the preparation of normal concrete. The bigger waste
pieces were processed into the 4 mm or less size range by a procedure similar to
that adopted by Senthamarai and Devadas (2005). The size grading of the waste
ceramic fine aggregate was suitable for concrete production. The various physical
properties of the waste aggregate are given in Table 2.25 along with those of
conventional fine aggregate. Like the coarse aggregate properties of ceramic waste
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Fig. 2.10 Classification of ceramic wastes according to Pacheco-Torgal and Jalali (2010)

reported by Senthamarai and Devadas (2005), the properties of fine waste aggre-
gates are similar to those of fine conventional aggregate. Chemically the ceramic
waste fine aggregate is composed of silica (88.4 %) with 7.3 % of aluminium oxide.

Suzuki et al. (2009) used a porous waste ceramic coarse aggregate in the
preparation of high-performance concrete. The aggregate was recovered from the
waste of a local ceramic production plant. The aggregate was used in saturated
surface-dry conditions.

Table 2.26 summarises the main characteristics of the porous ceramic waste
aggregate along with natural coarse and fine aggregates and a commercial light-
weight coarse aggregate that is used for internal wet-curing purposes.

The particles of the waste ceramic aggregate are coarser than those of the
natural coarse aggregate (Fig. 2.11).

Topcu and Canbaz (2007) reported the use of crushed tile waste as aggregate in
the preparation of concrete. Tile is produced from natural materials sintered at high
temperatures and it does not contain any harmful chemicals. The tile waste was
crushed into 4-16 mm and 16-31.5 mm sizes before using. The unit weight,
specific weight and water absorption of crushed tiles were 925, 1,904 kg/m> and
11.56 % respectively. Abrasion losses were 21 and 82 % for the Los Angeles
abrasion tests at 100 and 500 cycles, respectively. The abrasion of crushed tile was
quite high. The maximum amount of abrasion was 50 % at 500 cycles.

Guerra et al. (2009) investigated the use of a crushed recycled sanitary porcelain
ceramic ranging from 5 to 20 mm as a partial substitution of natural coarse aggregate.
The composition of the clay from which sanitary porcelain was made was: quartz
30 %, feldspar 26 %, kaolin 26 %, clay 18 % and lastly, glazes and metal oxides.
The waste was used without cleaning due to the purity of the materials. However,
the porcelain was crushed and sieved in the laboratory to get the required size range.
The density and moisture content in the porcelain aggregate were 2.36 g/cm® and
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Table 2.24 Physical properties of coarse ceramic aggregate (Senthamarai and Devadas 2005)

Properties Ceramic waste aggregate Crushed stone aggregate
Specific gravity 2.45 2.68
Maximum size (mm) 20 20
Fineness modulus 6.88 6.95
Water absorption, 24 h (%) 0.72 1.20
Bulk density (kg/m?)

Loose 1,200 1,350
Compacted 1,325 1,566
Voids (%)

Loose 50 48
Compacted 45 44
Crushing value (%) 27 24
Impact value (%) 21 17
Abrasion value (%) 28 20
Soundness test: weight loss after 33 6.8

30 cycles (%)

Table 2.25 Physical properties of coarse ceramic aggregate (Binici 2007)

Properties Ceramic waste aggregate Fine aggregate
Specific gravity 2.44 2.65
Maximum size (mm) 4 4

Fineness modulus 2.68 2.68

Water absorption, 24 h (%) 0.71 0.75

Bulk density (kg/m®) 1,395 1,695

Voids (%) 44.20 46.20
Abrasion value (%) 28 -

Soundness test: weight loss after 30 cycles (%) 4.2 -

0.11 % respectively. The sieve analyses of this type of aggregate and of normal
coarse aggregate (gravel) are presented in Table 2.27.

Torkittikul and Chaipanich (2010) reported the use of earthenware ceramic
waste collected from ceramic industry as fine aggregate in the preparation of
normal concrete. The larger ceramic waste pieces were broken with a hammer into
smaller pieces (<10 mm) and then they were crushed using a jaw crusher until the
percentage passing sieve mesh No. 4 (opening 4.75 mm) was 100 %. The particle
size distribution of ceramic waste used in this investigation was kept the same as
that of sand by using sieves of mesh Nos. 4, 8, 16, 30, 50 and 100. The maximum
particle size, water absorption and specific gravity of ceramic waste were 4 mm,
1.25 % by mass and 2.31, respectively. The particle shape of the crushed and
sieved ceramic aggregate as observed by optical microscope (OM) was more
angular than that of natural sand. The surface texture of ceramic waste as observed
by scanning electron microscope (SEM) was found to be rougher than that of sand.

Pacheco-Torgal and Jalali (2010) reported the use of four different types of
ceramic waste as coarse and aggregate as well as replacement of cement in the
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Table 2.26 Physical properties of porous ceramic waste aggregate, natural coarse aggregate and
a commercial lightweight aggregate (Suzuki et al. 2009)

Properties Ceramic waste  Natural coarse  Natural fine Commercial
aggregate aggregate aggregate lightweight aggregate
Specific gravity 2.27 2.92 2.62 1.27
Water absorption 9.31 0.88 241 12.2-22.3
capacity (%)
Fineness modulus  6.66 6.51 3.21 6.47
Crushing rate 214 7.86 - 37.0
Fig. 2.11 Grading curve of 100 5
porous coarse ceramic o 90
aggregate (PCCA) and of E 80 1
natural coarse aggregate 8= 704
(Suzuki et al. 2009) T 604
o ow
2q o
=] 4
Lzﬂ g' 30 4
g 20 4
10 4
0

Seive Size [mm]

production of concrete. These are: ceramic bricks; white stoneware once fired;
sanitary ware; white stoneware twice-fired. The major oxide constituents present in
these waste types are silica and alumina. The major mineral phases present in all
the waste types are quartz and feldspars. All the waste types were crushed with a
jaw crusher to make the ceramic aggregate. The coarse and fine sized aggregates
and ceramic powder were obtained after sieving. The densities of sand and coarse
sized ceramic waste were 2,210 and 2,263 kg/m3 respectively. The water
absorption capacities of sand and coarse sized ceramic aggregates were 6.1 and
6.0 % respectively.

De Brito et al. (2005) reported the use of ceramic hollow bricks fragments from the
making of partition walls as a coarse aggregate for the production of non-structural
concrete for pavement slabs. To characterise ceramic waste aggregate along with
natural aggregate, the volume index of the different size fractions, the compacted
oven dry bulk density of both types of aggregates, the compacted air-dried and water
saturated bulk densities of waste ceramic aggregate, the specific densities of both
types of aggregates at dry and saturated surface dry conditions, and the water
absorption capacity were measured. The results are presented in Table 2.28.

The volume index indicates the shape of the particles: aggregates nearly
spherical have an index near 1, compared to elongated ones with a smaller index.
From the results of volume indices of various size fractions, the authors conclude
that the grinding process of the recycled aggregates is a critical parameter since it
strongly affects the volume index and therefore deserves further study. From the
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Table 2.27 Sieve analysis of waste porcelain aggregate and natural gravel (Guerra et al. 2009)

Sieve mesh size (mm) Amount retained after sieving (%)
Waste porcelain Gravel

20 95.08 100
10 23.32 25.02
5 1.32 4.10
2.5 0.06 2.18
1.25 0.04 2.04
0.63 0.03 1.95
0.32 0.03 1.82
0.16 0.03 1.59

Table 2.28 Some physical properties of waste ceramic aggregate and of natural limestone
aggregate (de Brito et al. 2005)

Properties Waste ceramic aggregate Limestone aggregate
Volume index of size fractions (mm)

6.35-9.52 0.202 0.162
4.76-6.35 0.144 0.149
2.38-4.76 0.153 0.239
Bulk density (kg/m®):

Oven dry 1,159 1542
Air-dry 1,167 -
Saturated surface dry 1,265 -
Specific density (kg/m®)

Dry 2,029 2,626
Saturated surface dry 2,273 2,657
Water absorption (%) 12 1

water absorption value, the authors conclude that pre-saturation of ceramic
aggregate is necessary and the weight of water absorbed by the ceramic aggregates
should be measured by deducting the total weight of the aggregates just before
they are mixed from their weight before saturation.

Guney et al. (2010) investigated the use of waste foundry sand as aggregate in
the preparation of high-performance concrete. Foundry sand is high-quality silica
sand and is a by-product from the production of both ferrous and non-ferrous metal
casting. The raw sand used to cast metal is normally of higher quality than a
typical bank run or the natural sand used in construction. However a small amount
of clay (bentonite or kaolinite) is used as a binding material, binding the sand, and
this mix is referred as green sand. Thus, foundry sand or green sand consists of
high-quality 85-95 % silica sand, 7-10 % bentonite or kaolinite clay, 2-5 % water
and about 5 % sea coal. Chemical binders, such as phenolic urethane, are also used
to create sand cores (American Foundrymen’s Society 2004). In the casting pro-
cess, moulding sand is recycled and reused several times and therefore the recy-
cled sand degrades to a point that it cannot be reused in the casting process. At this
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Table 2.29 Physical

‘ ‘ X Properties Waste foundry sand
properties of waste foundry - -
sand (Guney et al. 2010) Specific gravity 245
Co-efficient of uniformity 5.50
Fines content (<74 pm), % 24
Active clay content (<2 um), % 5
Moisture content (%) 3.25
pH 9.1
Organic content (%) 4.3

point, the old sand is removed from the cycle as a by-product, new base sand is
introduced, and the cycle begins again.

The waste foundry green sand used by Guney et al. (2010) was used as foundry
sand in steel and metal moulding facilities for the production of metal-steel parts at
high temperatures (1,500 °C) for about 8-10 times until losing its moulding
properties. The grain size distribution of waste foundry sand was uniform, with
100 % of the material under 1 mm, 10 % of foundry sand greater than 0.5 mm and
5 % smaller than 0.125 mm,; it is black in colour due to the sea-coal organic binder
used in the foundry sand. The used waste foundry sand is composed mainly of
silica (98 %) with very small amounts of other oxides. The physical properties of
waste foundry sand are presented in Table 2.29. The waste foundry sand was
generally sub-angular to round in shape and have rough surface texture.

2.7 Use of Plastic Waste as Aggregate

Many references are available on the use of waste plastic as aggregate, filler or
fibre in the preparation of cement mortar and concrete (Siddique et al. 2008). In
this section, only the cases where plastic is used as aggregate replacement are
presented. The various aggregate properties of the different types of plastic waste
are presented. Finally, the possible future studies on plastic waste as aggregate in
cement mortar and concrete are evaluated.

2.7.1 Types of Plastic Waste Used in the Preparation
of Cement Mortar and Concrete

Different types of plastic waste such as polyethylene terephthalate (PET) bottle
(Akcaozoglu et al. 2010; Albano et al. 2009; Choi et al. 2005, 2009; Kim et al.
2010; Marzouk et al. 2007; Yesilata et al. 2009), polyvinyl chloride (PVC) pipe
(Kou et al. 2009), high density polyethylene (HDPE) (Naik et al. 1996), thermo-
setting plastics (Panyakapo and Panyakapo 2008), shredded plastic waste (Al-
Manaseer and Dalal 1997; Ismail and Al-Hashmi 2008), expanded polystyrene
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foam (EPS) (Kan and Demirboga 2009), glass reinforced plastic (GRP) (Asokan
et al. 2010) have been used as aggregate and filler in the preparation of cement
mortar and concrete. Here, only the properties of those waste plastics which are
used as aggregate will be discussed.

2.7.2 Sources and Preparations of Plastic Aggregate

The majority of plastic aggregate used in different studies came from plastic
bottles or containers waste. In general plastic bottles are grinded at the laboratory
by using a grinding machine and then sieved to get the suitable size fraction.
However, in some studies, plastic waste with suitable sizes is collected from a
plastic waste treatment plant. In this case, sieving into suitable size range was done
at the laboratory. In some of the studies, treatment of plastic waste was done by
heating, melting followed by mixing with other materials or other techniques.

Akcaozoglu et al. (2010) used granules from shredded PET bottle waste as
aggregate, which were supplied from a commercial company. The bottles were
obtained by picking up waste PET and then washing and mechanically crushing
them into granules.

The waste PET (WPET) aggregate used in the Frigione (2010) study was man-
ufactured from PET-bottle waste, unwashed and not separated on the basis of colour.
To prepare WPET aggregate, PET-bottle waste, with a thickness of 1-1.5 mm, was
grinded in a blade mill to the size of 0.1-5 mm. Then, the resulting particles were
separated, through sieves, into a similar size grading to that of natural sand.

In the Batayneh et al. (2007) study the plastic waste aggregate was prepared by
grinding original waste plastics into small sized particles. The size distribution of
the prepared plastic aggregate was within the fine aggregate specified gradation
limit as recommended in BS882:1992.

Ismail and AL-Hashmi (2008) studied the behaviour of concrete containing
fibre-shaped plastic waste, which represents the discarded waste from plastic
containers collected from plastic manufacturing plants. It consists of approxi-
mately 80 % polyethylene and 20 % polystyrene. After collection of plastic waste
it was crushed into suitable size range.

In the Marzouk et al. (2007) investigation the polyethylene terephthalate (PET)
waste was obtained from drinking water bottles that were first separated, washed
and shredded. The shredded plastics were shredded once again, using a propeller
crusher with grids of differently-sized meshes, at room temperature and moisture,
in order to yield differently-sized aggregate. Plastic aggregate with three different
size ranges, i.e. 50, 20 and 10 mm, were used in this study.

In the Remadania et al. (2009) study PET aggregate was prepared from drinking
water bottles. For this purpose, PET-bottles were first separated, washed and
shredded. The particles thus derived were then shredded once again, using a
propeller crusher in order to control granular limit with crushing and to facilitate
matrix-aggregate adhesion due to their irregular shape and rough surface texture.
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Kou et al. (2009) produced PVC plastics granules by grinding scraped PVC
pipes into small granules with about 95 % passing the 5 mm sieve.

Panyakapo and Panyakapo (2008) prepared an aggregate by grinding melamine
waste. In this study, the ground melamine waste, retained by ASTM sieve numbers
1040, was used.

In the Hannawi et al. (2010) investigation polyethylene terephthalate (PET) and
polycarbonate (PC) waste was obtained from an industry.

Fraj et al. (2010) used the coarse rigid polyurethane foam waste with size range of
8-20 mm as coarse aggregate, which came from the destruction of insulation panels
used in building industry. In order to maintain a comparable aggregate size distribution
in the various concrete compositions this waste was sieved into five different size
ranges. Mounanga et al. (2008) reported the behaviour of lightweight cement mortar
containing rigid polyurethane foam waste with 0-10 mm size range as aggregate,
which also came from the destruction of insulation panels used in building industry.

Laukaitis et al. (2005) used crumbled recycled foam polystyrene waste as well
as spherical large and fine blown polystyrene waste in his investigation. Poly-
styrene granules of three types: blown (large + fine) and crumbled were used in
this study. The crumbled granules were produced by mechanically disintegrating
unusable or poor quality polystyrene slabs and from recycled polystyrene foam
plastic. The foam was beaten for 5 min in a horizontal beater, which expanded the
foam volume by 40 times. The hydrophilisated polystyrene granules were prepared
by soaking in water and under water saturated condition in vacuum desiccators.

Choi et al. (2009) prepared an aggregate by mixing granulated waste PET-bottle
with powdered river sand at 250 °C. After air-cooling the mixture, the prepared
aggregate and remaining powdered sand fraction was screened by using a 0.15 mm
sieve. Choi et al. (2005) also prepared another type of plastic-based aggregate by
mixing powdered blast furnace slag with granulated waste PET-bottle at 250 °C.
The schematic diagram to produce PET aggregate according to Choi et al. (2009)
is presented in Fig. 2.12.

Kan and Demirboga (2009) prepared an aggregate from waste-expanded
polystyrene (EPS) foams. This modified waste-expanded polystyrene (MEPS)
aggregate was prepared by melting EPS foam waste in a hot air oven at 130 °C for
15 min. The aggregate was separated into two size fractions similar to those of
natural aggregate: 0—4 mm (fine aggregate) and 4-16 mm (coarse aggregate).

2.7.3 Evaluation of Properties of Plastic Aggregate

The major property, evaluated in almost all waste plastic aggregate related studies,
was their size grading that was generally done by standard sieving methods
(Batayneh et al. 2007; Frigione 2010; Ismail and Al-Hashmi 2008; Kou et al. 2009;
Panyakapo and Panyakapo 2008; Marzouk et al. 2007). However Albano et al.
(2009) adopted a different approach to estimate the size distribution of plastic
aggregate. In his approach, sizes of the plastic aggregate were measured by means
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Fig. 2.12 Manufacturing process of sand coated PET aggregate (Choi et al. 2009)

of an electronic magnifying glass and the average particle size was determined
using a software application. In the Mounanga et al. investigation (2008) the fine
and coarse fractions of rigid polyurethane foam were analysed by laser size
grading and sieve analysis method, respectively.

Other aggregate properties, such as bulk density, specific gravity, and water
absorption, were also evaluated. Although the adopted procedure to evaluate these
parameters was not described, standard procedures used for natural aggregate can
be used. On the other hand, some other properties of plastic aggregate, such as
tensile and compressive strengths, elasticity modulus, and decomposition temper-
ature, were also reported. However, details of the experimental methods adopted to
evaluate these properties were not provided. In some studies, parameters such as
melting and initial degradation temperatures and melt flow index (MFI), which may
be interesting for the evaluation of the fire behaviour of concrete containing plastic
waste, heat capacity and thermal conductivity, were also determined.

2.7.4 Types and Ratio of Substitution of Natural Aggregate
by Plastic Aggregate in Cement Mortar/Concrete Mixes

Plastic aggregate is generally produced from big sized waste plastic samples like
drinking water bottles, other plastic containers and pipes. Therefore, both coarse
and fine sized natural aggregate can be replaced by plastic aggregate. Both partial
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and full substitutions of natural aggregate by plastic aggregate were reported in
various references (Table 2.30).

2.7.5 Properties of Plastic Aggregate

In different studies, several types of plastic waste were used as aggregate. As the
origins of this aggregate were completely different from that of natural aggregate
i.e. one is organic and the other is inorganic, a big difference in properties was
generally observed. The properties of the types of plastic used as aggregate in
concrete are presented in Table 2.31.

The use of polyethylene terephthalate (PET) as aggregate was studied exten-
sively compared to other types of plastic aggregate, namely the replacement of fine
(< 4 mm) and coarse (>4 mm) natural aggregate with similar size fractions of
PET. However, in several studies fine natural aggregate of cement mortar and
concrete was replaced with coarse sized PET aggregate too (Albano et al. 2009;
Ismail and Al-Hashmi 2008).

Polyethylene terephthalate (PET) is used in various purposes such as in the
preparation of beverage, food and other containers, thermoforming applications
and synthetic fibre. PET may exist both as an amorphous and a semi-crystalline
polymer (with particle sizes in nanometre to micrometre ranges) depending on its
processing and thermal history. PET consists of polymerised units of the monomer
ethylene terephthalate, with repeating C,oHgO,4 units. The molecular formula of
PET can be represented as (C19HgOy), and the molecular structure is presented in
Fig. 2.13.

The degradation of PET is possible in highly alkaline solution like concrete
pore fluid (Silva et al. 2005). The ions present in pore fluid, Ca**, Na*, K*, and
OH", can attack the C—O bonds of PET and split the polymer into two groups: the
group of the aromatic ring and that of aliphatic ester. The alkali ions can interact
with aromatic rings and form Ca, Na, and K-terephthalates. On the other hand,
hydroxyl ion can form ethylene glycol by reacting with aliphatic ester group.

Polyethylene terephthalate is thermoplastic polyester with Young’s modulus in
the range of 1,700-2,500 MPa and tensile strength up to 75 MPa. It has excellent
chemical resistance properties. It is a semi-crystalline polymer, with a melting
point of about 260 °C and initial degradation temperature of about 412 °C. In
several references, the specific gravity and bulk density of the plastic aggregate
were reported is the ranges of 1.24-1.36 g/cm® and 326-547 kg/m> respectively.
The PET has very low thermal conductivity (0.13-0.24 W m~' K~') compared to
limestone (1.26-1.33 W m~' K™') and sandstone (1.7 W m~" K™"). Again the
specific heat capacity of PET (1.0-1.1 kJ kg”'K™") is higher than that of lime-
stone (0.84 kJ kg 'K~ ') and sandstone (0.92 kJ kg 'K ™).
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2.8 Waste Tyre Rubber

The tremendous growth of automobile industry and the increasing use of car as the
main means of transportation have increased its production, thus generating huge
amounts of tyre rubber wastes. Extensive research works have been carried out to
find the way to utilise the rubber tyre waste in various applications. Like plastic
wastes, rubber tyre is non-degradable in nature at ambient conditions. This has
generated massive stockpiles of used tyre and is creating huge environmental
problems including fire hazards. Recently many countries have forbidden land
filling of scrap tyres and therefore recycling of this material in the production of
other products has immense importance. Out of several management options, the
use of waste scrape tyre in the production of cement mortar and concrete is a
promising path.

About 300 million tyres were generated in the USA in 2005 and the total
number of scrap tyres consumed in end-use markets reached approximately 260
million (Rubber Manufacturer Association 2006). About 190 million scrap tyres
remained in stockpile at the end of 2005 in the USA (Rubber Manufacturer
Association 2006). This is a simple example and if this scenario is considered for
the whole world, the amount of rubber tyres remaining as waste will be increased
manifold.

Ganjian et al. (2009) classified tyre rubber into two classes according to the type
of vehicles that use the tyre. The natural and synthetic rubber contents in car tyres
are different from those in truck tyres (Table 2.32).

According to the use of tyre rubber in concrete preparation, it can be separated
into three types (Ganjian et al. 2009):

1. Shredded or chipped rubber is used to replace gravel. By shredding the rubber
pieces, particles about 13—76 mm big are produced.

2. Crumb rubber is used to replace sand with size range 0.425-4.75 mm and is
manufactured by using special mills. The size of rubber particles depends on
the type of mill used and the generated temperature.

3. Ground rubber can be used as a filler material to replace cement. The tyres are
subjected to two stages of magnetic separation and screening to produce this
size of rubber particles. In micro-milling process, the rubber particles made are
in the range of 0.075-0.475 mm.

Several studies were made to evaluate the properties of concrete incorporating
recycled tyre rubber as aggregate or filler material. The size, proportion in concrete
mix, and surface texture of rubber particles affect the strength of concrete



70 2 Industrial Waste Aggregates

Table 2.32 Compositions of car and truck tyres (Ganjian et al. 2009)

Constituents Content in

Car Truck
Natural rubber 14 27
Synthetic rubber 27 14
Black carbon 28 28
Fabric, filler accelerators, anti-ozonants 16-17 16-17
Steel 14-15 14-15

containing used tyre rubber. In the following sections, a literature survey on the
aggregate properties of tyre rubber will be presented.

Ganjian et al. (2009) used two types of tyre waste as replacement of coarse
aggregate and of cement in the preparation of concrete. The chipped rubber to
replace coarse aggregates in normal concrete was prepared from big pieces of tyre
rubber in the laboratory using scissors. The grading size of the rubber aggregate
was similar to that of coarse natural aggregates (Fig. 2.14).

The relative density of chipped rubber as reported by these authors was 1.3.
They found very low values of various strength properties of concrete containing
rubber aggregate compared to concrete containing natural aggregate due to lack of
proper bonding between rubber aggregates and the cement paste as compared to
cement paste and natural aggregates. This is due to the organic nature of the rubber
aggregate, which does have any interaction with cement paste.

Khaloo et al. (2008) reported the use of two types of scrap tyre rubber particles
as aggregate in concrete preparation. The used crumb rubber was a fine material
with grading close to that of sand and the coarse tyre chips used as coarse aggregate
were produced by mechanical shredding. According to Neville (1995) tyre particles
finer than 0.15 mm can disturb the cement paste reaction and therefore in this
study, these particles were removed from the tyre aggregate source.

The various physical properties of tyre rubber aggregate along with those of fine
and coarse aggregates were determined according to ASTM standard test methods
and presented in Table 2.33. The low specific gravity and unit weight of rubber
aggregate reduces the unit weight of concrete, which is prepared by replacing
heavy natural aggregates with rubber aggregate. Due to the non-polar nature of
rubber particles and their tendency to entrap air on their rough surfaces, concrete
containing rubber aggregate has a higher air content than normal concrete. The
modulus of elasticity of rubber aggregate with respect to mineral aggregates is
very low and therefore rubber aggregates act as large pores, and do not signifi-
cantly contribute to the resistance to externally applied loads.

The grading of tyre rubber materials was determined based on the ASTM C136
method and presented in Fig. 2.15. The grading curve of rubber materials was
determined by using crushed stones in each sieve in order to provide adequate
pressure on tyre rubber particles to pass the sieves.

Benazzouk et al. (2003) investigated the use of two types of rubber aggregates,
compact rubber aggregates (CRA) and expanded rubber aggregates (ERA) as a
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Table 2.33 Physical properties of different aggregates (Khaloo et al. 2008)

Aggregate type Specific Water absorption  Fineness Unit weight
gravity (%) modulus (kg/m®)
Natural coarse 2.65 2.66 NA 1,701.3
aggregate
Natural fine aggregate 2.67 5.01 5.34 1,716.8
Tyre rubber aggregate 1.16 - NA 1,150

partial replacement of natural aggregate in the preparation of concrete. CRA has
smooth surfaces with a water-accessible porosity of 0.3 %. The magnitude of the
strain before fracture (strain is defined as the ratio of the length at failure and the
initial length) is 85 %. ERA is a soft aggregate with alveolar surfaces. The
magnitude of the strain before fracture and the water absorption of ERA are 200
and 3 % respectively.

The tyre rubber waste particles were reduced into three groups of 1-4, 4-8 and
8—12 mm size grading by means of mechanical grinding followed by sieving.
According to author, the rubber aggregate differed from mineral aggregates in
terms of both the strain magnitude and the non-brittle characteristic under loading.

The physical and mechanical properties of rubber aggregates are shown in
Table 2.34. The hardness of the rubber aggregates was determined according to
ASTMD 2240-75, where hardness is defined as the resistance offered by a spec-
imen to the penetration of a hardened steel truncated cone.

Snelson et al. (2009) reported the preparation of concrete by using tyre rubber
waste and ash. Rubber chips ranging from 15 to 20 mm were used to replace equal
proportions of two different sized coarse limestone aggregate. The steel wires present
in rubber chips were removed by an electromagnet during the shredding process.

Pierce and Blackwell (2003) reported the use of crumb tyre rubber as light-
weight aggregate in the preparation of controlled low-strength material. The crumb
rubber was produced from recapping truck tyres by using a sharp rotating disc. The
tread was shaved off into 15 cm and smaller strips. The strips were then grinded
down into crumb rubber. According to the authors, the production of crumb rubber
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Fig. 2.15 Grading curves of 100
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Table 2.34 Properties of Properties CRA ERA
rubber aggregates - - 3
(Benazzouk et al. 2003) Unit weight (kg/m”) 1,286 1,040
Hardness (shore) 85 35
Modulus of elasticity (Mpa) 68 12

from truck tyre recaps was less expensive than that from the whole tyre because the
tread is free from any fibrous material. The used crumb rubber aggregate was
coarser than the ASTM C 33-02A specified limit for concrete sand. The crumb
rubber used in this study was in dry state. However used crumb rubber aggregate
can absorb a small amount of water equal to 2.4 % of its dry weight in the saturated
surface dry condition that was higher than that of concrete sand, which is normally
about 0.5 % or less. The bulk specific gravity of the crumb rubber aggregate varied
between 0.53 and 0.60, which is nearly five times less than sand. Crumb rubber can
thus be considered a lightweight aggregate source due to its low specific gravity.

The authors compared some properties measured during the investigation
including cost of crumb rubber aggregate with some lightweight aggregates
available in the markets and they are presented in Table 2.35.

The authors concluded that the cost of crumb rubber aggregate compared
favourably with that of other lightweight aggregates and were lower than the costs
of microlite and perlite.

Sukontasukkul and Chaikaew (2006) reported the use of crumb tyre rubber as a
partial replacement of aggregate to produce concrete paving blocks. The crumb
rubber particles passing ASTM sieve No. 6 and ASTM sieve No. 20 were used
separately as aggregate in concrete. The specific gravity and fineness modulus of
both crumb rubber aggregates are presented in Table 2.36 and their particle size
distributions were presented in Fig. 2.16. According to the authors, the higher
water requirement of concrete mix containing rubber aggregate than that of a
conventional concrete mix was due to the low specific gravity and high specific
surface area of rubber crumb.
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Table 2.35 Comparison of properties of crumb rubber aggregate with some commercially
available lightweight aggregates (Pierce and Blackwell 2003)

Types of lightweight Bulk specific Bulk dry density (kg/  Cost per ton (US

aggregates gravity m®) $)

Crumb rubber 0.53-0.63 0.4 200+

Specrete microlite® 0.40-0.45 0.1 500

Vermiculite 2.5 (unexpanded)  0.06-0.16 100-150

(unexpanded)

Perlite 2.2-24 0.03-0.40 320400

(unexpanded) (unexpanded)

Table 2.36 Some physical properties of crumb rubber aggregates (Sukontasukkul and Chaikaew
2006)

Properties Crumb rubber No. 6 Crumb rubber No. 20
Average bulk specific gravity 0.97 0.88
Average bulk specific gravity (SSD) 0.98 0.89
Average apparent specific gravity 0.98 0.89
Average absorption (%) 1.01 1.70
Fineness modulus 4.98 2.62

2.9 Concluding Remarks

The aggregates typically account for 70-80 % of the concrete volume and play a
substantial role in different concrete properties such as workability, strength,
dimensional stability and durability. There is a growing interest in using waste
materials as alternative aggregate materials and significant research is made on the
use of many different materials as aggregate substitutes. The waste aggregates
whose properties are highlighted in this section are: 1. Coal ash; 2. Ferrous and
non-ferrous Slag; 3. Waste from food and agricultural industries; 4. Pulp and paper
mill waste; 5. Leather waste; 6. Industrial sludge; 7. Mining industry waste; 8.
Ceramic wastes; 9. Plastics wastes and 10. Rubber tyre.

Depending on the physic-chemical properties of aggregates, these can be
classified in various ways. Out of several industrial waste aggregates, some waste
types like coal ash aggregates, some types of slag and ceramic waste can be
beneficially used as an aggregate in the preparation of concrete and cement
mortars. On the other hand, some waste aggregates like coal bottom ash, plastic
wastes and rubber tyre can be used as lightweight aggregates. Some types of waste
like rubber waste and plastic waste are organic in nature and therefore they do not
interact with cement pastes, ultimately reducing various mechanical properties of
the resulting concrete composites.

The majority of the industrial waste aggregates have some special properties,
which can be applied to develop some special purpose cement-based materials. For
example, plastic and rubber aggregates have high toughness value, can absorb
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Fig. 2.16 Particle size distributions of crumb rubber aggregates (Sukontasukkul and Chaikaew
2006)

energy during failure and have better acoustic properties than normal aggregates.
The majority of non-ferrous slags are heavier than normal aggregates, which can
be useful to develop radiation resistant concrete.

The majority of industrial waste types may contain several toxic constituents
like toxic elements and organics and therefore removal of these constituents from
these aggregates as well as the fate of these constituents in the application of these
aggregates and in cement composites are also studied. Research on the long-term
behaviour of toxic constituents present in these aggregates and cement composites
containing these aggregates needs to be addressed properly before application of
these materials.

The treatment or modification of some industrial aggregates to improve its
aggregate properties is also reported. For example, plastic waste is coated with
inorganic powders and treated physic-mechanically to improve its interactions
with cement paste. Similarly, tyre rubber can be treated by physic-chemical
methods and petroleum sludge can be treated with surfactant to improve aggregate
properties.

Though a significant number of studies are available for the use of some
industrial waste types in concrete and mortar preparation, the evaluation of the
properties of used aggregates has not been properly addressed, which limits the
understanding of the properties of concrete and mortar containing these aggre-
gates. Therefore, a thorough evaluation of properties of industrial waste before
application in cement mortar and concrete preparation is an important step and in
every study it should be addressed properly.
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Chapter 3
Construction and Demolition Waste
Aggregates

3.1 Introduction

The growth of the world population, widespread urbanisation and the economic
condition of developing countries has remarkably increased the pace of develop-
ment of the construction industry. As a result of these activities, old constructions
are being demolished to make new buildings. Due to these large-scale demolitions,
a huge amount of debris is generated all over the world, which is causing serious
environmental pollutions including a disposal problem. Recently, it was reported
that about 850 million tonnes of construction and demolition waste (CDW) were
generated in the EU per year, representing 31 % of the overall waste generation
(Fisher and Werge 2009).

Using CDW as an aggregate in the preparation of new concrete has immense
potential and it has been the object of investigation for a long time. Using CDW as
aggregate can reduce the use of natural aggregates and the problem of mining
them. However, in comparison to natural aggregate (NA) the quality of CDW
aggregate is poor (which will be addressed thoroughly in subsequent sections),
which restricts its use in varieties of construction applications. The cost of concrete
production containing CDW aggregate also needs to be considered in terms of its
large-scale application in the construction sector. Recent implementation of
stringent rules and regulations on the disposal of several types of wastes including
CDW all over the world, however, can also help in the large-scale application of
CDW aggregate in productions of various types of concrete productions.

Recycling CDW in the making of new construction also increases the life cycle
of construction materials. To improve the recycling amount of CDW, some
countries ratified some governmental laws and specific regulations. Due to these
initiatives, the recycling level of this material in some countries reached about
90 % of the total generated amount.

As CDW can be used as aggregate in new concrete preparation, like NA, this type
of aggregate is characterised using methods similar to those used for NA charac-
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terisation. In fact, aggregate occupies more than 75 % volume of concrete mix and
therefore the characterisation of properties of a new material to be used as aggregate
should be evaluated properly, namely because it is produced from different types of
materials. To classify the different types of CDW aggregates, BS 8500 (2002)
defines two types of CDW aggregates. The concrete aggregate containing a mini-
mum of 95 % crushed concrete is defined as recycled concrete aggregate (RCA) and
100 % crushed masonry-based aggregate is defined as recycled aggregate (RC).
However, here, all types of aggregates will be considered as CDW aggregates.

The grain size, specific gravity/density, water absorption, Los Angeles abrasion
and crushing value of CDW aggregates are studied in detail. As CDW contains
several contaminants, such as wood, plastics and gypsum, these contaminating
materials should be removed before the application of CDW as an aggregate in
concrete. In this section, the properties of CDW as aggregate will be discussed in
detail from the existing literature data.

3.2 Preparation of CDW Aggregate

In several countries recycling plants have been established to produce CDW
aggregate. For the preparation of aggregates, in general, waste concrete elements
are mechanically broken into small-sized pieces. The small pieces are further
crushed into small-sized pieces using crushers. After crushing, different sized
fractions are screened using a sieving device and used as aggregates. Rubble from
demolished concrete buildings is generally contaminated with mortar paste, gyp-
sum and minor quantities of other substances such as wood, plastics, metals and
glass. These impurities have several deleterious effects and therefore are unsuit-
able for concrete production. Consequently, in most of the cases, the impurities
present in CDW must be separated during the process. The concrete produced in
the laboratory is also used to prepare CDW aggregate. The use of laboratory
produced concrete allows control of its production which can then be characterised
thoroughly (Fonseca et al. 2011). A schematic diagram of two typical plants that
recycle CDW as aggregate is presented in Fig. 3.1.

The production process of CDW aggregate affects its quality and composition.
The original concrete used to make CDW aggregate plays a very important role in
the aggregate properties. Further processing and higher quality source concrete
result in better quality aggregates (Nagataki et al. 2004).

3.3 Composition of CDW Aggregates

In the literature, two types of CDW aggregates are reported. Some CDW aggregates
contain natural aggregates with adhered mortar. These are produced from recycled
precast concrete and test specimens. On the other hand, in some CDW aggregates,
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Fig. 3.1 A typical CDW recycle plant a Gonzalez-Fonteboa and Martinez-Abella (2008),
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several types of contaminants such as bitumen mixtures, plastics, bricks and tiles are
present in minor amounts with natural aggregate and adhered mortar. Distributions
of materials in a few construction demolition wastes reported in various published
works and summarised by Coelho and de Brito (2011) are presented in Table 3.1.

The composition of CDW aggregate depends on the type of construction
demolition waste used to prepare this type of aggregate. A typical CDW aggregate
prepared from normal concrete block contains 65-70 % of coarse and fine sized
normal aggregates and 30-35 % of cement paste (Poon et al. 2004a, b). The CDW
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Table 3.1 Distributions of materials in construction demolition wastes (Coelho and de Brito
2011)

Materials Pereira (2002) Costa and Ursella Reixach et al.  Franklin Associates
(2003) (2000) (1998)
Amount in %
Concrete and 58.3 84.3 85.0 24.0
ceramics
Metals 8.3 0.08 1.8 2.0
Wood 8.3 11.2 42.0
Plastics 0.83 0.20 32.0
Bituminous 10.0 6.9
concrete
Other waste 14.2 8.8 1.8
Total 100 100 100 100

Table 3.2 Composition of coarse CDW aggregates (particle fraction: 4-16 mm) (Limbachiya
et al. 2007)

Constituents Proportions in % (m/m)
CDWA 1 CDWA 2 CDWA 3

Concrete 92.4 92.1 85.5
Masonry 1.9 1.6 53
Asphalt 4.9 14 33
Lightweight material® 0.0 0.6 0.5
Fines 0.2 34 4.4
Miscellaneous materials® 0.5 0.9 1.0

 density 1,000 kg/m3 ; b glass, timber, plastic, metal, etc.

aggregate prepared from concrete used for bituminous road construction may
contain an organic part. Coarse CDW aggregate with particle size of 4-16 mm as
reported by Limbachiya et al. (2007) contain different amounts of asphalt in its
composition (Table 3.2).

Gonzalez-Fonteboa and Martinez-Abella (2008) reported the use of CDW
material obtained from real demolition debris in Spain as aggregate in the prep-
aration of concrete. CDW with size range 0-40 mm was separated into two par-
ticle size fractions with ranges of 10-25 and 4-12 mm. The composition of these
fractions is presented in Fig. 3.2.

There may be small variations of composition of CDW aggregate for different
size fractions. Table 3.3 shows the composition of two size fractions of CDW
aggregate generated in a recycling plant (Sani et al. 2005).

The presence of other crushed materials such as ceramic brick and tiles in CDW
aggregate is also reported depending on the source of CDW. Corinaldesi and
Moriconi (2009a) reported the use of a CDW aggregate collected from a recycling
plant with an average composition of 70 % old concrete, 27 % bricks and tiles and
3 % miscellaneous materials (asphalt, glass, wood, paper and other similar con-
struction debris).
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Table 3.3 Composition of two size fractions of CDW aggregate (Sani et al. 2005)

Constituents Amount (%) in
Sand (0-5 mm) Gravel (5-15 mm)
Masonry 32 25
Inert 30 29
Concrete 35 45
Bitumen 2 0.5
Wood, glass, plastic etc. 1 0.5

CDW aggregates may comprise three types of particles: some particles of
natural coarse aggregates are held together and surrounded fully or partially by a
layer of mortar and some lumps of mortar embedded with varying proportions of
smaller natural aggregates (Akbarnezhad et al. 2011).

3.4 Attached Mortar Contents in CDW Aggregate
and Methods of Evaluation

The properties of CDW aggregate are dependent on the amount of mortar content
in the CDW aggregate. The amount of mortar content in CDW is dependent on the
number of crushing processes in the production plants. The attached mortar con-
tent in the CDW aggregate can be reduced by increasing the number of crushing
processes. However, increasing the number of crushing processes increases the
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production costs of aggregates and therefore an optimisation is necessary to get
high-quality CDW aggregate with minimal production costs. Some authors claim
that the type of crusher used in the crushing process also affects the adhered mortar
content in the CDW aggregate (Corinaldesi and Moriconi 2009b; Etxeberria et al.
2007a).

De Juan and Gutiérrez (2009) reported the presence of 33-55 % and 23-44 %
mortar contents in 4-8 and 8—16 mm fractions of a CDW aggregate, respectively. The
authors used a thermal method to determine the attached mortar content in CDW
aggregate. Several authors (Etxeberria et al. 2007a; Katz 2003; Zaharieva et al. 2003)
also found an increasing cement and mortar contentin CDW aggregate with decreasing
size range. CDW aggregate prepared from low strength concrete contains less adhered
mortar than CDW aggregate prepared from high strength concrete (Etxeberria et al.
2007a; Padmini et al. 2009). The amount of mortar content in CDW aggregate
has profound effects on its aggregate properties, which will be discussed later.

In the literature, four different methods are described to determine attached
mortar contents (Abbas et al. 2009). In one method, the attached mortar content is
determined by using a solution of dilute hydrochloric acid, where dilute acid
dissolves the cement pastes without affecting the remaining aggregate fractions
(Nagataki et al. 2000). However, this method is not suitable for CDW containing
some types of aggregates like limestone aggregate as acid can also dissolve such
types of aggregates. In the second method, a new concrete is produced using CDW
aggregate with a coloured cement. The mortar surface is easily detected in a slice
specimen by means of the different colour between both natural aggregate and the
new mortar (Ravindrarajah and Tam 1985). In yet another method, several cycles
of soaking in water and heating were done to remove attached mortar content from
the surfaces of the natural aggregate present in CDW aggregate (De Juan and
Gutiérrez 2009). Abbas et al. (2009) developed a rapid analysis method in which
CDW aggregate is subjected to a few daily cycles of freezing and thawing in a
sodium sulphate solution. A comparison of the attached mortar content in CDW
aggregate determined by three different methods in various references is presented
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in Fig. 3.3 (De Juan and Gutiérrez 2009), which shows that the thermal method
gives the lowest value and the acid treatment method the highest one.

Apart from increasing the mechanical processing steps, several other methods
are proposed to remove the mortar content and therefore improve the quality of
CDW aggregate (Akbarnezhad et al. 2011). These are thermal treatment,
mechanical treatment, thermal-mechanical treatment, acid soaking, chemical—
mechanical treatment and microwave-assisted treatment.

3.5 Properties of CDW Aggregate
3.5.1 Density/Specific Gravity

Density is one of the fundamental parameters of aggregate and is important to
design concrete mixes and control several properties of the resulting concrete.
Table 3.4 shows the density of recycled aggregates reported in several works. The
density of CDW aggregate is lower than that of natural aggregates. This is due to
the existence of porous and less dense cement paste in the CDW aggregates. Due
to their origin and size, CDW aggregates may have different densities depending
on the amount of adhered mortar paste. The CDW aggregates with less mortar
paste have higher density than the CDW with higher content of cement paste
(Fig. 3.4).

Poon et al. (2004a, b) reported a lower density for CDW aggregate obtained
from high performance concrete (HPC) than that of CDW aggregate made from
normal strength concrete (NC). Both concrete types were prepared by using the
same type of granite aggregate but the HPC contained fly ash and silica fume as
mineral additions. Santos et al. (2002a) found slight variations in the density
parameters along with other properties of two types of the CDW aggregates
prepared from two concrete types with different 28-day compressive strengths of
45 and 56 MPa (Table 3.4). The mortar contents in the 56 MPa and 45 MPa
concretes were, respectively, 36.3 and 49.4 %. Gomez-Soberon (2002) found that
the density of CDW aggregate increased with increasing particle size. De Brito and
Robles (2010) and De Brito and Alves (2010) reported that the density of the
mixture of CDW and normal aggregates showed high correlation coefficients in the
graphical analysis for the various hardened concrete properties.

The bulk density of CDW aggregate is also lower than that of normal aggre-
gates (Table 3.5). The bulk density of CDW aggregates is generally in the range of
1,150-1,400 kg/m3 with a few exceptions. According to Ferreira et al. (2011), the
lesser bulk density of CDW aggregate compared to natural aggregate is due to the
greater volume of voids between particles in CDW aggregate. Ferreira et al. (2011)
found 48.8 and 50.4 % of bulk void contents in the natural and CDW aggregates,
respectively.
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Fig. 3.4 Relationship between attached mortar content and density (De Juan and Gutiérrez
2009). a Bulk specific density; b Saturated surface dry density

3.5.2 Water Absorption

The water absorption capacity of CDW aggregate is higher than that of normal
aggregate (which is less than 1 % for almost all current aggregates) as CDW
aggregate is composed of cement paste, which is porous by nature and therefore
can absorb high amounts of water. The water absorption capacity of various types
of CDW aggregates is presented in Table 3.6. The variation of water absorption
capacity reported in various references is due to the variation of cement paste
content in this aggregate as well as the content of other components such as
crushed clay brick and tiles, which have very high water absorption capacity.
De Juan (2004) reports that water absorption of natural aggregate is between 0 and
4 %, while for adhered mortar it is between 16 and 17 %, to give water absorption
of CDW aggregate in between 0.8 and 13 %, with an average of 5.6 %. Concrete
rubble from most demolished buildings contain concrete materials along with
crushed clay bricks (CCB), tiles and other materials, which is not only costly but
also technically impossible to remove from concrete components.

Vieira et al. (2011) plotted the water absorption capacity of CDW aggregate as
a function of time (Fig. 3.5). Their absorption graph reveals that the water
absorption of CDW aggregate occurs mainly during the initial period of immer-
sion, reaching about 80 % of its absorption potential after only 5 min of immer-
sion. After this period, the increase in water absorption is much slower, tending to
a value of 84 % after 30 min. This type of measurement can help to predict the
behaviour of CDW aggregate during concrete mixing and therefore help to
determine the amount of additional water to be introduced in the mix to com-
pensate for the extra absorption of the CDW aggregates. De Juan (2004) also
reported that the 70-90 % of water absorption potential of CDW was utilised after
10 min of submersion.

CDW aggregate obtained from lower W/C ratio concrete, and so with lower
porosity and higher mechanical strength, has lower water absorption (Hansen and
Narud 1983; Santos et al. 2002b). The particle size of CDW aggregate has a
significant effect on its water absorption capacity: the fine CDW aggregate has
higher water absorption capacity than the coarse CDW aggregates due to relatively
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higher amounts of adhered mortar than that in coarse-sized CDW aggregate. On
the other hand, CDW aggregates prepared with different curing ages have almost
identical water absorption capacities (Katz 2003). According to Katz (2003), the
difference between the size groups seem to be a result of the relative amounts of
cement paste or adhered mortar content in the crushed material regardless of its
age at crushing. The relationship between the attached mortar content and water
absorption capacity of CDW aggregate is presented in Fig. 3.6. De Juan and
Gutiérrez (2009) also established an inverse relationship between CDW aggregate
density and water absorption capacity (Fig. 3.7).

The fast and higher water absorption capacity of CDW aggregate by compar-
ison with that of natural aggregate implies a lower degree of workability for the
same water/cement ratio of concrete containing CDW aggregate than that pro-
duced with natural aggregates and therefore a greater amount of additives are
necessary in order to make up for the loss of workability of concrete prepared by
using CDW.

Pre-soaking of CDW aggregate before preparation of concrete can prevent the
suction of the mixing water (Zaharieva et al. 2003). However, complete saturation
of CDW aggregates may increase the bleeding during preparation of concrete mix
(Poon et al. 2004b) and affect the mechanical performance of resulting concrete
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due to the formation of a weak interfacial transition zone between the saturated
recycled coarse aggregates and the new cement paste (Etxeberria et al. 2007a).
Etxeberria et al. (2007a) recommended a humidity level of 80 % of the total
absorption capacity of CDW aggregate for better performance of concrete con-
taining CDW aggregate. Oliveira and Vazquez (1996) reported that the mechanical
performance of concrete prepared by pre-saturated followed by 30 min air-dried
CDW aggregate is better than the performances of concrete containing oven dry as
well as saturated surface dry CDW aggregates. The humidity level of air-dried
CDW aggregate was about 90 % with respect to saturated surface dry aggregate.

In some investigations, an extra amount of water is added to the concrete mix
corresponding to the water absorbed by the CDW aggregate (Matias and de Brito
2004; Oliveira and Vazquez 1996; Santos et al. 2005). Ferreira et al. (2011)
describe this method as mixing water compensation method. The amount of water
added depends on the initial water content and effective absorption of CDW
aggregate during the mixing period. Potential water absorption and absorption
evolution with time should also be known in order to predict the water to cement
ratio (W/C) after the mixing period. This ought to guarantee that the water added
does indeed correspond to the amount of water absorbed by the CDW aggregate.

The mixing water compensation method has the advantage of making it possible
to produce both concrete containing CDW aggregate and conventional concrete in a
similar way. However, Oliveira and Vazquez (1996) note that the water absorption
of CDW aggregate may not correspond to the free water absorption determined in
the laboratory, since the pores of CDW aggregate are filled with cement paste
during mixing, which may lead to an excess of water in the mix, and thus an
undesirable increase in the effective water to cement ratio (W/C).

Ferreira et al. (2011) used a different approach to keep the effective water to
cement ratio (W/C) constant in the different concrete compositions containing
CDW aggregate to ensure compensation during the mixing process. A schematic
diagram of the procedure is presented in Fig. 3.8. To achieve this goal, these
authors added directly to the concrete mix an additional amount of water equivalent
to the absorption expected from CDW aggregate during the mixing process,
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Pre-saturation Mixing: 90 sec Mixing: 180 sec
mixing: 5 min
RCCA + water Sand: added in Concrete
+Additional water Tt + praval 30 sec

Fig. 3.8 A typical mixing procedure of concrete mix containing CDW aggregate (Ferreiraetal. 2011)

Sand Cement

Sand Concrete

(TSMA)

Fig. 3.9 Normal (NMA) and two-stage (TSMA) concrete mixing procedures adopted by Tam
et al. (2008)

and created conditions for its absorption. This additional amount of water equiv-
alent is called effective water absorption (Barra and Vazquez 1998). Santos et al.
(2002b) found 1.70 and 1.82 % of effective water absorptions for two types of
concrete. The test procedure consists in determining the evolution of water
absorbed by the immersed CDW aggregate sample, previously oven dried, by
means of a hydrostatic balance.

Tam et al. (2008) followed a two-stage mixing approach (TSMA) to compensate
the higher water absorption capacity of CDW aggregate. The schematic diagram of
this procedure along with normal concrete mixing approach (NMA) adopted in their
study is presented in Fig. 3.9. According to the authors, the use of half of the
required water for mixing leads to the formation of a thin layer of cement slurry on
the surface of CDW aggregate, which permeates into the porous old cement mortar
and fills the old cracks and voids (Tam et al. 2007). A stronger interfacial transition
zone (ITZ) is thus developed by effectively developing some strength enhancing
chemical products, namely etringite, portlandite and calcium silicate hydrate.
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Fig. 3.10 Mercury intrusion porosity of CDW aggregate (Poon et al. 2004a, b). a Cumulative
pore size distribution; b differential pore size distribution

3.5.3 Porosity

As the CDW aggregate has higher water absorption capacity than the normal
aggregate, therefore it has higher water accessible porosity than normal aggregate.
Poon et al. (2004a) evaluated the mercury intrusion porosity of natural coarse
aggregate (NA), CDW aggregate prepared from normal concrete (NC) and CDW
aggregate prepared from high-performance concrete (HPC), which are presented in
Fig. 3.10. The authors reported that the porosities of NA, NC and HPC were 1.60,
16.81 and 7.86 %, respectively. According to the authors, the higher porosity of
CDW aggregates is attributed to the adhered cement paste. The pores in the NC
aggregate mainly distributed between 0.01 and 1 mm, whereas the majority of
pores in the HPC aggregate located in the region of less than 0.1 mm (Fig. 3.10b).
The finer pore size distribution of the recycled HPC was due to the use of poz-
zolanic admixtures, which substantially improved the microstructure of the cement
paste and the paste—aggregate interfacial transition zone (ITZ) (Poon et al. 2004a).

3.5.4 Mechanical Properties of CDW Aggregate

3.5.4.1 Los Angeles Abrasion

The aggregate abrasion value is defined as the percentage loss in weight by
abrasion, so that a high value denotes low resistance to abrasion (Neville 1981).
Several tests are performed to evaluate the aggregates’ abrasion value. Of these,
the Los Angeles abrasion test is more commonly used all over the world and
therefore the abrasion values obtained from this test reported in various references
are considered in this section. According to ASTM C-33, “Standard specification
for concrete aggregates,” the Los Angeles abrasion value should be less than 50 %
for aggregate used to produce concrete, and should be less than 40 % for aggregate
used to make roads.
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Table 3.7 Los Angeles abrasion value of CDW aggregate

Reference Aggregate Los Angeles abrasion (%)
size (mm) CDW aggregate Normal
aggregate
Gonzalez-Fonteboa and 5-40 39.65 -
Martinez-Abella (2008)
Gonzalez-Fonteboa and 4-12 32 32
Martinez-Abella (2007) 10-25 34 27
Courard et al. (2010) 10-20 25 -
Rao et al. (2011) 4-20 37.1 21.56
Tangchirapat et al. (2008) 5-30 33.08 21.7
Lépez-Gayarre et al. (2009) 4-20 37.2,33.1 24, 26.4
Li et al. (2009) - 20 (crushed by jaw crusher followed -
by an impact crusher),
24.2 (crushed by jaw crusher) -
Fonseca et al. (2011) 4-25.4 42.7 29.5
Gomes and de Brito (2009) <254 37.96 28.52
65.47
Fig. 3.11 Relationship o Literature O Experimental results
between attached mortar 50
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abrasion value (De Juan and 5
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Table 3.7 shows some Los Angeles values for CDW as well as normal
aggregate reported in various references. In general, CDW aggregate has a lower
abrasion value than natural aggregate because of the presence of adhered mortar,
which disintegrates during abrasion along with some parts of natural aggregate.
However, this value for the majority of the CDW aggregate reported in the lit-
erature meets the various standard requirements for concrete and road construc-
tions. De Juan and Gutierrez (2009) found an increasing trend of the Los Angeles
value with increasing adhered mortar content, which is presented in Fig. 3.11.
Although it is not clear, the particle size of CDW aggregate might have some
effect on its Los Angeles abrasion value. Hansen and Narud (1983) found the
abrasion value of 22.4 and 41.4 % for the same type of CDW aggregates with size
ranges of 16-32 mm and 4-8 mm, respectively. On the other hand, Gonzalez-
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Fonteboa and Martinez-Abella (2007) found lower abrasion values for coarse
aggregates than that for fine aggregates.

The Los Angeles abrasion value of CDW aggregate prepared from high-
strength concrete is higher than that prepared from low-strength concrete (Hasaba
et al. 1981; De Juan and Gutiérrez 2009; Tabsh and Abdelfatah 2009). The change
in Los Angeles value with respect to compressive strength value is presented in
Fig. 3.12 (Topgu 1997). The Los Angeles abrasion value of CDW aggregate can
be improved by changing the crushing procedure. Li et al. (2009) determined the
Los Angeles abrasion value of 24.2 % for CDW aggregate crushed using a jaw
crusher, and a value of 20 % when an impact crusher is used after crushing of
CDW aggregate by a jaw crusher.

3.5.4.2 Strength and Toughness

The strength of aggregate affects the strength properties of the resulting concrete.
The strength of aggregate depends on the composition, texture and structure of
aggregate (Neville 1981). In some reports, the crushing strength of CDW aggre-
gate is reported as a 10 % fines value. In the 10 % fines value determination test, a
higher numerical result denotes a higher strength of aggregate (Neville 1981).
According to BS 882: 1992, a minimum value of 150 kN is required for aggregate
to be used in structural elements. On the other hand, a minimum of 100 kN is
required for minor structural elements, pre-stressed concrete elements, road con-
struction and insulation barriers (BS 882: 1992 and ASTM D448-03: 2000).
According to BS 882:1992 and ASTM 2940-03:2000 specifications, a 10 %
crushing value of 50 kN is sufficient for aggregate to be used in concrete prepared
for applications such as non-structural element, base course, embankment and fill
(Tam and Tam 2007).

The strength of CDW aggregate, reported as the 10 % crushing value, is pre-
sented in Table 3.8. The crushing value of CDW aggregate is in all cases lower than
that of normal aggregate. However, in the majority of the cases, this value meets the
100 kN criteria for various applications specified in the BS and ASTM standards.
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Table 3.8 10 % crushing value of CDW aggregate and normal aggregate

Reference 10 % crushing value (kN)
CDW aggregate Normal aggregate
Poon et al. (2009) 117.0 159.0
Rao et al. (2011) 120.5 231.3
Tam and Tam (2007) 61-155.6 189.4
Poon et al. (2004a) NC: 101.9; HPC: 123.8 159.7
Poon et al. (2009) 72, 88 -
Limbachiya et al. (2000) 160 289

NC CDW aggregate prepared from normal concrete
HPC CDW aggregate prepared from high performance concrete

The crushing value of CDW aggregate is also higher than that of normal
aggregate. Limbachiya et al. (2000) reported a crushing value of 20 % for
CDW aggregate with size 10-14 mm compared to a crushing value of 14 % for
natural aggregate of similar size. A similar trend is observed by several researchers
(Sagoe-Crentsil et al. 2001; Xiao et al. 2005). Like other parameters of CDW
aggregate, the crushing value of CDW aggregate also varies depending on the
crushing technique. Li et al. (2009) found a crushing value of 27 % for CDW
aggregate crushed using a jaw crusher, and a crushing value of 23 % when an
impact crusher is used after crushing CDW aggregate with a jaw crusher.

The toughness of the aggregate is determined using the aggregate impact value.
Aggregate with high toughness exhibits a low impact value. An acceptable limit of
this value is between 25 and 45 %. In general, 25 % is specified for heavy-duty
concrete elements, 35 % for sub-base applications and 30 % for other low-grade
applications (Tam and Tam 2007). The impact value of CDW aggregate is higher
than that of normal coarse aggregate (Table 3.9). According to Rao et al. (2011),
this is due to the separation and crushing of adhered mortars in CDW aggregate
during testing.

3.5.5 Particle Shape and Texture

The surface of CDW aggregate is rough and porous due to the presence of mortar
adhered (Rao et al. 2007; Domingo et al. 2010). According to Topgu (1997), the
shape of CDW aggregate is angular because of debris. Limbachiya et al. (2000) used
a CDW aggregate, which was found to be coarser, porous and rougher but equi-
dimensional to that of natural gravel. Poon et al. (2004a) reported a CDW aggregate,
which is more inhomogeneous, porous, less dense and weaker than crushed granite.
From the optical and scanning electron microscopy (SEM) studies of CDW
aggregate, Malhotra (1976) concluded that the particles of CDW aggregate tended
to be more angular than those of natural aggregate (NA). According to Zaharieva
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Table 3.9 Impact value of CDW aggregate along with normal aggregate

Reference 10 % crushing value (%)
CDW aggregate Normal coarse aggregate
Rao et al. (2011) 35.0 17.37
Wong et al. (2007) 17.89 10.25
Limbachiya et al. (2000) 23.7 19.7

Table 3.10 Shape parameters of CDW and natural aggregate

Reference Parameters CDW aggregates Natural aggregates
Etxeberria et al. 2007b Shape index (%) 28 25
Gomez-Soberon (2002) Shape coefficient 10-20 mm: 0.363 10-20 mm: 0.364
5-12 mm: 0.444 5-12 mm: 0.576
Elongation index 10-20 mm: 6 10-20 mm: 15
5-12 mm: 8 5-12 mm: 19
Gonzalez-Fonteboa et al. (2011) Flakiness index (%) 4-20 mm: 7 8-20 mm: 7
4-12 mm: 14
Gonzalez-Fonteboa and Flakiness index (%) 4-12 mm: 9 4-12 mm: 25
Martinez-Abella (2007) 10-25 mm: 7 1025 mm: 11
Tam et al. (2008) Flakiness index (%) 10 mm: 10.44-17.82 -
20 mm: 5.70-12.96
Vieira et al. (2011) Shape index (%) 22.3 14.0-18.3
Fonseca et al. (2011) Shape index (%) 24.3 11.1
Ferreira et al. (2011) Flakiness index (%) 10 9

et al. (2003), CDW aggregate presents a cracked surface which contributes to an
increase in water and air flows into the aggregates and between the cement paste and
the aggregates. The natural and CDW aggregates used in Gonzalez-Fonteboa and
Martinez-Abella (2008) study were angular with multiple cracking faces.

The shape and flakiness indices of various CDW aggregates reported in the
literature are not much different from those of natural aggregates used in the same
studies. Table 3.10 shows some shape parameters for CDW and natural aggregates
reported in various studies. Chen et al. (2003) analysed the particle shape of CDW
and natural coarse aggregates by measuring several types of axis lengths of both
types of aggregates and found similar particle shapes for both types of aggregates.
On the other hand, through the analysis of shape indices of natural and CDW
aggregates, Vieira et al. (2011) concluded that CDW aggregate is sharper than the
normal coarse aggregate since the shape index of CDW aggregate is about 34 %
higher than that of the normal aggregate. Etxeberria et al. (2007b) reported the
shape indices of CDW and conventional aggregates as 0.28 and 0.25, respectively.
According to the author, the better shape of the CDW aggregates facilitated their
use for concrete production.
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Fig. 3.13 Grading curve of fine CDW aggregate along with limits for M grading according to BS
EN12620 (Yang et al. 2011)

3.5.6 Grading Size

The size distributions of coarse and fine CDW aggregates are generally different
from the corresponding fractions of natural aggregates. However, in a production
plant and also in several studies, CDW aggregate is produced by adopting crushing
and screening processes and therefore CDW aggregate generally falls within the
limits of mixing gradation for preparation of required types of concrete. The use of
similar crushing technique with the same maximum size (or if the crusher is set a
specific opening) generates CDW aggregates with almost similar grading behav-
iour (Katz 2003; Chen et al. 2003). Yang et al. (2011) compared the sieve analysis
results of fine CDW aggregate with the grading limits from British standard, BS
EN12620, and concluded that fine CDW aggregate used in their study could be
categorised as medium class, as the passing percentage of 150 pm fraction of fine
CDW aggregate fell in the region of medium grading limits (Fig. 3.13).

The particle sizes of the fine CDW aggregates used by Khatib (2005) are similar
but coarser than those of natural class M sand. Tangchirapat et al. (2008) and
Zaharieva et al. (2003) also reported that the CDW fine aggregate is generally
coarser than normal sand. The fineness modulus of CDW and natural aggregates,
reported in various references, are presented in Table 3.11.

Chen et al. (2003) found similar grade size distributions in the fine and coarse
fractions of two types of CDW aggregates, which are slightly different in their
compositions but processed by similar crushers with the same maximum size
(Fig. 3.14).

Corinaldesi et al. (2002) and Vieira et al. (2011) found different grading curves
for natural and CDW fine aggregates, which are presented in Fig. 3.15. For this
reason, Vieira et al. (2011) separated various fractions of CDW aggregates so that
the grading curve of CDW aggregate matched the grading curve of natural
aggregate with similar fineness modulus. Although this type of procedure is dif-
ficult in practical terms, it enables comparisons between mix compositions with
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Table 3.11 Fineness modulus of the CDW and natural aggregates reported in various references

Reference

Fineness modulus of

CDW aggregate
(type of aggregate)

Natural aggregate
(type of aggregate)

Chen et al. (2003)
Nagataki et al. (2004),
Gokce et al. (2004)
Tu et al. (2006)
Evangelista and
de Brito (2007, 2010)
Tangchirapat et al. (2008)
Rao et al. (2011)
Lin et al. (2004)

2.61-2.68
6.39-6.69

6.35 (coarse); 2.74 (fine)
2.38 (fine)

3.55 (fine); 6.40 (coarse)
6.68 (coarse)
6.75 (coarse); 3.10 (fine)

2.95 (fine)
6.48 (coarse)

2.78 (fine)
2.38 (fine)

3.04 (fine); 6.04 (coarse)
6.78 (coarse)
3.28 (fine)
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Fig. 3.14 Grading size distributions of fine and coarse fraction of two types of CDW aggregates
(Chen et al. 2003)
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Fig. 3.15 Grading curve of fine natural (FNA) and fine CDW (FRA) aggregates: a Vieira et al.
(2011) (FNA and FRA: fine natural and fine CDW aggregates); b Corinaldesi et al. (2002)

the same particle size distribution, even though the replacement ratios differ. The
fine and coarse CDW aggregates used by Tu et al. (2006) also do not follow the
ASTM C33 grading standard to use in concrete preparation and therefore the
authors remixed these aggregates to meet the requirement. Gonzalez-Fonteboa
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Table 3.12 Durability properties of CDW and natural aggregates

Reference Sulphate soundness (%) (type of Frost resistance
aggregate)
CDW Normal

Zaharieva et al. (2003) 25.7 (fine); 26.4 (coarse) 3.8 (coarse) 26.7 5.6

(coarse) (coarse)

Tabsh and Abdelfatah (2009) 9-14 (coarse) <9 (Coarse)

Lin et al. (2004) 17.9 (coarse); 10.8 (fine) —

Gokce et al. (2004) 9.1 (coarse); 2.6 (fine)

Fig. 3.16 Soundness of 15 7

normal and CDW aggregate
in sulphate solution (Tabsh |
and Abdelfatah 2009) e e

P—
W19-12.5mm

% Loss

Natural 50 MPa Concrete 30 MPa Concrete Unknown

Source of Coarse Aggregate

et al. (2011) mixed the two fractions of natural coarse aggregates to get the similar
grading curve of coarse CDW aggregate. Similarly, Yang et al. (2011) remixed the
coarse CDW aggregate to meet the required specifications.

3.5.7 Other Properties

Aggregate durability properties such as soundness, frost vulnerability are very
important for the evaluation of aggregate to use concrete for various purposes. The
durability performance of CDW aggregate is generally inferior to that of normal
aggregate. Some durability properties reported in the literature for CDW and
natural aggregates are presented in Table 3.12. The soundness of CDW aggregate
in sulphate solution is considerably poorer than that of normal aggregate. How-
ever, some CDW aggregates meet the standard requirement (Tabsh and Abdelfatah
2009). Tabsh and Abdelfatah (2009) found better soundness of fine CDW aggre-
gate than the coarse one for CDW aggregate produced in the laboratory. However,
the fine fraction of CDW aggregate collected from a dumping ground exhibits
better soundness behaviour than the coarse fraction (Fig. 3.16).
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Fig. 3.17 Position of natural Si0,(wt %)
aggregate (NA) and CDW

aggregates (RCA) in CaO- NASand y
Si0,-Al,05 ternary diagram
(Limbachiya et al. 2007)

NA coarse

CaO
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Several reports indicate that CDW aggregate contains slightly higher amounts
of chlorides and sulphates than normal aggregate. However, this amount is gen-
erally lower than the limits set for them in standard specifications. Tam and Tam
(2007) determined chloride and sulphate contents in several CDW aggregates and
compared the results with standard specifications. Their results suggest that sul-
phate and chloride content in all the aggregates, except one type, meet the standard
specifications. Rahal (2007) also found slightly higher amounts of chloride (0.3 %)
in CDW aggregate than in normal aggregate (0.14 %). Corinaldesi (2009) did not
find any organic and alkali silica reactive materials in CDW fine aggregate. They
also found low chloride and sulphate contents, which are lower than the standard
specifications. To evaluate the potential surface activity of fine particles (clay,
organic materials and ferrous hydroxides) present in CDW aggregate, Courard
et al. (2010) analysed its fine fractions, those passing through the 80 pm sieve, by
measuring the methylene blue value, according to the standard specified method
described in Belgian standard, NBN B11-210. They found very low methylene
blue value, which means that the aggregate is acceptable for use in concrete.

Chemically, CDW aggregate contains lower amounts of SiO, and higher
amounts of CaO and Al,Oj3, the three major oxides, than the contents of those in
natural fine and coarse aggregates. The CaO-Si0,-Al,0; ternary diagram for these
three major oxides present in CDW and natural aggregate as reported by Lim-
bachiya et al. (2007) is presented in Fig. 3.17. In comparison with CDW aggre-
gates (RCA), the two natural aggregates are found to be at the top of the triangle,
indicating the presence of higher amounts of SiO, than the CDW aggregate. The
diagram also shows a comparable composition for all three CDA aggregates,
obtained from three different C&D sources, with a richer composition in Al and Ca
oxides when compared to coarse and fine NAs.

The mineralogical compositions of CDW aggregate are slightly different from
those of natural aggregates due to the presence of different constituents from
different sources such as hydrated cement, ceramics and natural aggregates
(Bianchini et al. 2005; Limbachiya et al. 2007).
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3.6 Concluding Remarks

Using CDW as an aggregate in the preparation of new concrete has been the
subject of investigation for a long time. In general, the quality of CDW aggregate
is poorer than that of natural aggregate, which restricts its use in various con-
struction applications. Information gathered from this review can be summarised
as follows:

1. The production process of CDW aggregate affects its quality and composition.
Further processing and higher quality source concrete result in better quality
aggregates;

2. Depending on its source, CDW aggregates may contain only natural aggre-
gates with adhered mortar or several types of contaminants such as bitumen
mixtures, plastics, bricks and tiles in minor amounts along with natural
aggregate and adhered mortar contents;

3. Almost all properties of CDW aggregate are dependent on its mortar content.
The adhered mortar may be present as lumps embedded with varying pro-
portions of smaller natural aggregates or on the surface of the natural
aggregate present in CDW aggregate or as a binder to two or more natural
aggregate particles;

4. Several methods are proposed to determine adhered mortar content in CDW
aggregates and also several beneficiation techniques can be applied to
decrease mortar content in CDW aggregate;

5. All types of densities along with bulk density of CDW aggregate are lower
than those of natural aggregates, due to the existence of porous and less dense
cement paste/mortar in the CDW aggregates;

6. As adhered mortar in CDW aggregate is porous by nature, it can absorb high
amounts of water. Thus the porosity and water absorption capacity of CDW
aggregate is very high compared to that of natural aggregate. The variation of
water absorption capacity in various CDW aggregates reported in various
references is due to the variation of cement paste content in this aggregate as
well as the content of other components such as crushed clay brick and tiles.
The higher water absorption capacity of CDW aggregate substantially dete-
riorates the workability of resulting concrete, which finally affects the various
properties of concrete;

7. Additional water is necessary to compensate for the extra absorption of the
CDW aggregates during preparation of concrete mix. Several methods are
adopted to improve the performance of CDW aggregate during concrete
mixing;

8. CDW aggregate has a lower Los Angeles abrasion value than that of natural
aggregate because of the presence of adhered mortar. However, this value for
the majority of the CDW aggregate reported in the literature meets the various
standard requirements for concrete and road constructions. The toughness of
CDW aggregate is also lower than that of natural aggregate;
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9. Compared to natural aggregate, the surface of CDW aggregate is rough and
porous due to the presence of mortar adhered. The shape and flakiness indices
of various CDW aggregates reported in the literature are comparable to those
of natural aggregates used in those studies;

10. The size distributions of coarse and fine CDW aggregates are generally dif-
ferent from the corresponding fractions of natural aggregates. However, in a
production plant and also in several studies, CDW aggregate is produced by
adopting crushing and screening processes and therefore CDW aggregate
generally falls within the limits of mixing gradation for the preparation of the
required concrete types;

11. The durability performance of most of the CDW aggregates is considerably
poorer than that of natural aggregate. The concentration of some deleterious
chemical components in CDW aggregate is slightly higher than the natural
aggregate, although the amount falls within the limits specified in various
specifications;

12. Chemically, CDW aggregate contains lower amounts of SiO, and higher
amounts of CaO and Al,O3, the three major oxides, than the content of those
in natural fine and coarse aggregates. Similarly, the mineralogical composi-
tions of CDW aggregate are slightly different from those of natural aggregate
due to the presence of different constituents from different sources.
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Chapter 4
Use of Industrial Waste as Aggregate:
Properties of Concrete

4.1 Introduction

As indicated in an earlier section, aggregates account for the largest part of the
concrete volume and therefore play a substantial role in almost all concrete
properties such as workability, strength, dimensional stability, and durability.
Recently, several waste materials have been studied to be used as aggregate in
concrete. The use of waste as aggregates can consume vast amounts of waste
materials as this is the major component of cement mortar and concrete.

In this section, properties of concrete with various types of waste aggregates
generated from various industries will be presented. The major focus will be given
on the behaviour of concrete with various waste industrial aggregates; however, if
information is not available on a particular property of concrete, the same or
similar property of cement mortar with that particular waste will be considered.

4.2 Coal Bottom Ash

Many references are available on the properties and use of fly ash (FA) as a
mineral addition in conventional Portland cement concrete. However, not much
has been reported on the use of FA and coal bottom ash (CBA) as aggregate in
concrete. CBA falls into the bottom of the furnace in modern large thermal power
plants and constitutes about 20 % of total ash content of the coal fed into the
boilers. The properties of CBA depend on the coal type, pulverising system,
combustion conditions, temperature, type of furnace, minerals in coals and milling
system and these are already presented in detail in Chap. 2. Here, the effect on
CBA aggregate on the several concrete properties will be discussed.
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4.2.1 Fresh Concrete Properties

4.2.1.1 Workability/Slump Behaviour

The slump behaviour of concrete due to the incorporation of CBA is probably
dependent on its shape, porosity and surface texture. Therefore, two parallel views
exist concerning the slump behaviour of concrete with CBA.

Agarwal et al. (2007) measured the workability of concrete with CBA as
replacement of fine aggregate using the compacting factor test, described in Indian
standard, IS 1199-1959. They found that the workability of concrete decreased as
the replacement level of the fine aggregates with CBA increased (Fig. 4.1a). The
increase in the specific surface due to increased fineness of fine aggregate as well
as a greater amount of water needed for the mix of ingredients to get closer
packing result in decrease of the workability of the mix.

Kim and Lee (2011) reported contrasting slump values for concrete with fine
and coarse CBA used as a partial or full replacement of natural fine and coarse
aggregate, respectively. They concluded that the flow characteristics of fresh
concrete were slightly reduced by the use of coarse CBA, whereas the effect of fine
CBA can be neglected. They observed a 20.8 % reduction of slump of fresh
concrete that contains coarse CBA only as coarse aggregate. More complicated
shape and rougher surfaces of CBA than normal aggregate and a lowering of
aggregate—cement paste lubrication effect due to absorption of some free cement
paste and water by porous CBA are the major causes of this reduction. On the
other hand, the porosity and water absorption capacity of fine CBA is lower than
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2007; b Kim and Lee 2011; ¢ Bai et al. 2005; d Kou and Poon 2009



4.2 Coal Bottom Ash 117

that of coarse CBA and therefore concrete with fine CBA absorbs negligible
amounts of cement paste and water during mixing, which does not affect the slump
value of the resulting concrete mix. Their results are presented in Fig. 4.1b.

Kasemchaisiri and Tangtermsirikul (2008) also observed reduction in slump
value due to incorporation of CBA as a partial substitution of fine aggregate.
According to these authors, this was due to an increase in frictional forces between
aggregate particles as CBA is highly irregular in shape and it has rough surface
texture.

Bai et al. (2005) reported an increase in slump due to the partial substitution of
sand with fine CBA in the concrete mix (Fig. 4.1c). According to the authors, the
presence of a “ball-bearing effect”, due to the replacement of irregular shaped
normal sand by spherical shaped fine CBA aggregate increases the slump value of
the concrete mix.

Kou and Poon (2009) also reported increasing slump of fresh concrete mix due
to the incorporation of fine CBA as partial or total replacement of normal sand
(Fig. 4.1d). An increase in free water content in the concrete mix with fine CBA by
comparison with that of the conventional concrete mix, due to the high water
absorption capacity of CBA, increases slump.

4.2.1.2 Bleeding Behaviour

Andrade et al. (2009) observed bleeding of water during the preparation of a fresh
concrete mix with CBA as aggregate. The authors reported that the concrete mix
started to segregate (i.e. the aggregates and cement particles tended to occupy the
bottom of the container) during the concrete preparation and moulding process due
to the difference in weight of various constituents in the concrete mix. The water
loss due to the addition of CBA as partial replacement of sand fraction in the
concrete mix is presented in Fig. 4.2a. The bleeding of water increases with
increasing content of CBA. Ghafoori and Bucholc (1996) observed a similar
behaviour for concrete with fine CBA as partial substitution of sand (Fig. 4.2b).
According to these authors, the higher bleeding of fresh concrete mix due to
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Fig. 4.2 Water loss due to bleeding of concrete mixes with various amounts of fine CBA
aggregates. a Andrade et al. (2009); b Ghafoori and Bucholc (1996)
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addition of CBA by comparison with conventional concrete is due to the increased
demand of water during the mixing of concrete with CBA.

Andrade et al. (2007) reported that the water, absorbed during mixing, is
desorbed at a later stage and increases bleeding. Decreases in water/cement (w/c)
ratio and addition of air-entraining admixture can significantly decrease bleeding
of concrete with CBA (Andrade et al. 2009; Ghafoori and Bucholc 1996).

4.2.1.3 Density

As the density of CBA is considerably lower than that of normal fine and coarse
aggregates, the inclusion of CBA aggregate in concrete decreases its unit weight or
density. Another factor that is pointed out in some of the studies is the higher w/c
ratio of concrete with CBA than in conventional concrete, which introduces more
air bubbles in the concrete mix. Figure 4.3 shows the density of concrete with two
different size ranges (Lee et al. 2010). The size ranges of the CBA aggregate
present in concrete mixes F1 and F2 are, respectively, 0-2 and 2-8 mm. A sig-
nificant decrease in density was observed due to the incorporation of CBA
aggregate in concrete. Yiiksel et al. (2007) reported about 30 % reduction in fresh
density of concrete briquette (block) with CBA used to replace 50 % (in volume)
of 0—4 mm sand.

4.2.2 Hardened Concrete Properties

4.2.2.1 Density of Concrete

Just like for fresh-state density, the incorporation of CBA aggregate also decreases
the dry density of hardened concrete due to the low bulk density of CBA aggregate.
Experimental results of two different types of concrete are presented in Fig. 4.4.
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Fig. 4.4 Density of two different types of hardened concrete. a Normal (Kim and Lee 2011);
b Autoclaved aerated (Kurama et al. 2009)

4.2.2.2 Compressive Strength

Variations in compressive strength of concrete due to the incorporation of CBA
aggregate were observed depending on the method of preparation of concrete.
Bai et al. (2005) observed lower compressive strength of concrete with CBA
aggregate than that of conventional concrete at constant w/c ratio, while the two
types of concrete exhibited almost similar compressive strength at constant slump
(Fig. 4.5).

The same authors concluded that 30 % of natural sand could be replaced with
CBA aggregate to produce concrete in the 40-60 N/mm? compressive strength
range without detrimentally affecting the permeation and drying shrinkage prop-
erties of structural concrete. Yiiksel et al. (2011) also observed a decreasing trend
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Fig. 4.5 Compressive strength of concrete with CBA at constant w/c and slump values (Bai et al.
2005)
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Fig. 4.6 Compressive strengths of concrete with CBA (Andrade et al. 2007)

in compressive strength of concrete due to increasing addition of CBA for constant
w/c.

Kim and Lee (2011) did not observe any significant changes in the compressive
strength of concrete with constant w/c value due to the incorporation of coarse and
fine CBA as partial and full replacement of coarse and fine aggregate, respectively.
According to the authors, this was due to the presence of higher amounts of cement
paste than those observed in other studies. Kuruma et al. (2009) observed higher
compressive strength in autoclaved aerated concrete with fine CBA replacing
50 % of natural sand than in similar conventional concrete, and compressive
strength further decreased with increasing replacement level. This was mainly due
to the pozzolanic activity of CBA, which increased at autoclaved aerated condi-
tions and therefore forms additional amounts of products like calcium silicate
hydrate gel, and strengthen the structure.

Andrade et al. (2007) reported that the consideration of water content in CBA
during the preparation of a concrete mix has profound effect on the compressive
strength of hardened concrete. Their results are presented in Fig. 4.6. The authors
prepared two types of concrete: in one type the moisture content in CBA was not
considered to determine the water amount in the mix (CRT3) and in the other type
the moisture content in CBA was considered for that effect (CRT4).

As the CBA is slightly pozzolanic by nature, the strength development pattern
with respect to elapsed time for concrete with CBA is different from that of
conventional concrete. In most studies, it was reported that this type of concrete
gains strength at a slower rate in the initial period of curing and grows faster at the
latter stage of curing (Andrade et al. 2007; Agarwal et al. 2007; Ghafoori and
Bacholc 1996). According to these authors, bottom ash takes parts in hydration
reaction at the latter stages of curing and forms other products. In Fig. 4.6, the
strength development behaviour of two types of concrete with CBA aggregate is
presented. Park et al. (2009) reported that the failure of concrete with coarse CBA
aggregate was predominantly by aggregate fracture instead of binder fracture and
interface fracture, due to the lesser hardness of CBA versus that of normal
aggregate.
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4.2.2.3 Flexural Strength

Some authors observed a significant reduction in the flexural strength of concrete
due to the incorporation of CBA, as well as to increasing CBA content, even
though the effect observed in compressive strength behaviour was insignificant
(Kim and Lee 2011, Agarwal et al. 2007). Some experimental results are presented
in Fig. 4.7. On the other hand, Triches et al. (2007) observed an increase in
flexural strength of roller compacted concrete (RCC) due to the addition of CBA as
partial substitution of natural sand because of the pozzolanic activity of CBA as
well as improvements of aggregate arrangement in the concrete matrix. Kuruma
et al. (2009) observed higher flexural strengths for concrete prepared by replacing
50 % (by weight) of natural sand with fine CBA.

Ghafoori and Bacholc (1996) reported that conventional concrete exhibited
higher flexural strength at low content of cement than concrete with CBA fine
aggregate. However, they were able to reduce this difference by increasing cement
content in concrete mix as well as by adding chemical admixture in the concrete mix

Table 4.1 Flexural strength of concrete (psi) with natural sand and CBA as fine aggregates
(Ghafoori and Bucholc 1996)

Curing age (day) Cement content in concrete (1b/yd3) Cement content in concrete (lb/yd3 )

500 600 700 800 500 600 700 800

Natural sand (C) CBA aggregate (BA)
7 505 646 716 818 376 501 641 752
28 595 722 797 881 481 622 748 916
90 688 830 945 985 573 707 815 925
CBA aggregate + 12.5 oz CBA aggregate + 25.0 oz
ADM/100 1b cement (ADM1) ADM/100 1Ib cement (ADM2)
7 469 588 743 809 452 675 809 951
28 674 788 840 926 636 830 967 1054

90 711 826 904 963 721 882 1021 1137
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with CBA. For a given content of admixture, the flexural strength of CBA concrete
became higher than that of control concrete. Their results are presented in Table 4.1.

4.2.2.4 Splitting Tensile Strength

The splitting tensile strength of concrete decreases as replacement percentage of
fine aggregate by CBA rises and increases with the curing age (Agarwal et al. 2007).
The highest and lowest gains in splitting tensile strength were observed at 20 and
50 % replacement of fine aggregates with bottom ash, respectively (designated M2
and M5). Plain concrete reaches 64, 77 and 88 % of 90-day strength at 7, 28 and
56 days of curing, respectively, whereas these values for concrete with CBA at 20,
30, 40 and 50 % replacement levels were in the ranges of 62-86 %, 60-83 %,
56-83 % and 53-84 %, respectively. Their results are presented in Fig. 4.8.

Ghafoori and Bacholc (1996) reported that the inclusion of CBA in concrete
had more influence on splitting tensile strength than on compressive strength. At
low cement content (500 Ib/yd® of concrete), the splitting tensile strength of
concrete with CBA aggregate was lower than that of conventional concrete at the
early ages of curing and was similar after 56 days of curing. However, the initial
dormant period of CBA concrete can be overcome by adding admixtures to this
type of concrete. On the other hand, the splitting tensile strength of both types of
concrete was similar for the concrete mix with 600 1b/yd® of cement. These results
are presented in Fig. 4.9.

4.2.2.5 Static Elastic Modulus

The static elastic modulus of concrete with CBA is significantly lower than that of
conventional concrete. Ghafoori and Bacholc (1996) reported that the higher
elastic modulus value of conventional concrete than that of CBA concrete was due
to the lower paste porosity of conventional concrete than that of CBA concrete, as
the w/c value of conventional concrete was lower than that of CBA concrete, as
well as to the higher bulk density of natural sand aggregate than that of CBA
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Fig. 4.9 Splitting tensile strength of normal and CBA concrete (Ghafoori and Bucholc 1996).
a Cement content: 500 lb/yd3; b Cement content: 600 lb/yd3

Table 4.2 Modulus of elasticity of different types of concrete (Ghafoori and Bucholc 1996)

Cement content (lb/yd3 ) Modulus of elasticity, (psi) of concrete (x 10%

C CBA ADMI1 ADM?2
500 5.02 332 3.64 3.83
600 5.58 3.80 4.04 4.36
700 5.80 3.86 4.32 5.05
800 5.74 4.25 4.47 5.20

Details about concrete mix proportions are presented in Table 4.1

aggregate. Their results are presented in Table 4.2. The authors achieved a sig-
nificant improvement of the modulus of elasticity for CBA concrete by using a
higher amount of cement along with the addition of an admixture.

Kim and Lee (2011) also observed a similar modulus of elasticity of high-
strength concrete (HSC) prepared by replacing 50 % by volume of aggregate with
CBA, beyond which it dropped quickly (Fig. 4.10). The authors observed a higher
reduction in the modulus of elasticity using coarse CBA aggregate than for fine
CBA. The reduction in modulus of elasticity of concrete due to 100 % replacement
of fine natural aggregate (NA) by fine CBA was about 15 %, whereas these values

Fig. 4.10 Modulus of 50
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Fig. 4.11 Modulus of elasticity of concrete with CBA (Andrade et al. 2007)

for 100 % replacement by coarse CBA and 100 % replacement by a mixture of
fine and coarse CBA were, respectively, 22.5 and 51 %.

Andrade et al. (2007) also observed significant reduction in elastic modulus
value for concrete with fine CBA as partial or full replacement of fine aggregate
fraction (Fig. 4.11). This reduction was prominent at the early stage of curing.
However, at the latter stages of curing the pozzolanic reaction of CBA made the
microstructure of concrete denser and improved the mechanical properties
including the elasticity modulus. However, changes in water content during con-
crete the mix preparation by considering the water content in CBA can improve
the elastic modulus behaviour of hardened concrete. The authors refer this fraction
as CRT4 in Fig. 4.11.

The same authors plotted stress—strain curves for concrete with CBA aggre-
gates. However, they did not find too much difference for CRT4 type concrete, but
other types gave scattered results at all ages.

4.2.3 Durability Behaviour

4.2.3.1 Drying Shrinkage

The drying shrinkage of concrete is generally affected by the addition of CBA
aggregates, as this material is porous by nature and therefore absorbs a large
amount of water. Bai et al. (2005) reported that the concrete with CBA as a
replacement of sand fraction at constant w/c value exhibited lower drying
shrinkage than conventional concrete. This is due to the release of moisture
absorbed by CBA during dry condition that keeps the mortar in a moist condition.
On the other hand, for constant slump value, shrinkage increased with increasing
content of CBA. However, in this condition, the authors found a comparable
drying shrinkage of concrete with CBA replacing 30 % by weight of natural sand.
Their results are presented in Fig. 4.12.
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Fig. 4.12 Drying shrinkage of concrete with fine CBA aggregates (Bai et al. 2005). a W/C 0.45.
b W/C 0.55. ¢ Slump range 0—10 mm. d Slump range 30—60 mm

Kim and Lee (2011) observed similar results for concrete with CBA prepared at
constant w/c value and slump value. The lower shrinkage value of concrete due to
an increasing content of CBA aggregate at constant slump was due to the decrease
in free water content in concrete with CBA. Ghafoori and Bacholc (1996) also
reported lower drying shrinkage for CBA concrete than the conventional concrete
despite the higher w/c value of the former concrete.

The plastic shrinkage (early volume change) of concrete is also affected by the
inclusion of CBA aggregates. Ghafoori and Bacholc (1996) found about 35 %
reduction in plastic shrinkage of concrete with fine CBA aggregates than that
observed for normal concrete due to higher bleeding of the former type of con-
crete. Incorporating a low content of chemical admixture had little effect on the
plastic shrinkage of CBA concrete but it could be increased considerably by
adding a higher dosage of admixture. Bleeding water was significantly reduced for
higher admixture content, and therefore increased the shrinkage value. Andrade
et al. (2009) also found a reduction in the plastic shrinkage of concrete due to the
incorporation of CBA aggregates. However, the shrinkage of concrete prepared by
considering the moisture and free water content in CBA aggregates was higher
than that of the reference concrete. The reduction in shrinkage was due to the
higher content of bleeding water as well as to the absorption of water by CBA.
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Fig. 4.13 Capillary water absorption of concrete with CBA aggregates (Andrade et al. 2009)

4.2.3.2 Capillary Water Absorption

Andrade et al. (2009) reported higher capillary water absorption values for con-
crete with various amounts of CBA as fine aggregates than for the reference
concrete. According to the authors, the addition of porous CBA aggregate in
concrete not only provides some free water due to bleeding but it also provides a
pore system that is different from that of the reference concrete. However, cap-
illary water can be reduced significantly if the water content in bottom ash is
considered during concrete mixing. Their results are presented in Fig. 4.13. They
also measured the sorptivity coefficient for different concrete mixes from capillary
absorption data, which are presented in Table 4.3. Yiiksel et al. (2007) also
observed increasing capillary water absorption coefficients with increasing CBA
content except for the 10 % replacement level of fine aggregate by volume. At this
level, the pozzolanic activity of CBA decreases the porosity of concrete but at
higher substitution levels the porosity of CBA increases the overall porosity of
concrete and therefore increases the permeability.

4.2.3.3 Chloride Permeability

Ghafoori and Bacholc (1996) observed about 120 % higher current flow in CBA
concrete than in conventional concrete in the rapid chloride permeability test. The
authors also reported that the addition of an admixture reduced the chloride per-
meability of CBA concrete; in this concrete, the current flow was about 61 %
higher than in the reference concrete. Kou and Poon (2009) reported contrasting

Table 4.3 Water sorptivity coefficient (kg m~2 h®®) of different type of concrete (Andrade et al.
2009)
Type of concrete Amount of CBA in concrete (mass%)

0 25 50 75 100
CRT3 22 3.1 3.8 5.7 8.9

CRT4 23 32 4.4 53
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behaviour of chloride permeability of concrete with CBA aggregate prepared at
constant w/c value and at constant slump. At constant w/c value, the chloride
permeability of CBA concrete was higher than that of conventional concrete and it
increased with the CBA content, because of the looser microstructure of CBA
concrete than that of the control concrete due to its higher free water content. On
the other hand, at constant slump, the free water content in CBA concrete was not
as high as in the reference concrete and therefore chloride permeability was
reduced. Kasemchaisiri and Tangtermsirikul (2008) observed an increase in
chloride permeability of 7-day cured self-compacting concrete with increasing
CBA aggregate content. However, the authors observed a similar permeability for
CBA concrete and the reference concrete at latter stages of curing, possibly due to
the pozzolanic reaction of CBA.

4.2.3.4 Carbonation Depth

Kasemachaisiri and Tangtermsirikul (2008) measured the carbonation depth of 28-
and 56-day cured concrete with CBA as a partial replacement of fine aggregates by
using accelerated carbonation test. They found a slightly higher carbonation depth
for concrete with 10 % CBA than that for the reference concrete. However, these
values were much higher for concrete with 20 and 30 % CBA than for the reference
concrete. The increase in porosity of concrete due to the addition of porous CBA in
concrete led to deeper carbonation. However, the difference between the carbon-
ation depth of the conventional concrete and the concrete with CBA aggregate
decreased as curing time increased due to the pozzolanic activity of CBA.

4.2.3.5 Resistance to Chemical Attack

Kasemachaisiri and Tangtermsirikul (2008) reported higher resistance to sulphate
attack of self-compacting concrete with CBA aggregates than of the reference
concrete. The sulphate resistance of CBA concrete increased with increasing
content of CBA. The observed improved performance of CBA concrete by com-
parison with the reference concrete was due to the predominance of sulphate
enhanced pozzolanic activity of CBA aggregate over the porosity induced by
porous CBA. Ghafoori and Bacholc (1996) did not observe any substantial dif-
ferences between the expansions of CBA concrete and conventional concrete after
6-month exposure of concrete specimens in sulphate solution. The test was per-
formed according to the ASTM C 1012 standard method.

4.2.3.6 Abrasion Resistance

Ghafoori and Bacholc (1996) observed higher depth of wear for concrete with
CBA fine aggregates than for conventional concrete. The average depth of wear
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Fig. 4.14 Depth of wear of concrete with CBA and conventional concrete for two cement
contents (Ghafoori and Bucholc 1996)

for CBA concrete was about 40 % higher that of the conventional concrete.
However, a low content admixture can improve the abrasion resistance of CBA
concrete and make it exhibit better performance than conventional concrete. These
results are presented in Fig. 4.14. Yiiksel et al. (2007) observed similar abrasion
values in concrete with various percentage of CBA as fine aggregates replacement
and conventional concrete.

4.2.3.7 Resistance to Freeze-Thaw and Dry—Wet Cycles

Yiiksel et al. (2007) observed better performance of concrete with CBA aggregate
than of conventional concrete subjected to freeze—thaw cycles. The strength loss
for the concrete with CBA at 10 and 20 % replacement levels was almost the same
but at higher substitution level the strength loss again increased and at 100 %
replacement level it became similar to that of conventional concrete. They also
observed further improvement of CBA concrete by mixing it with blast furnace
slag aggregate (BFS). Their results are presented in Fig. 4.15. Ghafoori and
Bucholc (1996) also observed better performance of concrete with CBA as fine
aggregates than conventional concrete when the concrete specimens were inter-
mittently subjected to freeze—thaw cycles.

Fig. 4.15 Freeze-thaw 7
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Yiiksel et al. (2007) observed higher compressive strength losses for concrete
with CBA aggregates than that observed for conventional concrete when both
types of concrete were subjected to intermittent wet—dry cycles due to the increase
in porosity of CBA concrete. This increase further increases the strength loss.
Mixing BFS aggregate with CBA aggregates improved the performance of CBA
concrete under these environmental conditions.

4.2.3.8 High Temperature Behaviour

The addition of CBA as a partial substitution of fine aggregates in concrete up to a
certain level improved its high temperature performance (Yiiksel et al. 2007,
2011). The percentage of residual compressive strength of CBA concrete at 20 %
replacement level was the highest, then it gradually decreased at higher substi-
tution rates and it was similar to that of conventional concrete at 40 % replacement
level. Compared to the surface of the post-fired reference concrete, which had
several randomly distributed cracks, the surfaces of post-fired CBA concrete
contained very few cracks.

4.2.4 Coal Fly Ash

The use of FA as a pozzolan is well documented and many standard code of
practice already recommend its use as pozzolanic material in concrete. However,
limited studies are available on the use of FA as fine aggregates in concrete
preparation. In this section, the concrete properties will be briefly highlighted.

As FA consists of very fine spherical particles, a concrete mix with FA as
aggregates is more workable, cohesive, mobile, compactable and pumpable than
conventional concrete (Ravina 1997; Pofale and Deo 2010). However, the water
requirement of reference concrete to reach similar consistency to concrete with FA
as partial replacement of sand depends on the size of the sand fraction (Ravina
1997). Ravina (1997) observed similar water requirements for concrete mixes with
FA replacing fine sand and higher water requirements for concrete mixes where
FA replaced relatively coarse sand. Siddique (2003a, b) observed a decreasing
slump trend due to the incorporation of increasing replacement contents of fine
aggregates by FA aggregates.

Siddique (2003a) also observed decreasing air-content values with increasing
content of FA as partial replacement of fine aggregates. However, concrete fresh
density increased with increasing FA contents. These results are presented in
Table 4.4.

Bleeding of concrete due to the addition of FA aggregates was similar to that of
conventional concrete. The addition of water reducers and retarders significantly
increased bleeding and the addition of superplasticizers reduced bleeding (Ravina
1997).
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Table 4.4 Fresh concrete properties of concrete with fly ash as partial replacement of fine
aggregates (Siddique 2003a)

Properties Amounts of sand replaced by fly ash (%)

0 10 20 30 40 50
Water/cement 0.47 0.48 0.49 0.49 0.49 0.50
Slump (mm) 100 90 65 40 30 20
Air content (%) 52 4.8 4.4 4.0 3.8 32
Density (kg/m?) 2308 2310 2314 2314 2316 2319

The addition of class F FA as a partial replacement of fine aggregate improved
the compressive, flexural and splitting tensile strengths as well as the modulus of
elasticity of the resulting concrete and the more so the greater the curing time
(Siddique 2003a). Similar compressive strength behaviour of concrete due to the
addition of low calcium FA was also observed by Maslehuddin et al. (1989). This
increase is due to the densification of microstructure due to the pozzolanic reaction
of FA. Figure 4.16 shows the compressive, splitting tensile and flexural strengths
of concrete with FA as partial substitution of fine aggregates. Papadakis (1999)
observed higher compressive strength development of mortar after 14 days of
curing when low calcium FA was used as partial replacement of fine aggregates.
On the other hand, the strength development of concrete was observed only after
91 days when the same FA was used to replace cement. The same author observed
higher compressive strength, bound water and total porosity of mortar when a high
calcium FA was used to partially replace the fine aggregates, whereas the strength
was almost similar during the experimental curing period when the same FA used
to replace cement (Papadakis 2000).

The addition of FA as fine aggregates replacement also decreases the depth of
wear during the abrasion resistance test (Fig. 4.16). The improvement of abrasion
resistance of concrete is due to the increase in compressive strength due to the
addition of FA (Siddique 2003b). Seo et al. (2010) observed similar drying
shrinkage cracking of concrete when coal FA replaced part of cement or fine
aggregates and slightly higher performance than that of conventional concrete.
Maslehuddin et al. (1989) observed significantly higher chloride corrosion resis-
tance of concrete with FA as fine aggregates than that of conventional concrete
(Fig. 4.17). Hwang et al. (1998) reported that the addition of coal FA as aggregate
in mortar improved the carbonation behaviour if the w/c ratio was properly
maintained.

4.2.5 Other Coal Ash

Dhir et al. (2000) reported the use of pulverised fuel ash (PFA) as partial
replacement of the sand fraction in concrete. The authors found lower slump for
concrete with moist-cured PFA aggregates and the slump further decreased as the
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Fig. 4.16 Properties of concrete with fly ash aggregates (Siddique 2003a, b)
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content of PFA rose due to the increase of the fine content in the concrete mix. For
dry PFA, the slump was not significantly affected at PFA/sand ratio of 0.05; but
slump was reduced due to the addition of a higher amount of dry PFA. However,
the authors observed similar cohesion and finishability of the concrete with PFA
aggregates and the conventional concrete mix. To control the slump of the con-
crete mix with PFA, the authors suggested using a superplasticizer. They observed
better bleeding performance of concrete mix with both dry and moist PFA
aggregates than that of the conventional concrete mix.
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The compressive strength of concrete with PFA aggregates was higher than that
of the conventional concrete and differences increased as the PFA content
increased as well as the curing age. The authors observed a particle size effect of
PFA on the compressive strength of PEA-based concrete; the compressive strength
of concrete with fine PFA was higher than that observed for concrete with coarse
PFA. According to the authors, the higher strength was due to the pozzolanic effect
of PFA.

Nataraja et al. (2007) reported the use of a burnt coal cinder as full substitution
of NA in concrete. The authors found a substantial reduction in compressive
strength of concrete due to the addition of coal cinder. The strength of concrete
was 27.6 MPa for 7 days for burnt coal cinder whereas with crushed NA it was
35.5 MPa. At 28 days of curing, the strength of burnt coal cinder concrete
increased to 38.5 MPa with a corresponding value for crushed aggregate concrete
of 55.0 MPa. Compared to natural coarse aggregate, burnt coal cinder had a low
crushing value and therefore the failure of concrete with burnt coal cinder occurred
mostly due to aggregate crushing which decreased the compressive strength.

4.3 Steel Slag

Several types of steel slag are generated in the steel making process. The gener-
ation of these slags and their properties are already presented in Chap. 2. The
presence of free calcium and magnesium oxides in some types of slag restrict their
use as an aggregate in concrete. In a recent study, it was concluded that the use of
electric arc furnace (EAF) slag as coarse and fine aggregates in concrete prepa-
ration can be considered while ladle furnace slag cannot be used for this purpose
due to controversial results obtained after durability tests (Polanco et al. 2011).
Several studies also reported the presence of high amounts of free lime and
magnesium oxide in basic oxygen furnace steel slag. In this section, the properties
of concrete with EAF-slag or steel slag, which do not exert too deleterious effects
on the durability performance of concrete, will be presented. Significant infor-
mation is available on the behaviour of conventional as well as HSC with steel slag
as aggregates, and it will be discussed systematically in this section.

4.3.1 Fresh Concrete Properties

Changes in workability behaviour (slump) of fresh concrete mixes with slag
aggregates were observed due to the large variation in aggregate properties such as
water absorption capacity, size and shape and surface texture of various steel slags
that were reported in various studies.

A concrete mix with a small amount of EAF-slag had a similar slump value to
the one of a conventional concrete; however, increasing the addition of EAF-slag
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significantly reduces slump (Etxeberria et al. 2010). Manso et al. (2004) reported
that concrete mixes with EAF-slag as the only fine and coarse aggregates lacked
cohesion, and therefore collapsed during mixing. The complete substitution of
coarse aggregate EAF aggregates of similar size and the substitution of the
0—4 mm fraction of NA by a 1:1 mixture of EAF-slag and limestone filler with
particle size <1 pm in the concrete mix can eliminate this problem. Qasrawi et al.
(2009) also observed marginal reduction in slump for concrete mixes with steel
slag replacing up to 50 % by weight of fine NA and concrete can be classified as
having moderate slump. However, concrete with 100 % slag was sticky with
slump almost nil. The increase in the fine content and angular particle content of
the concrete mix due to the addition of slag as well as the slightly higher water
absorption capacity of slag by comparison with that of natural sand were the
causes of the observed slump loss. On the contrary, Al-Negheimish et al. (1997)
did not observe any significant difference between the slump of concrete with steel
slag as coarse aggregates and conventional concrete at equal w/c value.

The bulk density of the majority of steel slags is significantly higher than that of
NA, and therefore the dry density of concrete with steel slag is generally higher
than that of conventional concrete. According to Papayianni and Anastasiou
(2010), heavyweight concrete with a density of 2750 kg/m® could be produced by
using EAF-slag. Masleduddin et al. (2003) reported that the density of a fresh
concrete mix with EAF-slag with a 3.51 specific gravity replacing 45-65 % by
weight of crushed limestone aggregates were in the range of 2436-2769 kg/m®,
whereas the density of concrete with crushed limestone aggregates with a 2.54
specific gravity was 2330 kg/m’. Al-Negheimish et al. (1997) observed a similar
increase in density due to the replacement of natural coarse aggregate by steel slag.
However, Qasrawi et al. (2009) observed a very slight increase (<5 %) in the
density of concrete with steel slag, used to replace up to 50 % by weight of fine
NA, and the resulting concrete was reported to be normal weight according to
ASTM specifications.

4.3.2 Hardened Concrete Properties

4.3.2.1 Compressive Strength

In several references, it was reported that the compressive strength of concrete
with EAF-slag as coarse and fine aggregates replacement was similar to or even
higher than that of conventional aggregate. However, contrasting results are also
available on compressive strength behaviour due to use of EAF-slag as aggregates
in concrete.

Al-Negheimish et al. (1997) observed similar compressive strength behaviours
in concrete with coarse conventional and with coarse EAF-slag aggregates as
curing time increased and for three different curing conditions, namely moist
curing at 21 °C, curing at 28 °C with 45 % humidity and curing at 55 °C and 10 %
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humidity. However, curing conditions had a significant effect on the compressive
strength of steel slag concrete. Standard moist curing of this type of concrete
exhibited the highest compressive strength, followed by moderate and high tem-
perature curing. Moreover, at the latter stages of curing, deterioration of com-
pressive strength was observed in moist-cured samples possibly due to the
formation of expansive products.

Pellegrino and Gaddo (2009) observed higher compressive strength in concrete
with EAF-slag than in conventional concrete after 7, 28 and 74 days of curing.
However, in this study, significantly higher amounts of fluidifying agent and
slightly higher amounts of aerating agent were used during preparation of concrete
with EAF-slag aggregate than those used in conventional concrete preparation.
The compressive strength of conventional concrete stabilized after 28 days of
curing while the compressive strength of concrete with EAF-slag increased with
curing time up to 74 days.

The 28-day compressive strengths of conventional concrete and concrete with
unprocessed steel slag in the Maslehuddin et al. (2003) study were 39.7 and
41.6 MPa, respectively. These concrete mixes were prepared using a similar
composition with coarse aggregate to total aggregate ratio of 0.60. The 28-day
compressive strength of concrete with slag aggregates with coarse aggregate to
total aggregate ratios of 0.45, 0.50, 0.55 and 0.65 were, respectively, 31.4, 37.7,
37.6 and 42.7 MPa. The authors also concluded that a coarse aggregate to total
aggregate proportion of 50 % may be adopted to minimise the weight effect of
heavy steel slag aggregates.

Almusallam et al. (2004) and Beshr et al. (2003) compared the compressive
strength of concrete with steel slag coarse aggregates to that of concrete with three
types of limestone aggregates. Concrete was prepared with a w/c ratio of 0.35 and
slump of 50-75 mm using a superplasticizer so that the compressive strength
performance can be related with the mechanical properties of the aggregates. After
28 days of curing, the compressive strength of concrete specimens prepared with
calcareous, dolomitic, and quartzitic limestone and steel slag aggregates were 43,
45, 47 and 54 MPa, respectively. According to the authors, for HSC the bulk of the
compressive load is borne by the aggregate rather than the cement paste alone and
therefore failure occurs through the aggregate. Thus, the compressive strength of
HSC depends on the mechanical prosperities of the coarse aggregates. Since the
steel slag aggregate had better mechanical properties than the other aggregates, the
incorporation of steel slag in concrete improved its compressive strength.

Papayianni and Anastasiou (2010) determined a 28-day compressive strength of
64.2 and 70.3 MPa for HSC with crushed limestone aggregate (reference concrete)
and concrete with coarse EAF aggregates, respectively. The compressive strength
of concrete with EAF-slag as fine and coarse aggregates was 77.9 MPa and it was
about 21.3 % higher than that of the reference concrete. The authors also observed
a higher rate of strength gain for concrete with slag aggregates during the initial
periods (0-7 days) of curing (89.2-92.2 % of 28-day strength) than that observed
for the reference concrete (81.8 % of 28-day strength).
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Etxeberria et al. (2010) observed lower compressive strength for concrete with
EAF-slag as the only coarse aggregates than that of a conventional concrete due to
a higher effective w/c value (0.69) than that of the conventional concrete (0.65).
However, in comparison with conventional concrete, the authors observed slightly
higher and almost equal compressive strength of concrete mixes prepared by
replacing, respectively, 25 and 50 % by volume of coarse nature aggregates by
slag. On the other hand, the compressive strength of concrete prepared at lower
w/c value increased with higher content of EAF-slag used to replace 0, 25, 50 and
100 % by volume of coarse NA (w/c equal to 0.57, 0.58, 0.59, and 0.60,
respectively).

Manso et al. (2006) observed low compressive strength of concrete with EAF-
slag as fine and coarse aggregates, due to its very poor workability behaviour. But
the compressive strength of concrete with EAF-slag was comparable to that of
conventional concrete at latter stages of curing (6 months and 1 year) when the
fine and coarse NA in concrete were replaced according to the following methods:
(1) complete replacement of coarse NA by similar size fractions of EAF-slag; (2)
complete replacement of coarse NA by similar size fractions of EAF-slag along
with the replacement of an equal amount of fine limestone aggregates by EAF-slag
fine aggregates. In the case of the second method, the grain size of limestone
aggregates was below 1 mm and therefore they act as a filler material.

Qasrawi et al. (2009) observed higher compressive strength for three different
types of concrete (with design cube strength of 25, 35 and 45 MPa) prepared by
replacing 15 and 30 % by weight of fine aggregates by steel slag than that for
conventional concrete. However, at the replacement ratios of 50 and 100 % by
weight, the compressive strength for all concrete types with slag aggregate were
lower than for conventional concrete. The increase in compressive strength of
concrete with EAF-slag up to a certain replacement level was due to the higher
angularity of steel slag aggregates compared to NA, which therefore increased the
binding between cement paste and aggregates. However, for higher slag incor-
poration levels, the percentage of the 0.15 mm aggregates fraction in concrete
increased due to the higher content of this fraction in slag (about 40 % of total
content). Thus, less cement was available to coat the slag particles and therefore
the paste—aggregate bonding decreased, which ultimately reduced the compressive
strength.

4.3.2.2 Splitting Tensile Strength

Several authors reported that the incorporation of steel slag as aggregates in
concrete increases the splitting tensile strength just like it does the compressive
strength as discussed in the previous section. However, results are also available
where improvements of compressive strength but deterioration of splitting tensile
strength was observed.

Al-Negheimish et al. (1997) observed higher 28-day splitting strength for
concrete with steel slag coarse aggregate than for conventional concrete at three
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different curing conditions. This difference was more significant for curing con-
ditions with moderate and high temperatures along with dry environment than that
for normal moist curing conditions. Almusallam et al. (2004) and Beshr et al.
(2003) also observed higher splitting tensile strength for concrete with steel slag
aggregates than that for three other types of concretes using calcareous, dolomitic
and quartzitic coarse aggregates when the authors investigated the behaviour of
coarse aggregate type on the mechanical performance of concrete. Papayianni and
Anastasiou (2010) observed 28-day splitting strength of 5.20, 5.52 and 5.89 MPa
for HSC with crushed limestone aggregates (reference concrete), concrete with
coarse EAF-slag aggregates and concrete with EAF-slag as fine and coarse
aggregates, respectively. Pellegrino and Gado (2009) observed higher splitting
tensile strength for concrete with steel slag with 2-22.4 mm size range as
aggregates than for concrete with NA.

Etxeberria et al. (2010) found lower splitting tensile strength for concrete with
various amounts of steel slag as coarse and fine aggregates than for conventional
concrete with effective w/c ratios of 0.55 and 0.50. However, in the same study,
higher compressive strength for concrete with steel slag than for conventional
concrete with w/c ratio of 0.50 was reported. A slight improvement of compressive
strength while a slight deterioration of splitting tensile strength due to the addition
of steel slag aggregates in concrete was also observed in the Maslehuddin et al.
(2003) study. The author obtained compressive strength of 41.6 MPa and splitting
tensile strength of 6.26 MPa for concrete with steel slag aggregates and com-
pressive strength of 39.7 MPa and splitting tensile strength of 6.33 MPa for
conventional concrete.

4.3.2.3 Flexural Strength

Al-Negheimish et al. (1997) reported a slightly higher 28-day flexural strength for
concrete with steel slag as coarse aggregates than that for conventional concrete
for various curing conditions. The authors also observed significant effect on the
flexural behaviour of concrete with steel slag aggregates due to changes in curing
conditions. Papayianni and Anastasiou (2010) found 28-day flexural strength of
8.30, 9.13 and 9.96 MPa, respectively, for HSC with crushed limestone aggregates
(reference concrete), concrete with coarse EAF-slag aggregates and concrete with
EAF-slag as partial replacement of fine NA and complete replacement of natural
coarse aggregates. Maslehuddin et al. (2003) observed lower flexural strength for
concrete with coarse steel slag aggregates that added up to 60 % of total aggre-
gates than that for conventional concrete with coarse crushed limestone aggre-
gates. However, a coarse steel slag content of 65 % of total aggregates in concrete
gave a higher flexural value (4.21 MPa) than in concrete with coarse limestone
aggregates (3.96 MPa).

Qasrawi et al. (2009) observed an increase in flexural strength in concrete with
increasing replacement of natural sand by fine steel slag aggregates up to a 50 %
ratio by weight. However, replacement of 100 % sand by slag was not beneficial
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when compared to the other replacement levels at the ages of 28 and 90 days. For
all replacement ratios, concrete with slag aggregates exhibited higher flexural
tensile strength than conventional concrete. This can be attributed to the better
mechanical properties of steel slag in addition to its higher angularity by com-
parison with NA, which increased the bond between aggregates and paste.

4.3.2.4 Young’s Modulus of Elasticity

Al-Negheimish et al. (1997) observed a significantly higher 28-day Young’s
modulus of elasticity for concrete with slag as coarse aggregates than for
conventional concrete with natural gravel as coarse aggregates. In this study, the
28-day Young’s modulus of elasticity for concrete with slag and conventional
concrete was 34.3 and 27.9 GPa, respectively. This higher modulus of elasticity
was caused by the increase in concrete weight associated with the higher bulk
density and modulus of elasticity of slag aggregate in comparison with NA. Beshr
et al. (2003) and Almusallam et al. (2004) observed higher Young’s modulus of
elasticity for concrete with steel slag as coarse aggregates when a comparison was
made between this modified concrete and concrete with three types of limestone
aggregates. The authors determined Young’s modulus of elasticity values of 29.6,
21.6, 24.4 and 28.8 GPa for concrete with steel slag, calcareous limestone,
dolomitic limestone and quartzitic limestone as a coarse aggregates, respectively.
This was due to the better mechanical properties of steel slag aggregates than those
of the other aggregates. The addition of silica fume to cement further increases the
Young’s modulus and for 15 % replacement level of Portland cement this value
was 40.4 GPa for concrete with steel slag aggregates (Almusallam et al. 2004).
According to the authors, the type of aggregates had a more significant effect on
the modulus of elasticity than on the compressive strength of concrete. Etxeberria
et al. (2010) observed similar modulus of elasticity for concrete with EAF-slag and
conventional concrete, particularly at lower water to cement ratios. Two types of
concrete were prepared by varying the amount of cement and w/c ratio (w/c values
of 0.5 and 0.55). The EAF-slag was used to replace 25, 50 and 100 % by volume
of coarse NA. Their results are presented in Table 4.5.

Table 4.5 Modulus of elasticity of concrete with EAF-slag aggregates (Etxeberria et al. 2010)

Concrete type Amount of EAF-slag to replace coarse  Young’s modulus of elasticity (GPa)
aggregate (in volume) (%)

wlc = 0.50 wic = 0.55
Ref 0 36.4 30.1
EAF25 25 35.6 30.3
EAF50 50 36.2 26.3

EAF100 100 36.2 23.5
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Fig. 4.18 Stress—strain curve of conventional concrete and concrete with steel slag as coarse
aggregates. a Al-Negheimish et al. 1997; b Pellegrino and Gaddo 2009

Al-Negheimish et al. (1997) also observed an increase in the stiffness of con-
crete, which was clear in the plotted stress—strain curve (Fig. 4.18a). Pallegrino
and Gaddo (2009) also plotted a stress—strain curve to determine the Young’s
modulus of elasticity (Fig. 4.18b). The value calculated from this graph for con-
crete with EAF-slag and conventional concrete was 30.7 and 24.1 GPa, respec-
tively. The higher stiffness of EAF-slag concrete compared to conventional
concrete was due to the higher density and roughness of steel slag aggregates
compared to NA.

4.3.2.5 Abrasion Behaviour

Few data are available on the abrasion behaviour of concrete with steel slag
aggregates. Papayianni and Anastasiou (2010) reported that concrete made with
EAF-slag as coarse aggregates improved the abrasion resistance compared to
reference concrete by 73.9 %. This improvement can be further improved to
77.4 % if the concrete is prepared by partially replacing fine aggregates and using
EAF-slag as coarse aggregates.

4.3.3 Durability Properties

As steel slag contains some deleterious components like free lime and magnesia
(periclase), the expansion of concrete with steel slag at various experimental
conditions was reported to evaluate the effect of these components on the resulting
concrete. In this section, those properties along with others will be discussed.
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Fig. 4.19 Drying shrinkage of gravel and slag concrete. a Al-Negheimish et al. 1997;
b Maslehuddin et al. 2003

4.3.3.1 Drying Shrinkage

Al-Negheimish et al. (1997) found lower drying shrinkage for concrete with steel
slag aggregates than for natural gravel concrete due to their angular particle shape
and honeycomb surface texture in comparison to irregular shaped and smooth
surface textured gravel aggregates (Fig. 4.19a). The higher modulus of elasticity of
slag aggregates by comparison with gravel aggregates was also responsible for the
low shrinkage of concrete with slag aggregates. Masleduddin et al. (2003) also
observed lower shrinkage for cement mortar with slag aggregates than for normal
cement mortar (Fig. 4.19b). After 120 days of curing at 25 °C and 50 % room
humidity, the shrinkage of slag and normal cement mortars was 0.097 and 0.11 %,
respectively. The incorporation of steel mill scale into mortar as fine aggregates
also lowers its drying shrinkage (Al-Otaibi 2008).

4.3.3.2 Expansion of Concrete with Steel Slag Aggregates

Normally, steel slag aggregates contain potentially expansive oxides like free lime
and magnesium oxide (periclase); therefore, several tests are performed at normal
moist as well as accelerated curing conditions to evaluate the expansion behaviour
of concrete with steel slag aggregates. That information will be discussed here.

Lee and Lee (2009) reported the formation of pop-outs of concrete with EAF-
slag as fine aggregates. Combined thermogravimetric and EDX analyses of the
materials in the pop-out portion revealed the formation of expansive Ca(OH), and
Mg(OH), due to the hydration of free CaO and MgO, present in EAF-slag
aggregates.

Length Change Due to Moist Curing

Etxeberria et al. (2010) observed similar length change behaviour for concrete
with various percentages of slag and conventional aggregates after submersing
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them in water from 12 to 56 weeks. The specimens suffer a slight length change
after 12 weeks of curing and then it almost stabilizes up to 56 weeks of curing. On
the other hand, Maslehuddin et al. (2003) observed slightly higher length change
for cement mortar with steel slag aggregates than for mortar with NA when both
types of mortars were exposed to moist environment for 4 months. The length
change observed for concrete with steel slag aggregates was 0.034 %, which was
lower than the ASTM C33 prescribed limit of 0.05 %. Their results are presented
in Fig. 4.20. The observed expansion of concrete due to the incorporation of steel
slag aggregates was due to calcium carbonate, present in steel slag, which
expanded on absorption of water.

Effect on Accelerated Ageing

Pellegrino and Gaddo (2009) used three kinds of accelerated ageing conditions to
evaluate the effect of deleterious free lime and periclase, present in steel slag
aggregates, on the expansion behaviour of the resulting concrete. They initially
used the accelerated ageing method described in the ASTM D 4792 standard and
found a reduction in strength of about 5 % for concrete with EAF-slag aggregates
and an increase of 9 % for conventional concrete. The surface of the concrete with
EAF-slag aggregates also exhibits higher efflorescence than conventional concrete
due to the formation of white powder of calcium and magnesium hydroxides.
However, ageing of concrete specimens obtained after the test by 3-month moist
curing at room temperature improves their strength. Their results are presented in
Table 4.6. Manso et al. (2006), on the other hand, did not observe any significant
differences in compressive strength of conventional concrete as well as of concrete
with steel slag aggregates after using the method described in ASTM D 4792
standard followed by 90 days of moist curing (Table 4.6).

Manso et al. (2006) also reported the results of a vigorous accelerating test
where conventional concrete and concrete with EAF-slag replacing various per-
centages of fine and coarse NA were initially subjected to autoclave test followed
by 90 days of weathering. Their results indicated that concrete with limestone
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Table 4.6 Compressive strength behaviour of concrete after accelerated ageing

Concrete type ~ Compressive strength (MPa)

Before ageing ~ After 32 days curing at 70 °C  After curing at 70 °C for
32 days plus moist curing

for 90 day

Pellegrino and Gaddo (2009)

Control 30.4 33.1 329
EAF-slag 44.4 41.9 43.4
Manso et al. (2006)

Control 38.5 39.6
EAF-slag-1 33.7 359
EAF-slag-2 353 394
EAF-slag-3 30.2 335
EAF-slag-4 30.7 34.1

Table 4.7 Compressive strength before and after autoclave ageing followed by weathering
(Manso et al. 2006)

Concrete type Compressive strength (MPa)

Before ageing After ageing Appearance
Control 38.5 18.4 Superficial cracking
EAF-slag-1 33.7 20.9 Slight superficial cracking
EAF-slag-2 353 23.8 Slight superficial cracking

aggregates exhibited poorer compressive strength than concrete with EAF-slag
aggregates due to the difference in shape of these two aggregates. Their results are
presented in Table 4.7.

Manso et al. (2004) evaluated the soundness of cement mortar with EAF-slag as
partial substitution of fine aggregates in concrete according to ASTM C1012, in
which cement mortar were subjected to ten cycles of repeated immersion in a
saturated Na,SO, solution followed by drying in an oven. They observed larger
deterioration in mortar with EAF-slag than in conventional mortar.

4.3.3.3 Freeze-Thaw Resistance

Manso et al. (2006) reported that concrete with steel slag aggregates exhibited
poorer performance than conventional concrete after 25 cycles of freezing and
thawing. Their results are presented in Table 4.8. Out of four concrete mixes with
steel slag aggregates, the authors observed better performance for concrete with
EAF-slag-2, which exhibited slightly higher compressive strength as well as lower
porosity. The addition of an air-entraining admixture improved the freeze—thaw
resistance of concrete with steel slag aggregates. Pellegrino and Gaddo (2009)
observed about 7 % reduction in compressive strength for concrete with EAF-slag,
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Table 4.8 Compressive strength behaviour of concrete after freeze—thaw cycles

Concrete type® Compressive strength (MPa) Strength change  Appearance
(%)

(strength gain: +)

(strength loss: —)

Before After freezing and
ageing thawing

Manso et al. (2006)

Control (13) 38.5 327 —15 Good

EAF-slag-1 33.7 20.6 -39 Significant
(16.2) damage

EAF-slag-2 353 27.2 —23 Slight damage
(16.0)

EAF-slag-3 30.2 16.9 —44 One sample
(17.6) cracked

EAF-slag-4 30.7 16.0 —48 Significant
(19.6) damage

Pellegrino and Gaddo (2009)

Control 30.4 339 +11.5

EAF-slag 444 41.2 -7.3

# Data in parenthesis indicates the porosity of concrete in percentage

when the concrete specimens were subjected to repeated freeze—thaw cycles for
25 days. Their results are also presented in Table 4.8. The lesser reduction in
compressive strength in comparison to Manso et al.s’ study (2006) was due to the
incorporation of an air-entrainment agent, which caused the formation of closed
pores in the specimens and therefore concrete specimens gained resistance against
freezing and the thermal/expansive stress decreased.

4.3.3.4 Resistance Against Wet-Dry Cycles

Pellegrino and Gaddo (2009) observed a reduction of about 26.5 % in compressive
strength of concrete with EAF-slag aggregates in comparison to a reduction of
7.7 % for conventional concrete when both types of concrete specimens, after
28 days normal curing, were subjected to 30 cycles of repeated 16-h moist curing
followed by 8-h oven drying at 110 °C. The presence of free calcium and mag-
nesium oxides in EAF-slag favours the more serious degradation of the resulting
concrete than that observed in the conventional concrete. Manso et al. (2006) also
observed significantly higher strength reduction in concrete with EAF-slag
aggregates (except for one slag concrete composition) than in the control concrete
when the four types of concrete mixes along with a control mix were subjected to a
similar type of wet—dry cycles to that performed by Pellegrino and Gaddo (2009).
These results are presented in Table 4.9.

Maslehuddin et al. (2003) observed a reduction of 3-7 % in compressive
strength of concrete with limestone and EAF-slag as coarse aggregates, when the
28-day hardened concrete specimens were exposed to 120 cycles of mild thermal
cycles. The concrete specimens were exposed 8 h at 70 °C followed by 16 h at
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Table 4.9 Compressive strength behaviour of concrete after wetting and drying cycle

Concrete type Compressive strength (MPa) Strength loss (%) Appearance

Before ageing After freezing- thawing
Manso et al. (2006)

Control 38.5 27.3 29 Good

EAF-slag-1 33.7 19.9 41 Slight damage
EAF-slag-2 353 24.7 30 Good

EAF-slag-3 30.2 16.6 45 Slight damage
EAF-slag-4  30.7 15.6 49 One sample cracked
Pellegrino and Gaddo (2009)

Control 30.4 28.7 5.60

EAF-slag 44.4 32.7 26.52

25 °C to complete one thermal cycle. However, a reduction in pulse velocity and
an increase in water absorption after the completion of thermal cycles indicated
better performance of concrete with steel slag aggregates than of the limestone
aggregates concrete due to the denser microstructure of the former concrete
compared with the latter.

4.3.3.5 Other Durability Behaviour

Manso et al. (2006) investigated the alkali-aggregate reaction of EAF-slag to be
used as aggregates in concrete by using the ASTM C1260 method. According to
the authors, slag contains a significant amount of glassy phase, which can react
with alkalis present in cement. The average value of expansion was 0.14 % after
16 days and 0.15 % after 28 days, both well below the specified value of 0.2 %.
However, the presence of free CaO and MgO in EAF-slag overestimate the
expansion value.

Maslehuddin et al. (2003) detected a better performance in concrete with steel
slag aggregates than in limestone concrete when both were subjected to chloride
induced corrosion. The time to initiation of reinforcement corrosion and time to
cracking of concrete specimens were, respectively, 190 and 517 h for conventional
concrete and 198-367 h and 509-774 h for steel slag aggregates concrete. This
was mainly due to a denser microstructure in steel slag aggregates concrete than in
NA concrete. Lower water absorption capacity and higher ultrasonic pulse velocity
in concrete with steel slag aggregates than in NA concrete were also observed.

4.4 Blast Furnace Slag

The use of BFS as aggregates in concrete is not as common as its use as a
component in cement. However, some recent reports indicate that this material
(particularly air-cooled BFS) can be used as an aggregate in concrete preparation.
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4.4.1 Fresh Concrete Properties

There are vast differences in results presented in various references on the slump
behaviour of concrete mix due to the addition of BFS aggregates. Etxeberria et al.
(2010) observed a slight increase in slump when 25 % by volume of coarse NA
were replaced by BFS aggregates. The mix was workable just like conventional
concrete. On the other hand, replacing 50 % by volume of NA by BFS aggregates
considerably reduced the slump of the resulting concrete. However, slump
increased again when natural coarse aggregates were completely replaced by BFS
aggregates. Collins and Sanjayan (1999) observed a slump of 65 mm for alkali-
activated slag (AAS) concrete with BFS coarse aggregates and a slump of 115 mm
for a similar concrete with basalt coarse aggregates. In this study, the BFS
aggregates were presaturated with water before being used as aggregates due to
their higher water absorption capacity (4.4 %) in comparison to that of basalt
aggregates (1.2 %) (Fig. 4.21). The observed low slump of BFS aggregates was
due to the differences in surface texture, shape and porosity from basalt aggregates.
However, in some studies, no significant difference was found in terms of slump or
workability between conventional concrete and concrete with BFS as coarse
aggregates (Demirboga and Gul 2006; Haque et al. 1995). The incorporation of
BFS as fine aggregates replacement also decreases the slump of the resulting
concrete and increasing their content further decreases it (Yiiksel et al. 2011).

The density of concrete with BFS aggregates depends on the bulk density of
BFS aggregates. Demirboga and Gul (2006) observed an increase in fresh density
of about 7.9-8.5 % in HSC with different w/c values due to BFS-aggregates
incorporation. The bulk density of BFS aggregates was equal to 2.78 g/cm® and
higher than that of natural coarse aggregates. Etxeberria et al. (2010) reported
lower dry density for concrete with BFS aggregates than for conventional con-
crete. The dry density was further decreased as the content of BFS aggregates
increased due to the lower bulk density of BFS aggregates (2.36 g/cm?) than that
NA (2.56 g/cm3 ). The air content of alkali-activated concrete with BFS coarse
aggregates and basalt coarse aggregates were 1.6 and 1.2 %, respectively (Collins
and Sanjayan 1999).
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4.4.2 Hardened Concrete Properties

Etxeberria et al. (2010) observed contrasting compressive strength behaviour,
when concrete mixes were prepared by replacing 0, 25, 50 and 100 % by volume
of natural coarse aggregates by BFS aggregates at low and high w/c ratios. At high
w/c, the compressive strength for concrete with BFS aggregates used to replace 25
and 100 % by volume of coarse aggregates was lower than that of the conventional
concrete. But the compressive strength of concrete with BFS aggregates used to
replace 50 % by volume of coarse aggregates was higher than that of the con-
ventional concrete. On the other hand, at low w/c, the compressive strength of
concrete with BFS aggregates was higher than that of the conventional concrete
and strength increased with the content of slag aggregates in concrete. In both
cases, the w/c value of conventional concrete was lower than those of the BFS-
aggregates concrete mixes.

Demirboga and Gul (2006) found higher compressive strength for HSC with
BFS as coarse aggregates than for conventional concrete for various w/c values.
However, the difference in strength between BFS-aggregates concrete and con-
ventional concrete decreased as the w/c value increased (Fig. 4.22). Haque et al.
(1995) reported that compressive strength of concrete with BFES aggregates could
be as high as 107 MPa. Yiiksel and Bilir (2007) observed similar compressive
strength for concrete pavement blocks where 60-80 % by volume of fine aggre-
gates were replaced by equal-size BFS aggregates and for a conventional pave-
ment block. Yiiksel et al. (2011) observed a decreasing trend of compressive
strength with increasing substitution level of fine NA by BFS aggregates.

Collins and Sanjayan (1999) found higher 1-day compressive strength for AAS
concrete with BFS as coarse aggregate than for coarse basalt aggregates (NA)
AAS concrete when both were cured by immersion. However, the compressive
strength of NA AAS at the later stages of immersion curing and sealed curing at all

Fig. 4.22 Compressive 28-day
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aggregates (Demirboga and
Gul 2006)
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Fig. 4.23 Compressive strength of various types of concrete at three different curing conditions:
a at 23 °C in immersion; b at 23 °C in 50 % humidity; ¢ at 23 °C with sealed specimens (Collins
and Sanjayan 1999)

curing period was higher than that of AAS with BFS aggregates. On the other
hand, the compressive strength of AAS with BFS aggregates was higher than that
of NA AAS at the whole curing period when both were cured at 23 °C with 50 %
room humidity due to internal curing effect, where the moisture present in BFS
aggregates came out at low humidity conditions (Fig. 4.23).

Etxeberria et al. (2010) observed lower modulus of elasticity and splitting
tensile strength for concrete with BFS aggregates than for conventional concrete at
two different ranges of w/c values. These values further decreased as the content of
BFS aggregate in concrete increased. Lower modulus of elasticity was reported for
BFS-aggregates concrete in comparison to conventional concrete in Haque et al.s’
(1995) study too. On the other hand, in comparison to conventional concrete, about
8-10 % higher splitting tensile strength and higher elastic modulus were recorded
for concrete with BFS coarse aggregates prepared at various w/c ratios.

Ashby (1996) observed similar elastic modulus of elasticity but marginally
higher Poisson’s ratio for concrete with air-cooled slag aggregates than for natural
gravel aggregates concrete. The specific creep for grade 20 concrete with air-
cooled aggregates was lesser but for grade 40 concrete it was similar to that of the
natural gravel concrete.

Yiiksel et al. (2007) observed higher abrasion resistance of concrete with BFS
as partial replacement of fine aggregates. In this study, the fine aggregates were
replaced by BFS aggregates up to a replacement level of 50 % (by weight).
Maximum abrasion resistance was observed when 10 % of fine aggregates were
replaced by BFS aggregates.



4.4 Blast Furnace Slag 147

=Y

Fig. 4.24 Water absorption

capacity of conventional i > M1
concrete (M1) and concrete
with BFS aggregates (M2) 1 —— M2

(Demirboga and Gul 2006)

w
w o

=]
v

Absorption [%]

e
w L
f

0 T T T T I
0.3 0.35 0.4 0.45 0.5

Water Cement Ratios [w/c]

4.4.3 Durability Performance

Etxeberria et al. (2010) observed almost identical length change behaviour for
concrete with BES coarse aggregates and conventional concrete when both were
immersed in water for 12 and 56 weeks: all types of concrete specimens suffered a
slight length change after 12 weeks of immersion and then it stabilized up to
56 weeks of immersion. However, in comparison to conventional concrete, BFS-
aggregates concrete suffered lesser length change in the early 12-week period.

Etxeberria et al. (2010) observed lower capillary water absorption for AAS
concrete with BFS aggregates than for conventional concrete. The lowest and
highest absorptions were observed for mixes with 50 and 100 % by volume
replacement of coarse aggregates by BFS aggregates, respectively. Demirboga and
Gul (2006) also observed lower water absorption capacity for HSC with BFS as
coarse aggregates than for conventional concrete at different w/c values (Fig. 4.24).
On the other hand, Yiiksel et al. (2007) reported higher capillary water absorption for
concrete with BFS aggregates replacing 20-50 % by weight of fine aggregates than
for conventional concrete; however, at 10 % replacement level the capillary water
absorption of BFS concrete was lower than that of the conventional concrete due to
pozzolanic reactions of some constituents of BFS aggregates with free lime. At high
substitution level, concrete became porous due to porous aggregates addition and
therefore increased capillary water absorption. Haque et al. (1995) observed lesser
water absorption and water penetration for a high-performance concrete with air-
cooled BFS aggregates than for conventional concrete.

Etxeberria et al. (2010) observed significantly higher residual strength for
concrete with BFS aggregates than for conventional concrete when both were
exposed to 800 °C for 4 h. The residual compressive strength for mixes where 25,
50 and 100 % by volume of NA were replaced by BFS aggregates was, respec-
tively, 48, 53 and 51 % in comparison to 33 % for conventional concrete. The
concrete with BFS as partial replacement of fine aggregates exhibited similar or
slightly better compressive strength and dynamic elastic modulus behaviour than
the conventional concrete when both were exposed to 800 °C (Yiiksel et al. 2011).
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Increasing addition of aggregates slightly improved these properties, which was
more noticeable in the dynamic elasticity modulus results. In another work, Yiiksel
et al. (2007) observed higher residual strength for concrete where up to 40 % by
weight of fine aggregates were replaced by BES aggregates than for conventional
concrete. In this study, the maximum strength was observed at 20 % replacement
level. The residual strength was lower than that of the conventional concrete for
50 % replacement of fine aggregates by BFS aggregates, possibly due to changes
in concrete microstructure and the generation of more porosity because of the
substitution of fine aggregates by porous BFS aggregates. However, the residual
strength of concrete with CBA as partial replacement of fine aggregates was better
than that of the BFS-aggregates concrete (Fig. 4.25).

Yiiksel et al. (2007) found higher freeze—thaw resistance for concrete with BFS
as partial replacement of fine aggregates than for conventional concrete as well as
CBA aggregates with concrete. The specimens were subjected to 50 cycles of
repeated freezing and thawing. This resistance increased with the replacement
ratio of fine aggregates by BFS aggregates and at 20 % replacement level it
reached a maximum; further increasing the replacement level up to 50 % by
weight decreased the resistance even though the performance was still better than
that of conventional concrete. Their results are presented in Fig. 4.26.

Yiiksel et al. (2007) observed an insignificant effect of wet—dry cycles on the
strength loss of concrete with BFS fine aggregates as 0-50 % by weight replacement
of NA, when the specimens were subjected to 25 cycles. Collins and Sanjayan (1999)
observed lower drying shrinkage for AAS concrete with BFS as coarse aggregates
than for concrete with basalt aggregates. The experiment was undertaken at 23 °C
with 50 % room humidity. However, similar autogenous shrinkage in concrete with
basalt and BFS aggregates indicated that the improvement of shrinkage because of
BFS-aggregates addition was attributed to the internal curing caused by the moisture
present in these aggregates. Ashby (1996) also observed lower drying shrinkages for
concrete with air-cooled BFS aggregates than for conventional concrete with river
gravel up to a period of 56 days. Haque et al. (1995) reported lower drying shrinkage
for high-performance concrete with air-cooled BFS aggregates than for conventional
concrete.
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4.5 Non-Ferrous Slag
4.5.1 Copper Slag as Aggregate in Concrete

Several reports are available on the use of copper slag as fine and coarse aggre-
gates in concrete. Both normal and HSC are prepared with copper slag aggregates.
In this section, normal and high-performance concrete properties will be discussed
in the same section.

4.5.1.1 Fresh concrete properties

The incorporation of copper slag as a partial or full substitution of fine aggregate in
concrete increases the slump value (Al-Jabri et al. 2011; Wu et al. 2010; Pezhani
and Jeyaraj 2010). Al-Jabri et al. (2011) observed increased slump of concrete as
the incorporation of copper slag as replacement of fine aggregates rose. The slump
of conventional concrete and concrete with copper slag at 100 % fine aggregate
level were, respectively, 65.5 and 200 mm. The improvement in slump was due to
the presence of a greater amount of free water in slag concrete than in conventional
concrete as the water absorption capacity of copper slag was lower than that of
natural fine aggregates. However, segregation and bleeding was observed in fresh
concrete mixes with high amount of copper slag, i.e. in this case concrete mixes
prepared with 80 and 100 % of fine NA replaced by copper slag. Al-Jabri et al.
(2009a, b) also observed a significant reduction in w/c ratio in HSC due to the
replacement of fine aggregates by equal-size copper aggregates. The w/c value of
conventional concrete and concrete with copper slag at 100 % fine aggregates
replacement level were 0.35 and 0.27, respectively. The addition of copper slag as
coarse aggregates also increased the slump of concrete (Khanjadi and Behnood
2009).

Increased bleeding was also reported in the Ishimaru study (2005) when the
content of copper slag used to replace natural fine aggregates increased. Bleeding
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increased with copper slag incorporation due to the high bulk density, glass-like
surface properties and irregular grain shape of copper slag (Shoya et al. 1997).
Bleeding depends on several factors such as w/c ratio, air content and slag content
in concrete. According to Shoya et al. (1997) 40 % copper slag can be used as
partial replacement of aggregates to control the amount of bleeding to less than
5 1/m*. The addition of an admixture with cellulose ether and powder-like mate-
rial, such as limestone powder, is highly effective to improve the bleeding per-
formance of concrete with copper slag as aggregates (Shoya et al. 1997). Hwang
and Laiw (1989) obtained a concrete mix with satisfactory workability and
minimal bleeding at the optimum fineness modulus of a mixture of copper slag and
natural fine aggregates, which was roughly equal to 2.6.

The addition of copper slag as fine or coarse aggregates in concrete increases its
fresh density due to the higher bulk density of copper slag than that of NA
(Al-Jabri et al. 2011; Khanjadi and Behnood 2009). Al-Jabri et al. (2011) observed
an increase in the density of fresh concrete of about 5 % when fine aggregates were
totally replaced by copper slag. Khanjadi and Behnood (2009) reported a density
of 2310 and 2668 kg/m® for HSC mixes with limestone and copper slag as coarse
aggregates, respectively. Khanjadi and Behnood (2009) also observed air-content
values of 2.5 and 2.4 % for natural and copper slag concrete, respectively. The
difference in air content between control concrete and copper slag concrete
increases with addition of silica fume with cement.

4.5.1.2 Hardened Concrete Properties

Al-Jabri et al. (2011) observed an increasing trend of 28-day compressive strength
of concrete as the content of copper slag rose up to a 40 % replacement level (mix
No. 4 in Fig. 4.29) of fine aggregates. Their results are presented in Fig. 4.29.
Further increment of the content of copper slag decreased the compressive strength
of resulting concrete and at a 60 % replacement level (mix No. 6) it became
slightly higher than the compressive strength of conventional concrete. The mix
with 40 % copper slag content yielded the highest 28-day compressive strength of
47.1 N/mm?> compared with 45 N/mm? for the control mix, whereas the lowest
compressive strength of 34.8 N/mm?” was obtained for the mix with 80 % copper
slag (mix No. 7). This reduction in compressive strength for concrete mixes with
high copper slag contents was due to the increase in free water content that
resulted from the low water absorption characteristics of copper slag in compar-
ison with sand, which caused a considerable increase in the workability of concrete
and thus reduced the compressive strength as shown in Fig. 4.27.

In the Birindha and Nagam (2011) study, the 28-day compressive strength of
concrete prepared by replacing 40 % of fine aggregates by copper slag aggregates
was 46.7 MPa in comparison to the equivalent compressive strength of 35.1 MPa
for the control concrete. However, at 60 % substitution level of fine aggregates by
copper slag the compressive strength decreased to 39.7 MPa. Similar observations
were reported in some other studies, where copper slag was used as fine aggregates
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(Ayano and Sakata 2000; Caliskan and Behnood 2004; Hwang and Laiw 1989;
Li 1999; Shoya et al. 1997; Zong 2003). Wu et al. (2010) observed slightly higher
dynamic compressive strength of concrete with copper slag replacing 20 % of fine
aggregates, which at 40 % replacement level became similar to that of the control
concrete. The dynamic compressive strength continuously decreased when the
replacement amount exceeded 40 %. According to the authors, the observed
improvement at lower substitution level was due to the presence of angular sharp
edged particles in copper slag as well as the improvement of cohesion between the
cement paste and the aggregates. However, at higher copper slag contents the
amount of free water increased due to the low water absorption capacity of copper
slag, which increased bleeding, internal voids and capillary pores in concrete.

The 7- and 28-day compressive strength of HSC with copper slag up to 50 %
replacement ratio (of natural sand) as fine aggregates were similar (or slightly
better) than those of HSC with natural sand. The compressive strength was reduced
significantly beyond that level of substitution, due to the separation of particles of
the constituents and the formation of pores in concrete by excess free water present
in concrete with copper slag aggregates (Fig. 4.28) (Al-Jabri et al. 2009a, b).

The compressive and splitting tensile strengths of HSC with copper slag as
coarse aggregates prepared at constant w/c ratio are higher than those of HSC with
limestone aggregates, due to the higher strength of copper slag aggregates com-
pared to limestone aggregates and also the porous and rough surface texture of
copper slag. This surface texture may produce a superior bond and transition zone
in comparison with that of the limestone aggregates (Khanzadi and Behnood
2009). The incorporation of silica fume with cement can produce a stronger
transition zone between the copper slag aggregates and the cement paste due to its
pozzolanic reaction, and therefore increase the compressive strength (Khanzadi
and Behnood 2009).

The tensile splitting strength and flexural strengths of HSC with copper slag
behave similarly to compressive strength. However, by comparison with com-
pressive strength a higher rate of development of splitting tensile strength was
observed for HSC with copper slag coarse aggregates than for limestone
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Fig. 4.28 Effect of fine copper slag aggregates addition on the compressive strength and slump
of high-strength concrete (Al-Jabri et al. 2009b)

aggregates concrete (Fig. 4.29) (Khanjadi and Behnood 2009). Birindha and
Nagam (2011) observed an increase in tensile strength of about 36.5 % when 40 %
of natural fine aggregates were replaced by copper slag. However, the increase in
percentage became 17 % at 60 % replacement level.

The abrasion resistance for cement mortar with copper slag aggregates is better
than for conventional concrete (Tang et al. 2000). Khanjadi and Behnood (2009)
also reported a rebound hammer value about 2.6 % higher for HSC with copper
slag as coarse aggregates than for natural limestone aggregates concrete. The
improvement of properties due to the addition of copper slag as aggregates is due
to the higher hardness of copper slag aggregates in comparison with NA.

4.5.1.3 Durability Properties

Birindha et al. (2010) observed increasing ultrasonic pulse velocity of conven-
tional concrete as the replacement of fine aggregates by copper slag aggregates
rose. In this study, the copper slag aggregates replaced fine aggregates up to a
60 % level. The optimum value was observed for concrete where 40 % of fine

Fig. 4.29 Splitting tensile T
strength and compressive 2 ;5
strength relationship £ - e
according to ACI 363 § 71 -
(Khanzadi and Behnood & 6 4
2009) =

E g = 90% ACI 363

2 - ACI 363

2 4 - - —110%ACI363

.B L5A concretes

= 5 B CSAconcretes

v T T T T

7 8 9 10 11 12

Sqrt(Compressive strength) [MPa]



4.5 Non-Ferrous Slag 153

Fig. 4.30 Surface water 08 7
absorption of HSC due to 07 10N
addition of copper slag as ’ 30 min
sand replacement (Al-Jabri 06 + W120 min
et al. 2011) -

051

=

= 04+

E

§ 0‘3 - - - —

[

0.1

0 20 40 50 60 80 100
Copperslag content [%)]

aggregates were replaced, which indicates that the densest microstructure was
observed at this replacement level. The drying shrinkage of concrete with copper
slag as fine aggregates is similar or even less than that of specimens without
copper slag (Ayano and Sakata 2000). Al-Jabri et al. (2011) observed a decreasing
trend of water permeable voids in HSC with increasing replacement of sand by
copper slag fine aggregates up to a 50 % replacement level; the voids increased
again as the content of copper slag continued to rise. The same authors observed a
decreasing trend of surface water absorption by HSC with increasing replacement
of sand by copper slag aggregates up to a 40 % replacement level; however, after
this substitution level, the surface absorption increased abruptly due to the pres-
ence of pores created by excessive free water (Fig. 4.30).

The freeze—thaw resistance of concrete with copper slag aggregates is lower
than that of conventional concrete due to the internal defects originated by the
upflow of bleeding water. However, the addition of an admixture and limestone
powder improves this property (Shoya et al. 1997). Birindha et al. (2010) observed
higher chloride corrosion rate of uncoated rebar in concrete with copper slag as
partial replacement of fine aggregates than in control concrete. The corrosion rate
increased with the slag content. But when the rebar was coated with zinc phos-
phate paint, no corrosion was observed in the corrosion period. The authors also
observed higher penetration rate of chloride ions at 40 and 60 % replacement rates
of fine aggregates by copper slag aggregates even though the amounts for all types
of concrete were very low according to the ASTM C1202 specification. The
sulphuric acid resistance capacity of concrete with copper slag aggregates was also
observed to be low in comparison to control concrete and decreased as the content
of copper slag in concrete increased (Fig. 4.31) (Birindha et al. 2010). The
resistance to sulphate attack and the rate of carbonation of concrete with copper
slag aggregates are similar to (or even better than) the ones of concrete with
conventional aggregates (Ayano and Sakata 2000, Hwang and Laiw 1989).
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4.5.2 Other Non-Ferrous Slag

The use of several other non-ferrous industrial slags as aggregate in concrete is
also reported. Here, some results will be highlighted.

Atzeni et al. (1996) observed no significant differences between the 30-day
compressive strength of conventional concrete and concrete with two types of lead
and zinc slag, used as partial replacement of sand. However, leaching of significant
amounts of lead from concrete with slag is a big problem when using this material
as aggregates in concrete, and therefore it needs to be addressed at disposal of
demolished slag added concrete. Penpolcharoen (2005) reported the use of a slag,
produced during processing of lead batteries, as partial and full replacement of
coarse limestone aggregates and partial replacement of Portland cement. The
partial and full replacement of limestone aggregates by lead slag increased com-
pressive strength and rising slag addition further increased the strength due to the
superior mechanical properties and better packing of slag over limestone aggre-
gates, and the magnetic nature of slag (Fig. 4.32). On the other hand, the water
absorption capacity of concrete with slag aggregates was higher than that of NA
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Fig. 4.32 Compressive strength and water absorption of concrete with lead slag (Penpolcharoen
2005)
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concrete and rising slag addition further increased the water absorption due to the
magnetic nature of slag aggregates (Fig. 4.32).

Metwally et al. (2005) reported the use of a slag produced during smelting
of lead batteries as partial replacement of fine aggregates and full replacement of
coarse aggregates. The slump of concrete with lead slag was lower than that of
conventional concrete and increasing slag addition as replacement of fine aggre-
gates further reduced slump. The highest compressive and tensile strengths of
concrete with lead slag as fine aggregates were obtained at 20 % replacement
level, when the slag was used as coarse aggregates. The same occurred at 40 %
replacement level of sand by fine slag aggregates. An increase in cement content
could increase the strength of slag aggregates concrete. An increasing addition of
slag as aggregates in cement mortar lowers the abrasion resistance. Concrete with
slag as 20 % replacement of fine aggregates showed almost equal absorption of a
ray of a and f§ particles but better absorption of a y-ray than conventional concrete
with 100 % sand. The slag concrete absorbed 88 % of a ray of o and f particles
and 90 % of a ray of y particles in comparison to 86 % for « and f particles ray
and 10 % for y-ray absorption by conventional concrete.

Sorlini et al. (2004) reported the use of two slags (raw as well as 6 months
weathered) generated during processing of EAF dust produced in steel production,
which contains very high amounts of Zn. Their results suggest that slag addition in
concrete does not change the concrete’s mechanical performance (compressive,
tensile and flexural strength) or in some cases improves these properties. However,
slag addition lowers the modulus of elasticity of concrete. Saikia et al. (2008,
2012) also observed higher compressive strength and bending strength and lower
water absorption of cement mortar with a slag obtained from lead and zinc
smelting as partial replacement of aggregates than those of normal cement mortar.

The ferrosilicate slag, generated during the production of zinc in Imperial
Smelting Furnace (ISF-slag) is successfully used as aggregate in concrete road
construction (Morrison et al. 2003; Morrison and Richardson 2004). Monosi et al.
(2001) observed a negligible reduction in strength, when a ground or unground
slag obtained from zinc smelting was used to replace 20 % of sand and 15 % of
Portland cement by weight. The reduction in compressive strength due to slag
addition as aggregates was negligible especially at the later curing periods (7-day
and onwards). However, the compressive strength significantly decreased in the
whole curing period, when 15 % of Portland cement was replaced by an equal
amount of ground slag in the concrete mix with 20 % slag aggregates. There was
practically zero strength at the early periods (1-3 days) of curing, which indicates
that the reduction in cement hydration due to deleterious component of slag was
the major cause of strength reduction.

The use of other slags, e.g. ferronickel slag, ferrochromium slag, ferromolyb-
denum slag, aluminium with salt slag as fine or coarse aggregates, is also reported
(Boheme and Van Den Hende 2011; Pereira et al. 2000; Shoya et al. 1997; Zelic
2005).

The concentrations of toxic elements present in the leachate generated from
lead slag with cement mortar and concrete are generally higher than their
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concentrations in the leachate generated from conventional concrete; however, the
concentrations generally meet the standard specifications (Atzeni et al. 1996;
Penpolcharoen 2005; Saikia et al. 2008, 2012; Monosi et al. 2001). However, the
use of these slags as aggregates in concrete can be considered only after thorough
analysis of their environmental as well as economic suitability. Information on the
long-term mechanical and durability performances of concrete with slag is also
necessary for the effective application of these materials as aggregates in concrete,
which can solve problem related to their disposal.

4.6 Plastic Waste

Significant work has been done on the use of various plastic wastes as aggregates
or fibres or fillers in concrete. In this section, the properties of concrete with plastic
waste as aggregates from existing literature data will be presented. The concrete
properties will be discussed in three main sections: fresh concrete properties,
mechanical and durability of hardened concrete properties. Some special proper-
ties of concrete will be highlighted in another section. Details about the properties
of plastic as aggregates, the generation of plastic aggregates and other related
issues are presented in Chap. 2.

4.6.1 Fresh Concrete Properties

The incorporation of plastic aggregates in concrete strongly affects the various
fresh concrete properties due to their organic nature as well as their shape, size,
porosity and lightweight nature. In this section, some fresh concrete properties
available in various references will be highlighted.

4.6.1.1 Slump

Slump is used to measure the workability or consistency of fresh concrete mix.
Being an important property, the slump of concrete and cement mortar mixes with
plastic aggregates was studied extensively.

There are two parallel views on the workability behaviour of concrete with
plastic aggregates. In the majority of the studies, a lower slump value of fresh
concrete due to the incorporation of several types of plastic aggregates than that of
conventional concrete was observed and increasing the incorporation level of
plastic aggregates further lowers the slump (Albano et al. 2009; Batayneh et al.
2007; Frigione 2010; Ismail and Al-Hashmi 2008a; Kou et al. 2009). The reason
for this is the sharp edge and angular particle size of plastic aggregates.
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On the other hand, in a few studies, an increase in slump value due to the
incorporation of plastic aggregates is reported (Al-Manaseer and Dalal 1997; Choi
et al. 2005, 2009). According to Al-Manaseer and Dalal (1997) the increased
slump of concrete mixes due to the incorporation of plastic aggregates is due to the
presence of more free water in the mixes with plastic waste than in that with NA,
since unlike NA, plastic aggregates cannot absorb water during mixing. Choi et al.
(2005, 2009) reported an increase in slump of concrete with increasing content of
two types of treated PET-bottle aggregates, due to the spherical shape of the PET-
aggregates as well as the slippery surface texture, which decreases the inner
friction between the mortar and the PET-aggregates and therefore increases the
flowability.

Saikia and de Brito (2010) reported that the slump of concrete with cylindrical
PET-aggregates with very smooth surface texture is slightly higher that of concrete
with NA. The authors also found decreasing slump values in concrete due to the
addition of fine and coarse sized flaky plastic aggregates, attributed to the fact that
these PET-aggregates have sharper edges compared to NA. Moreover in com-
parison to NA, these flaky aggregates are angular and non-uniform by nature. The
slump further decreased as the size of flaky aggregates increased.

The addition of some types of plastic aggregates such as rigid polyurethane
(PUR) foam waste or heat treated expanded polystyrene foam (MEPS) decrease
the slump of the resulting concrete mix due to the presence of large amounts of
surface pores in these aggregates (Fraj et al. 2010; Mounanga et al. 2008; Kan and
Demiboga 2009).

4.6.1.2 Density

Irrespective of the type and size of substitutions, the incorporation of plastic as
aggregates generally decreases the fresh density of the resulting concrete due to
the lightweight nature of these aggregates (Al-Manaseer and Dalal 1997; Ismail
and Al-Hashmi 2008a; Hannawi et al. 2010; Marzouk et al. 2007; Kou et al. 2009;
Choi et al. 2005, 2009; Saikia and de Brito 2010).

Ismail and Al-Hashmi (2008a) reported that the fresh density of concrete with
10, 15, and 20 % plastic aggregates as replacement of fine aggregates tends to
decrease by 5, 7, and 8.7 %, respectively, by comparison with the reference
concrete. Al-Manaseer and Dalal (1997) also found 2.5, 6 and 13 % lower den-
sities of concrete with 10, 30, and 50 % plastic aggregates, respectively. Saikia and
de Brito (2010) observed a reduction of the density of fresh concrete with
increasing volume of PET-aggregates incorporated. The authors found a trend of
this density reduction for the three different types of PET-aggregates they used:
pellet-size aggregates > fine fraction of flaky aggregates > coarse fraction of flaky
aggregates.

According to Fraj et al. (2010) the fresh density of different concrete mixes with
dry and water-saturated PUR-foam aggregates classifies them as lightweight
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concrete and these values were 27-33 % lower than the control concrete’s density.
The density values decreased as foam incorporation increased.

Hannawi et al. (2010) reported that there was a decrease in fresh and dry
densities as the plastic aggregates content increased. Dry density decreased from
2173 kg/m® for mixes with 0 % plastic aggregates to 1755 and 1643 kg/m?,
respectively, for mixes with 50 % PET and polycarbonate (PC) plastic aggregates,
mainly due to the lower bulk density of plastic. These values were below
2000 kg/m?, the minimum dry density required for structural lightweight concrete
according to RILEM LC2 classification.

4.6.1.3 Air Content

No report is available on the evaluation of air content of cement mortar or concrete
mixes with untreated plastic waste as aggregates. Choi et al. (2009) reported the air
content of concrete with sand stone coated PET as partial replacement of fine
aggregates (Table 4.10). An air-entrainment agent was used during preparation of
concrete. The air content of concrete mixes with PET-aggregates was slightly
lower than that of the control concrete for the same w/c value and a reducing trend
was observed with increasing PET-content in concrete.

4.6.2 Mechanical Properties

The addition of plastic drastically changes the various hardened concrete prop-
erties, which will be highlighted in this section. The properties presented are:
compressive, splitting tensile and flexural strengths, Young‘s modulus of elastic-
ity, toughness behaviour: stress—strain curve, failure characteristics and abrasion
resistance.

4.6.2.1 Compressive Strength

The compressive strength of concrete and cement mortar is a fundamental prop-
erty, thoroughly studied in almost all studies related to plastic aggregates. The

Table 4.10 Air content of fresh concrete (Choi et al. 2009)

Amount of sand replaced Air content
by PET aggregate (%)

w/c = 0.53 w/c = 0.49 w/c = 0.45
0 4.5 5.0 5.0
25 4.2 4.5 4.8
50 4.1 4.3 4.0

75 4.1 4.2 -
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Fig. 4.33 Compressive strength of concrete with PET aggregates (Saikia and de Brito 2010)

incorporation of plastic as aggregates decreased the compressive strength of
resulting concrete and mortar (Albano et al. 2009; Akcaozoglu et al. 2010; Ba-
tayneh et al. 2007; Choi et al. 2005, 2009; Fraj et al. 2010; Frigione 2010; Ismail
and Al-Hashmi 2008a; Hannawi et al. 2010; Kan and Demirboga 2009; Kou et al.
2009; Marzouk et al. 2007; Panyakapo and Panyakapo 2008; Remadnia et al.
2009; Saikia and de Brito 2010). The compressive strength behaviour of concrete
and mortar with three types of PET aggregate as partial substitution of fine and
coarse NA are presented in Fig. 4.33.

The very low bond strength between the surface of plastic waste and cement
paste as well as the hydrophobic nature of plastic waste, which can inhibit cement
hydration reaction by restricting water movement, are the causes for low com-
pressive strength of concrete with plastic aggregates. Another factor is the mis-
match of particle size and shape between natural and plastic waste aggregates.

However, several authors reported that concrete with partial replacement of NA
up to a certain level meet the standard strength values for various types of concrete
such as concrete with moderate strength (Albano et al. 2009), minimum com-
pressive strength requirement for structural concrete (Ismail and Al-Hashmi
2008a). Fraj et al. (2010) observed that concrete with dry PUR-foam aggregates
almost satisfied the criteria for structural lightweight aggregates concrete as
defined in ACI 318 and ASTM C 330. Panyakapo and Panyakapo (2008) reported
that concrete with melamine waste aggregates as partial replacement of natural
fine aggregates and FA as partial replacement of normal Portland cement (NPC)
met most of the requirements for non-load-bearing lightweight concrete according
to the ASTM C129-05 Type II standard. The percentage reduction of compressive
strength of mortar and concrete due to partial replacement of natural fine aggre-
gates by plastic aggregates at various substitution levels is presented in Table 4.11.

Akcaozoglu et al. (2010) investigated the use of shredded waste polyethylene
terephthalate (PET) bottle granules as lightweight aggregates in mortar preparation
using two types of binders: NPC and a 50:50 mixture of BFS and NPC. The
authors found that the compressive strength of mortar with PET aggregate is
higher for the NPC-BFS binder than for NPC only.
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Table 4.11 Reduction of compressive strength of cement mortar and concrete (28-day) due to
the substitution of natural aggregates by plastic aggregates

Reference Types of Reduction in compressive strength
substitution for substitution level (%) of
3 5 10 15 20 30 45 50 75 100
Batayneh et al. Fine/PET 23 72
(2007)
Frigione (2010) Fine/PET <2
Hannawi et al. (2010) Fine/PET 9.8 30.5 47.1 69
Fine/PC 6.8 27.2 46.1 63.9
Kou et al. (2009) Fine/PVC 9.1 18.6 21.8 473
Saikia and de Brito  Fine flakes/PET 13.8 28.5 41.8
(2010) Coarse flakes/ 28.3 479 64.4
PET
Fine pellet/PET 122 14.6 224

Fraj et al. (2010) observed a 57-78 % lower 28-day compressive strength of
concrete with 8-20 mm rigid PUR foam as aggregate compared to a control
concrete, due to the lightweight nature of the modified concrete as well as the low
mechanical properties and the high porosity of PUR-foam aggregates. Prewetting
the PUR-foam aggregates further lowers the compressive strength due to an
increase in the mortar’s porosity. Using a superplasticizer along with increasing
cement content, on the other hand, increases compressive strength. The use of
superplasticizer made it possible to decrease cement content by 15 % and to
increase PUR-foam content by 33 % compared, with an acceptable reduction
(15 %) of compressive strength.

Mounanga et al. (2008) reported that water curing concrete with PUR-foam
aggregates and NA slightly improved the compressive strength compared to dry
curing. For conventional lightweight concrete, the increase in strength was about
69 % and this improvement for concrete with 13.1, 21.2 and 32.7 % by volume of
PUR-foam aggregates was 39, 34 and 5 %, respectively.

Kan and Demirboga (2009) reported that lightweight concrete with heat-treated
expanded polystyrene (MEPS) waste aggregates exhibited a compressive strength
40 % higher than that of concrete with vermiculite or perlite aggregates at equal
concrete density. However, the compressive strength of concrete with MEPS
aggregates decreased with increasing addition of aggregates. The development of
compressive strength of concrete with 100 % MEPS aggregates at 90 days with
respect to that at 7 days was about 83 % whereas it was 69 % for concrete with
25 % MEPS aggregates, which might be due to the high heat of hydration of the
former type of concrete because of low specific thermal capacity of the MEPS
aggregates. The compressive strength of concrete with coarse MEPS aggregates
was lower than that of concrete with fine MEPS aggregates as the coarse MEPS
aggregates had higher porosity, and therefore were more brittle and weaker than
the fine MEPS aggregates.
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Fig. 4.34 Splitting tensile
strength of concrete with
plastic waste aggregates
(Saikia and de Brito 2010)
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4.6.2.2 Splitting Tensile Strength

Similarly to compressive strength, the incorporation of any type of plastic
aggregates lowers the splitting tensile strength of concrete. The causes for the
reduction observed in splitting tensile strength reported in various references were
similar to those used to explain the decrease in compressive strength due to the
addition of plastic aggregates. Some results on the tensile strength behaviour of
concrete and mortar with various percentages of different types of plastic aggre-
gates are presented in Fig. 4.34.

Kou et al. (2009) reported that splitting tensile strength was reduced with an
increase in PVC content in a manner similar to that observed for compressive
strength. According to them, the tensile splitting strength of concrete is influenced
by the properties of the interfacial transition zone (ITZ); therefore, the smooth
surface of the PVC particles and the free water accumulated at the surface of PVC
granules could cause a weaker bonding between the PVC particles and the cement
paste. According to Albano et al. (2009), the decrease in splitting tensile strength
was due to the higher porosity of concrete caused by the increasing addition of
PET-aggregates as well as the higher w/c value. Kan and Demirboga (2009) also
reported that splitting tensile strength of concrete with heat treated expanded
polystyrene (MEPS) aggregates decreases with their content in concrete, due to the
generation of more porosity. Batayneh et al. (2007) reported a decreasing trend of
splitting tensile strength but not as prominent as for compressive strength. Saikia
and de Brito (2010) also reported lower 28-day tensile strength of concrete with
three differently shaped PET-aggregates. The authors reported that the concrete
cylinders with flakier PET-aggregate did not split into two fractions after the
determination of tensile strength, which was generally observed for cylinders with
natural and pellet-shaped plastic aggregates as the flaky shaped plastic aggregates
could act as a bridge between the two split pieces (Fig. 4.35).

Kou et al. (2009) found an excellent correlation between 28-day splitting tensile
strength and 28-day compressive strength of concrete with PVC aggregates as
replacement of fine aggregates, which follows a linear relationship. Choi et al.
(2009) also found an expression, fy = 0.23 x f(cm), for the relationship between
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Fig. 4.35 Concrete specimens after the determination of tensile splitting strength, from left to
right: concrete with natural, pellet-shaped PET, fine and coarse PET flakes aggregates (Saikia and
de Brito 2010)

28-day compressive strength and splitting tensile strength of concrete with PET
aggregates and an expression, fy, = 1.40 x (£/10)""®, for a similar relationship
for conventional concrete.

4.6.2.3 Modulus of Elasticity

According to ASTM C 469, the modulus of elasticity is defined as a stress—strain
ratio value for hardened concrete. The type of aggregates influences the modulus,
since the deformation produced in the concrete is partially related to the elastic
deformation of the aggregates.

From their study on the use of three different size fractions of PET waste
aggregates in concrete production, where concrete was prepared at two different
w/c values and at two different natural fine aggregates replacement levels, Albano
et al. (2009) observed higher modulus at lower substitution rate of NA by PET-
aggregates than at higher substitution rate and at low w/c value. They did not
observe any effect of particle size. The modulus of elasticity of concrete with PET-
aggregates met the requirement as described in “American Manual of Reinforced
Concrete” (1952) except the concrete composition with 20 % large PET-aggregate
at w/c of 0.60.

Frigione (2010) plotted the stress—strain curves (c—¢ curve) during the deter-
mination of the compressive strength of a reference concrete and a concrete with
PET with w/c = 0.45 and cement content of 400 kg/m’ to determine the modulus
of elasticity. The calculated modulus was 48.1 and 41.8 GPa for the reference
concrete and the concrete with PET, respectively.

Hannawi et al. (2010) found that increasing the plastic content in concrete
decreased the resulting modulus of elasticity, probably due to the low stiffness of
PET and PC plastics as well as the poor bond between the matrix and plastic
aggregates (Fig. 4.36a). Saikia and de Brito (2010) also found lower modulus of
elasticity for concrete with three differently shaped PET waste aggregates than for
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Fig. 4.36 Modulus of elasticity of concrete and cement mortar with plastic aggregates.
a Hannawi et al. 2010; b Saikia and de Brito 2010

concrete with NA (Fig. 4.36b). According to them, the lower modulus of elasticity
of concrete because of the incorporation of PET-aggregates is due to the lower
stiffness of PET-aggregates than that of NA as well as to the higher porosity due to
the high w/c value.

Compared to compressive strength, Fraj et al. (2010) observed a less significant
effect on the modulus of elasticity due to the addition of fine expanded PUR-foam
aggregates in lightweight concrete. The same authors found an increasing linear
correlation between air-dry density and dynamic modulus of elasticity. As the
PUR foam had a low stiffness due to its high porosity, increasing the content of
PUR foam in concrete reduced its modulus of elasticity. Prewetting the PUR-foam
aggregates, improving the cementitious matrix properties by using superplasticizer
and decreasing the w/c value did not have an influence on the modulus of
elasticity.

Increasing the replacement ratio of fine NA by PVC granules in concrete also
reduced the resulting modulus of elasticity (Kou et al. 2009). The replacement of
5, 15, 30 and 45 % of fine NA by PVC granules reduced the modulus of elasticity
by 6.1, 13.8, 18.9 and 60.2 %, respectively, when compared to that of the control
concrete. According to the authors, the major causes of this reduction were (1)
lower stiffness of PVC granules than of the cement paste; (2) lower compressive
strength of the concrete with PVC than of the conventional concrete. They also
reported that the prediction of the modulus of elasticity of concrete with PVC
granules by using an equation suggested by ACI 318-83 overestimated the prop-
erty value.

Choi et al. (2005) reported that the increasing addition of granulated BFS
coated PET aggregates in concrete decreased the resulting modulus of elasticity. In
another study, Choi et al. (2009) compared the relationship between the 28-day
compressive strength and 28-day modulus of elasticity of concrete with different
proportions of sand coated PET-aggregates as replacement of fine NA with
CEB-FIP model code (CEB Bulletin Information No. 213/214: Committee Euro-
international du Béton, Thomas Telford; 1993) and ACI code (ACI 318 M-05:
Building code requirements for structural concrete and commentary. ACI Manual
of concrete practice, ACI; 2005). The relationship between compressive strength
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and modulus of elasticity of concrete with plastic aggregates was in close agree-
ment with the one suggested in ACI 318-05, in which the concrete’s density was
taken into consideration.

4.6.2.4 Flexural Strength

Flexural strength is defined as a material’s ability to resist deformation under load
and is measured in terms of stress. The flexural strength represents the highest
stress experienced within the material in the moment of rupture. The transverse
bending test is the most frequently employed, in which a rod specimen having
either a circular or rectangular cross-section is bent until fracture using a three- or
four-point flexural test technique.

Batayneh et al. (2007) reported a decreasing trend of flexural strength with
increasing plastic waste aggregates content in concrete. However, this reduction
was not as significant as for compressive strength. Ismail and Al-Hashmi (2008a)
reported that the flexural strength of plastic waste concrete mixes at each curing age
was prone to decrease with the increase of the plastic waste content in these mixes.
Saikia and de Brito (2010) also found low flexural strength values for concrete with
PET-aggregates than that for concrete with NA (Fig. 4.37).

Hannawi et al. (2010) did not find significant changes in the flexural strength of
mortar specimens with up to 10 % PET-aggregates and up to 20 % PC-aggregates
with similar composition. However, decreases of 9.5 and 17.9 % for mixes with 20
and 50 % PET-aggregates, respectively, were observed. For mixes with 50 % PC-
aggregates a decrease of 32.8 % was measured. According to the authors, the
elastic nature and the non-brittle characteristic under loading of the plastic
aggregates might have an effect on the observed flexural strength. The bending
strength of cement composites prepared by Laukaitis et al. (2005), using three
different types of waste polystyrene granules followed a proportional relationship
with its density.
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Fig. 4.38 Load-deflection curves of concrete with 0, 10, 15 and 15 % of fine aggregates by
plastic aggregates (Ismail and Al-Hashmi 2008a). a 0 %, b 10 %, ¢ 15 %, d 15 %

4.6.2.5 Toughness/Poisson’s Ratio

Ismail and Al-Hashimi (2008a) plotted the load—deflection curves of a reference
concrete and concrete mixes with 10, 15, and 20 % plastic waste as fine aggregate
replacement at the curing ages of 3, 7, 14 and 28 days. The results are illustrated in
Fig. 4.38. They show the propagation of microcracks is arrested by the intro-
duction of plastic waste particles in concrete. The authors also determined the
toughness indices for the concrete compositions with plastic waste aggregate at the
curing ages of 3, 7, 14 and 28 days (Table 4.12).

The toughness indices of concrete mixes with plastic waste aggregates for all
replacement levels after 14- and 28-day curing reached a plastic behaviour
according to ASTM C1018, desirable for many applications that require high
toughness.

Frigione (2010) plotted the stress—strain curves (c—¢ curve) during the deter-
mination of compressive strength of a reference concrete and a concrete with PET.
Compared to the reference concrete, a higher strain value corresponding to the
maximum stress was registered for the concrete with PET waste aggregates. The

Table 4.12 Toughness indices for concrete with plastics aggregates (Ismail and Al-Hashmi
2008a)

Percentages of plastic in
concrete mixes (%)

Toughness indices at curing age

3-day 7-day 14-day 28-day

Is Ly hols Is Lo hLols Is Lo lLols Is 1o liols
10 - - - 83 11.6 14 43 86 20 25 7.5 3.0
15 3.0 11.0 3.7 45 95 21 42 84 20 8.0 16.1 2.0
20 6.8 13.7 20 7.3 148 2.0 52 115 2.1 5.7 11.6 2.0
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peak shapes of the two curves also suggested that the concrete with PET waste
aggregates is less brittle than the reference concrete and this type of concrete could
withhold a larger deformation still keeping its integrity (Fig. 4.39). Kou et al.
(2009) observed increasing Poisson’s ratio values with increasing contents of PVC
waste aggregates in concrete. Since the higher Poisson’s ratios meant higher
ductility, the addition of PVC improved the ductility of the resulting lightweight
aggregates concrete, due to the elastic nature of PVC.

4.6.2.6 Failure Characteristics

After failure during the determination of compressive strength, specimens with
plastic aggregates do not exhibit the typical brittle type of failure, obtained for
conventional cement mortar and concrete. As the plastic aggregates content
increased, the failure became more ductile. The specimens with plastic aggregates
can carry load for a few minutes after failure without full disintegration, as was
observed by various researchers (Hannawi et al. 2010; Marzouk et al. 2007, Saikia
and de Brito 2010). The recycled PET-aggregates can delay crack initiation and
prolong the crack propagation interval thereby increasing structural strength.
Albano et al. (2009) found various types of failure including normal cone type
for concrete specimens with PET-aggregates, where 20 % of fine aggregates were
replaced. As the smooth surface of the PVC particles and the free water accu-
mulated at the surface of PVC granules may have caused weaker bonding between
PVC particles and cement paste, most of the PVC granules in the concrete matrix
did not fail but were debonded from the cement paste after reaching the ultimate
strength of concrete (Kou et al. 2009). Fraj et al. (2010) reported that the rupture
mechanism of concrete with PUR-foam aggregates was different from that of the
normal weight control concrete: in the first case, the rupture occurred on the mortar
matrix/PUR-foam aggregates interfaces as well as in the middle of the PUR-foam
aggregates. In normal weight concrete, the rupture mainly took place in the ITZ
because of the poor properties of this zone compared to the other concrete com-
ponents. By observing the splitting behaviour of concrete blocks after tensile
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strength and flexural strength tests, Saikia and de Brito (2010) concluded that the
flaky PET-aggregates can act as bridge between the two separated pieces of
concrete block after failure, which was not observed for concrete blocks with
natural as well as pellet-shaped PET-aggregates.

4.6.2.7 Abrasion Resistance

Compared to other properties, very few data are available on the abrasion resis-
tance of concrete (or mortar with any type of plastic waste aggregates). Soroushian
et al. (2003) reported the abrasion resistance of concrete with plastic waste fibres.
The authors found a reduction of the abrasion resistance of concrete due to the
addition of plastic waste fibres in concrete. However, the incorporation of com-
mercial plastic aggregates in concrete improved its abrasion resistance (Nasvik
1991).

Recently, Saikia and de Brito (2010) reported that the incorporation of PET-
aggregates can improve the abrasion resistance of concrete (Fig. 4.40a). The
authors found that the abrasion resistance of concrete with pellet-shaped PET-
aggregates increased with their content. On the other hand, for concrete with two
types of flaky aggregates the best results were obtained for a 10 % substitution
level. From the relationship between compressive strength and depth of wear for
concrete with different types of plastic aggregates, the authors found a certain
compressive strength level for concrete with PET-aggregates over which the
abrasion resistance deteriorates (Fig. 4.40b).

4.6.3 Durability Performance

Several durability factors like permeability properties, shrinkage, carbonation
resistance and resistance against freeze—thaw cycles are evaluated for concrete or
mortar with plastic as aggregates. However, compared to the available information
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Fig. 440 a Depth of wear and b cubic compressive strength versus depth of wear of concrete
with PET-aggregates after abrasion resistance test (Saikia and de Brito 2010)
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on the mechanical performance of concrete with plastic aggregates, relatively less
data are available on the durability behaviour.

4.6.3.1 Permeability Behaviour

Generally permeability of aggressive chemical species through the pores of con-
crete is the major factor, which controls several durability properties. Tests like
water absorption, gas permeability and chloride permeability measurement can
give information on the vulnerability of concrete for ingress of deleterious
chemical species.

Water Absorption and Water Accessible Porosity

Albano et al. (2009) observed a higher water absorption value for concrete with
PET-aggregates than that for concrete with NA. The water absorption value was
further increased with increasing content of PET-aggregates in concrete,
increasing size of PET-aggregates and increasing w/c value. According to the
authors, the differences in size grading as well as in shape of plastic aggregates
from the natural fine aggregates were responsible for this behaviour.

Choi et al. (2009) measured the sorptivity coefficient of 28-day cured cement
mortars prepared by replacing 0, 25, 50 and 75 % of fine NA by sand powdered
coated PET-aggregates. Their results indicated that the sorptivity of cement mortar
with PET-aggregates at 25 % replacement level was lower than that of the control
mortar and at 50 and 75 % replacement level it was higher than that of the control
mortar. According to the authors, at 50 and 75 % replacement level the change in
grading size of the fine aggregates mixture increased the inside porosity of mortar
and thus increased the sorptivity.

Akcaozoglu et al. (2010) found higher water absorption and porosity values for
a cement mortar with 100 % PET-aggregates than for a mortar with equal per-
centage in volume of PET-aggregates and sand. The authors found a similar trend
for cement mortar with a mixture of equal weight of BFS and NPC though the BFS
addition with NPC increased the water absorption and porosity of the resulting
cement mortar. However, according to the authors, all the values for all types of
mortar meet the range generally observed for lightweight concrete.

Fraj et al. (2010) recorded a higher value of the water accessible porosity of
cement mortar with PUR-foam aggregates than that of the mortar with no plastic
aggregates. The authors also reported that prewetting the PUR-foam aggregates
further increased the porosity. However, the addition of superplasticizer in cement
mortar with prewetted PUR-foam aggregates can decrease the porosity value.

Marzouk et al. (2007) reported that the volumetric substitution of plastic
aggregates by less than 100 % decreased the rate of water adsorption with respect
to the reference mortar that contained no waste. The authors found lower sorptivity
for cement mortars with PET-aggregates than for mortars with no plastic waste.
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The sorptivity further decreased with increasing volumetric substitution up to
50 %. Thus, their results suggest better durability performance of cement mortar
with PET-aggregates than that of mortar with NA when in contact with aggressive
solutions. Hannawi et al. (2010) measured the water absorption and apparent
porosity values of the different mortar specimens with various amounts of PET and
PC waste aggregates. Their results revealed that replacing 3 % by volume of sand
by an equal volume of PET or PC do not exert influence either on water absorption
or on the apparent porosity of the composites in comparison with the control
mortar. However, apparent porosity and water absorption increased with
increasing plastic content.

Gas Permeability

Fraj et al. (2010) reported higher gas permeability (2.2 times) of concrete with dry
and prewetted PUR-foam aggregates than that of conventional concrete.
Prewetting the PUR-foam aggregates can further increase the value considerably.
Decreasing the w/c value and increasing superplasticizer content can reduce this
value for concrete with prewetted PUR-foam aggregates.

Hannawi et al. (2010) found an increase of helium gas permeability coefficient
with increasing plastic aggregates content in mortar, which indicated an increase
of the percolated porosity of mortar due to the incorporation of plastic aggregates,
because of weak bonding between the cement paste and plastic aggregates. They
also reported greater helium gas permeability coefficient of mortar with PET
aggregates than that of mortar with PC aggregates at the replacement level of 10,
20 and 50 % by volume of sand by plastic aggregates.

Chloride Migration

Kou et al. (2009) investigated the resistance to chloride-ion penetration of 28 and
91 days hardened concrete prepared by partially replacing natural fine aggregates
by PVC waste granules. The chloride-ion penetration resistance of concrete was
represented by the total charge passed in Coulomb during a test period of 6 h.
Their results (presented in Fig. 4.41) indicated that this property improved with an
increase in PVC content as well as with curing time. They found reduction of
about 36 % in the total charge passed through the 28-day cured concrete, with
45 % replacement of NA by PVC granules in comparison to same-age concrete
with no PVC granules. According to them, the increase in the resistance to
chloride-ion penetration of concrete is attributed to the impervious PVC granules
blocking the passage of the chloride ions.

Fraj et al. (2010) evaluated the chloride diffusion coefficient of concrete with
rigid PUR foam as partial replacement of coarse NA. Their results are presented in
Table 4.13. The authors observed lower chloride diffusion coefficient for concrete
with dry PUR-foam aggregates than that of concrete with NA only. However, the
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Fig. 4.41 Chloride 6500
penetration resistance of 6000 -
concrete with PVC waste 5500 1

granules (Kou et al. 2009) 20005 90-day
4500 -
4000 -
3500
3000
2500
2000 -
1500
1000
500 -

0 1 T T T T 1
PO PS P15 P30 pas

Mix code

H 28-day

Total charge passed (coulombs)

Table 4.13 Chloride-ion penetration coefficient of concrete with PUR-foam aggregates (Fraj
et al. 2010)

Volume of PUR-foam w/c  Cement Volume Amount of Effective chloride
aggregate ratio content content of superplasticizer diffusivity
(kg/m3) PUR foam (kg/m3) coefficient
(%) (10712 m%s)

Control 0.55 397 0 0 1.87
Dry PUR aggregate 0.55 397 34 0 1.62
Prewetted PUR aggregate 0.55 397 34 0 5.30
044 415 35 1.405 2.70
0.44 353 45 1.196 5.98

presaturation of PUR-foam aggregates in water resulted in a significant increase of
the chloride diffusion coefficient, due to the increase in porosity of concrete with
increasing incorporation of PUR-foam aggregates. They also reported that the
reduction in w/c value and increase in cement content could significantly improve
the chloride resistance performance of concrete with prewetted PUR-foam
aggregates.

4.6.3.2 Carbonation

Akcaozoglu et al. (2010) measured the carbonation resistance of various types of
cement mortars by measuring carbonation depth. A phenolphthalein solution was
applied on the broken surfaces of the half pieces obtained after flexural tensile
strength test. The compositions of various mixes along with the carbonation depth
at various time periods are presented in Table 4.14. Irrespective of binder types,
the carbonation depth of mortar with PET-aggregates only after 28 days of curing
is lower than that of the mortar with an aggregate mixture of PET and sand. The
authors also found a higher porosity for the mortar with sand and PET mixture than
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Table 4.14 Carbonation depth of cement mortar specimens (Akcaozoglu et al. 2010)

Amount in mortar (%) Depth of carbonation (mm) in

Cement Slag PET- Normal aggregate Water 7 days 28 days 90 days 180 days
aggregate

5128 O 25.64 0 23.08 0.3 1.2 43 5.0

25.64  25.64 25.64 0 23.08 0.3 1.7 5.5 7.6

3390 O 16.95 33.90 15.25 0.0 1.4 4.8 5.9

1695 16.95 16.95 33.90 15.25 0.6 2.5 6.8 8.5

for the mortar with PET aggregates only. According to the authors, PET and sand
aggregates used together did not combine sufficiently and the resulting mortar
became porous. On the other hand, the depth of carbonation for concrete with slag
is significantly higher than for the mortar prepared by using cement as the only
binder.

4.6.3.3 Shrinkage

Frigione (2010) found an increase in drying shrinkage due to the incorporation of
5 % PET-aggregates in concrete at different experimental conditions due to the
lower modulus of elasticity of concrete with plastic aggregates than that of con-
ventional concrete. However, the shrinkage of concrete with PET-aggregates was
acceptable for various uses as structural concrete.

From their experiments on the use of PVC waste granules as a partial volu-
metric replacement of natural sand in concrete, Kou et al. (2009) found decreasing
drying shrinkage with increasing content of plastic aggregates (Fig. 4.42).
According to the authors, PVC granules are impermeable and do not absorb water
when compared to sand and do not shrink either, and hence are able to reduce the
overall shrinkage of concrete.

Fig. 4.42 Drying shrinkage « PO —P5 P15 P30 —= P45 |
of concrete with fine PVC 1300

aggregates (Kou et al. 2009) 1200 -
1100 /—_'

1000 -
900
800 F
700
600
500
400

300 r
200
100

0 20 40 60 80 100 120
Time [Days]

Drying Shrinkage [x10°6]




172 4 Use of Industrial Waste as Aggregate

Fraj et al. (2010) found higher drying shrinkage values for lightweight concrete
with dry and prewetted polyurethane foam (PUR foam) as partial replacement of
fine aggregates. Concrete with dry PUR-foam aggregate has 8.1 % higher 28-day
drying shrinkage than control concrete. On the other hand, concrete mixes with
prewetted PUR-foam aggregates at 34 and 45 % by volume replacement levels
exhibited, respectively, 72.5 and 149.5 % higher 28-day drying shrinkage than
control concrete. Lowering the w/c value or increasing superplasticizer, sand and
cement content can reduce drying shrinkage of concrete with prewetted PUR-foam
aggregates. In these conditions, the 28-day drying shrinkage of concrete with
prewetted PUR-foam aggregates at 35 % by volume replacement level is 49.7 %
higher than that of control concrete. According to the authors, the lower modulus
of elasticity of PUR-foam aggregates and the higher amount of prewetting water in
the case of concrete with prewetted aggregates are the causes of the higher drying
shrinkage of concrete with PUR-foam aggregates.

Mounanga et al. (2008) reported higher drying shrinkage of lightweight con-
crete in which various fractions of fine aggregates were replaced by PUR-foam
aggregates than that of control concrete. According to the authors, this behaviour
was mainly due to effect of PUR-foam aggregates on the stiffness of concrete.
However, other factors such as w/c value, sand content and thermal dilation during
hydration also had a significant effect.

Akcaozoglu et al. (2010) observed significantly higher drying shrinkage of
mortars with PET aggregates only than that of a mortar with equal percentage by
weight of sand and PET-aggregates at the experimental drying periods. Mixing
BFS with cement can reduce mortar shrinkage for both types of aggregates (PET
only and sand-PET mixture).

4.6.3.4 Freeze-Thaw Resistance

Kan and Demirboga (2009) reported the freeze—thaw resistance of concrete with
modified expanded polystyrene foam (MEPS) as partial or full substitution of natural
fine and coarse aggregates by using standard ASTM 666 procedure B. The following
conclusions were taken from the results: 1. increasing the MEPS aggregate ratio in
the mixes the concrete is expected to exhibit a higher frost resistance and guarantee a
higher durability; 2. coarse lightweight MEPS aggregates are more susceptible to
freeze—thaw cycles than fine lightweight MEPS aggregates.

4.6.4 Other Properties

There are other concrete properties that are reported to be altered due to the
incorporation of plastic aggregates. In this section, the fire behaviour and ther-
mophysical properties of concrete with plastic aggregates are highlighted from the
literature results.
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Fig. 4.43 Flexural strength behaviour of concrete with fine PET-aggregates before and after heat
treatment (Albano et al. 2009)

4.6.4.1 Fire Behaviour

Albano et al. (2009) determined the fire behaviour of concrete with various per-
centages of shredded PET-aggregates as partial replacement of natural fine
aggregates. The authors placed the cured slabs in a muffie furnace, the temperature
inside the furnace was increased up to a given temperature, the slabs were kept at
that temperature for 2 h and then the heating was stopped immediately. The
temperatures chosen for this study were 200, 400 and 600 °C. After cooling the
specimen to room temperature, the flexural strength was determined. In parallel,
unheated specimens were tested. Their results are presented in Fig. 4.43.

As the temperature increased, the flexural strength decreased regardless of the
substitution ratio and the PET particle size. However, the decrease in flexural
strength was more significant when PET content was 20 % than 10 % due to the
presence of more porosity (voids), which act as stress concentration spots.
Moreover, PET-aggregates were more susceptible to temperature than natural fine
aggregates. The volume change and the degradation of the PET particles produce
less cohesion between concrete components and a greater number of voids. The
decrease in flexural strength also increased with the w/c value. According to the
authors, at high w/c value the thermal stability of PET-aggregates decreased due to
the hydrolytic degradation of PET particles. The formation of carboxyl and
hydroxyl end groups occurred due to the reaction of one water molecule with one
PET molecule, which accelerated its decomposition. Besides, the water vapour
was difficult to discharge at high temperatures, so the vapour pressure favours
crack formation in concrete.

4.6.4.2 Thermophysical Properties

Mounanga et al. (2008) observed significantly low thermal conductivity for con-
crete with PUR-foam aggregates used to partially replace fine NA due to the
porous nature of PUR-foam aggregates. These pores contain air, whose thermal
conductivity is much lower than that of the other concrete constituents. The
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decrease in thermal conductivity was prominent for concrete with dry PUR-foam
aggregates compared to concrete with saturated PUR-foam aggregates. Yesilata
et al. (2009) observed an improvement of thermal insulation performance of plain
concrete due to the incorporation of plastic aggregates, which was also dependent
on the shape of the plastic aggregates.

The heat capacity of concrete with dry PUR-foam aggregates is lower than that
of the reference concrete since the heat capacity of PUR-foam aggregates is also
lower than that of the NA (Mounanga et al. 2008). On the other hand, the heat
capacity of concrete with saturated PUR-foam aggregates is higher than that of the
reference concrete due to the higher heat capacity of water present in the pores of
prewetted PUR-foam aggregates.

4.7 Rubber Waste

Disposal of rubber tyre waste has become a serious problem due to the generation
of huge amounts of tyres, which are non-biodegradable by nature. Tyre rubber in
asphaltic concrete mixes, in incinerator to produce steam, to produce different
plastic and rubber products, as a fuel for cement kiln, as feedstock for making
carbon black, and as artificial reefs in marine environment are some attractive
utilisation options (Siddique and Naik 2004). Extensive references including
excellent reviews are available on the use of rubber tyre as coarse or fine aggre-
gates or as a filler material for the preparation of various types of concrete
(Kumaran et al. 2008; Siddique and Naik 2004). In this section, the properties of
concrete with rubber tyre waste particles as aggregates will be discussed. The
properties of these aggregates are presented in detail in Chap. 2.

4.7.1 Fresh Concrete Properties

The incorporation of rubber aggregates in concrete affects the various fresh con-
crete properties due to their organic nature as well as their shape, size and light-
weight nature. In this section, changes in fresh concrete properties due to the
addition of rubber aggregates available in the various references will be
highlighted.

4.7.1.1 Slump

Just like for plastic aggregates, there are two parallel views on the workability
behaviour of mortar and concrete mixes with rubber tyre aggregates.
Sukontasukkul and Chaikaew (2006) observed lower slump for concrete with
rubber aggregates and they added more water to obtain similar consistence to that
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of a conventional concrete. The water requirement increases with the rubber
content and as the average particle size of the rubber aggregates decrease.
Guneyisi et al. (2004) reported that the slump of concrete at two w/c values with
and without silica fume gradually decreased with increasing rubber aggregates
content. At a rubber content of 50 % by total aggregate volume the slump
decreased near to zero and the mix was not workable so that an extra effort was
required for the compaction of the concrete. The decrease in the slump was more
remarkable for low w/c concrete mixes. Nayef et al. (2010) also found a near zero
slump of a concrete mix with coarse rubber content of 20 % by total coarse
aggregate volume and a very low slump value for a concrete mix with fine rubber
aggregates (Fig. 4.44a). The slump of rubberized concrete mixes can be improved
by adding 5 % microsilica. Taha et al. (2008) also observed heavy reduction in
slump of concrete due to increasing substitution of NA by rubber aggregates
(Fig. 4.44b).

Li et al. (2004) did not found any significant change in slump due to the
replacement of 15 % coarse aggregates by rubber tyre chips or fibre. Khaloo et al.
(2008) found contrasting slump behaviours of concrete mixes due to the incor-
poration of fine and coarse rubber tyre aggregates as a partial replacement of NA
(Fig. 4.44c¢). The slump increased with the replacement ratio of sand by fine rubber
aggregates up to 15 %, beyond which slump decreased. On the other hand, slump
of concrete mixes with coarse rubber aggregates decreases to a minimum with tyre
aggregates contents of 15 % and then it fluctuates slightly over the minimum value
for higher rubber aggregate contents.
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Fig. 4.44 Slump of concrete with rubber aggregates
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Turki et al. (2009) reported a decreasing w/c value (for same slump) and
therefore increasing slump (for same w/c value) of mortar mixes with increasing
rubber aggregates replacement of sand up to 30 %. However, increasing the
replacement ratio to 40 % does not change the w/c value observed for 30 %. On
the other hand, the w/c value increased slightly at 50 % replacement of sand.
Aiello and Leuzzi (2010) also found a slightly improved workability of fresh
concrete with partial substitution of coarse or fine aggregates by rubber shreds.
Raghvan et al. (1998) achieved comparable or better workability for rubber tyre
aggregates cement mortar mixes than for control mortar.

In several investigations, it was reported that the rubberized concrete specimens
have acceptable workability in terms of ease of handling, placement, and finishing
(Khalloo et al. 2008; Li et al. 2004, Raghvan et al. 1998; Aiello and Leuzzi 2010).
According to Fattuhi and Clark (1996), the process of mixing concrete with rubber
by hand (i.e. manually) was easy and less strenuous than mixing concrete with
natural stone aggregates. They did not encounter any problems with placing and
compacting concrete with rubber aggregates. However, the workability of mixes
with rubber crumbs was slightly better than that of mixes with low-grade rubber,
possibly due to the small surface of rubber crumbs as well as the presence of a
lesser amount of textile fibres.

4.7.1.2 Density

In general, using rubber aggregates in concrete and mortar mixes decreases their
density due to the replacement of much heavier NA by lighter rubber tyre
aggregates. Increasing the rubber content further reduces the density of concrete.
The lightweight nature of concrete with rubber aggregates can be used for several
purposes like in structures to reduce earthquake damage, architectural applications
such as false facades and interior construction.

Some typical experimental results are presented in Fig. 4.45. Although there is
a global consensus that the addition of rubber aggregates reduces the density of
resulting concrete, large variations in the scale of the reduction in density are
observed in various studies. In some investigations, a heavy reduction in density
due to incorporation of rubber aggregates was reported. For example, Guneyisi
et al. (2004) found that the unit weight of concrete ranged from 2427 to
1805 kg/m3 depending on the silica fume and rubber contents. At 50 % rubber
content, the unit weight was as low as about 75 % of that of the conventional
concrete, irrespective of the silica fume content. Nayef et al. (2010) reported
similar reduction for a concrete mix with 20 % by volume replacement of NA. In
the Khaloo et al. (2008) study, the unit weight of concrete mixes with coarse, fine
and coarse—fine aggregates mix at 50 % were reduced by 45, 34 and 33 %,
respectively, compared to reference concrete. Fattuhi and Clark (1996) observed
unit weights of concrete mix in the range of 2380—1880 kg/m® due to the addition
of rubber aggregates in the range 0-13 % of total concrete mix.
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Fig. 4.45 Density and unit weight of concrete with rubber aggregates. a Zheng et al. 2008a;
b Pierce and Blackwell 2003; ¢ Khatib and Bayomy 1999; d Sukontasukkul and Chaikaew 2006

Aiello and Leuzzi (2010) observed a reduction in density of 5.8 and 6.0 % for
concrete with 50 % by volume replacement of NA by coarse and fine rubber
aggregates. They also observed an 8.8 and 8.3 % unit weight decrease for concrete
with 75 % by volume replacement of NA by two-size fractions of rubber aggre-
gates. Topcu (1995) also reported a 12.6 % reduction in unit weight for mixes with
45 % fine and coarse rubber chips by volume of total aggregate by comparison
with the reference concrete. Ling (2011) found a density range of 2200-
2000 kg/m?® for concrete mixes with rubber aggregates content of 0-50 % by fine
aggregates volume.

The size and quality of rubber aggregates also has some influence on the unit
weight of rubberized concrete. In the Khaloo et al. (2008) study, a higher reduction
in unit weight was observed for concrete with coarse rubber aggregates than that
with fine rubber aggregates and a mixture of fine and coarse rubber aggregates.
Fattuhi and Clark (1996) also reported that concrete with low-grade rubber
aggregates had lower density than that with rubber crumb for similar rubber
content and the difference in density increased with the rubber content. For
example, at a rubber to cement ratio of 0.4 (by mass), the density of concrete with
low-grade rubber was about 2 % lower than that of a similar concrete with rubber
crumb. This difference may be due to the higher content of textile fibres in the low-
grade rubber, and hence lower mass. On the other hand, Aiello and Leuzzi (2010)
observed little difference in the density of concrete mixes prepared by partially
replacing NA by fine and coarse rubber aggregates.
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4.7.1.3 Air Content

The air content of concrete mixes with rubber particles is generally higher than
that of conventional concrete with NA and it increases with the amount of rubber
particles (Khatib and Bayomy 1999). Li et al. (2004) observed an increasing trend
of air content of a concrete mix where 15 % by volume of natural coarse aggre-
gates were replaced by rubber chips or fibres. Benazzouk et al. (2006) also
reported a sharp increase in the air content of cement paste due to the incorporation
of rubber particles. On the other hand, Figueiredo and Mavroulidou (2007)
observed a reduction in air content of concrete due to the incorporation of crumb
and fine rubber aggregates used to replace 10 % of coarse and fine aggregates,
respectively. A typical air content behaviour of concrete due to the addition of
rubber aggregate is presented in Fig. 4.46.

4.7.2 Hardened Concrete Properties

4.7.2.1 Dry Density

As the dry density of rubber aggregates is considerably lower than that of NA,
similarly to fresh density, the dry density of hardened concrete decreases with
increasing rubber aggregates content. Typical data are presented in Fig. 4.47.

Topcu (1995) observed a systematic decrease in the density of concrete with
increasing contents of tyre chips. The average density of control concrete was
2300 kg/m3 . On the other hand, the values for concrete with 15, 30 and 40 % by
volume replacement of fine and NA were 2220, 2140 and 2010 kg/m>, respec-
tively. Benazzouk et al. (2006) found 22-35 % reductions in 28-day dry density of
concrete specimens with two types of rubber aggregates. The decrease in density
was higher for concrete with small-size rubber aggregates. The effect was also
more significant with expanded rubber type.

An increase in rubber aggregates content in concrete increases the air content
which in turn reduces the dry density of the specimens (Yilmaz and Degirmenci
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Fig. 4.47 Dry unit weight of rubberized concrete (Benazzouk et al. 2003)

2009). Sukontasukkul and Chaikaew (2006) speculated that the flocculation of the
rubber particles during mixing of concrete with higher rubber contents may have
some effect on the lower density of concrete specimens. Flocculation can create
large voids inside the block, leading to a higher porosity which ultimately lowers
the density. Due to the high water absorption of tyre particles, the ratio between
the fresh density and the hardened density in rubber tyre concrete is greater than in
conventional concrete. Therefore, rubber tyre concrete is expected to be more
porous than conventional concrete.

4.7.2.2 Compressive Strength

It is universally accepted that the addition of rubber aggregates reduces the
compressive strength of the resulting concrete and the increase of rubber content
further deteriorates the compressive strength. In some of the studies, about
80-90 % reduction in compressive strength was reported depending on the size
and type of rubber aggregates. Khatib and Bayomy (1999) observed about 90 %
lower compressive strength in concrete with 100 % gravel replaced by chipped
rubber than in conventional concrete. However, in a few studies like that of
Ganjian et al. (2009) a slight improvement of 28-day compressive strength of
concrete with rubber chips used to replace coarse NA in 5 % by volume was also
reported, possibly due to the improvement of aggregates grading curve due to the
incorporation of rubber particles.

Possible reasons for this strength reduction are (Ganjian et al. 2009): (i)
reduction of the quantity of solid load-carrying material with increasing rubber
content; (ii) the soft and smooth surfaces of rubber particles may significantly
degrade the adhesion between the boundaries of rubber particles and cement paste,
and thus increase the volume of the weakest phase and ITZ; (iii) non-uniform
distribution of rubber particles at the concrete top surface tends to produce non-
homogeneous samples and leads to a reduction in concrete strength at those parts,
resulting in failure at lower stresses.

The compressive strength behaviour of concrete due to the incorporation of
rubber aggregates reported in the literature is presented in Table 4.15. These
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Table 4.15 Compressive strength of concrete with rubber aggregates

Reference Size of aggregates/type Type of ~ Amount of Compressive
of replacement concrete  replacement (%) strength (MPa)
Aiello and Leuzzi  12.5-20 mm/volume Normal 0 45.80
(2010) 25 23.90
50 20.87
75 17.42
10-12.5 mm/volume Normal 0 27.11
15 23.97
30 20.41
50 19.45
75 17.06
Bignossi and Sand/volume SCC 0 33.0
Sandrolini 222 24.7
(2006) 333 20.2
Emiroglu et al. 0—4 mm/volume Normal 0 45.69
(2007) 5 41.71
10 33.69
15 24.75
20 22.14
4-8 mm/volume Normal 0 45.69
5 42.49
10 37.30
15 26.96
20 2391
Futtuhi and Clark Low grade rubber/mass Normal 0 37.45
(1996)* ~9.9 12.66
Rubber crumb Normal ~11.2 11.69

# Amount of replacement with respect to total solid content

results indicate that the size, proportions and surface textures of rubber particles
noticeably affect the compressive strength of rubberized concrete mixes (Eldin and
Senouci 1993; Topcu 1995). Gesoglu and Guneyisi (2007) observed a relatively
higher strength development between 3 and 7 days of curing and the rate gradually
decreased with curing age. However, the strength development pattern was almost
similar in conventional concrete.

Benazzouk et al. (2003) found a sharp reduction in 28-day compressive strength
of concrete due to the addition of different size fractions of two types of rubber
aggregates. Some results of their investigation are presented in Table 4.16. They
also found a high dependency of strength on several parameters such as substi-
tution ratio, size and properties of rubber aggregates. The compressive strength of
concrete specimens prepared by using compacted rubber aggregates was consid-
erably higher than that using expanded rubber aggregates. Similarly, compressive
strength decreased drastically when the content of rubber aggregates increased.
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Table 4.16 28-day compressive strength of concrete with two types of rubber aggregates
(Benazzouk et al. 2003)

Volume of rubber (%) Size of rubber aggregates Compressive strength (MPa)
CRA ERA
0 - 82.5 82.5
5 14 68.0 59.0
4-8 63.0 54.0
8-12 60.5 51.0
10 14 55.0 42.0
4-8 48.0 36.0
8-12 43.0 32.0
25 1-4 26.0 15.0
4-8 20.0 13.0
8-12 15.0 11.0
50 14 6.5 34
4-8 5.0 2.6
8-12 35 2.0

CRA compacted rubber aggregates; ERA: expanded rubber aggregates

The rubber particles are less stiff than the surrounding cement paste which lowers
the compressive strength of concrete. The cracks are initiated around the rubber
particles, which accelerates the failure in the matrix. Larger incorporation of
rubber particles in the concrete mix creates difficulty in the packing of lightweight
rubber particles, and therefore voids are introduced in the matrix. The trend is
slightly influenced by aggregate size; e.g. for a given amount of rubber, finer
aggregates lead to lower losses in compressive strength than coarse aggregates.

Similar effect of particle size on the strength behaviours of rubberized concrete
was also reported in other studies (Topcu 1995; Son et al. 2011; Khatib and
Bayomy 1999; Ali and Goulias 1998; Ali et al. 1993). Khatib and Bayomy (1999)
showed that rubberized concrete made with coarse chipped rubber replacing coarse
aggregates has less strength than concrete made with fine crumb rubber. Ali and
Goulias (1998) and Ali et al. (1993) also observed higher reduction in compressive
strength due to the addition of coarse sized rubber aggregates than of fine rubber
particles. This is due to the high compressibility of rubber particles, which gen-
erates localised stresses and bonding problems between them and the cement
matrix. According to Topcu (1995), the interfacial bond in a coarse tyre rubber
chips cement paste is weaker than in a fine tyre rubber chips cement paste, which
ultimately affects the compressive strength. However, in some studies such as that
of Emiroglu et al. (2007) the exact opposite effect of particle size is reported
(Table 4.15).

Li et al. (2004) reported that the compressive strength of concrete with rubber
chips replacing 15 % by volume of coarse NA was lower than that of concrete with
an equal volume percentage of elongated or fibre type coarse rubber aggregates
(Table 4.15). According to the authors, this is possibly due to the difference
between their load transfer capabilities. Once debonded from the concrete matrix,
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chips do not have enough length to transfer the applied load through interfacial
frictional force, while fibres have longer length to transfer the applied load,
resulting in higher strength.

In a few studies, the effect of chemical or physical treatments of rubber
aggregates on the compressive strength behaviour of the resulting concrete was
also reported. This type of technique is generally adopted to improve the weak ITZ
between rubber aggregates and cement paste. Li et al. (2004) reported that the
surface treatment of fine rubber aggregates by NaOH solution increased the
mechanical performance including compressive strength. However, this technique
could not improve the properties for coarse rubber aggregates. The same author
also tried to improve the mechanical performance by making holes in the rubber
aggregates but it did not improve the studied properties. Naik and Singh (1991)
also reported that the surface treatments of rubber particles could enhance the
hydrophilicity of the rubber surface and therefore could improve mechanical
performance including compressive strength.

4.7.2.3 Tensile Strength

Just like for compressive strength, the addition of rubber aggregates decreases the
splitting tensile strength of the resulting concrete. The development of microcracks
due to weak interfacial binding of rubber aggregates and cement paste as well as a
surface segregation between rubber aggregates and cement paste due to the exerted
stress are the major causes that lower the tensile strength of concrete due to the
incorporation of rubber aggregates (Ganjian et al. 2009). However, for a given
substitution ratio the reduction in splitting tensile strength of concrete with rubber
aggregates is less prominent than that observed in compressive strength (Eldin and
Senoucci 1993; Mavroulidou and Figueiredo 2010). The reduction in splitting
tensile strength of concrete with fine rubber aggregates is also smaller than that
with coarse rubber aggregates.

Ganjian et al. (2009) reported that the percentage reduction of tensile strength
in concrete using chipped rubber as a partial replacement of NA was about twice
than that in concrete using ground rubber particles for the same replacement level.
The reduction in tensile strength with 7.5 % replacement was 44 % for concrete
with chipped rubber and 24 % for concrete with ground rubber as compared to the
control mix. In the Topcu (1995) study, the splitting tensile strength of C 20 type
conventional concrete was 3.21 MPa, while it was 2.17, 1.53 and 1.13 MPa for
concrete with fine rubber chips and, 1.50, 1.06 and 0.82 MPa for concrete with
coarse rubber chips at the replacement ratios of 15, 30 and 45 %, respectively.

Instead of the brittle failure usually exhibited by conventional concrete speci-
mens under compression, specimens with rubber aggregates generally show duc-
tile failure due to the plastic behaviour of the rubber aggregates. Topcu (1995)
found that the failed specimens withstood measurable post-failure loads during
tensile strength test and underwent significant displacement, which was partially
recoverable. Therefore, concrete specimens with rubber aggregates showed high
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capacity of absorbing plastic energy during the splitting tensile strength test. A
similar type of tensile behaviour was reported by Eldin and Senoucci (1993). Kang
et al. (2009) reported that the incorporation of rubber particles in RCC increased
the tensile strength, as well as the ultimate tension elongation if the compressive
strength was kept at the level of about 40 MPa. This was due to the higher
deformation capability and lower modulus of elasticity of rubber particles than
those of NA.

Kang et al. (2009) reported that the splitting tensile strength of concrete
specimens is about one-tenth to one-fifteenth of cubic compressive strength.

4.7.2.4 Flexural Strength

The incorporation of rubber aggregate decreases the flexural strength of the
resulting concrete and rising the rubber content further deteriorates the flexural
strength due to the weak bond between cement paste and rubber particles.
However, Benazzouk et al. (2003) observed higher flexural strength values for
concrete prepared by replacing 20 % by volume of coarse and fine aggregates by
two types of rubber aggregates with three size ranges than for conventional con-
crete. However, after substitution of 35 % by volume of NA by any type of rubber
aggregates and any size range, the flexural strength decreased drastically due to the
rupture of the rubber/cement matrix connection. Concrete with expanded rubber
aggregate showed better flexural strength behaviour than concrete with compacted
rubber aggregates, which was exactly the opposite trend of compressive strength of
concrete with these aggregates.

In several studies, it was reported that the reduction in flexural strength was not
as significant as that observed in the reduction of compressive strength of concrete
due to the incorporation of rubber aggregates (Mavroulidou and Figueiredo 2010;
Toutanji 1996). Toutanji (1996) found a significantly smaller reduction in flexural
strength in comparison to compressive strength as the tyre chip content increased.
Khatib and Bayomy (1999) observed a steeper initial rate of flexural strength
reduction than that of compressive strength.

From the load—deflection curves during flexural strength measurement of
concrete beam specimens with various amounts of rubber, several authors reported
that the failure of specimens with rubber tyre chips exhibited a ductile mode of
failure as compared to control specimens (Toutanji 1996; Sukontasukkul and
Chaikaew 2006). The specimens with rubber could also withstand measurable
post-failure loads due to the ability of the rubber aggregates to undergo large
elastic deformation before the failure of the specimen took place.

Aiello and Leuzzi (2010) observed a larger reduction in flexural strength for
concrete when coarse aggregates rather than fine aggregates were replaced by
rubber particles. The rubberized concrete mixes prepared with 50 and 75 % by
volume of coarse NA replacement both exhibited a decrease in flexural strength,
referred to the control mix, of about 28 %. Whereas, mixes with substitution by
volume of fine aggregates of 50 and 75 % showed a decay of about 5.8 and 7.3 %,
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Table 4.17 Dynamic and static elastic moduli of concrete with ground and crushed rubber as
coarse aggregates replacement (Zheng et al. 2008a)

Properties Conventional Concrete prepared by replacing coarse aggregates with

Ground rubber in volume (%) Crushed rubber in volume (%)
15 30 45 15 30 45
Eq (GPa) 43.7 41.2 35.2 31.2 354 36.5 32.8
E; (GPa) 31.8 27.1 24.1 22.3 23.1 24.3 22.1

respectively, referred to the control mix. A decrease in flexural strength with the
increase in particle size of rubber aggregates was reported in other studies too
(Benazzouk et al. 2003; Mavroulidou and Figueiredo 2010).

4.7.2.5 Modulus of Elasticity

Just like strength properties, the incorporation of crumb or chip rubber as aggre-
gates in concrete considerably reduces both the static and dynamic moduli of
elasticity. Aggregates characteristics affect the modulus of elasticity: concrete with
aggregates with higher stiffness normally has high modulus of elasticity. Since the
rubber aggregates have very low stiffness as compared to NA, the addition of
rubber aggregates lowers the modulus of elasticity of the resulting concrete.

The type of rubber (i.e. chips or ground rubber) may have some effect on the
modulus of elasticity. Zheng et al. (2008a) reported higher values of both static
and dynamic moduli for concrete with 15 % by volume of coarse aggregate
replaced by ground rubber than for concrete with crushed rubber at similar
replacement level (Table 4.17). However, at higher replacement level the elasticity
behaviour of concrete with ground and crushed rubber aggregates becomes similar.
Skripkiunas et al. (2007) observed a reduction of about 11 % in the modulus of
elasticity of concrete due to the addition of rubber aggregates that replaced fine
aggregate by about 3 % by weight. Mavroulidou and Figueiredo (2010) observed a
higher static modulus of elasticity for concrete with coarse rubber aggregates
(19-10 mm) than for concrete incorporating finer rubber aggregates
(10-4.75 mm). Both types of aggregates were used to replace 10 % by weight of
natural coarse aggregates.

Azmi et al. (2008) found reductions in the modulus of elasticity with increasing
rubber aggregates content in concrete as well as with increasing w/c value. The
authors found a reduction of about 30 % in modulus of elasticity when the
replacement ratio of fine aggregates by crumb rubber increased from 0 to 30 % by
volume. According to the authors, the inclusion of crumb rubber implies defects in
the internal structure of the composite material, producing a reduction of strength
and stiffness. Benazzouk et al. (2003) reported that the decrease in dynamic
modulus of elasticity was greater with expanded type rubber aggregates compared
with compacted rubber aggregates for the same size and same amount of rubber
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content. Ganjian et al. (2009) reported lower modulus of elasticity for concrete
with rubber aggregates than for conventional concrete. Kang et al. (2009) also
observed a reduction in modulus of elasticity with increasing rubber content;
however, the modulus of elasticity increased with the curing time. The reduction
amount with respect to the modulus of elasticity of conventional concrete was
slightly low at all substitution levels.

Guenisiyi et al. (2004) reported that the static modulus of elasticity of concrete
decreased with increasing rubber content in a similar fashion to that observed in
compressive and splitting tensile strengths. By increasing the rubber content to
50 % of the total aggregate volume, the modulus of elasticity dropped to about 6.5
and 8.0 GPa for w/c ratios of 0.60 and 0.40, respectively. These were respectively
about 20 and 17 % of the modulus of elasticity of a similar type of conventional
concrete. The use of silica fume slightly improved the modulus of elasticity of
concrete even though the improvement was smaller than that observed for com-
pressive and splitting tensile strengths. The results are presented in Fig. 4.48.
Peisller et al. (2011) observed lower modulus of elasticity for concrete with var-
ious percentages of rubber aggregate used to replace fine NA in concrete. The
reduction in the modulus of elasticity was smaller than that in compressive
strength. The decrease in modulus of elasticity was 49 % on an average for the
concrete with rubber by comparison with the reference concrete. The addition of
15 % silica fume with cement increased the modulus of elasticity but it was still
lower than that observed for conventional concrete.

4.7.2.6 Stress—Strain Curve: Toughness Behaviour
It is consensual that the addition of rubber aggregates can substantially improve
the post-cracking behaviour of concrete by absorbing a significant amount of

energy. Thus special types of concrete can be prepared by incorporating rubber
aggregate that can be used for applications where impact or blast resistance is
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Table 4.18 Toughness indices and some other parameters of rubberized concrete (Aiello and
Leuzzi 2010)

Amount of rubber Toughness indices® Residual strength factor® Toughness
in concrete (%) I Tro Tno Roxo Riom0 (kN/mm~)
50 4.06 8.72 14.4 93.2 56.8 113
75 4.96 9.92 17.8 99.2 78.8 196

% For details, see ASTM C1018-97

needed, such as bunkers and jersey barriers, or where vibration damping is
required such as foundation pads in railway stations. Due to the positive influence
of rubber aggregate, substantial work has been done to evaluate the stress—strain
curve and the toughness behaviour of concrete with rubber aggregates. This
behaviour is generally evaluated during the determination of various strength
properties.

Aiello and Leuzzi (2010) observed substantial improvement of post-cracking
behaviour of concrete due to the addition of coarse rubber aggregates. In
Table 4.18, the toughness indices and energy absorption capacities (toughness)
measured during the determination of the flexural strength of concrete with rubber
aggregates used to replace 50 and 75 % by volume of natural coarse aggregates are
presented. The toughness indices determined from the curves were in the specified
limit of the standard range defined in ASTM C1018-97 and these increased with
rubber content. However, in the same investigation insignificant enhancement of
toughness behaviour due to the incorporation of fine rubber aggregates used to
replace 25 and 50 % by volume of natural fine aggregates in concrete was also
reported.

Batayneh et al. (2008) also found two distinct behaviours in the stress—strain
curves of concrete depending on rubber content (Fig. 4.49). 0.075-4.75 mm
rubber aggregates were used to replace fine NA in concrete. The stress—strain
behaviour of specimens with rubber content up to 40 % follows a trend similar to
that of the control specimen. In this case, concrete behaved like a brittle material
i.e. there was a linear increase of stress until it reached its peak value before
specimen’s fracture. However, the curves became nonlinear for concrete mixes
with 60 and 80 % rubber, which indicated that concrete behaves like a ductile
material. Kang et al. (2009) observed a similar type of ductility behaviour for
concrete with shredded rubber aggregates. Concrete with rubber aggregates did not
disintegrate and some cracks closed after unloading.

Benazzouk et al. (2003) also observed increasing ductility in the stress—strain
curve of concrete due to increasing addition of rubber aggregate as well as due to
increasing particle size of rubber aggregates. The brittleness index (BI) was also
measured to estimate the ductility of different concrete specimens. These values
for different mixes as a function of rubber aggregates volume are presented in
Fig. 4.50. The peak was obtained at a rubber addition level of 10 % for all
aggregate sizes and characterised the transition from brittle to ductile material after
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Fig. 4.50 Brittleness index of various types of concrete (Benazzouk et al. 2003)

this rubber content. The decrease in BI values with rubber content over 10 %
reflected an increase in plastic deformation energy. This increase became even
greater as the rubber size increased. For the same rubber content, the BI was lower
for expanding type rubber aggregates than for compacted rubber aggregates. The
alveolar character of rubber, therefore, helped to increase the deformability of
cement—rubber composites.

Khaloo et al. (2008) observed increasing nonlinearity of stress—strain curves
due to the incorporation of rubber aggregates in concrete. To compare the non-
linearity between the control concrete and the rubber tyre concrete, a nonlinearity
index was defined as the ratio between the slope of the line connecting the origin to
40 % of the ultimate stress and the slope of the line connecting the origin to the
ultimate stress. A higher nonlinearity index implies a more nonlinear stress—strain
curve. The nonlinearity index increases as the rubber content increases for all
mixes. The substitution of rubber for mineral aggregates appears to allow more
uniform crack development and provide gentler crack propagation, compared to
conventional concrete. The authors also determined the toughness indices of the
concrete mixes. Rubber tyre concrete exhibited greater toughness as compared to
conventional concrete. Toughness indices maximise as rubber concentration
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approaches 25 % of the total aggregates volume. Beyond rubber concentrations of
25 %, toughness indices decrease due to the systematic reduction in strength.

4.7.2.7 Impact Resistance

Futtuhi and Clark (1996) evaluated the impact resistance of concrete with low-grade
rubber, which contains textile fibres and dust as impurities. Two slabs were made
and tested simultaneously. One slab was made with ordinary concrete (without
rubber), while the other contained about 11 % of low-grade rubber relative to the
total solids content by weight. The rubber to cement ratio was maintained at about
0.44. After impact by a hammer, examination of the slabs showed that both suffered
cracking in all directions. However, the slab with rubber had a larger spread of
cracks over the tension face. After the second hit, the maximum crack width in the
ordinary concrete slab was 0.16 mm, while that for the slab with rubber was
0.50 mm. After the third hit, the maximum crack widths (at the same locations)
increased to 0.3 and 2.0 mm for the plain concrete and rubberized concrete slabs,
respectively. These results show that both slabs sustained the impact of the drop
hammer; despite the compressive strength of the rubberized concrete slab being
about 30 % of the strength of the ordinary concrete slab.

Ling et al. (2009) reported that using rubber aggregates as partial substitution of
fine aggregates in concrete pavement blocks improved the impact resistance. Their
results are presented in Table 4.19. They reported that the energy absorption and
toughness of rubberized blocks were much larger than those of the control block.
Extra forces were needed to fully open the blocks with high amounts of rubber
aggregates because they maintained the integrity of the broken pieces even after a
number of falling weight hits. The rubberized blocks exhibited higher displace-
ment and did not show any clean split into two halves at failure mode as the rubber
content increased.

Table 4.19 Numbers of hits that cause damage in concrete pavement blocks

Type of concrete Type of damage

Small crack Transverse crack All directions Completely
crack broken
Block 1 Block 2 Block 1 Block 2 Block 1 Block 2 Block 1 Block 2
Type 1 1 2 2 3 - - 3 4
Type 11 3 3 6 5 - - 10 8
Type 11 7 7 - - 13 12 13 12
Type IV 9 10 - - 15 16 15 16

Concrete slab prepared by replacing fine aggregates fraction by rubber aggregates that is used to
replace 0, 10, 20 and 30 % by volume of total aggregates (type I, type II, type III and type IV,
respectively)

Drop height 100 cm (Ling et al. 2009)
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Taha et al. (2008) evaluated the impact energy (the energy required to failure)
of concrete prepared by replacing various percentages of coarse and fine aggre-
gates, measured through an impact test. Their results suggested that increasing the
replacement level of coarse aggregates by chipped tyre rubber particles up to
100 % significantly improved the impact energy of the concrete and that a max-
imum was reached for a replacement level of 50 % (Fig. 4.51). The impact
resistance also peaked at 50 % replacement level for mixes with crumbed tyre
rubber particles. However, it was lower than for the control mix at 75 and 100 %
replacement levels. At low to medium replacement levels, the low stiffness of the
tyre particles allowed the rubber-cement composite to have a relatively high
flexibility, and thus absorb higher amount of energy than the conventional
concrete.

4.7.2.8 Skid Resistance

Sukontasukol and Chaikaew (2006) evaluated the skid resistance of concrete using
standard ASTM E303-93 and a pendulum type apparatus. 10 and 20 % by weight
of coarse and fine aggregates of concrete were replaced by two sizes of crumb
rubber (passing ASTM No. 6 and 20 sieves) and by a mixture of these two sizes.
The results of the seven mixes are presented in Fig. 4.52a. Results show that
crumb rubber concrete blocks (except those made with sieve No. 20 crumb rubber)
exhibited better skid resistance than the control block. The highly elastic properties
of rubber allowed the block surface to deform more and create more friction as the
pendulum passed across it. Mixes with large rubber particles performed better than
those with small particles.

On the other hand, a systematic reduction in skid resistance was observed for
concrete slab where the fine aggregates were replaced by rubber aggregates at 0,
10, 20 and 30 % by volume of total aggregates (types I, I, III and IV respectively
in Fig. 4.52b) (Ling et al. 2009). However, all the values met the minimum
requirement in accordance with ASTM standard specification. No damage was
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Fig. 4.52 Skid resistance of a concrete with rubber aggregates (Sukontasukkul and Chaikaew
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caused to any of the pavement blocks. The slightly higher skid resistance for low
percentages of crumb rubber in pavement block was partly due to the rough
surface texture of the paving blocks.

4.7.2.9 Abrasion Resistance

Sukontasukol and Chaikaew (2006) reported the abrasion resistance of concrete
with various contents of rubber aggregates. The results in terms of percentile
weight loss are shown in Fig. 4.53a. They found lower abrasion resistance for
mixes with rubber crumb aggregates than for the control mix, as indicated by
increasing weight loss with increasing crumb rubber content. Out of three types of
rubber aggregates, abrasion resistance was lowest for the mixes of two-size
fractions rubber and highest for the coarse rubber aggregates. Segre and Joekes
(2000) reported that the NaOH treatment of rubber aggregates considerably
improved the abrasion behaviour of rubberized concrete (Fig. 4.53b).
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Fig. 4.53 Abrasion resistance of normal and rubberized concrete mixes
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Table 4.20 Plastic shrinkage cracking behaviour of mortar (Raghvan et al. 1998)

Type of addition Amount of cement Number Crack length  Average crack Time of first
replaced (%) of cracks (mm) with (mm) crack (min)

1h 2h 3h 1h 2h 3h

None 0 1 158 212 246 03 0.6 09 2
RS4.75 5 2 174 212 212 02 04 0.6 30
10 2 156 203 203 0.2 04 04 60
15 4 103 142 178 02 03 04 60
RS2.36 15 4 163 181 203 02 03 03 35
GR 15 3 107 204 219 02 02 04 45

4.7.3 Durability Parameters

Several durability parameters of concrete with rubber aggregates were reported in
the literature. These include shrinkage, water absorption and water sorptivity,
water and chloride permeability, and freeze—thaw resistance.

4.7.3.1 Drying Shrinkage

The incorporation of rubber aggregates decreases the drying shrinkage of concrete
and increasing the amount of rubber aggregates further decreases it.

Raghvan et al. (1998) evaluated the plastic shrinkage of mortar with mass
fractions of 0, 5, 10 and 15 % rubber shred with a size range of 4.75-2.36 mm. At
15 % rubber content, a fine fraction of rubber shred with size range of
2.36-1.18 mm and a fraction of granular rubber with about 2 mm diameter were
also used to evaluate the properties. The width of the cracks for all the mixes was
measured at 1, 2 and 3 h in the drying chamber. The results are summarised in
Table 4.20. All the specimens cracked within the first 3 h of exposure and the
cracks always occurred over the central stress raiser. After 3 h, the control mortar
specimen developed a crack with an average width of about 0.9 mm, while the
average crack width for the specimens with 5-15 % rubber shreds was
0.4-0.6 mm. The number of crack also increased due to the addition of rubber in
cement mortar. The onset of cracking was delayed by the addition of rubber
shreds. The content of rubber shreds in the mortar affected the onset time of
cracking, the crack length, and the crack width.

Kang et al. (2009) reported that RCC with different contents of rubber tyre
aggregates exhibited a shrinkage pattern similar to that of conventional concrete
and the drying shrinkage developed at a higher rate in the first month than later on
(Fig. 4.54). They found almost similar shrinkage for RCC with 50 kg/m® rubber
aggregates and NA. However, higher shrinkage was recorded for rubber contents
of 100 and 120 kg/m®. Uygunoglu and Topcu (2010) reported lower drying
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shrinkage of self-consolidating mortar prepared by replacing 10 and 20 % of sand
by rubber aggregates. However, at higher substitution levels it increases sharply.

Ho et al. (2009), from a test according to ASTM standard C 1581-04, reported
that the incorporation of rubber aggregate in concrete reduced the sensitivity of
concrete to cracking due to shrinkage-related length change. This was due to the
enhanced strain capacity of rubberized concrete. The compressive strain developed
in the steel ring caused by the restrained shrinkage of the concrete specimen
measured from the time of casting show that in comparison with the control
concrete, the development of compressive strain in the steel ring slowed down for
rubberized concretes, which confirms the stress relaxation resulting from the
presence of rubber particles. The incorporation of rubber into concrete delayed the
time of crack initiation and increasing rubber amounts further delayed it. These
results are presented in Table 4.21.

4.7.3.2 Water Absorption

The amount of water absorbed is related to the porosity of the test specimens and
gives an insight of the internal microstructure. Several reports are available on the
water absorption behaviour of concrete due to incorporation of rubber aggregates.

The water absorption behaviour of concrete with rubber aggregates depends on
their particle size. In general, the presence of large size rubber aggregates

Table 4.21 Effect of rubber aggregate on the cracking potential of concrete (Ho et al. 2009)

Mix Time to cracking (day) Average stress rate (MPa/day) Potential for cracking®
COR 9.25 0.39 High

C20R 15.50 0.16 Moderate-low

C40R 33.25 0.05 Low

# According to ASTM C1581-04

COR conventional concrete

C20R and C40R concrete prepared by replacing 20 and 40 % of sand by an equal volume of
rubber aggregates
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increases the water absorption of the resulting concrete due to the weak cement
paste-rubber aggregates interactions, which is presented in Fig. 4.55 (Ganjian et al.
2009). Bignozzi and Sandrolini (2006) observed a slight increase in the water
absorption of self-compacting concrete due to the incorporation of fine rubber
aggregates, possibly due to deviations of rubber particles size from sand grain size
distribution and an increase in air amount trapped during mixing procedures.
Uygunoglu and Topcu (2010) also observed higher water absorption of self-con-
solidating cement mortar due to partial substitution of fine aggregates by rubber
aggregates and these values further increased with the water to powder ratio. On
the other hand, fine rubber particles can reduce the water absorbed. According to
some authors, rubber particles do not absorb water, which ultimately lowers the
amount of water absorbed (Yilmaz and Degirmenci 2009; Segre and Joekes 2000).
Some authors argued that water reduction was due to a reduction in porosity of
concrete as fine rubber particles filled the voids (Ganjian et al. 2009). Gesoglu and
Guneyisi (2011) reported that the addition of FA can also reduce the amount of
water absorbed in rubberized concrete due to the filling effect of FA at early ages
and its pozzolanic reaction at later ages.

Segere et al. (2003) reported that using rubber aggregates at partial substitution
of sand reduced the capillary water absorption (Fig. 4.56a). Rubber aggregate
treated with NaOH can further improve the capillary water absorption behaviour
(i.e. lower the absorption) of the resulting concrete due to an improvement in
binding between rubber aggregates and cement paste. The authors reported a
sorptivity coefficient of 0.29 mm/min'’? for conventional mortar and 0.06 mm/
min'’? for the mortar with 10 % rubber particles. Benazzouk et al. (2007) also
reported a decrease in capillary water absorption and in water absorption rate of
cement composites with an increase in rubber content, which may be due to the
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Fig. 4.56 Capillary water absorption of rubber-cement composites

capability of rubber to repel water (non-sorptive nature) and to an increase of air-
entrainment, as manifested by closed empty pores that are not accessible to water
(Fig. 4.56b). The decrease in water absorption is also attributed to a reduction in
the porosity near particle/matrix interfacial zone, due to the high bonding between
rubber aggregates and cement paste.

Bennazzouk et al. (2007) determined the sorptivity of cement composites with
rubber particles. Value decreased from 0.193 x 10~ m/s"? for cement paste to
0.037 x 107* m/s"* for specimens with 50 % of shredded rubber particles. The
water sorptivity of concrete with crumb rubber aggregates was higher than that of
composites with fine rubber particles; however, these values are lower than for
conventional concrete. On the other hand, Gesoglu and Guneyisi (2011) found
higher sorptivity coefficient of self-compacting concrete due to the addition of
crumb rubber aggregates. The addition of FA can decrease the sorptivity of rub-
berized aggregate, which is particularly significant for concrete cured for 90 days.

In general, the depth of water penetration into concrete increased due to the
incorporation of rubber aggregates. The increasing size of rubber particles further
increases this parameter. The reasons for water absorption to increase are also
accountable for depth of penetration. Ganjian et al. (2009) reported that concrete
with replacements of 5 and 7.5 % of tyre rubber is classified as low permeability
according to DIN 1048 standard but the mix with 10 % tyre rubber incorporation is
classified as medium (Fig. 4.57).

4.7.3.3 Chloride Permeability

Very few data are available on chloride-ion permeability behaviour of concrete
with rubber aggregates. Gesoglu and Guneyisi (2007) found a systematic increase
in the depth of chloride penetration with increasing rubber content for concrete
with and without silica fume, especially at high w/c ratio (Fig. 4.58). As the rubber
content increased from O to 25 % by total aggregate volume, the chloride per-
meability of the rubberized concrete with and without silica fume was about
6—40 % and about 27-59 % greater than that of the controlled concrete at w/c ratio
of 0.6 and 0.4, respectively, depending on the moist curing period. They also
reported that increasing the moist curing period as well as adding silica fume
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Fig. 4.58 Chloride permeability of concrete with rubber aggregates: a w/c: 0.4; b w/c: 0.6
(Gesoglu and Guneyisi 2007)

decreased the effect of rubber aggregate on the chloride-ion permeability of
concrete.

The same authors (Gesoglu and Guneyisi 2011) reported the effect of FA on the
chloride-ion permeability behaviour of self-compacting concrete with rubber
aggregates. There was a progressive increase in the chloride-ion penetration as the
rubber content rose. Extending the curing period from 28 to 90 days slightly
improved the chloride-ion penetration behaviour. Incorporating FA slightly
improved the chloride-ion permeability behaviour of the rubberized concretes at
28 days. However, when the curing period was prolonged to 90 days, incorpo-
rating the FA into the self-compacting rubberized concrete mixes significantly
enhanced the resistance of the mixes against chloride-ion ingress. This finding was
attributed to the long-term reaction of FA, which refined the pore structure of
concrete and reduced the ingress of chloride ions.
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4.7.3.4 Resistance to Chemical Attack

Topcu and Demir (2007) reported that the effect on the decrease of compressive
strength of mortars with various amounts of rubber aggregates replacing natural
sand was stronger in sea-water curing than in normal curing. The authors therefore
recommended using sulphate resistant cement or high-strength cement in rub-
berized mortars to be used in sea-water environments.

4.7.3.5 Freeze-Thaw Resistance

Topcu and Demir (2007) also reported the effect of freeze—thaw cycles on the
performance of rubberized concrete. In this study, concrete specimens had a
cement content of 300 kg/mS, a w/c ratio of 0.5, and 0, 10, 20 and 30 %
replacement of fine aggregates by equal volume of rubber aggregates with size
1-4 mm. The results revealed that the concrete’s compressive strength decreased
with the increment of rubber incorporation after the freeze—thaw test. However,
this reduction was slightly lower than the one observed for a similar concrete due
to increasing addition of rubber aggregates before the freeze—thaw test. These
reductions for all cylindrical specimens with 10, 20 and 30 % rubber incorporation
compared to cylindrical control specimens not exposed to freeze—thaw cycles
were, respectively, 16, 19 and 21 %. The reductions in cylindrical specimens with
10, 20 and 30 % rubber incorporation compared to control specimens, both
exposed to freeze—thaw cycles, were respectively 15, 16 and 16. A similar
behaviour was observed for cubic specimens. The authors also evaluated the
freeze—thaw durability according to weight loss where they found that concrete
prepared with 10 % replacement of fine aggregates by rubber aggregates exhibited
better performance than conventional concrete.

4.7.3.6 High Temperature Behaviour

Topcu and Demir (2007) reported that rubber incorporation in cement mortar did
not have significant effect on the compressive strength reduction due to increase in
temperature. The highest decrease was observed for rubberized mortar after
treatment at 400 °C. Nayaf et al. (2010) reported that the addition of 5 % mi-
crosilica to cement and the use of fine rubber aggregates with a maximum size of
0.07 mm could improve the rubberized concrete’s compressive strength behaviour
at high temperature. On the other hand, microsilica does not have any effect on
concrete with coarse rubber aggregates with maximum size of 20 mm. Both
aggregate sizes were used to replace coarse NA by 5-30 % in volume. Their
results are presented in Fig. 4.59.



4.7 Rubber Waste 197

60 60
#— Contrel
— o & - 5% Fine rubber =
4 8 50 e e 10% Fine rubber g g 50 s
— o ~. 5% Fine rubber C
- E 40 - - . ;D%éhn:-ubber a .E, 40 '« "
E E, 30{ A g E: 30 4 3
£ £ 20 &= : - £ 22 ¢ . 5
S50 ’ Sy SE 10 .
b H b
0 0
0 200 400 600 800 0 200 400 600 800
Temperature [°C] Temperature [°C]
60 . 60 — o
— 50 — - - 5g . & - 5% Coarse rubber wi
2= 47 | - - 2 s 40 =
2= 30 ; E 30 '
a . . r 2 7
£ Eo 20 1=, —* $ £ c 20
S50 ’ : 3 SE1w0 ‘ e
& g A -y
0 0
0 200 400 600 800 0 200 400 600 800
Temperature [°C] Temperature [°C]

Fig. 4.59 Effect of temperature on the compressive behaviour of rubberized concrete (Nayef
et al. 2010)

4.7.3.7 Damping Ratio and Base Isolation Property

Vibration damping is valuable for concrete structures because it mitigates hazards
that may arouse from various factors like accidental loading, wind, ocean waves,
or earthquakes. It can also increase the comfort of a person who uses the structures
and enhances their reliability.

Zheng et al. (2008b) measured the damping ratio of conventional as well as
rubberized concrete. These results suggest that the use of coarse and fine rubber
aggregates as partial substitution of coarse NA increased the damping ratio and
this effect further increased with the particles size and the rubber aggregates
content. They also observed that the damping ratio increased with an increase in
the maximum response amplitude. These results are presented in Fig. 4.60. From
the analysis of the dynamic modulus of elasticity and the damping behaviour, the
authors concluded that the rubber aggregates content in concrete should be below
30 % since higher contents dramatically reduced the modulus of elasticity of
rubberized concrete.

Owing to the excellent flexibility and energy absorbency of rubberized con-
crete, Li et al. (1998) evaluated the base isolation capability of conventional and
rubberized concrete. They determined the top dynamic response of the structure
due to base excitation. Their results showed that the fundamental frequency of the
structure shifted from 8 to 5 Hz when part of the base structure is replaced by
rubberized concrete (Fig. 4.61). Moreover, the maximum acceleration frequency
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for rubberized concrete was significantly lower than that for conventional con-
crete, which indicates that rubber incorporation in concrete reduced the resonant
response.

4.7.3.8 Thermal Insulation Properties

Yesilata et al. (2009) observed improvement of the thermal insulation performance
of concrete due to the incorporation of rubber elements with thickness of 2 mm.
This improvement was 18.52 % by adding of square rubber matrix in ordinary
concrete.

4.8 Ceramic Industry Waste

In Chap. 2, the properties of some ceramic waste as aggregate were presented in
detail. Here, the fresh and hardened concrete properties with different types of
ceramic waste will be presented.


http://dx.doi.org/10.1007/978-1-4471-4540-0_2
http://dx.doi.org/10.1007/978-1-4471-4540-0_2
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4.8.1 Fresh Concrete Properties

The slump of a concrete mix with ceramic waste aggregates depends on the nature
of the aggregates. The majority of ceramic aggregates reported in the literature
have higher porosities than normal aggregates, and therefore the incorporation of
these aggregates in the concrete mix decreases slump due to their high porosity,
rough surface texture and angular nature. Topcu and Canbaz (2007) observed
workability problems due to the use of tile waste as partial and full replacement of
coarse aggregate because of rough surface texture of the tile aggregates. Lopez
et al. (2007) and Guerra et al. (2009) observed a similar workability of concrete
with ceramic aggregates and natural concretes, when the latter was replaced by
various amounts of fine and coarse ceramic aggregates. On the other hand, ceramic
aggregates have some properties like lower water absorption than NA and smooth
surface texture that can increase the slump of the resulting concrete mix
(Senthamarai and Devadas 2005). Debeib and Kenai (2008) observed some seg-
regation of concrete mix when brick waste was used as fine and coarse aggregates.
The variations of concrete’s slump due to the incorporation of ceramic aggregates
given in various references are presented in Table 4.22.

The density of concrete with waste ceramic aggregates is generally lower than
(or similar to) that of conventional concrete. Binici (2007) reported similar density
and air contents for conventional concrete and concrete mixes prepared by
replacing 40, 50 and 60 % by weight of sand by ceramic aggregate. Torkittikul and
Chaipanich (2010) observed a decreasing trend in the density of fresh concrete and
cement mortar mixes due to use of ceramic aggregates as replacement of sand
(Fig. 4.62).

Brito et al. (2005) reported that the density of concrete decreased as the
replacement ratio of coarse limestone aggregates by similar size ceramic aggre-
gates increased, due to the lower density of ceramic aggregates compared to the
limestone aggregates. The bulk density of fresh concrete mixes with ceramic waste
with specific gravity of 2.45 as coarse aggregates with different w/c ratios in the
Senthamarai et al. (2011) study was in the 2215-2281 kg/m”> range in comparison
to the equivalent range of 2383-2480 kg/m’ for conventional concrete with granite
coarse aggregates with specific gravity of 2.68. Cachim (2009) observed about a 5
and 6 % decrease in fresh density at w/c ratios of 0.45 and 0.5, respectively, when
coarse NA were replaced by brick waste aggregates. Debeib and Kenai (2008)
observed a reduction of up to 17 % in the fresh density of concrete with brick
waste aggregates by comparison with NA concrete. The air content in concrete
also increased as the content of ceramic waste aggregates rose.
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4.8.2 Mechanical Properties

The compressive strength behaviour of concrete with ceramic aggregates depends
on the properties of these aggregates. In several studies, it was observed that the
incorporation of ceramic aggregates in concrete increased the compressive
strength. This is particularly true for ceramic aggregates with low water absorption
capacity like aggregates made of glazed ceramic waste. On the other hand, con-
crete with ceramic aggregates with very high water absorption capacity like
aggregates generated from brick type ceramics exhibited lower compressive
strength than conventional concrete.
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Fig. 4.63 Compressive strength of concrete with various types of ceramic aggregates:
a Pacheco-Torgal and Jalali 2010; b Senthamarai and Devadas 2005
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Binici (2007) observed higher compressive strength in concrete with 40, 50 and
60 % by weight of natural sand replaced by fine ceramic aggregates than in
conventional concrete after 1 year of curing. In the Torkittikul and Chaipanich
(2010) study, the 28-day compressive strength of concrete with ceramic earthen-
ware waste aggregates as 50 and 100 % by weight replacement of natural fine
aggregates was respectively 40.0 and 38.5 MPa that compares with 37.0 MPa for
conventional concrete. This increase was attributed to improved interfacial zone
due to the rough surface texture of ceramic aggregates and the presence of hard
crystalline material like mullite in sintered ceramics. However, a slight drop at
100 % replacement level was observed, as the angular nature of ceramic aggre-
gates deteriorated the workability of fresh concrete.

Pacheco-Torgal and Jalali (2010) observed higher compressive strength for two
types of concrete with water-saturated white ceramic waste as complete replace-
ment of fine and coarse NA than for conventional concrete (Fig. 4.63a). Ceramic
aggregates replacing sand (MCS) were more effective than coarse ceramic
aggregates (MCCA) in increasing the compressive strength of concrete after 28-
day of curing. Lopez et al. (2007) also observed higher early compressive strength
(up to 28 days) of concrete with ceramic aggregates content in the 10-50 % by
weight range as replacement of natural sand.

Guerra et al. (2009) observed similar 28-day compressive strength for concrete
with aggregate from sanitary porcelain waste replacing 3 % by weight of natural
coarse aggregates; however, compressive strength increased with the content of
ceramic aggregates at 5 and 7 % replacement levels but slightly decreased at 9 %
replacement level even though still higher than that of the reference concrete.
Compressive strength also increased with curing time. Senthamarai and Devadas
(2005) observed a maximum 3.8 % reduction in 28-day compressive strength of
concrete with coarse white ceramic waste aggregates with various w/c ratios when
compared to concrete with NA (Fig. 4.63b).

Brito et al. (2005) observed lower compressive strength in concrete pavement
blocks prepared by replacing 33, 66 and 100 % by volume of coarse limestone
aggregates by aggregates from ceramic hollow bricks waste due to the lower
density and lower crushing strength of ceramic aggregates than those of the
limestone aggregates. The strength decreased as the content of ceramic aggregates
increased. Topcu and Canbaz (2007) reported that using tile waste as replacement
of coarse aggregates could decrease up to 43 % the compressive strength exhibited
by the reference concrete due to the lower crushing strength of tile aggregates than
that of crushed stone as well as the higher pores content in tile aggregates concrete.
Debeib and Kenai (2008) observed up to 35 and 30 % reduction in compressive
strength of concrete when coarse and fine NA were, respectively, replaced by
coarse and fine recycled brick aggregates. Compressive strength was further
decreased up to 40 % when both fine and coarse aggregates were replaced by brick
aggregates. Cachim (2009) reported the compressive strength of two types of
ceramic brick waste with different physical properties as partial (15 and 30 %)
replacement of natural coarse aggregates in concrete. The author observed that the
incorporation of brick aggregates with higher crushing strength than the natural
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ones as well as of other type of brick aggregates having low crushing strength but
with similar shape index as that of NA gave slightly higher 90-day compressive
strength than for conventional concrete when 15 % by volume of natural coarse
aggregates were replaced by this type of brick aggregates. On the other hand, the
compressive strength of concrete with other type of brick aggregates was lower
than that of conventional concrete at all curing ages. According to the author, the
observed increase in strength was due to internal curing of concrete as the water
absorbed by brick aggregates was used for hydration at later stages of curing.

Suzuki et al. (2009) reported the effect of internal curing on various properties
including compressive strength of concrete with porous red ceramic aggregates as
a 0-40 % by volume replacement of natural coarse aggregates. Incorporating
ceramic aggregates did not affect the 3- and 7-day compressive strength but the 28-
day strength increased with the content of ceramic aggregates. The 28-day com-
pressive strength of concrete with 40 % by volume replacement of NA by ceramic
aggregates was 20 % higher than that of NA concrete. These results are presented
in Fig. 4.64.

There are few reports available on the evaluation of other strength properties
(splitting tensile and flexural strength) and modulus of elasticity of concrete with
ceramic aggregates. Lopez et al. (2007) and Guerra et al. (2009) did not observe
any significant differences in the indirect tensile and fracture strengths of concrete
where 10-50 % by weight of sand was replaced by white ceramic aggregates even
though this incorporation significantly increased its compressive strength. Sent-
hamarai and Devadas (2005) observed that the 28-day splitting tensile and flexural
strengths of concrete with white ceramic waste aggregates as complete replace-
ment of coarse NA were in the ranges of 3.2-4.5 MPa and 4.7-6.9 MPa at various
w/c ratios (0.35-0.60). In this study, the corresponding ranges of splitting tensile
and flexural strengths for conventional concrete were 3.9-5.5 MPa and 5-7 MPa,
respectively. The authors observed lower tensile and flexural strengths to com-
pressive strength ratios for ceramic aggregates concrete than for conventional
concrete. The modulus of elasticity of conventional as well as of ceramic waste
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aggregates concrete varied in the ranges of 16.5-25.1 GPa and 16.1-22.2 GPa,
respectively, at various w/c ratios.

Topcu and Canbaz (2007) observed a reduction of up to 40 % in the splitting
tensile strength of concrete when coarse NA were replaced by tile waste aggre-
gates. Brito et al. (2005) observed a linear decreasing trend in flexural strength of
concrete pavement blocks with increasing content of aggregates from ceramic
hollow brick as partial replacement of coarse limestone aggregates. However, the
reduction in flexural strength of concrete was 26 % in comparison to 45 % in
compressive strength when coarse NA were completely replaced by ceramic
aggregates (Fig. 4.65). A considerable reduction in flexural strength and modulus
of elasticity was also observed when crushed ceramic brick was used as partial and
full replacement of natural fine and coarse aggregates in concrete (Debieb and
Kenai 2008). On the other hand, Cachim (2009) observed slightly higher or similar
flexural strength and modulus of elasticity of concrete with coarse brick aggregates
at 15 and 30 % replacement level of coarse aggregates than that observed for
conventional concrete.

Suzuki et al. (2009) observed a decreasing trend in 28-day splitting tensile
strength of high-performance concrete with increasing content of porous ceramic
aggregates (after observing a slight increase at the of 10 % by volume replacement
level of coarse aggregates), due to a weaker interfacial bonding of ceramic
aggregates—cement paste than for NA—cement paste. The Young‘s modulus of
elasticity also decreased as the content of ceramic aggregates rose.

Cachim (2009) drew similar stress—strain curves for conventional concrete and
concrete with two types of coarse brick aggregates replacing 15 and 30 % by
volume of natural coarse aggregates. Topcu and Canbaz (2007) observed lower
toughness of concrete with tile waste as partial and full replacements of coarse
aggregates than that of conventional concrete.

Contrasting results are available on the effect of ceramic aggregates incorpo-
ration on the abrasion resistance of concrete due to changes in the properties of the
aggregates. In some studies, the incorporation of fine or coarse ceramic aggregates
improved the abrasion resistance of the resulting concrete due to good adhesion of
porous ceramic aggregates to the cement paste (Brito et al. 2005; Binici 2007).
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However, Topcu and Canbaz (2007) observed a significant reduction in the
abrasion resistance of concrete due to the addition of ceramic tile waste as partial
or full replacement of fine NA.

4.8.3 Durability Behaviour

Durability properties such as water absorption, chloride migration, gas permeation,
freeze—thaw resistance and shrinkage were reported in various references even
though the numbers of references for each type of ceramic aggregates is not
substantial.

Debeib and Kenai (2008) observed higher drying shrinkage for concrete with
crushed brick as partial or full replacement of fine and coarse aggregates than for
NA concrete. Shrinkage increased with the content of both types of aggregates.
The increase in shrinkage was more prominent for concrete with fine ceramic
aggregates than for coarse ceramic aggregates, possibly due to the movement of
water present in fine brick aggregates as progressive drying changed the moisture
conditions (Fig. 4.66). The presence of porous red ceramic waste as partial
replacement of coarse NA can significantly reduce the autogenous shrinkage of
high-performance concrete when it is subjected to internal curing (Suzuki et al.
2009). The shrinkage reduction increased with the content of ceramic aggregates
in concrete (Fig. 4.67).

The use of crushed brick as partial and full substitution of fine and coarse
aggregates significantly increased the water absorption by capillarity of concrete
(Debeib and Kenai 2008). The absorption was more pronounced for concrete with
coarse brick aggregates. The water permeability of concrete with crushed brick
aggregates was found to be 2.0-2.5 times higher than that of conventional
concrete.

Use of a superplasticizer can improve the water absorption behaviour of con-
crete with brick aggregates (Debeib and Kenai 2008). Correia et al. (2006) also
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Fig. 4.66 Behaviour of drying shrinkage of concrete ceramic waste aggregates: a coarse; b fine
(Debeib and Kenai 2008)
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Fig. 4.67 Autogenous shrinkage behaviour of concrete with ceramic waste aggregates (Suzuki
et al. 2009)

observed increasing water absorption of concrete pavement blocks as the
replacement of natural coarse aggregates by ceramic hollow bricks aggregates
increased. The water absorption capacity of conventional concrete blocks and
blocks with 1/3, 2/3 and 3/3 (by mass) replacement of natural coarse aggregates by
ceramic aggregates were 17.05, 21.11, 23.97 and 27.64 %, respectively. Sentha-
marai et al. (2011) observed higher water absorption by capillarity and volume of
voids for concrete with coarse white porcelain waste aggregates than for con-
ventional concrete with granite coarse aggregate. The water absorption by capil-
larity of concrete with waste aggregates and conventional concrete were in the
ranges of 3.74-7.21 % and 3.10-6.52 %, respectively. Pacheco-Torgal and Jalali
(2010) found lower water and oxygen permeability for concrete with ceramic
waste as fine and coarse aggregates than for conventional concrete (Fig. 4.68a);
however, the vacuum water permeability of conventional concrete waste was
negligibly lower than that of ceramic aggregates concrete (Fig. 4.68b).

Binici (2007) observed lower depth of chloride permeation for concrete with
ceramic waste aggregates replacing 40, 50 and 60 % by volume of fine NA than
for conventional concrete. The depth of penetration for ceramic waste aggregates
concrete was 10—15 mm in comparison to about 45 mm in conventional concrete.
In the same study, the compressive strength of concrete with ceramic aggregates
was also higher than that of conventional concrete and strength increased with the
content of ceramic aggregates. Pacheco-Torgal and Jalali (2010) also observed
lower chloride diffusion through concrete with fine and coarse ceramic waste
aggregates than that through conventional concrete and best performance was
observed for concrete with fine ceramic aggregates (Fig. 4.69a). Like in the Binici
(2007) study the results can be related with the compressive strength of concrete.
Senthamarai et al. (2011) observed higher electrical charge for concrete with
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Fig. 4.68 Permeability of concrete with conventional and ceramic waste aggregates (Pacheco-
Torgal and Jalali 2010)

coarse porcelain waste aggregates than for conventional concrete when both were
subjected to ASTM C1292-10 specified rapid chloride penetration test
(Fig. 4.69b). The increase in porosity in the ITZ of ceramic aggregates and cement
paste due to their smoother surface texture than that of NA increased chloride
diffusion.

Pacheco-Torgal and Jalali (2010) performed an accelerated ageing test to eval-
uate the effect of very harsh environmental conditions on the behaviour of concrete
with ceramic waste aggregates as well as conventional concrete. The adopted pro-
cedures and results are presented in Fig. 4.70. The compressive strength after ageing
of concrete with ceramic waste aggregates was higher than that of conventional
concrete; however, the reduction in compressive strength of conventional concrete
(14 %) was lower than that of the concrete with ceramic sand aggregate (18 %) and
ceramic coarse aggregate (19 %). The incorporation of waste ceramic tile as 50 and
100 % replacement of coarse NA increased the weight loss during the freeze—thaw
test due to lower hardness of tile aggregates and weaker binding of cement paste-tile
aggregates than those of NA (Topcu and Canbaz 2007).
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Fig. 4.69 Results of the chloride penetration test
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Fig. 4.70 Sequence of accelerated ageing tests and compressive strength results before and after
ageing (Pacheco-Torgal and Jalali 2010)

4.9 Other Waste Materials

Other waste materials have also been used as aggregates in concrete and cement
mortar production. The behaviour of these waste materials, which can be con-
sidered as industrial byproducts, will be discussed here.

4.9.1 Oil Palm Shell

The use of oil palm shell (OPS), an agricultural waste, created in palm oil pro-
ducing countries as coarse aggregates in structural lightweight concrete was
reported in detail (Basri et al. 1999; Jumaat et al. 2009; Mannan et al. 2006;
Mannan and Ganapathy 2001a, b, 2002, 2004; Teo et al. 2006, 2007, 2010).
According to Mannan and Ganapathy (2004) concrete with OPS as coarse
aggregates can be used for several purposes such as road pavement, kerbs, con-
crete drains and flooring of buildings.

The workability of concrete with OPS as coarse aggregates was better than that
of conventional concrete, due to the smooth surface texture of OPS aggregates
(Basri et al. 1999; Mannan and Ganapathy 2004). The air content of concrete with
OPS aggregates was also higher than that of conventional concrete due to the
lower compaction of concrete with OPS aggregates. According to these authors,
the obstructions in compaction due to variations in shape of OPS aggregates as
well as the porous nature of OPS aggregates increased the air content of concrete.
The fresh and dry densities of OPS concrete were about 20 % lower than those of
conventional concrete and this mixes can be considered as structural lightweight
concrete (1450-1900 kg/m3) (Basri et al. 1999; Mannan and Ganapathy 2004).

Basri et al. (1999) observed that the compressive strength of OPS concrete was
about 40-55 % lower than that of conventional concrete, when both were cured in
three curing conditions. The highest compressive strength was seen in concrete
cured in standard moist curing conditions. The reduction in strength was mainly
due to the weaker crushing strength of OPS aggregates than that of NA. They
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observed a drop in compressive strength due to use of FA in OPS concrete.
Mannan and Ganapathy (2001a) reported that a lightweight concrete with OPS as
coarse aggregates with 28-day compressive strength of 24.2 N/mm? and a density
of about 1900 kg/m® can be produced from a mixture of cement, normal sand and
OPS in a proportion of 1:1.71:0.77 with free w/c ratio of 0.41. Adding 1 % CaCl,
can be considered to increase concrete strength up to 29 N/mm?. In another study,
Mannan and Ganapathy (2002) reported that concrete with OPS aggregates has
considerably lower compressive, flexural and splitting tensile strengths and
dynamic elastic modulus than conventional concrete. However, the strength
properties of concrete with coarse OPS aggregates meet the standard requirement
for structural lightweight concrete. Jumaat et al. (2009) observed better shear
capacity without shear reinforcement in the concrete with OPS aggregates beam
than in that of conventional concrete. The concrete beam with OPS aggregates also
showed better ductility behaviour with more shear and flexural cracks than the
conventional concrete beam (Jumaat et al. 2009; Teo et al. 2006).

Concrete with OPS aggregates also had higher drying shrinkage than conven-
tional concrete; however, the increase was in the normal range generally observed
for lightweight concrete. The water absorption capacity of OPS concrete was also
higher than that of conventional concrete due to the higher porosity of the OPS
aggregates concrete. The results presented by Teo et al. (2010) indicated similar
permeability properties (water and chloride) of concrete with OPS aggregates like
in other lightweight aggregates concrete. However, proper curing is essential for
OPS concrete to achieve better performance at later ages. Generally, normal
immersion curing was best for better durability performance of OPS aggregates
lightweight concrete.

Treatment of OPS by PVA (20 % solution was best) can improve mechanical
and durability performance of lightweight concrete with OPS aggregates because it
strengthens cement paste—OPS aggregates binding by forming a thin layer on the
surfaces of OPS aggregates (Mannan et al. 2006). PVA can form a thin layer on the
surface of OPS aggregates and therefore increase the aggregates—cement
interaction.

4.9.2 Crushed Oyster Shell

Yang et al. (2005) studied the effect of crushed oyster shell (OS) as partial
replacement of sand (10 and 20 % by weight) in concrete. From the experimental
results they concluded that:

1. The slump of concrete with OS decreased with as the fineness modulus of OS
(though it is insignificant) and the substitution rate of sand by OS increased, due
to the dry and flaky nature of OS aggregates; however, setting time and air
content were not affected by the partial substitution of sand by OS;
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Fig. 4.71 Properties of concrete with crushed oyster shell as partial substitution of fine natural
aggregates (Yang et al. 2010)

2.

The early age compressive strength (up to 28 days) of concrete with OS at 10
and 20 % level was higher than that of conventional concrete due to the lower
free water content in this type of concrete than in conventional concrete
(Fig. 4.71a); however, the 1-year compressive strength of concrete with OS at
10 and 20 % level was already lower than that of conventional concrete; the
modulus of elasticity of concrete with OS at all replacement levels was lower
than that of conventional concrete at all curing period of 1 year of curing due to
the lower stiffness of OS aggregates than that of fine NA; the addition of OS as
aggregates in concrete did not have any effect on the stress—strain curve
(Fig. 4.71b);

. The drying shrinkage of concrete with OS at all replacement levels was higher

than that of conventional concrete due to the lower stiffness and fineness
modulus of OS aggregates than those of natural sand; the creep of concrete with
OS aggregates at 10 and 20 % replacement levels of sand were, respectively,
lower and higher or similar to that of conventional concrete (Fig. 4.71c); the
permeability of concrete with OS was lower than that of conventional concrete;
the use of OS as partial replacement of sand at 10 and 20 % levels improved
concrete’s freeze—thaw resistance as fine grains of OS filled the entrapped air
voids scattered in concrete; the partial substitution of OS as fine aggregates
decreased the carbonation depth of the resulting concrete and the decrease was
higher at 20 % level than at 10 % level (Fig. 4.71d); the hydrochloric and
sulphuric acid resistances of concrete with OS as partial substitution of sand
were similar to those of conventional concrete.
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4.9.3 Low-Risk Meat and Bone Meal Bottom Ash

Cyr and Ludmann (2006) reported the use of low-risk meat and bone meal bottom
ash (MBM-BA) as fine aggregates in cement mortar production. This use up to a
17 % by weight level increases the early age compressive strength of cement
mortar due to its high chloride content (Fig. 4.72). However, the presence of
considerable amounts of chlorides (0.38 %) in MBM-BA, which restricts the use
of this material as aggregates in reinforced concrete, must be considered before
any cement based applications.

4.9.4 Tobacco Waste and Spent Mushroom Substrate

Ozturk and Bayrakli (2005) prepared a lightweight concrete using tobacco waste,
collected from a cigarette factory, as fine aggregates. The concrete meets the
specifications of lightweight concrete class that can be used as coating and
dividing material in construction according to values of consistency, density
(0.50-0.56 kg/dm®), porosity, compactness, compressive strength (0.20—
0.60 N/mm?) and the thermal insulating behaviour (thermal conductivity
0.194-0.210 W/mK").

Pang et al. (2007) reported that concrete with quicklime treated spent mush-
room substrate (SMS) as partial substitution of sand can be used for sidewalks,
concrete curbs, concrete barricades, sound walls, and other non-structural appli-
cations. However, the durability of this kind of concrete needs further
investigation.
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4.9.5 Pulp and Paper Mill Waste

The use of waste generated from pulp and paper mills as fine aggregates, fillers or
fibres in concrete was also reported (Ahmadi and Al-Khaja 2001; Gallardo and
Adajar 2006; Naik 2002; Naik et al. 2004). The dry paper mill sludge used as fine
aggregates in concrete up to 10 % replacement of fine NA can improve the
compressive and splitting tensile strengths of the resulting concrete (Gallardo and
Adajar 2006). On the other hand, Ahmadi and Al-Khaja (2001) reported that the
incorporation of paper sludge as aggregates decreased the compressive and
splitting tensile strengths of the resulting concrete. Concrete masonry blocks made
with sludge at 5 % replacement level exhibit compressive strength of 8 MPa,
splitting strength of 1.3 MPa, water absorption of 11.9 %, and density of
20 kg/dm3 (Ahmadi and Al-Khaja 2001).

Fibres and waste from pulp and paper mill production as well as deinking solids
from paper-recycling plants were also considered for incorporation in concrete.
However, these materials should be properly dispersed in water, preferably hot
water, before using such sludges in making structural-grade Portland cement
concrete. Chloride-ion penetration can be reduced by adding residual solids to
concrete. This type of concrete also showed higher resistance to salt scaling and
freeze—thaw damage than that of control concrete (Naik 2002; Naik et al. 2004).

4.9.6 Wastes from the Shoe Industry

Baffa and Akasaki (2005) investigated the performance of lightweight concrete
prepared with leather waste, mostly residue from cattle, as aggregates. Results
showed that hardened mortar specimens that contain leather pieces with dimen-
sions larger than 10 mm can be permanently deformed if the mortar is cured in
humid condition. The compressive strength, splitting tensile strength and drying
shrinkage are inside the standards limits and may be different with different types
of leather. The expansion of concrete with leather is lower than that of control
concrete and it decreases as the content of leather pieces in concrete increases
(Baffa and Akasaki 2005). Santiago et al. (2009) reported the use of ethylene vinyl
acetate (EVA), a waste from the shoe industry as aggregates in concrete. The EVA
aggregates were obtained by cutting off the waste of EVA expanded sheets used to
produce insoles and innersoles of the shoes. Two concrete mixes were prepared by
replacing 50 % by volume of natural coarse aggregates by EVA aggregates, and
by a 1:1 mixture of EVA and construction and demolition waste (CDW) aggre-
gates. Their results suggests that EVA waste can be used as aggregates in the
production of structural lightweight concrete by mixing it with CDW aggregate
with a 28-day compressive strength of about 18 MPa. The toughness value of
concrete was also increased due to the addition of EVA aggregates.
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4.9.7 Different Sludges

Rao et al. (2009) reported that partial replacement of river sand by bone char
sludge, a waste material generated during purification of fluoride contaminated
water, did not degrade the strength or environmental integrity of dense concrete
specimens and met the British standard specification (BIS 2185) for load-bearing
blocks (Fig. 4.73). The concrete specimens with bone char sludge at a replacement
level of 3 % of sand yielded higher compressive strength than conventional
concrete specimens due to the improvement of packing of small NA and larger
bone char sludge particles within concrete. The leachability of fluoride from
concrete blocks was much lower than the specified limit for disposal of treated
leachate into inland surface water (2 mg/l).

Kuo et al. (2007) studied the use of organic-modified reservoir sludge (OMRS)
as fine aggregates in cement mortars. The sludge contained high amounts of
hydrophilic smectite clay, and therefore the sludge was treated with organic sur-
factant to convert it into a hydrophobic material.

The results indicated that increasing OMRS use to replace sand gradually
decreased the compressive strength of mortar; however, the 28-day compressive
strength of mortar made replacing 1-30 % of fine NA by OMRS aggregates was
more than 30 MPa, and therefore up to a 30 % replacement of fine aggregates by
OMRS aggregates can be accepted for production of normal-strength cement
mortars with improved water permeability (Fig. 4.74). On the other hand, the
OMRS particles can be used in controlled low-strength materials if the replace-
ment ratio for fine aggregates exceeds 80 %.

Sales and De Souza (2009) reported the possibility of recycling water treatment
sludge to produce medium strength structural concrete, underlayment concrete,
and block laying mortar. Their results suggest that sludge may be applied as a
regulator of consistency and plasticity and, in suitable quantities (e.g. 2 % of sand)
can even increase the compressive strength of medium strength concrete with NA.
The axial compressive strength, modulus of elasticity and stress—strain curve of
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underlayment conventional concrete and concrete with 3 % replacement of sand
by sludge were similar.

Aspiras and Manalo (1995) produced a concrete type composite material by
using a mixture of textile waste cuttings with an average length of 2 cm (short
fibre) and 6 cm (long fibre), taken from disposed trimmings of a garments pro-
ducer and a textile manufacturer, cement and water. The results indicated that
textile waste cuttings can be used to prepare lightweight cement composite with
maximum 28-day compressive, tensile and flexural strengths of 8.48, 9.24 and
16.14 MPa, respectively. This composite has various potential uses like in ceil-
ings, walls, or as a wooden board substitute.

Agostini et al. (2007) investigated the use of dredged polluted sediment with
high concentrations of toxic elements such as Cd, Cu, Cr, Pb and Zn after treat-
ment as partial and complete replacement of fine aggregates in cement mortar. In
this work, the dredged sediment was initially treated by a well-established tech-
nique to stabilize toxic elements by forming phosphate minerals followed by a heat
treatment at 650 °C to remove organic matters. The results suggest that the
incorporation of sediment in mortar considerably increases its drying shrinkage.
However, the incorporation of sediment in mortar does not affect water perme-
ability and it significantly increases strength for low-to-moderate substitution
levels, while high levels of incorporation of sediment lead to strength on the same
order of that of the reference mortar.

4.9.8 Waste Generated from Mining Industry

Yellishetty et al. (2008) reported the use of iron ore mineral waste of 12.5 and
20 mm size ranges as coarse aggregates in concrete. Their results indicate that the
28-day uniaxial compressive strength of concrete with iron-ore mineral waste as
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aggregates was 21.93 MPa while the equivalent compressive strength of concrete
with conventional granite aggregates was 19.91 MPa. The higher strength of
concrete with mine waste aggregates than that of conventional aggregate was due
to an internal curing effect whereby water from the aggregate was gradually
released into the concrete to further hydrate the paste. Their results are presented in
Fig. 4.75. Leaching results indicated very low amount of dissolution of toxic
element into the leaching solution.

Nataraja and Nalanda (2008) reported that quarry dust generated from granite
mining could be used as complete replacement of sand in the preparation of
controlled low strength materials (CLSM). Bouzalakos et al. (2008) reported the
use of a waste generated from bioleaching of pyrite ore (OMW) and a jarosite
residue (JR) generated from zinc production as 10 % by weight substitution of
silica sand in the preparation of CLSM. Their results indicated that OMW can be
used as CLSM and met the strength requirements. Excessive leaching of arsenic,
copper and chromium in a follow-up study, however, negate the use of this
material in such purposes and therefore further study is necessary before proper
application (Chan et al. 2009). On the other hand, CLSM with required strength
from JR can only be prepared by mixing JR with a binder with an equal amount of
Portland cement and lime mixture. The acidic nature of JR as well as its high
content of Pb and Zn in JR was possibly the reason for this behaviour. Their results
are presented in Fig. 4.76.

Kinuthia et al. (2009) prepared a well-graded aggregate from the colliery spoil
(minestone), a byproduct of coal mining, by mixing its coarse and fine fraction.
This material has several drawbacks such as excessive wear, expansive behaviour,
leaching of toxic elements and radioactivity. The use of this material as fine and
coarse aggregates in concrete significantly increased the w/c value and therefore
reduced the resulting compressive strength. Adding an admixture could reduce
water requirement, and therefore improve the compressive strength of the resulting
concrete. Despite the several drawbacks, the compressive strength of the resulting
concrete indicated its possibility to be used in the production of low and medium
category concrete usable for blinding concrete and for use in bound granular fill or
foundations.
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Negm and Abouzeid (2008) reported that coarse solid phosphate mill tailings
could be used as coarse aggregates to prepare concrete with 240 kg/cm?, to be
used in construction of small buildings.

Madany et al. (1991) reported the use of sand blasting grit waste (copper slag)
as replacement of sand in the preparation of concrete blocks. The compressive
strength of the concrete blocks with grit waste was 12 N/mm? and higher than the
Bahrain specification for precast concrete blocks.

4.9.9 Waste from Metal Processing

Shinzato and Hypolito (2005) reported the use of a waste, called non-metallic
product (NMP) generated during recovery of Al from aluminium black dross and
salt cake by tertiary aluminium industry as aggregate in non-structural cement
mortar block production. The NMP mainly contains silica, alumina and spinel
along with alkali chlorides. The produced block met the requirement of size, water
absorption and humidity prescribed in Brazilian standard, NBR 7173/1982.
However, strength was slightly lower than the standard limit (2 MPa). However,
according to the authors, the mortars were prepared using cement to aggregate
ratio of 1:6 instead of the prescribed ratio of 1:3. According to the authors, NMP
could be used in some construction applications after removing undesirable con-
stituents such as chlorides and alkalis, which can reduce the usable amount.
Ismail and Al-Hashmi (2008b) reported the use of iron waste generated from an
industrial workshop due to ironsmith processes. The material with maximum size
of 4.75 mm and fineness modulus of 2.65 was used to replace 10, 15 and 20 % of
sand in the preparation of concrete. The slump of concrete decreased 3.3, 4 and
8 % with respect to the reference concrete when 10, 15 and 20 % of sand,
respectively, was replaced by iron waste aggregates, due to the heterogeneity and
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angular shape of the waste iron particles. On the other hand, fresh and dry densities
of concrete increased with the incorporation of iron waste aggregates, due to their
higher specific gravity by comparison with that of natural sand. The compressive
and flexural strengths of concrete with various contents of iron waste aggregate
were also higher than those of conventional concrete at all curing period up to
28 days (except the 14-day compressive strength) due to the higher specific gravity
and strength of iron aggregate than those of natural sand (Fig. 4.77). However,
after 14 days, the compressive strength of all compositions with waste iron
aggregates were lower than that of the control mix, which may be due to the
formation of a layer of iron compounds on the hydrating cement particles.

4.9.10 Marble Waste

Several reports are available on the use of waste generated from marble waste
stored in marble quarries or sizing industries. This waste can be used either as filler
material in cement or fine aggregates during preparation of cement mortar and
concrete (Rai et al. 2011; Cornaldesi et al. 2010; Topcu et al. 2009; Alyamag¢ and
Ince 2009).

Rai et al. (2011) uses marble granules with fineness modulus of 2.72 as 0-20 %
by weight replacement of fine aggregates in cement mortar and concrete. The
compressive strength of cement mortar with marble granule up to a 15 %
replacement level was higher than that of the reference mortar; however, at 20 %
level the compressive strength was lower than that of the reference mortar. The
slump of concrete slightly increased with the replacement ratio of fine NA by
marble aggregates. The compressive strength and flexural strengths of concrete
with marble waste as partial replacement of fine NA increased with the content of
marble aggregates and peaked at the 15 % replacement level. The mean com-
pressive strength of concrete with marble aggregates was about 5-10 % higher
than that of the reference concrete. Cornaldesi et al. (2010) observed a compres-
sive strength of cement mortar with very fine marble powder as 10 % by weight
replacement of sand about 10 % lower than that of the reference mortar. However,
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they observed similar compressive strength for concrete with marble aggregates
and reference concrete when the former mix was prepared with a superplasticizer.

4.9.11 Waste from Wood Sawing

The waste generated from sawing of wood can be used as lightweight aggregates
in the preparation of special types of concrete composites. Sales et al. (2010)
prepared lightweight composite aggregates by mixing sawdust and water treatment
sludge. The composite concrete prepared by using this composite aggregate had a
lower thermal conductivity by about 23 % than conventional concrete. The authors
proposed to use this concrete as non-structural sealing elements. Al Rim et al.
(1999) produced a clay—cement-wood composite using wood pieces with maxi-
mum size of 22 mm as aggregates. The incorporation of wood aggregate into
clayey concrete improved the thermal insulation and deformability behaviour but
reduced compressive strength. Several treatments methods were proposed by
Ledhem et al. (2000) to treat wood aggregate to improve the compressive strength
of wood with clayey concrete.

Becchio et al. (2009) reported that the use of waste generated from wood-
sawing industry as aggregates in concrete reduced the density and compressive
strength but significantly improved the thermal insulation of mineralised wood
concrete; furthermore, the compressive strength of this type of concrete was sig-
nificantly higher than that of commercial wood concrete. Turgut (2007) prepared a
composite brick using Portland cement, limestone powder waste and wood saw-
dust waste. The wood sawdust waste with different size fractions was used as
aggregates in this composite. The compressive strength, flexural strength, density,
ultrasonic pulse velocity and water absorption of the composite satisfied the rel-
evant international standards. The incorporation of high amounts of wood aggre-
gates with limestone powder increased the ductility of the resulting composite
brick. According to the author, the product could be used for several purposes such
as walls, wooden board substitute, an alternative to concrete blocks, ceiling panels,
sound barrier panels, and absorption materials.

4.10 Concluding Remarks

Several types of waste material generated from various industries are currently
used as aggregates in the preparation of concrete and cement mortar. The use of
waste materials in concrete as aggregates significantly changes the properties of
concrete.

The incorporation of ground plastics and shredded rubber can enhance some
specific properties of concrete such as toughness and post-cracking behaviour,
damping behaviour, thermophysical behaviour, which have several technical
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applications. The incorporation of rubber and plastic wastes and CBA, waste from
wood sawing and some ceramic waste as aggregates can reduce the density of
concrete and therefore these wastes can be used to produce lightweight concrete.
On the other hand, several industrial wastes such as the majority of non-ferrous
slags and some ferrous slags that have significantly higher bulk density than that of
NA can be used as aggregates in the production of heavyweight concrete. CBA
and some ceramic wastes can absorb high amounts of water and therefore they are
used as aggregates for internal curing of concrete. FA generated from coal fired
powered plant can beneficially be used as fine aggregates in concrete and cement
mortar preparation, which can increase the consumption volume of these materials
in the construction sector.

The incorporation of rubber and plastic wastes as well as some ceramic
aggregates deteriorates the mechanical properties of the resulting concrete. On the
other hand, the addition of some ferrous slags causes the expansion of concrete due
to the presence of deleterious constituents in these slags, like free lime and
magnesia. Therefore, treatments of these wastes before application or some
innovation during the production of concrete and cement mortar are occasionally
necessary to overcome these problems. The presence of toxic elements in some
industrial wastes such as coal ash, some mining industries wastes and the majority
of slags will increase the concentrations of these elements in cement mortar and
concrete with these waste aggregates. Therefore, the fate and leachability of toxic
elements from waste with cement mortar and concrete are important aspects that
need to be considered for proper use of these wastes in constructions.

Some other solid waste materials generated from various industries such as
mining, shoe, tobacco production, food and metal processing, pulp and paper
mills, marble processing and waste sludge generated from processes such as
contaminated water treatment, petroleum exploration are also reported as aggre-
gates in various types of concrete production. The use of industrial wastes as
aggregates in concrete has the potential to consume a vast amount of waste
materials since aggregates are the major constituent of concrete and cement
mortar. The use of waste materials in construction can solve most of the problems
associated with their disposal as well as save natural resources related to aggre-
gates mining. Therefore, the production of cheaper and more durable concrete
using these waste aggregates can solve to some extent the ecological and envi-
ronmental problems. However, the lack of widespread reliable data on the use of
the majority of waste materials as aggregates in cement mortar and concrete can
hinder their use in construction industry. Therefore, more research is required to
design consistent and durable concrete with such waste aggregates.
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Chapter 5
Use of Construction and Demolition Waste
as Aggregate: Properties of Concrete

5.1 Introduction

Studies on recycling of construction and demolition waste (CDW) as aggregate
have been conducted for a long time. Nowadays, this material is considered as
aggregate to produce several types of concrete. To use CDW as aggregate in
concrete, it is necessary to process the waste to remove impurities and to comply
with size grading requirements. The production process and properties of various
CDW aggregates have been presented in Chap. 3. In this chapter, the fresh and
hardened properties of concrete containing various types of CDW aggregates are
discussed from existing literature data.

“CDW” is used here to indicate waste generated during construction and
demolition activities. In several references RA is meant to represent recycled
aggregate, which contains impurities like brick, wood, ceramics, asphalt and other
materials, and RCA for aggregate represents waste generated from crushing
concrete or that contains very small amounts of impurities (<1 %). A similar
nomenclature will also be used in this chapter.

5.2 Fresh Concrete Properties

As the properties of CDW aggregate are different from those of conventional
aggregate, the use of CDW aggregate in concrete substantially changes various
properties of the concrete mix. In this section, fresh properties such as workability,
density and air-content will be presented from various references.

J. de Brito and N. Saikia, Recycled Aggregate in Concrete, 229
Green Energy and Technology, DOI: 10.1007/978-1-4471-4540-0_5,
© Springer-Verlag London 2013
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5.2.1 Workability

The workability of fresh concrete is a very important property, which controls
various other fresh and hardened-state properties of concrete such as density, air-
content and strength. The workability of concrete depends on various properties of
its constituents. The workability performance of concrete containing CDW
aggregate was studied extensively since various properties of CDW aggregate,
which controls the workability of concrete, do not match those of natural aggregate
(NA). The workability of concrete is determined by various methods; the most
versatile one of which is slump.

The slump of concrete containing any type of CDW aggregate should be lower
than that of conventional concrete due to the higher water absorption capacity of
CDW aggregate than that of natural aggregate. The surface texture and angularity
of CDW aggregate have also considerable influence on the workability perfor-
mance of concrete (Buyle-Buddin and Zaharieva 2002).

Topcu (1997) observed 75 mm of slump of concrete containing coarse RCA
generated from crushed concrete, while that of the equivalent conventional con-
crete was 100 mm. A lower workability of concrete containing CDW aggregate
than of concrete containing natural aggregate was reported in several earlier
publications and therefore additional amount of water was added to control the
workability (Topgu 1997; Rasheeduzzafar and Khan 1984; Mukai and Kikuchi
1978; Buck 1977; Frondistou-Yannas 1977; Malhotra 1978; Hansen and Narud
1983).

Due to the higher water absorption capacity and consequent porosity of CDW
aggregate by comparison with natural aggregate, in several studies, a water pre-
saturation of the CDW aggregate was adopted before adding it to the mix.
However, depending on the pre-saturation technique, the slump varies greatly.
Table 5.1 shows some typical literature data on the slump performance of concrete
containing pre-saturated CDW aggregate along with the water absorption capacity.

Poon et al. (2009) studied the slump performance of concrete mixes containing
coarse granite aggregate as well as various amounts of coarse recycled concrete
aggregate (RCA) at three different moisture states: air-dried (AD), oven dried at
105 C for 24 h and then cooled down to room temperature prior to mixing (OD),
and saturated surface dried (SSD). The water and aggregate contents were adjusted
to keep the design proportions similar in all concrete mixes.

Due to the higher water absorption capacity of RCA at OD and AD states,
higher amounts of water need to be added to the mix containing this aggregate.
The initial slump (0 min) was measured immediately after mixing and then slump
values were measured in 15 min intervals. The changes in slump of the mixes
containing various types of aggregates are presented in Fig. 5.1. Their results can
be summarised as follows: (1) the initial slump of the mix containing OD
aggregate was higher than that of the other two types of aggregate; (2) the initial
slump of mix containing OD and AD aggregates increased with their contents in
the mix; (3) the higher slump of the mix containing OD aggregate or with higher
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Fig. 5.1 Changes in slump of concrete containing various types of aggregate (Poon et al. 2009) a
100 % crushed granite, b 80 % crushed granite + 20 % recycled aggregate, ¢ 50 % crushed
granite + 50 % recycled aggregate, d 100 % recycled aggregate

content of OD and AD aggregates was due to the increase in free water in the mix;
(4) the initial slump of the mix containing RCA in SSD state was almost constant
for all replacement levels of natural aggregate; (5) the slump loss was faster and
slower for mixes containing OD and SSD aggregates, respectively.

Poon et al. (2009, 2004a) also reported that the replacement of natural coarse
aggregate by RCA in concrete prolonged the slump loss time. The slump value and
the rate of slump loss with time of mixes containing RCA respectively increased
and decreased with the addition of fly ash (Poon et al. 2004a). On the other hand,
Thangchirapat et al. (2008) observed faster water loss in mixes containing coarse
RCA aggregate than in the mix containing natural aggregate, when water was
added to reach the required slump range of 50-100 mm. Sagoe-Crentsil et al.
(2001) did not observe any difficulty in achieving the desired workability and
subsequent compaction of concrete mixes containing RCA even though the
amount of water absorbed by RCA was higher than for basalt aggregate.

Several mixing methodologies were developed to control the workability-
related problems of concrete containing CDW aggregate. They can be summarised
as: (1) increasing the amount of added water according to the water demand of
concrete mixes containing dry CDW aggregate; (2) pre-soaking CDW aggregate in
water for 10-20 min or for 24 h before use; (3) increasing the moisture content of
CDW aggregate up to 70-80 % of total water absorption capacity for 24 h before
followed by covering with plastic to control water loss due to evaporation; (4)
increasing the super-plasticizer amount; (5) increasing cement content in the
concrete composition.



5.2 Fresh Concrete Properties 233

Evangelista and de Brito (2007) adopted two different techniques to mix con-
crete, where fine natural aggregate was replaced by fine RCA. In the first tech-
nique, fine aggregates (recycled as well as natural) were mixed with water (2/3 of
the required mixing water, plus the estimated absorbed water by fine aggregate) for
10 min before adding the other constituents. They increased the mixing time to
20 min without changing the remaining procedure in the second technique.
However, they suggested the use of a superplasticizer to overcome the huge water
demand of the mixes containing high amounts of RCA. Their results are presented
in Table 5.2. Gonzalez-Fonteboa et al. (2011) pre-soaked the RA for 10 min
before their use in concrete preparation to reach around 70 % of the RA’s water
absorption capacity. Padmini et al. (2009) also reported that the 10 min’ water
absorption value of CDW aggregate satisfied the desirable workability perfor-
mance of concrete containing this aggregate. Etxeberria et al. (2007a) used par-
tially saturated CDW aggregate to prepare concrete. The authors recommended
80 % humidity of the total water absorption capacity and therefore the aggregate
was moistened by a sprinkler system 1 day before the preparation of concrete. The
wet aggregate was then covered with a plastic sheet in order to maintain a high
humidity level.

On the other hand, Gonzalez-Fonteboa and Martinez-Abella (2008) increased
the cement content by 6.2 % in concrete prepared by replacing 50 % (by volume) of
coarse natural aggregate with coarse recycled concrete aggregate keeping the slump
similar to that of the control concrete. The average slump of 10 different concrete
mixes containing recycled aggregate was 76 mm versus the average slump of
73 mm of control mixes. The water to cement ratio of both types of concrete
remained constant at 0.55 (including the moisture content of both aggregates) and
in both types of concrete around 1.2 % of superplasticizer was used. Limbachiya
et al. (2000) changed the water to cement ratio by changing the water content, the
cement content or both to obtain a mixes containing various amounts of coarse
CDW aggregate with adequate fresh concrete properties. Etxeberria et al. (2007a)
added higher amounts of superplasticizer to mixes containing CDW aggregate than
to the control mix to guarantee constant slump and water to cement ratio.

The water to cement ratio and therefore the slump of fresh concrete is also
dependent on the composition of CDW aggregate used to replace natural aggre-
gate. Normally, the mortar and crushed brick contained in CDW aggregate absorb

Table 5.2 Effective and actual water to cement ratio of concrete containing recycled aggregate
(Evangelista and de Brito 2007)

Constituents Conventional concrete  Amount of recycled fine aggregate (%)

10 20 30 50 100
Cement (kg) 380 380 380 380 380 380
Water (kg) 155.8 160.6 165.4 170.2 175.6 180.9
Actual w/c 0.41 0.42 0.44 0.45 0.46 0.48
Effective w/c 0.41 0.42 0.43 0.44 0.45 0.45

Superplasticizer (g) 4.9 4.9 4.9 4.9 4.9 4.9
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high amounts of water and therefore their content in the CDW aggregate control
the slump of the resulting mix. Table 5.3 shows a typical water to cement ratio for
concrete mixes with 80 & 10 mm slump and containing coarse CDW aggregate
from crushed concrete as well as a mixture of masonry brick and cement mortar
(Gomes and de Brito 2009). The water absorption capacity of aggregate generated
from crushed brick and mortar was considerably higher than that of the aggregate
generated from crushed concrete and therefore the water to cement ratios of
concrete mixes containing the former type of aggregate was also higher than that
of the concrete mixes contacting the latter type of aggregate.

Yang et al. (2011) observed a reduction of about 27 % in slump due to the
addition of pre-saturated recycled coarse concrete aggregate (RCA) as complete
replacement of natural coarse aggregate (NCA). This reduction increased to about
40 % when the NCA was replaced by a mixture of 20 % recycled coarse crushed
brick (CCB) and 80 % RCA. The percentage reduction in slump further rose to
70 %, when the NCA was replaced by a mixture of 50 % CCB and 50 % RCA.
The reduction in slump was due to: (1) the presence of porous adhered mortar in
RCA; (2) the generation of fine particles due to the relatively weak particles in
RCA and particularly in CCB; (3) the decrease in density in the mix when 100 %
of high-density natural coarse aggregate was replaced by low-density RCA and
CCB particles. The fine RCA contains higher amounts of attached mortar than the
coarse RCA and therefore a higher amount of water is needed to reach workability
similar to that of the concrete mix containing coarse RCA (Buyle-Buddin and
Zaharieva 2002).

Khatib (2005) reported an increase in slump due to the addition of crushed
concrete (CC) as fine aggregate without using any type of admixture at free water
to cement ratio of 0.5. In the case of fine aggregate generated from crushed brick
(CB), the slump of the mixes increased up to a replacement ratio of 25 % by

Table 5.3 Variation of water to cement ratios of concrete mix prepared by different types of
recycled aggregate considering water absorption capacity of recycled aggregate (Gomes and de
Brito 2009)

Type of aggregate Replacement Water absorption ~ w/c Effective
ratio (%, v/v) capacity (%) w/c
Natural aggregate 0 2.29 0.430 043
Coarse recycled aggregate from  12.5 8.49 0.436
concrete (1) 25 0.442
50 0.453
100 0.476
Coarse recycled aggregate from  6.25 16.34 0.442
mortar and bricks (2) 12.5 0.454
25 0.477
50 0.524
Mixtures of (1 + 2) 12.5 (1) + 6.25(2) 0.448
25 (1) +12.5(2) 0.465

50 (1) +25(2) 0.500
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weight of sand and then gradually decreased and, at 100 % replacement level, the
slump of concrete mix was about 80 mm in comparison to 145 mm of the control
mix. These results are presented in Fig. 5.2.

Li et al. (2009) observed higher slump in mixes containing coarse RCA coated
with pozzolanic powder than in mixes containing coarse RCA prepared by con-
ventional methods. The poor workability of the mix containing RCA due to the
presence of attached mortar was significantly improved due to the surface coating
of RCA by pozzolanic powder, and therefore reduced the amount of water
absorbed by RCA.

Katz (2003) observed similar slump and comparable contents of free water in
conventional concrete and mixes containing coarse recycled aggregate (RCA)
from crushed concrete cured for 1, 7 and 28 days. However, due to insufficient
content of fine aggregate in RCA, an extra amount of fine natural aggregate was
added to the mix containing RCA to maintain workability and cohesivity. Kou
et al. (2011a) reported that the addition of silica fume (SF) and metakaolin (MK)
can reduce the slump of concrete mix containing RCA, which otherwise increases
due to the addition of extra water to compensate the increased water requirement
of RCA present in the mix. On the other hand, fly ash and granulated blast furnace
slag addition to similar concrete containing RCA can further increase the slump.
Tu et al. (2006) reported that the workability loss of high-performance concrete
(HPC) containing RCA was much higher than that of conventional HPC. The RCA
with higher water absorption capacity had a slight influence on the workability at
the initial stages of mixing of HPC; however, the workability of the HPC mix
deteriorated after 1 h of mixing as the added water amount was insufficient to
satisfy the water demand of the mix.

5.2.2 Density

Fresh concrete density is the mass of fresh, normally compacted concrete,
including its remaining voids per unit volume. This property depends on several
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others such as aggregate and cement types, water content and void content. The
density of fresh concrete also controls various hardened-state properties of con-
crete. For example, given the same quantity of cement and aggregate, lower fresh
concrete density indicates lower strength because the density decreases as the
water and voids content increases.

The density of fresh concrete containing CDW aggregate is slightly lower than
that of the mix containing natural aggregate since the density of CDW aggregate is
lower than that of natural aggregate. The presence of lower density residual
cement mortar particles attached to the aggregate is the main factor for lowering
density of concrete due to the addition of CDW aggregate (Hansen and Narud
1983; Gonzalez-Fonteboa et al. 2011). Table 5.4 shows some typical values of the
density of various concrete mixes containing natural as well as CDW aggregate
along with the density of the aggregate.

Katz (2003) observed no significant difference in densities of concrete mixes
containing RCA prepared from old concrete of three different ages (1, 7 and
28 days), which suggested that the amount of adhered mortar content in the var-
ious concrete aggregates was similar regardless of their crushing age (Table 5.4).
Soutsos et al. (2011) observed marginally lower wet density in concrete containing
coarse RCA than in concrete containing coarse limestone aggregate due to volu-
metric rather than weight-based substitution of coarse aggregate. Lopez-Gayarre
et al. (2009) reported that the variations of properties of RCA have little effect on
the resulting density of concrete. They observed a reduction of about 5 % in the
density of concrete mix when all natural coarse aggregate was replaced by RCA.
They used the analysis of variance (ANOVA) method to study the effects of
various parameters of aggregate on the density behaviour, which is presented in
Table 5.5.

5.2.3 Air-Content

The presence of a certain amount of air bubbles trapped during concrete mixing
has several beneficial effects for fresh and hardened concrete properties. In fresh
concrete, an air-content of around 3 % can reduce the water demand of concrete
and make the mix stickier, which helps to reduce segregation and bleeding.
However, if the air-content is higher than the specified amount, the increased
stickiness makes concrete finishing more difficult. Thus the air-content of a con-
crete mix is an important property and a few studies are available on the behaviour
of air-content of fresh concrete due to the incorporation of CDW aggregate.
Table 5.6 shows the air-content of different concrete mixes containing natural as
well as CDW aggregates of various types.

In some of the studies, it was reported that the addition of CDW aggregate to
concrete increases the air-content (Katz 2003; Lopez-Gayarre et al. 2009). Lopez-
Gayarre et al. (2009) observed an increase in the air-content of concrete with the
RCA aggregate content, which was visible above 50 % replacement of aggregate
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Table 5.4 Density of concrete mix containing pre-saturated recycled aggregate

Reference

Type of aggregate
(replacement amount)

Density (kg/m®)

Density/specific gravity®
of aggregate (kg/m3)

Sagoe-Crentsil et al.
2001

Gomez-Soberon (2002)

Vieira et al. 2011

Etxeberria et al. 2007a

Gonzalez-Fonteboa
et al. (201 19 (MatStruc)

Katz 2003

Buyle-Budin and
Zaharieva 2002

Topcu and Sengel 2004

Coarse basalt
Coarse recycled (100 %)

Natural (coarse + fine)

Recycled concrete
(coarse + fine)

Natural

Recycled concrete
(coarse, 20 %, v/v)

Recycled concrete
(coarse, 50 %, v/v)

Recycled concrete
(coarse, 100 %, v/v)

Natural

Recycled concrete
(coarse, 25 %, v/v)

Recycled concrete
(coarse, 50 %, v/v)

Recycled concrete
(coarse, 100 %, v/v)

Natural

Recycled concrete
(coarse, 25 %, v/v)

Recycled concrete
(coarse, 50 %, v/v)

Recycled concrete
(coarse, 100 %, v/v)

Natural

Recycled concrete
(coarse + fine)

Natural

Recycled concrete
(coarse + fine)

Natural

Recycled concrete
(coarse, 50 %, v/v)

Recycled concrete
(coarse, 100 %, v/v)

2,466
2,335
2,321°
2,335
2,130
2,090

2413.5
2392.3

2355.0
2299.8

2,420
2,400

2,390
2,340

2,340 and 2,360
2,320 and 2,330

2,300 and 2,310
2,270 and 2,270
2,463

2,175 (1-day®)
2,145 (7-day®)
2,156 (28-day®)
2,360-2,410
2,195-2,220

~2386
2,301 (50 %)

2,251

2,890 (bulk)
2,394 (bulk)

2593.3 (average)
2236.7 (average)

2,600 (coarse)
2,400

2,670
2,430

2,725
2,400

2.23-2.59%

2.25-2.60%

2.23-2.55%

2,600 (fine); 2,680
(coarse

2,160 (fine); 2,250
(coarse)

2,700

2,470

# Specific gravity; ® Binder is slag cement; ¢ 5 % more cement was used; 4" w/c ratios: 0.65 and
0.50; ¢ Crushing age of old concrete
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Table 5.5 Influence of various parameters of RCA on concrete density (Lopez-Gayarre et al.
2009)

Parameters Levels Density Parameters Levels Density
Influence Variation Influence Variation
(%) (%)
Type of oV XXX Declassified 0
aggregate MA 1 content (%) 5
Replacement 0 XXX 10
ratio (%) 20 —-1.2 Base concrete 35
50 —2.8 (MPa) 25
100 5.2 Targeted slump 8 X <1
Type of sieve CF X -1 (cm) 13
curves CC Replacement SR
D criteria CR <0.5

XXX Very influential; X Slightly influential; OV and NA RCA with different properties (OV has
higher adhered mortar and declassified contents, los Angeles coefficient and water absorption
capacity than NA); CF Fine sieve continuous curve; CC Coarse sieve continuous curve; D Dis-
continuous curve; SR Coarse natural aggregate replaced by identical volume of RCA; CR Fine
natural aggregate replaced by identical volume of declassified content in RCA and natural coarse
aggregate replaced by coarse fraction present in RCA

Table 5.6 Air-content of concrete mix containing pre-saturated recycled aggregate

Reference Type of aggregate Air-content Comment
(replacement ratio) (%)
Sagoe-Crentsil et al. Coarse basalt 24
(2001) Coarse recycled (100 %) 2.4
1.8 slag cement as binder
2.3 5 % more cement
Katz (2003) Normal 1.3 White Portland cement as
Recycled concrete 5.4 (1 day) binder
(coarse + fine) 4.1 (7 day)
5.0 (28 day)
Recycled concrete 4.8 (1 day) Ordinary Portland cement
(coarse + fine) 5.4 (7 day) as binder
5.6 (28 day)
Rustom et al. (2007) Normal 1.0-2.0 Ordinary Portland cement
Recycled concrete 1.8-3.3 as binder

(Fig. 5.3). Their results also indicated lower air-content in the mix containing
better quality RCA aggregate (MA) than that of inferior one (OV). The quality of
the two aggregates used in this investigation is presented in Table 5.7.

Katz (2003) observed higher air-content in concrete containing RCA aggregate
than in concrete containing natural aggregate, when the air-content was measured
by a gravimetric method. The air-content of the aggregate was also measured
in the method. However, the air-content of concrete containing RCA was not
affected by the crushing age of the original hardened concrete. On the other hand,
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Fig. 5.3 Effect of replacement ratio (%) and type of aggregate on the air-content of concrete
containing CDW aggregate

Table 5.7 Properties of two types of RCA aggregate (Lopez-Gayarre et al. 2009)

Aggregate Size Dry 24 h water Los Angeles Attached Declassified

name (mm) density absorption coefficient (%) mortar content content (%)
(kg/m’) (%) (%)

oV 4-20 2,200 5.0 37.2 34.2 2.6

MA 4-20 2,360 3.8 33.1 23.0 1.5

Sagoe-Crentsil et al. (2001) observed no difference in air-content between concrete
containing normal aggregate and concrete containing RCA aggregate.

5.2.4 Bleeding

Bleeding of concrete is the upward movement of water during settling of concrete
mix. It is a particular form of segregation, in which some of the water within
concrete comes out of its surface. Sometimes, with this water along comes a
certain quantity of cement. A higher bleeding to the surface increases the water to
cement ratio and therefore decreases the strength of the concrete surface. The
increase in capillary porosity of hardened concrete due to bleeding can also affect
the durability performance. However, in some cases, the bleeding water may not
come up to the surface and is trapped by flat or flaky pieces of aggregates and also
by reinforcement and accumulates below such obstacles. This is known as internal
bleeding, which can affect several properties of hardened concrete such as cement
paste-aggregate bonding and enhance micro cracks. High bleeding of concrete
occurs due to various factors such as high water to cement ratio, low cement
content, coarse cement particles and poorly graded aggregates. Few references are
available on the bleeding behaviour of concrete containing CDW aggregate.

The old cement paste on the surface of the recycled aggregate can absorb some
mixing water. Thus, the total amount of bleeding of concrete decreases as the
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replacement level of recycled coarse aggregate increases (Kim et al. 1993). Yang
et al. (2008) also found a reduction in total bleeding due to the replacement of
100 % coarse NA by coarse RCA and 100 % fine NA by fine RCA. Bleeding of
concrete containing fine RCA was lower than that of concrete containing coarse
RCA. Total bleeding and rate of bleeding of RCA concrete decreased as the
relative water absorption by the aggregate increased.

Poon et al. (2007) reported the bleeding performance of concrete containing
coarse air-dried RCA, where 0, 20, 50, 80 and 100 % by mass of natural aggregate
was replaced by RCA. The bleeding of concrete was measured in terms of
bleeding rate (defined as the amount of water in ml collected per cm” surface area
of concrete per second during the first 60 min of the test) and bleeding capacity
(defined as the total volume of bleeding water collected during the entire course of
the experiment and expressed as a fraction of the initial volume of concrete).

Their results showed that adding air-dried RCA to concrete increases its
bleeding rate and bleeding capacity and this trend rises as the content of RCA in
concrete increases. The use of 100 % RCA increased the bleeding rate and
bleeding capacity by 26 and 22 %, respectively. On the other hand, delaying the
starting time of the experiment or adding fly ash to cement can reduce the bleeding
rate and bleeding capacity of concrete with natural or RCA aggregates. These
results are presented in Table 5.8. Poon et al. (2004a) also reported that over-
wetting of RCA should be avoided to reduce concrete bleeding, which also had
some effect on the hardened concrete properties.

Table 5.8 Bleeding capacity and bleeding rate of concrete due to the addition of RCA (Poon
et al. 2007)

Concrete Immediately after mixing 30 min after mixing 120 min after mixing

mx Bleeding Bleeding Bleeding Bleeding Bleeding Bleeding
capacity, rate, 107, capacity, rate, 1079, capacity, rate, 107°,
107, m/ml ml/em®s 107, mUml ml/em®s 107, mI/ml ml/cm®s

RO 18.8 47.9 13.2 19.6 5.2 9.6

ROF25 16.2 435 9.6 17.4 4.6 6.5

R20 19.9 50.9 14.2 20.5 54 10.0

R20F25 169 45.7 104 18.3 4.8 6.7

R50 21.2 53.6 15.2 20.9 5.6 10.4

R50F25  18.1 49.2 10.8 20.5 5.0 7.1

R80 22.6 56.6 16.2 21.3 5.8 10.5

R8OF25  19.5 52.3 114 21.8 5.1 73

R100 23.0 60.1 17.1 222 6.1 10.5

RI100F25 20.0 54.5 12.0 22.7 54 7.8

RO, R20, R50, R80 and R100: concrete mixes containing ordinary Portland cement (OPC) and
prepared by replacing 0, 20, 50, 80 and 100 % by mass of natural aggregate by RCA

ROF25, R20F25, R50F25, R80F25 and R100F25: concrete mixes containing a blended cement
with 75 % OPC plus 25 % fly ash (FA) and prepared by replacing 0, 20, 50, 80 and 100 % by
mass of natural aggregate by RCA
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5.3 Hardened Concrete Properties

As the properties of CDW aggregate are significantly different from those of NA,
the various hardened properties of conventional concrete change with the addition
of CDW aggregate. In this section, the hardened properties of concrete containing
various types of CDW aggregate are discussed from information available in
various references. As indicated in the introductory section, a similar terminology
(RA and RCA) will be used to indicate recycled aggregate with different origin.

5.3.1 Compressive Strength

In this section, the compressive strength (CS) of concrete containing CDW
aggregate (both RA and RCA) is highlighted. Results will be analysed in terms of
size and composition of CDW aggregate. The relationship with fresh properties is
also presented.

Normally, the CS of concrete decreases with the addition of CDW aggregate
(Oliveira and Vazquez 1996; Dhir et al. 1999; Topgu and Sengal 2004) and the
reduction in strength can reach 40 % (Katz 2003; Chen et al. 2003). In some
studies, it was pointed out that the reduction in CS was between 12 and 25 %,
when 25-30 % (Corinaldesi 2011; Etxeberria et al. 2007a) or 100 % NA was
replaced by CDW aggregate (Li et al. 2009; Rahal 2007; Safiuddin et al. 2011).
However, a negligible influence is observed when the coarse or fine recycled
aggregate is used to replace up to 30 % of coarse NA (Gomez-Soberon 2002; Li
et al. 2009; Limbachiya et al. 2004, 2012; Rao et al. 2011; Yang et al. 2011) or
20 % of fine NA (Dhir et al. 1999), respectively. Some typical results are presented
in Table 5.9. An increase in concrete porosity due to the addition of CDW
aggregate (due to old mortar content) and weak aggregate-matrix interface bond
are the major reasons for the reduction in CS of CDW aggregate concrete (Kwan
et al. 2012).

The reduction in CS due to the addition of CDW aggregate can be controlled by
changing various factors of the concrete mix such as adjusting the water to cement
ratio, changing the mixing procedure, treating the aggregate and using a mineral
addition. The information gathered so far on the use of CDW aggregate in concrete
shows that modifications in the concrete mixing procedure are the key step to
develop a good quality concrete containing any type of CDW aggregate.

Etxeberria et al. (2007a) observed that the 28-day CS of concrete made with
100 % coarse RA (RAC) was 20-25 % lower than that of conventional concrete.
A similar trend was reported by other researchers (Gonzalez-Fonteboa and Martinez-
Abella 2005; Sani et al. 2005). Sani et al. (2005) observed about 40 % lower 90-day
CS in RAC than in conventional concrete due to the incorporation of RA as complete
replacement of coarse and fine aggregates. The mix was prepared with the
same cement content and water to cement ratio without using any water-reducing
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Table 5.9 Reduction in CS (%) due to the addition of CDW aggregate

References

Type of aggregate Reduction in strength, Comment

(substitution level %)

Oliveira and Coarse/RCA 10 Varied depending on moisture
Vasquez content in RCA aggregate
(1996)
Topgu and Sengel Coarse/RCA 23.5 C16 type concrete
(2004) 33 C20 type concrete
Sani et al. (2005) Coarse/fine/RA 40 At constant water to cement ratio
Gomez-Soberon Coarse/RA/10 min ~2, (15) Substitution level (v/v): 15, 30 and
(2002) pre-soaked in ~ 5, (30) 100 %
water ~11.5, (100)
Kou and Poon Coarse/RCA/SSD* 4-6, (20) Substitution level (v/v): 20, 50 and
(2008) 13-17, (50) 100 %; strength decreasing with
16-22, (100) increasing mortar content;
Khatib (2005) Fine/RCA ~24.5-25, (25-75) Substitution level (w/w): 25, 50, 70
~36, (100) and 100 %; prepared at free water
to cement ratio of 0.5
Yang et al. (2011) Coarse/RCA 5.7, (100) Prepared at w/c of 0.47 with a slump

of 24 mm

* SSD Saturated surface dry

admixture. They also observed an inverse relationship between CS of RAC and open
porosity of RA. The addition of fly ash to replace a part of fine RA can recover part of
the CS and therefore in this case a reduction of about 30 % in CS was observed.
Dapena et al. (2011) did not observe any change in 28-day CS of resulting concrete
due to 20, 50 and 100 % (by volume) replacement of coarse NA by coarse RA owing
to the small amount of impurities in RA (<2 %) and an initial reduction of water to
cement ratio of RAC due to higher water absorption capacity of RA. The 5 and 10 %
(by volume) of fine (<4 mm) content in RCA did not affect the strength behaviour of
concrete containing 20 and 50 % RCA; however, a drop of around 3.6 MPa in CS
was observed in concrete containing 100 % RCA. Poon et al. (2009) observed a
reduction in compressive strength of RAC containing RA as the only coarse
aggregate as the replacement of fine natural aggregate by fine RA increased.
Etxeberria et al. (2007a) reported that concrete prepared by replacing 25 % (v/v)
coarse NA by coarse RA can be used as medium strength (30-45 MPa) concrete
having similar CS to conventional concrete, when both mixes are prepared with the
same cement content and effective water to cement ratio of 0.55. However,
areduction of effective water to cement ratio of 0.52 or an increase of 6 % in cement
content was necessary for RAC containing 50 % RA to achieve a CS similar to that
of conventional concrete. These values became 0.50 and 8.3 %, respectively,
for RCAC containing 100 % RCA. Gonzalez-Fonteboa and Martinez-Abella (2005)
also increased the cement content by about 6.2 % without changing the w/c
(including moisture content in aggregate before mixing) in RAC where 50 % (by
volume) of natural coarse aggregates were replaced to obtain CS and consistency
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similar to those observed in a conventional concrete. They observed CS about 2.5
and 0.4 % lower and 2 % higher for RAC than for conventional concrete after 7, 28
and 115 days of curing, respectively.

The detrimental factors that control the CS of RAC are the crushing strength
and mortar content in RA (Etxeberria et al. 2007a). Gonzalez-Fonteboa and
Martinez-Abella (2005) specified three reasons, which controlled the CS perfor-
mance of RAC. The higher absorption of water by RA than NA reduced the
amount of free water in the mix. These decrease up to a certain level could increase
the CS; however, an excessive decrease in free water can deteriorate the CS of
RAC due to lesser hydration of cement particles and poor workability of the mix
than in conventional concrete. The weak bond of cement paste and RA also lowers
the CS of RAC. The addition of an extra amount of cement to the mix boosts the
CS by improving bond between the cement paste and the RA and improves
porosity and consistency.

The strength development of RAC was faster than for conventional concrete
after 28 days of curing (Gonzalez-Fonteboa and Martinez-Abella 2005). Etxe-
berria et al. (2007a) observed gain of about 12—15 % in CS between 7 and 28 days
of curing of RAC prepared by replacing 25, 50 and 100 % (by volume) of NA by
RA in comparison to around 20 % in conventional concrete.

Compared to the studies on the use of RA in concrete, more information is
available on the use of RCA in preparation of concrete. Similarly to RA, the CS of
concrete containing RCA (RCAC) is normally lower than that of the corre-
sponding control concrete and increasing the addition of RCA to concrete further
lowers it (Table 5.8). However, RCA addition to concrete does not have an
adverse effect on its strength development trend.

Frondistou-Yannas (1977) reported that the substitution of natural gravel by
RCA and recycled aggregate that contained mortar only led to a lower CS than that
of conventional concrete. The failure observed in both types of concrete was by
fracture in the aggregate. Eguchi et al. (2007) observed higher reduction in CS of
concrete due to the addition of RCA originated from a concrete which consisted of
low strength aggregate than that observed for RCA originated from a concrete
consisted of high-strength aggregate. Lopez-Gayarre et al. (2009) also observed a
strong dependence of CS of RCAC on the quality of RCA, mainly concerning the
adhered mortar content. However, they did not observe any effect of increased
addition of coarse RCA on the mean CS of RCAC if the water to cement ratio was
kept constant and the loss of workability due to addition of RCA was compensated
by using chemical admixtures.

Santos et al. (2002) observed a reduction of about 20 % in 7- and 28-day CS of
two types of RCAC from the corresponding strength of conventional concrete,
when both types of RCAC were prepared with coarse RCA originated from two
concrete mixes with different strengths. Gomez-Soberon (2002) observed that the
CS of concrete decreased with increasing content of coarse RCA. The 28-day CS
of concrete prepared by replacing coarse NA with 15, 30, 60 and 100 % coarse
RCA were respectively about 98, 95, 92 and 88 % that of conventional concrete.
After 90 days of curing, these values became 99, 94, 91, 89 %, indicating a similar
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development of the CS of RCA concrete to that of conventional concrete as curing
time increased. Topcu and Sengel (2004) observed a systematic reduction in cubic
and cylindrical CS of 16 and 20 MPa RCAC with increasing content of coarse
RCA. Compared to a control concrete, the reduction in 28-day CS was 33 and
23.5 % for 16 and 20 MPa RCAC when 100 % NA by volume was replaced by
RCA.

Rao et al. (2011) observed higher early strength gain (0-7 days) in RCAC than
in conventional concrete due to the high water absorption capacity of old mortar
present in RCA and the rough texture of RCA that provides improved bond and
interlocking characteristics between mortar and RCA. However, they also
observed 8 % gain in CS between 28 and 90 days of curing for mixes prepared by
replacing 25 % (by volume) of natural coarse aggregate by coarse RCA compared
with 12 % gain for conventional concrete and did not observe any gain in CS when
the replacement ratio increased to 50 and 100 %. Just like Xiao et al. (2006a), they
observed a linear relationship between RCAC’s density and CS but with a different
slope. Fonseca et al. (2011) also observed about 80 and 95 % of 56-day CS for
normal aggregate and RCA mixes after 7 and 28 days of curing, respectively.
Safiuddin et al. (2011) observed more than 80 % of 28-day CS after 7-day curing
of conventional concrete and concrete containing various ratios of coarse RCA due
to the higher cement content than in conventional concrete as well as the higher
workability of the concrete mixes.

In contrast with the majority of the observations, some results are available
where the addition of coarse RCA to concrete does not have adverse effect on the
CS performance. On the contrary, this type of addition can increase the CS of
concrete if some modification is done by improving concrete mixing methodology.
For example, Sagoe-Crentsil et al. (2001) observed no difference in 28-day and
1-year CS of mixes containing pre-saturated RCA and NA as coarse aggregate
(Fig. 5.4). However a 5 % increase in cement content or the use of slag cement in
RCA concrete considerably increased the CS, which was particularly more
significant when using slag cement in RCA concrete. Domingo-Cabo et al. (2010)
observed an increase in CS as the replacement of NA by RCA increased, possibly
due to the reduction in effective water to cement ratio on account of the higher
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water absorption capacity of RCA. Evangelista and de Brito (2007) also observed
higher CS of concrete incorporating fine RCA, which will be discussed later.

Some studies indicated a relationship between aggregate to cement ratio and the
CS of RCAC (Fig. 5.5): decreasing the aggregate to cement ratio is beneficial for
the CS of RCAC (Poon and Chan 2007; Poon and Lam 2008). The authors pointed
out that the low crushing strength of the aggregate as well as the weak cement
paste-aggregate bond are the causes of these results. In fact, the cement content in
concrete plays a vital role in the CS (and other mechanical) behaviour of RCAC. A
typical example is presented in Fig. 5.6 (Courad et al. 2010).

Similarly to conventional concrete, a linear relationship between water to
binder ratio and CS also exists in RCAC (Corinaldesi 2010; Nagataki and lida
2001). Nagataki and Iida (2001) observed this relationship for RCAC up to a
binder to water ratio of 2.5-3.3 depending on the strength of the source concrete
from which RCA originates (Fig. 5.7). Kou and Poon (2006) observed a decrease
in CS as the content of coarse RCA in concrete increases at water to cement ratios
of 0.45 and 0.55. However, the CS of the control concrete and RCAC increased
with curing time and decreased with water to cement ratio. However, in a few
studies, it was pointed out that the strength characteristics of RCAC were not
significantly affected by the quality of RAC at high water to cement ratio, since it
was affected only when the water to cement ratio was low (Ryu 2002; Padmini
et al. 2002).

Chen et al. (2003) observed much lower differences between the CS of con-
ventional concrete and that of RAC, when the w/c ratio increased to a certain value
and they became lowest for w/c values between 0.58 and 0.80 (Fig. 5.8). Katz
(2003) observed that the CS of RCAC was comparable to that of reference con-
crete up to the replacement level of 75 % at a w/c ratio between 0.6 and 0.75.

Padmini et al. (2009) specified several factors that can affect the CS perfor-
mance of RCAC: to achieve the design CS RCAC required lower w/c ratio and
higher cement content than concrete containing granite aggregate; for a targeted
mean CS, the actual strength of RCAC increased with the maximum size of RCA
used as the maximum size of RCA in concrete decreased and the strength of the
source concrete increased.
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Fig. 5.9 Porosity versus CS (a) 45
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The CS of RCAC decreased as the porosity of concrete containing coarse RCA
increased (Fig. 5.9a) (Gomez-Soberon 2002; Kou et al. 2011a). Kou et al. (2011a)
observed significant differences in the relationship between the porosity and the
CS of RCAC and RAC after 5 years of curing (Fig. 5.9b). The higher improve-
ment of porosity (thus compressive strength) in RCAC than in RAC was due to the
filling of pores and therefore improvement in interfacial zone due to continuous
hydration of old cement mortar. Park et al. (2005) observed decreasing CS with
increasing void ratio of porous concrete where various amounts of coarse NA were
replaced by RCA. The CS decreased rapidly above the void ratio of 25 %. In
contrast to the above results, Nagataki et al. (2004) observed comparable or even
better CS (and splitting tensile strength) of concrete containing coarse high quality
RCA than that of conventional concrete even though the RCAC had 20-52 %
more permeable voids than conventional concrete.

The moisture content in RCA also controls the CS of RCAC (Oliveira and
Vazquez 1996). The CS of RCAC with about 90 % saturated coarse RCA was
marginally better than that for dry coarse RCA. The decrease of CS was especially
felt when the RCAC contained 100 % saturated coarse RCA (Fig. 5.10). The
compressive strength of RCAC containing RCA at three moisture levels as
observed in Poon et al. (2004b) study can be rated as: air-dried (AD) > oven dried
(OD) > saturated surface dry (SSD). The relatively high w/c ratio in the RCA-
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cement matrix region due to movement of water from SSD aggregate weakens the
cement paste/aggregate bond and lowers the compressive strength. On the other
hand, the opposite movement of water from cement matrix to aggregate
strengthens the bond and led to higher CS of concrete containing OD RCA.

Concrete containing larger RCA has higher CS than similar concrete containing
smaller RCA as the mortar content in larger RCA is generally lower than in
smaller RCA (Tavakoli and Soroushian 1996; Hansen and Narud 1983).
Corinaldesi (2010) reported that the CS of RCAC containing larger coarse RCA is
higher than that for smaller coarse RCA at the same water to cement ratio and at
30 % (by volume) substitution ratio of natural coarse aggregate (Fig. 5.11). Both
types of aggregate were generated in same crushing plant at the same crushing
period. According to the authors, the coarser RCA came from concrete with a
higher CS and hence less friability than the other concrete, which generated the
finer RCA. In this study, two classes of concrete (C30/37, C32/42) were prepared
from coarse and fine RCA aggregate at the water to cement ratios of 0.5 and 0.4,
respectively. Nagataki et al. (2004) observed the dependence of mechanical
properties including CS on the size of coarse aggregate of the original concrete as
well as on the amount of sand particles present in RCA. The stress concentration at
the zone between RCA and mortar in RCAC is lower for smaller coarse aggregate.
Low amounts of sand particles in RCA also enhance the CS of RCAC.

A strong relationship between the CS of RCAC and the properties of the source
concrete from which RCA originated was reported in various studies. Hansen and
Boegh (1985) observed that the 47-day CS of high and medium strength concrete
containing RCA generated from high and medium strength concrete were higher
than that of the original high and medium strength concrete; however, the CS of
low strength concrete containing RCA originated from medium and low strength
concrete was lower than that of conventional low strength concrete. Their results
are presented in Fig. 5.12.

Tavakoli and Soroushian (1996) reported that the CS of concrete containing
RCA depends on several factor such as the strength of the source concrete from
which RCA is generated, the mixing procedure, the water to cement ratio and the
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aggregate size. They observed higher CS in concrete containing RCA than in
concrete containing NA provided that the CS of concrete from which RCA was
generated that was higher than that of the concrete containing NA used for
comparison purposes. Hansen and Narud (1983) observed lower CS in concrete
containing RCA than in control concrete, when the CS of control concrete
exceeded the CS of concrete from which RCA was generated. The variations of CS
of RCAC and control concrete containing NA were due to the bond between
cement mortar and coarse aggregate; low bond gave a poor quality RCA and hence
lower strength RCAC.

Nagataki and lida (2001) also observed the dependence of CS on the strength of
the source concrete; the CS is higher for RCAC produced from higher CS concrete
than for that originated from lower CS concrete. Poon et al. (2004a) reported that
the CS of RCAC originated from high CS concrete is higher than the RCAC
originated from normal CS concrete due to formation of a denser microstructure in
ITZ in the former one than in the latter one and also a higher aggregate strength of
RCA originated from the high CS concrete than that of the RCA originated from
normal CS concrete. The ITZ of concrete containing RCA originated from high CS
concrete was denser than that of natural aggregate concrete too. Although the CS
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of both RCAC was lower than that of the conventional concrete after 7 and 28-
days of curing, the CS of 90-day cured RCAC originated from high CS concrete
was comparable to that of the conventional concrete. On the contrary, Santos et al.
(2002) observed an insignificant effect of the source concrete’s CS on the CS of
RCAC. They observed a difference in CS of <1.5 MPa between two types of
RCAC containing RCA originated from 56 and 45 MPa concrete mixes
(Fig. 5.13).

Katz (2003) observed a moderate effect of the crushing age and strength of the
source concrete from which RCA was generated on the CS of RCAC. The concrete
made with aggregates crushed at 3 days exhibited higher CS than that made with
aggregates generated after 1 and 28 days of curing, when white cement (WC) was
used to make the source concrete. On the other hand, the concrete containing RCA
made with the ordinary Portland cement (OPC)-based source concrete had slightly
higher strength at the crushing age of 1-day and the lowest strength for RCA
crushed at 3-day. The strength of the source concrete made with white cement was
considerably higher than that of the OPC-based source concrete. The author
indicated two factors that seemed to control the CS of the new RCAC: the strength
of the source concrete and the presence of un-hydrated cement in the recycled
aggregate. Both of the effects were active in the RCA generated from WC-based
concrete after crushing age of 3 days and therefore led to the highest strength.

Nagataki and Ida (2001) observes no prominent effect of the crushing level
during the preparation of RCA on the CS performance; however, the crushing age
had some effect on the CS of RCAC: the crushing age of RCA produced from high
(61 MPa) and medium (49 MPa) strength concrete had no effect on the CS of
RCAC; but for low strength (28 MPa) RCAC the concrete containing RCA
reclaimed after 1 or 2 years exhibited higher CS than the concrete containing RCA
reclaimed after 28-days.

Poon and Chan (2007) reported that the presence of contaminants such as
crushed brick, tiles, glass and wood in RCA deteriorated the CS of RCAC.
However, concrete paving blocks made with crushed brick, tile and glass incor-
porated RCA at aggregate to cement ratio of 3 met the various standard specifi-
cations. Yang et al. (2011) observed 5.3 and 14.9 % drops in 28-day CS of RCAC

Fig. 5.13 CS of B 7-day cube strength O30-day cube strength
conventional and recycled
aggregate concrete (Santos
et al. 2002)
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due to the replacement of 20 and 50 % by volume of coarse RCA by recycled
crushed brick aggregate. Chen et al. (2003) observed little effect of brick and tile
content in RCA on the concrete’s CS if the ratio was <67 % (Fig. 5.14). The use
of unwashed RCA had some effect on the CS of RCAC due to the presence of
powdery impurities and other harmful materials; the effect of impurities on the CS
of RCAC was observed prominently at lower w/c. Gomes and de Brito (2009)
observed an insignificant CS loss due to the simultaneous incorporation of recy-
cled brick and mortar, up to a maximum ratio of 25 % brick-mortar mix and 50 %
RCA, or the incorporation of 100 % RCA, by comparison with conventional
concrete with natural aggregates only.

A beneficial effect of RCA on the strength performance was observed when the
RCAC was subjected to dry curing conditions due to the higher water absorption
capacity of RCA. Buyle-Buddin and Zaharieva (2002) observed lower CS by
around 9-12 % and 3-6 % for conventional and RCA concrete with 100 %
replacement of fine and coarse natural aggregate by same size RCA respectively,
when the curing conditions for both concrete were changed from water curing to
air curing. The water absorbed by fine RCA gradually made its way to the cement
paste and compensated the water loss of cement paste due to air-drying. On the
other hand, Rao et al. (2011) observed higher CS for partially moist cured followed
by air-cured RCAC than for moist cured similar RCAC (Fig. 5.15). The possible
cause was the higher free water content in the old ITZ of moist cured concrete,
which weakens the ITZ and therefore lowered the CS. Fonseca et al. (2011) did not
observe any significant changes in CS due to variation of curing conditions. In this
study, after casting, the concrete mixes were subjected to four curing conditions:
(1) laboratory environment; (2) outer environment (atmospheric condition); (3)
wet chamber; (4) water immersion.

Razaqpur et al. (2010) evaluated the CS of RCAC, prepared by using a new
mixing method (equivalent mortar volume, EMV method). In this method, the
amount of residual mortar present in RCA was included in the total amount of
mortar present in RCAC. The total amount of mortar in RCAC was equivalent to
the mortar amount present in the control concrete. The CS of concrete containing
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coarse RCA was 10-14 % higher than that of the control concrete when RCA was
used to replace partially or fully coarse NA (limestone and gravel). This is due to
the addition of a water reducing admixture to the RCA mix, which improved the
quality of the mortar more than observed in conventional concrete. One advantage
of this method was that the amount of cement necessary to make concrete was
about 10 % less than for conventional concrete.

Ferreira et al. (2011) compared the CS of mixes containing coarse RCA using
two mixing methods. In the pre-saturation method, the RCA was initially pre-
soaked before mixing. In the water compensation method, extra water absorbed by
RCA was added during mixing (Fig. 5.16).

The 7- and 28-day CS of RCAC using the pre-saturation method was lower than
that using the other method, possibly due to a lower “nailing effect”, which results
from the penetration of cement paste into the superficial pores of aggregate par-
ticles. Before mixing, pre-saturated RCCA exhibited not only a high level of
humidity but also water on the surface and within surface pores. This might have
impaired the penetration of the cement paste into the pores, leading to a decrease
of the “nailing effect” and, consequently, to a weaker ITZ between cement paste
and RCCA. However, the differences of CS between the mixes prepared by two
methods became insignificant as the RCCA'’s incorporation ratio increased, which
might be a consequence of a higher number of weak zones in concrete.

Using a certain amount of mineral additions such as fly ash (FA), metakaolin
(MK), silica fume (SF), rice husk ash or latent hydraulic materials such as ground
blast furnace slag (gbfs) into cement have some beneficial effect on the CS per-
formance of RCAC.

Kou and Poon (2006) observed an improvement in 90-day CS of RCAC due to
25 % replacement of OPC by FA; however, the addition of 35 % FA had a
negative effect on the CS of RCAC. The gain in CS between 28 and 90 days of
RCAC containing 25 and 35 % FA is higher than that observed in conventional
concrete. The strength gain of concrete containing RCA between 28 days and
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Fig. 5.16 Effect of the
mixing procedure on the CS
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2011)
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10 years increased with the FA content (Poon and Kou 2010). Corinaldesi (2009)
observed higher CS for RCAC prepared replacing Portland cement with 30 % FA
or 15 % silica fume than the RCAC containing OPC when the mixes were moist
cured up to 56-days. The strength of RCAC containing silica fume was signifi-
cantly higher than that of the RCAC containing FA and even better than the
conventional concrete at all curing periods. Gonzalez-Fonteboa and Martinez-
Abella (2008) also observed a significant improvement of CS of RCAC due to the
replacement of 8 % Portland cement by silica fume. Sagoe-Crentsil et al. (2001)
observed much higher long-term CS in RCAC with incorporation of slag partially
replacing cement than in conventional concrete owing to the higher reactivity of
slag than Portland cement at the later stage of hydration. The gain in CS between 7
and 28 days was 12.4 MPa in comparison to 6 MPa for conventional concrete.
Razaqpur et al. (2010) observed that the addition of 25 % (w/w) fly ash (FA) into
cement reduced the CS of the resulting RCAC due to slow hydration of FA in the
concrete matrix. On the other hand, the CS of RCAC containing 35 % gbfs was
higher than that of conventional concrete.

Ann et al. (2008) compared the CS of two types of concrete containing RCA as
coarse aggregate and made by replacing 30 and 65 % of Portland cement by
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pulverized fuel ash (PFA) and gbfs with RCAC and conventional concrete mixes
(Fig. 5.17). They observed lower CS for RCA concrete containing PFA and gbfs
than for the control and RCAC mixes at the ages of 7 and 28 days, due to the lower
hydraulic reactivity of these binders. However, the CS of concrete containing gbfs
and PFA overtook the CS of the conventional concrete after 90 and 180 days of
curing, respectively.

Kou et al. (2011b) observed a substantial reduction in CS due to the replace-
ment of cement by 55 % gbfs or 35 % FA. However, they observed an
improvement in the CS of RCAC with 50 and 100 % (by volume) replacement of
coarse NA by RCA due to the replacement of cement by 10 % SF or 15 % MK.
The CS of RCAC with SF and MK was similar to that of the conventional concrete
for a 50 % replacement ratio of NA by RCA (Fig. 5.18). However, for a 100 %
RCA replacement ratio, the 90-day CS of RCAC containing all type of mineral
additions was substantially lower than that of the conventional concrete. The gain
in CS of RCAC concrete with SF and MK was higher than that of the concrete
containing FA and gbfs in the early ages (up to 28 days); on the other hand, later
on (28-90 days), the gain in CS was higher for RCAC with FA and gbfs than for
RCAC with SF and MK. The improvement of ITZ due to the filling of pores as
well as cracks in RCA by the hydration products was the reason for the observed
improvement. The contribution of mineral additions to the improvement of CS of
RCAC was more than in conventional concrete. Ajdukiewicz and Kliszczzewicz
(2002) observed a significant improvement in CS of RCAC due to the addition of
SF and superplasticizer. The improvement was more prominent for RCA produced
from high-strength concrete aggregates. Thangchirapat et al. (2008) reported that
the use of rice husk-bark ash (RHBA) to replace 20 and 35 % by weight of
Portland cement in RCAC yielded higher CS than in RCAC prepared without
RHBA.

Several other methods were adopted to overcome the negative effect of CDW
aggregate on the CS of concrete. Increasing cement content or lowering the water
to cement ratio in the mix and improving the concrete mixing process have already
been mentioned during the discussion of CS of concrete containing RA and RCA
aggregate. Since the major reason of the reduction in CS of RAC and RCAC is the
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weaker bond between the recycled aggregate and the cement paste, some studies
are also directed at improving the bond strength by using some other materials.
Out of these, coating the aggregate’s surface with silica fume or nano-silica is most
promising one.

Chen et al. (2003) observed a 10-15 % higher CS of concrete containing
washed RCA than that of concrete containing unwashed RA at various w/c ratios.
The RA was washed to remove the sand content and other impurities like bricks
and tiles. Shayan and Xu (2003) observed that the surface treatment of coarse RCA
by silica fume slurry can substantially improve the CS of the resulting concrete;
however, sodium silicate treatment did not have any beneficial effect. They
reported that structural concrete with 50 MPa strength grade could be produced by
replacing all the coarse NA with silica fume treated coarse RCA and by replacing a
maximum 50 % by weight of fine NA with untreated fine RCA. Katz (2004) also
observed an increase of about 23-33 and 15 % in 7- and 28-day CS due to the
impregnation of SF on the surface of coarse RCA. The improvement of the
microstructure of the ITZ between the cement paste and the RCA aggregate sur-
face and the mechanical performance of RCA can be the major cause for the
observed increase in CS. Although it was not as prominent as SF impregnation,
ultrasonic treatment to remove unbound particles of RCA also increased by about
7 % the 7- and 28-day CS of RCAC.

Akbarnezhad et al. (2011) observed significantly smaller reduction in the CS of
concrete due to the incorporation of RCA obtained after microwave heating
(MRCA) than that observed for normal RCA incorporation due to the removal of a
part of the adhered mortar content as well as of weak RCA particles (Fig. 5.19).
The RCA was heated using microwaves to remove adhered mortar. The differences
in 28-day CS between conventional concrete and mixes containing MRCA were
negligible up to 40 % replacement of coarse NA. These differences were
respectively 10 % and around 30 % for the mixes containing RCA and MRCA as
sole coarse aggregate.

Tam et al. (2007) observed up to 21 % improvement in 28-day CS of concrete
with 20 % by volume replacement of coarse natural aggregate by RCA using a
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two-stage mixing approach. In the first stage, a cement layer is formed by mixing
the cement with aggregates and half of the total water content. The cement layer
can fill the pores, cracks and voids of the old mortars and improve the bond during
the hardening stage. The addition of a small amount of silica fume to the RCA in
the pre-mix procedure can improve by about 20 % the 28-day CS of concrete
containing 25 % RCA (Tam and Tam 2008). Further improvement of CS could be
achieved by adding silica fume and a fraction of cement with RCA during the pre-
mix stage (Tam and Tam 2008). The filling of the pores and cracks of the old
mortar with silica fume and the improvement of the aggregate—matrix bond
associated with the formation of a less porous transition zone and a better interlock
between the paste and the aggregate are the reasons for the observed improvement.
Mixing the cement with silica fume provides relatively thick and soft coatings of
the silica fume slurry and the necessary cement paste surrounding RA in the pre-
mix process and therefore further enhances the strength of the ITZ.

Tsujino et al. (2007) observed an increase in the CS of RCA concrete, when the
RCA is coated with mineral oil; however, silane coating of the surface of RCA
decreased the CS of RCAC. Kou and Poon (2010) observed that the 90-day CS of
RCAC prepared by using air-dried 10 % polyvinyl alcohol impregnated RCA was
similar to that of the conventional concrete. The observed improvement was due to
the various physic-chemical changes such as the filling of pores and cracks of
RCA, the improvement of flocculation and coagulation of the cement particles, the
improvement in the ITZ section, the reduction of w/c at the paste-aggregate
interface and the reduction in bleeding. However, oven drying of PVA impreg-
nated RCA has no effect on the CS performance of concrete.

Kutcharlapati et al. (2011) reported that the treatment of RCA by a colloidal
solution of nano-silica can improve the mechanical properties of RCA and RCAC.
The cubic CS of nano-silica containing RCAC and conventional concrete at the
same age was 22 and 16 MPa, respectively. An improvement of the mix’s cohe-
siveness, a reduction in segregation and bleeding, improvement in pore structure
and a densification in ITZ of the RCA-cement paste due to the filler effect and
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hydration of the nano-silica particles were the major causes for the observed CS
improvement due to the nano-silica treatment of RCA.

Topcu and Saridemir (2008) successfully predicted the 3- to 90-day CS of
RCAC by applying artificial neural networks and fuzzy logic systems. Lin et al.
(2004) used the optimal mix proportioning of RCAC by orthogonal array,
ANOVA and significance test with F statistics to prepare a RCA concrete mix with
suitable mechanical strength. The optimum RCAC mix observed in this investi-
gation contains RCA and natural river sand as 100 % coarse and fine aggregates,
respectively, with water/cement ratio of 0.5 and volume ratio of recycled coarse
aggregate in RCAC 42.0 %. The mix should contain no crushed brick and
unwashed RCA should be used. The slump and 28-day CS of this optimum mix
was 180 mm and 30.17 MPa, respectively.

The use of fine fraction (<4 mm fraction) of CDW aggregate in preparation of
concrete is not as thoroughly studied as the coarse fraction. It is believed that the
greater water absorption capacity of the fine fraction of CDW waste can jeopardize
the use of this fraction as fine aggregate in concrete (Evangelista and de Brito
2007).

Merlet and Pimienta (1993) observed 19-39 % lower CS of concrete made with
fine and coarse recycled aggregate than that of a control concrete. Leite (2001), on
the other hand, observed increasing and decreasing CS of concrete due to
increasing incorporation of fine and coarse recycled aggregate (FRA and CRA,
respectively), respectively (Fig. 5.20). The author justifies the results with the
stronger bond created between FRA and the matrix, because of the precipitation of
cement crystals inside the FRA.

Khatib (2005) observed a reduction in CS with increasing content of fine
recycled concrete aggregate (FRCA) in concrete. The particle size of FRCA was
<5 mm. The concrete was prepared at free water to cement ratio of 0.5. The
reduction in 90-day CS was in the range of 15-27 % when 25-100 % by weight of
fine natural aggregate (FNA) was replaced by FRCA. However, 28-day CS of
concrete containing 25-75 % and 100 % FCRA were about 25 and 36 % lower
than that of the control, respectively. The relative CS of FRCA concrete (FCRAC)
in the 28-90-day period increased due to the hydration of un-hydrated cement

Fig. 5.20 CS of RCAC due 24.0
to incorporation of fine (FRA) —e—FRA —a—CRA
and coarse (CRA) recycled D
aggregates (Leite 2001) 23.0

f.[MPa]
N
N
in
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particles of FCRA. Yaprak et al. (2011) also observed a gradual drop in CS as the
replacement of FNA by FRCA increased (Fig. 5.21).

Evangelista and de Brito (2007) conducted a comprehensive study on the use of
pre-saturated FRCA (<2.36 mm) as a partial or complete replacement of same size
FNA in the preparation of structural concrete. The concrete mixing time was
maintained as 10 and 20 min for series I and series II concrete, respectively. The
results are presented in Table 5.10. The 28-day CS of series | FRCAC was mar-
ginally higher (2-5 %) than the conventional concrete, due to the pozzolanic
reaction of un-hydrated cement present in FRCA. On the other hand, the CS
decreased by about 0.6-7.6 % with respect to the conventional concrete in series II
FRCAC since the increased soaking time of FRCA weakened the cement paste-
aggregate bond by increasing the w/c in that particular region. The development of
CS of conventional concrete almost stabilised after 28 days; however, the CS
development of FRCAC continued after 28 days due to the hydration of cement
present in FRCA. Zega and Di Miao (2011) also observed a slight decrease in 28-
and 84-day CS of concrete due to a 20 and 30 % by volume replacement of fine
NA by fine RCA.

Table 5.10 CS of concrete containing fine recycled concrete aggregate (Evangelista and de Brito
2007)

Concrete type Amount of substitution Compressive strength (MPa)
of FNA by FRCA (%, v/v)

Series 1 Series 11
FNAC 0 59.4 59.3
FRCACI10 10 62.2 59.0
FRCAC20 20 58.4 57.3
FRCAC30 30 61.3 57.1
FRCAC50 50 60.8 58.8

FRCACI100 100 61.0 54.8
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Pereira et al. (2012) reported that the compressive strength of concrete con-
taining FRCAC could be improved by using superplasticizer and a lower w/c ratio.
The 28-day compressive strengths of conventional concrete and FRCACs con-
taining FRCA as the only fine aggregate with and without two types of superp-
lasticizers were respectively 39.5, 38.6, 45.1 and 63 MPa indicating a significant
increase in compressive strength due to the addition of superplasticizer in the mix
of RCAC. They also observed much a lower influence of FRCA on CS perfor-
mance in comparison to the change in w/c ratio. They proposed the following
relationship between CS (f,) and effective w/c ratio ((¥)ef) (correlation coeffi-

cient of 0.96) from their experimental results:

fr= 203 (1 (~0.077) W 1) (5.1)

(25.9)(E)ef

where Wy, is 24 h water absorption capacity of concrete, r is replacement ratio and
numerical values are determined by regression analysis.

Kou and Poon (2009a) prepared two concrete series by replacing 25, 50, 75 and
100 % by weight of fine natural aggregate by fine recycled aggregate (FRA) with
particle size below 5 mm. The first and second series of concrete were prepared
using the same cement content at constant water to cement ratio (w/c) of 0.53 and
a close slump range of 60—80 mm. At same w/c, the CS of concrete decreased with
the content of FRA due to higher bleeding as well as poor aggregate-cement paste
bond owing to the higher initial free water content. At constant slump, the CS of
series II concrete also decreased with the FRA content; however, the deterioration
of CS was marginally higher than that observed in series I. According to the
authors, this was due to the weaker mechanical properties of FRA and FNA.

By replacing 100 % of fine natural aggregate by fine RCA, Kou and Poon
(2009b) prepared a self-compacting concrete, which can yield CS values as high as
64 MPa. The authors concluded that the inclusion of FRCA up to a ratio of 25—
50 % does not significantly change the CS of the resulting concrete. Dapena et al.
(2011) observed a drop of around 7.3-9.4 % in the CS of concrete due to the
replacement of 10 % coarse RCA by FRCA, where natural coarse aggregate was
replaced by 20, 50 and 100 % (by volume) of coarse RCA.

Kou and Poon (2008) reported up to 5 years experience of CS of concrete
prepared by replacing 0, 20, 50 and 100 % of coarse NA by an equal volume of
RA and RCA. They observed lower CS of RCA concrete than that of RA concrete
after 28-day but after 5 years the CS was highest for RCA for all substitution
ratios. The CS of concrete containing RCA and RA was always lower than that of
the conventional concrete; however, the reduction of CS decreases as curing time
increases. The 28-day to 5-year gain in the CS of concrete containing RA and RCA
was higher than that of the control concrete and it was highest for RCA concrete.
The strengthening of the paste-aggregate bond, the healing of cracks in interfacial
zone due to the deposition of new hydration products and the reduction in the
preferred orientation of Ca(OH), crystals were the main causes for the observed
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improvement of the CS of RCAC after prolonged curing. The gain in CS also
increased with the RA and RCA contents in concrete.

5.3.2 Splitting Tensile Strength

Like for CS, the splitting tensile strength (STS) of concrete containing RA or RCA
is normally lower than that of conventional concrete and increasing the addition of
CDW aggregate into concrete further lowers it. Table 5.11 shows some typical
data. The causes for CS reduction are also responsible for STS reduction.
According to de Brito and Alves (2008) the lower mechanical properties of the
recycled aggregates when compared to the natural ones lead to a fall in the STS of
the concrete containing CDW aggregate as the substitution rate increases.

After analysing literature data de Brito and Robles (2010) reported that the
replacement ratio of natural aggregate by CDW aggregate had slightly less effect
on the reduction in STS than that observed in CS. Table 5.12 shows the differences
in 28-day STS and CS of RAC and RCAC from conventional concrete determined
from the data presented in various references. A great variation in the reduction in
STS due to the incorporation of RCA or RA in concrete was observed, probably
due to the variations in experimental parameters and properties of CDW aggre-
gates used in the various studies.

From the results presented in Table 5.12 it can also be concluded that the
inclusion of RA or RCA into concrete had little impact on STS or that the CDW
aggregate mixes had higher STS than conventional concrete up to a given
replacement level. This is probably due to the improvement in aggregate-cement
paste bond strength, which induces a higher increase in STS than in CS (Kou and
Poon 2008).

Corinaldesi (2009) observed similar STS for RCAC prepared with and without
mixing FA into Portland cement. Etxeberria et al. (2007a) observed higher STS of

Table 5.11 28-day splitting tensile strength of concrete containing various amount of CDW
aggregate

Reference Type of aggregate Tensile strength
(MPa)/substitution level (%)
Gomez-Soberon (2002) RA/fine + coarse 3.7/0; 3.7/15; 3.6/30; 3.4/60; 3.3/100 (v/v)
Gonzalez-Fonteboa and RCA/coarse 3.15/0; 3.00/50 (v/v)
Martinez-Abella
(2008)
Kou and Poon (2008) RCA/coarse 2.43/0; 2.40/20; 2.35/50; 2.26/100 (v/v)
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RAC containing RA as 25 and 50 % replacement of coarse natural aggregate than
in conventional concrete but not for the 100 % replacement. In this study, the CS
of RAC with 100 % coarse RA was also comparable to that of conventional
concrete. The authors point out that the absorption capacity of the adhered mortar
present in the partly saturated (humid) recycled aggregate and the effectiveness of
the new interfacial transition zone of the recycled aggregate concrete increased the
STS.

Sagoe-Crentsil et al. (2001) observed slightly low and significantly high 28-day
and 1-year STS, respectively, for RCAC containing OPC and slag cement than for
conventional concrete containing OPC (Fig. 5.22). On the other hand, increasing
the cement content led to higher STS than for conventional concrete at the early
ages, but after 1-year the values became similar.

However, in some studies, a substantial reduction in STS in comparison to that
of CS due to the addition of CDW aggregate was also reported. Some typical
examples are presented in Table 5.13. Evangelista and de Brito (2007) reported
that the un-hydrated cement content in fine recycled aggregate can affect the CS

Table 5.13 Reduction in 28-day CS and STS of concrete containing CDW aggregate in com-
parison to conventional concrete

Reference Type of Reduction (%) Replacement ratio of similar
aggregate Compressive  Tensile size aggregate (%)
strength strength
Yang et al. (2011) RCA/coarse 5.7 13.8 100
Evangelista and de  RCA/fine 2.7* 30.5 100
Brito (2007)
Rao et al. (2011) RAC/coarse  7.48 13.9 25
14.1 18.0 50
17.5 232 100
Gonzales-Fonteboa ~ RCA/coarse  10.7 17.2 20, 50 and 100 %; w/c = 0.65
et al. (2011) 9.38 14.8
10.6 9.96

% Increasing with respect to conventional concrete strength
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Table 5.14 STS of concrete with various ratios of CDW aggregate at different curing ages

Reference Type of aggregate  Substitution  Tensile strength (MPa)/day
level (%, v/v)
Gomez-Soberon (2002) RA/fine + coarse 0 3.6/7d; 3.7/28d; 3.9/90d;
15 3.3/7d; 3.7/28d; 3.9/90d;
30 3.3/7d; 3.6/28d; 3.9/90d;
60 3.2/7d; 3.4/28d; 3.7/90d;
100 3.5/7d; 3.3/28d; 3.6/90d;
Gonzalez-Fonteboa and RCA/coarse 0 3.12/7d; 3.15/28d; 3.32/115d;
Martinez-Abella 50 3.17/7d; 3.00/28d; 3.37/115d;
(2008)
Kou and Poon (2008) RCA/coarse 0 2.43/28d; 2.68/90d; 2.83/180d;
2.94/1Y; 3.16/2Y; 3.32/5Y
20 2.39/28d; 2.56/90d; 2.78/180d;
291/1Y; 3.21/2Y; 3.40/5Y
50 2.34/28d; 2.52/90d; 2.74/180d;
3.04/1Y; 3.28/2Y; 3.52/5Y
100 2.21/28d; 2.48/90d; 2.76/180d;

3.12/1Y; 3.36/2Y; 3.64/5Y

performance but it does not affect the STS performance and therefore in com-
parison to CS, a substantial reduction in STS was observed in RCA due to porous
nature of the RCA. They observed a lowering in STS as the replacement ratio of
fine RCA in concrete increased.

In several studies, it was reported that the STS of concrete containing RCA and
RA improved substantially at the latter stages of curing and in some cases, the
strength of concrete containing RCA or RA was even better than that of con-
ventional concrete. Table 5.14 presents some typical results of STS of concrete
containing natural and CDW aggregates with increasing curing time. Kou and
Poon (2008) pointed out that the improvement in the microstructure of the inter-
facial transition zone (ITZ) and therefore an increase in the bond strength between
the new cement paste and the old aggregates might be the factor for the observed
improvement of STS.

Kou et al. (2011a) observed a 10 and 7 % lower 28-day STS of concrete
containing coarse RA and RAC than that of conventional concrete. However, the
STS of both recycled aggregate mixes was higher than that of conventional con-
crete after 1 and 5 years of curing (Fig. 5.23). The development of STS between
28 days and 5 years for RCAC and RAC were respectively 65 and 56 % compared
to 37 % for conventional concrete. The percentage gain in STS from 28 days to
5 years of curing also increased with the RA or RCA contents. An improvement in
the microstructure of the ITZ, increasing the bond strength between the new
cement paste and the old aggregates after prolonged hydration, and the self-
cementing ability of recycled aggregate were the causes for the observed increase
in STS of the RCAC at the later stages of curing. The higher improvement in STS
than CS observed in this study was due to the improvement in cement paste-
aggregate bond strength. In another study, Kou and Poon (2008) also observed
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higher STS in RCAC than in conventional concrete after 5 years of curing, which
also increased with the replacement ratio of coarse NA by RCA (Fig. 5.24).
Conversely, Yong and Teo (2009) observed an improvement in the STS of con-
crete due to the replacement of 100 % of natural aggregate by coarse normal or
saturated surface dry RCA at the early stage (up to 28 days) of curing; however,
strength development of both types of RCAC slowed down in the 28-56 days
curing period.

Gonzales-Fonteboa et al. (2011) observed an effect of w/c ratio on the STS
performance of concrete containing RCA (Table 5.12 and 5.13). They observed
higher STS in RCAC than in conventional concrete at the w/c ratios of 0.50; on the
other hand, the STS of conventional concrete was higher than that of the RCAC at
the w/c ratio of 0.65. However, Kou and Poon (2006) observed higher STS for
concrete prepared by replacing various percentages of natural coarse aggregate by
RCA at high w/c ratio than that prepared at low w/c ratio. They justified their results
with the variability in surface texture of RCA, which gave the paradoxical results.

Yang et al. (2008) observed decreasing STS of RCAC with increasing water
absorption capacity of incorporated RCA. Similarly to CS, Gomez-Soberon (2002)
and Kou et al. (2011a) observed an inverse relationship between STS and porosity
of RCAC. The relationship between open porosity and STS observed by Gomez-
Soberon (2002) study is presented in Fig. 5.25.
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The presence of impurities in RCA such as crushed clay brick and tiles has
positive or negative effects on the STS of resulting RCAC depending on the
substitution ratio. Yang et al. (2011) observed lower 7- and 28-day STS in RCAC
prepared by replacing 20 and 50 % of RCA by crushed brick than in conventional
RCAC (Fig. 5.26), owing to the higher porosity of crushed brick aggregate than of
RCA. In crushed brick containing concrete, most of the tensile failures occurred
within the crushed brick particles while for other mixes, failure seemed to occur
between the aggregate and the mortar matrix interfaces. The STS of concrete
paving blocks containing RCA decreased with increasing replacement of fine or
coarse RCA by crushed clay brick in the Poon and Chan (2006) study too. Kou
et al. (2011a) also observed lower STS for RAC than for RCAC especially at the
later stages of hydration.

However, Poon and Chan (2007) observed higher STS in concrete paving
blocks due to the 10 % replacement of RCA by crushed tiles or a 1:1 mixture of
crushed tiles and bricks. Mixing crushed glass with tiles or tiles/bricks gave
strength comparable to that of conventional RCA concrete. On the other hand, the
addition of crushed wood drastically lowered the STS. Strengthening of the

Fig. 5.26 Effect of crushed 4.5
brick content in RCA on the
STS performance (Yang et al.
2011)
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cement paste/aggregate binding due to the penetration of cement paste into the
porous tile and brick aggregate, filling of pores by fine tiles and brick aggregate as
well as the presence of more tiles and bricks aggregate in concrete due to their
lower density were the major causes for this improvement.

Nagataki et al. (2004) observed comparable STS for RCAC incorporating RCA
with minimum adhered mortar content to that of conventional concrete made with
the original aggregates. The RCA with minimum adhered mortar content even
exhibited higher STS than conventional concrete. The smaller size, lower sand
content as well as the elastic compatibility between RCA and cement paste were
the causes of the good performance of RCAC. Padmini et al. (2009) observed
lower STS in RCAC than in conventional concrete and the difference narrowed
down as the CS decreased. In contrast to interfacial bond failure between cement
mortar and aggregate observed in conventional concrete, RCAC exhibited both
interfacial bond failure and aggregate failure in the STS tests (Padmini et al. 2009;
Rao et al. 2011).

Tabsh and Abdelfatah (2009) reported that the STS for 50 and 30 MPa classes
of conventional concrete as well as that of RCAC were similar when the RCA was
generated from 50 MPa concrete. On the other hand, a drop by 25-30 % and 10—
15 % in STS was observed for both concrete classes when RCA was generated
from 30 MPa concrete. Tavakoli and Soroushian (1996) observed a negligible
effect of aggregate size or dry mixing time on the STS of RCA concrete. The 28-
day STS of RCAC with two types of RCA is either higher or statistically com-
parable to that of the control concrete for limited ranges of various experimental
parameters such as size of coarse RCA, mixing time and w/c ratio.

The addition of several mineral admixtures such as silica fume, fly ash, rice
husk ash does not have prominent beneficial effect on STS improvement as
observed in CS (Gonzalez-Fonteboa and Martinez-Abella 2008; Thangchirapat
et al. 2008). Gonzalez-Fonteboa and Martinez-Abella (2008) observed around
6.8 % higher STS in RCAC prepared at w/c of 0.55 than in conventional concrete
due to the incorporation of silica fume as mineral admixture into cement but the
improvement was not as significant as for CS (around 11.6 %). Ajdukiewicz and
Kliszczzewicz (2002) observed improvement in STS of RCAC due to the addition
of SF and superplasticizer, but the improvement was not as significant as in CS.
Kou et al. 2007) also observed lower STS for RCAC using a blended cement
prepared by replacing 25 % (by weight) OPC by FA than for RCAC using OPC.
The increasing addition of FA into 35 % further lowered the strength. On the other
hand, the same authors in another publication (2008) reported that the addition of
fly ash as a replacement of 25 % of cement by weight can increase the STS. The
major difference between these two studies was the larger amount of binder
content in the mix containing FA in the later study than in the former one. The
improvement was due to the pozzolanic activity of FA which densified the con-
crete matrix by improving porosity.

The replacements of 10 % OPC by SF or 15 % OPC by metakaolin (MK) gave
higher STS to the resulting mixes prepared by replacing 50 and 100 % (by vol-
ume) of coarse natural aggregate by RCA than that of the control and of the RCAC
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prepared with OPC at the curing ages of 7, 28 and 90 days (Kou et al. (2011b)
(Fig. 5.27). On the other hand, the RCAC prepared by replacing 35 or 55 % of
OPC by FA or ground granulated blast furnace slag (ggbfs) respectively had lower
STS than the control concrete and the RCAC containing OPC at all the curing
periods. The formation of more hydration products due to the SF and MK
hydration and the consequent improvement of the microstructure of ITZ increased
the binding of RCA and cement paste and hence improved the STS. The increase
in STS between 7 and 90 days was higher for RCAC using blended cement than
for the control concrete and the RCAC using OPC. The increase in tensile strength
was higher for FA and ggbfs than for SF and MK too.

Ann et al. (2008) observed that the 28-day STS for RCAC was lower than for
conventional concrete. The strength for RCAC using OPC-30 % pulverized fuel
ash and OPC-65 % ground blast furnace slag as binder was similar but lower than
that of the RCAC concrete. However, the ratios of STS to CS were comparable for
all types of concrete (Fig. 5.28). In the Berndt’s (2009) study, though the 28-day
STS of RCAC using 50 and 70 % ggbfs as replacement of OPC and RCA as sole
coarse aggregate was lower than that of concrete using slag cements and natural
aggregate as sole coarse aggregate, the STS of mixes having former composition
was higher than that of concrete using 100 % OPC and natural coarse aggregate as
well as of concrete using 100 % OPC and 100 % coarse RCA.

The STS of concrete with coarse RCA obtained after treatment by polyvinyl
alcohol followed by air-drying (PI-R(A) in Fig. 5.29) was higher than that of
concrete with untreated RCA at the curing ages of 7-90 days. However, oven
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drying of polyvinyl alcohol treated RCA (PI-R(O) in Fig. 5.30) gave the resulting
concrete lower strength than concrete with untreated RCA (Kou and Poon 2010).
Tsujino et al. (2006) observed a beneficial effect of the surface treatment of coarse
RCA by mineral oil in the STS performance of the resulting RCAC. On the other
hand, silane treatments of RCA deteriorate the SRS of the resulting concrete.

The STS/CS ratio of RCAC was reported in some studies (Gonzalez-Fonteboa
et al. 2011; Sagoe-Crentsil et al. 2001; Thangchirapat et al. 2008; Ravindrarajah
and Tam 1985) to be similar to that of conventional concrete. Sagoe-Crentsil et al.
(2001) observed ratios of STS to CS in the range of 0.89—1.21 depending on the
type of cement used, cement content, curing age and RCA content and these values
were similar to the range of 0.99-1.19 exhibited by conventional concrete at
various curing ages. Thangchirapat et al. (2008) observed ratios in the range of
0.80-0.82 for RCAC in comparison to 0.95 for conventional concrete. According
to Sagoe-Crentsil et al. (2001), the absence of detrimental effect of RCAC on the
STS is partly indicative of good bond characteristics between the aggregate and
the mortar matrix.

Paine et al. (2009), from their limited data, observed that the existing Eurocode
2 relationship between CS and STS could be applied to RCA concrete as to
conventional concrete. Kou and Poon (2008) observed that the relationship
between STS and CS presented in ACI 318-89 overestimates their STS data on
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RCAC. They proposed the next relationship between STS (f;,) and CS (f;y) with a
correlation coefficient of 0.87:

fip = 0.0931 f2:8842 (5.2)

cu
Xiao et al. (2006b) observed a significant overestimation of STS data using
American ACI 318-02 and Chinese GB 50010-2002 codes. The authors proposed
the following relationship between STS (fip) and cubic CS (fu):
= 0.24 £0.05 (5.3)

cu

5.3.3 Flexural Strength

Similarly to CS and the STS, the addition of CDW aggregate in concrete lowers
the flexural strength (FS). However, in several studies, it is reported that this
addition does not reduce FS as substantially as CS. The variation in FS between
conventional concrete and concrete containing CDW aggregate was negligible in
some studies and was lower than 30 % in others depending on the variations of
different factors such as replacement amount, origin and quality of CDW aggre-
gate, w/c ratio, design strength of concrete. Table 5.15 shows some of the results
from various references.

Limbachiya et al. (2000, 2004) observed comparable 28-day FS for 50, 60 and
70 MPa concrete classes, prepared by replacing 0, 30, 50 and 100 % (by weight)
of natural coarse aggregate by RCA. Safiuddin et al. (2011) did not observe any
significant differences in 7- and 28-day FS of conventional and RCA concrete. The
strength increased with the curing time like in conventional concrete.
The improvement in interfacial bonding and mechanical interlocking due to the
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angularity and surface roughness of RCA aggregate as well as the effectiveness of
interfacial bonding due to the orientation of larger coarse RCA along the speci-
men’s length compensated the negative impact of the weakness of RCA and
therefore maintained a FS similar to that of conventional concrete.

Chen et al. (2010) observed a slight increase in FS due to the replacement of up
to 40 % of coarse NA by RCA and similar values to that of conventional concrete
above this replacement level. In this study, the ratios of FS to CS were in the range
of 0.11-0.13 when 10-100 % coarse NA was replaced by RCA. Ahmed (2011)
observed similar 28 and 56 days FS of concrete due to the replacement of 25 and
50 % of natural fine aggregate by fine RCA. However, at 75 and 100 %
replacement level, the FS was lower than that of conventional concrete. The 28-
day FS of RCAC prepared by replacing 50 and 100 % of coarse NA by RCA in the
Malesev et al. (2010) study were respectively 5.7 and 5.2 MPa in comparison to
the 5.4 MPa of conventional concrete.

Yang et al. (2011) observed a 7.5-13.8 % reduction in FS due to replacement of
100 % coarse NA by RCA at various ages. Gull (2011) observed a reduction of
around 37 % in 28-day FS of concrete due to the replacement of fine and coarse
natural aggregates by RCA when both mixes were prepared at w/c ratio of 0.5.
However, the 28 day FS of RCAC prepared at the same w/c ratio but by using a
water reducing agent was similar to that of conventional concrete. Casuccio et al.
(2008) observed a 5-21 % reduction in 28-day FS of concrete due to the
replacement of 100 % coarse NA by RCA. Mas et al. (2012) observed 20, 13 and
30 % reductions in FS due to the replacement of up to 75 % (by volume) of coarse
natural aggregate by low quality RCA in three types of concrete prepared at w/c of
0.65, 0.72 and 0.45 respectively.

Singh and Sharma (2007) observed a 4—15 % reduction in 1- to 28-day FS of 20
and 25 MPa concrete mixes due to replacement of coarse natural aggregate by
RCA aggregate. James et al. (2011) observed a 28-day FS about 2.5 % lower due
to the replacement of 25 % by mass of NA by RCA at a w/c ratio of 0.55. Like in
conventional concrete, the FS increased with curing time. The differences in FS
between conventional concrete and RCAC are lower at higher w/c ratios than at
lower ones. The authors did not observe any effect of the w/c ratio on the CS of
RCAC either.

Yong and Teo (2009) observed higher 3-day FS for RCAC than for conven-
tional concrete up to a 100 % substitution level of coarse NA by RCA. However,
the FS of conventional concrete was higher than that of RCAC when the curing
age increased to 28 days. They also reported that the FS performance of RCAC
was not as good as that observed for CS and STS due to the lower modulus of
elasticity of RCA than NA’s; therefore RCA tended to deform more than NA. In
comparison to CS, Akbarnezhad et al. (2011) observed a lower reduction in the
modulus of rupture as the replacement of coarse NA by RCA increased. At 100 %
replacement, the reduction in modulus of rupture and CS was 15 and 30 %
respectively. The higher water absorption capacity of RCA might enhance the
bond strength between the new mortar and aggregate, which can partially
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compensate the negative effect related to the weakness of the old ITZ in RCA as
the FS is largely dependent on the bond strength between aggregate and mortar
matrix.

The concrete containing RCA from high-strength concrete exhibited higher FS
than the one containing RCA from low strength concrete Limbachiya et al. (2000).
Topcu and Sengel (2004) observed a systematic decrease in the FS of 16 and
20 MPa (cylindrical) concrete classes as the content of coarse RCA in concrete
increased. The reduction was 13 and 27 % for the 16 and 20 MPa mixes
respectively at a 100 % substitution level. Padmini et al. (2009) observed lower FS
for RCAC than for conventional concrete and the differences in terms of CS and
FS decreased with a reduction of the design CS (Fig. 5.30).

Takavoli and Soroushian (1996) observed higher FS for RCAC using smaller
coarse RCA than for bigger coarse RCA and in some cases the FS was higher than
for the control concrete. Oliveira and Vazquez (1996) observed a reduction from
the control concrete of about 10 % in the 3- and 28-day FS of mixes made with
coarse RCA with different moisture levels (Fig. 5.31). The FS of concrete con-
taining dry RCA or around 90 % saturated RCA were comparable; however, the
FS of concrete containing saturated surface dried RCA was significantly lower
than that of the others.

Katz (2003) observed similar 28-day FS for conventional and concrete with
coarse RCA and a mixture of fine RCA and natural sand, obtained from 1-day
cured concrete; however, the FS of RCAC with RCA obtained from 3- and 28-day
concrete was 11.5 % lower than that of conventional concrete. On the other hand,
the reduction in FS was respectively 29.9, 20.9 and 31.3 % in concrete with white
Portland cement as binder for 1-, 3- and 28-day cured RCA. Yang et al. (2011)
observed 3 and 9 % reductions from the control concrete in the 7- and 28-day FS
of concrete with RCA as sole coarse aggregate. The addition of crushed brick up to
a 50 % substitution level of RCA slightly increased the FS due to the low Young
modulus of brick and therefore improved the tensile stress along the matrix-
aggregate interface (Fig. 5.32). The failure modes for control and RCA concrete
occurred at the aggregate and mortar matrix’s interface while both interface and
aggregate failure occurred in RCAC containing crushed brick.
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Fig. 5.32 Effect of crushed
brick content in coarse RCA
on the FS performance of
concrete (Yang et al. 2011)
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The FS of RCAC in the Chen et al. (2003) study was about 78 % that of
conventional concrete when both mixes had a w/c ratio of 0.5. The substitution of
17, 33, 50 and 67 % of RCA by a mixture of bricks and tiles can slightly increase
the FS as shown in Fig. 5.33. The differences in FS between conventional and
RCA mixes gradually decreased with the w/c ratio. The FS of RCAC was similar
to that of conventional concrete at the w/c ratio of 0.67 and significantly higher at
w/c of 0.8. The FS of concrete containing RCA with sand-sized particles as well as
other impurities like bricks and tiles was much lower than that of conventional
concrete especially at lower w/c ratio.

Ahmed (2011) observed that the replacement of 30 % by mass of cement by FA
in concrete containing 25 % fine RCA and the replacement of 30 and 40 % by
mass of cement by FA in concrete containing 50 % fine RCA could improve the
FS (Fig. 5.34). In the Jemas et al. study, the incorporation of FA to replace 10 and
15 % of OPC improved the FS of RCAC and the FS of RCAC prepared at a w/c
ratio of 0.55 was even better than that of conventional concrete (Fig. 5.35).

Fig. 5.33 Effect of brick and 10
tile content on the FS of
RCAC (Chen et al. 2003) =
o N-0.5 (100%)
B e i e it i o
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Gupta et al. (2011) observed a reduction of about 6 % in 28-day FS in com-
parison to a 21.5 % reduction in the corresponding CS, due to the replacement of
100 % coarse NA by RCA. On the other hand, the FS of RCAC with FA asa 10 %
replacement of OPC was around 3 % higher than that of conventional concrete and
similar to that of conventional concrete with 10 % FA. The FS of RCAC with
20 % FA, however, was about 20 % lower than that of conventional concrete with
OPC only. Rao and Khan (2009) observed reductions of about 4 % in FS due to the
replacement of 50 % (by mass) of coarse NA by coarse RCA. However, the
incorporation of 0.01-0.03 % glass fibre improved the FS of the resulting RCAC.

Tam et al. (2007) observed advantages of the use of a two-stage mixing
approach instead of the normal mixing approach to increase several mechanical
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properties including the FS of RCAC. The substitution of coarse NA by RCA in
the 25-40 % range yielded the optimal FS, along with the other mechanical
properties of concrete using the two-stage mixing approach.

Akbarnezhad et al. (2011) observed that the FS of concrete with coarse RCA
obtained after a microwave treatment was higher than that observed for concrete
with untreated RCA as the microwave treatment can remove adhered mortar
content as well as weak RCA particles from concrete (Fig. 5.36). Li et al. (2009)
observed an improvement in the FS of RCAC due to the coating of RCA by blast
furnace slag, fly ash and silica fume separately or an equal weight mixture of two
of these three. These materials were used to replace 20 % of OPC (by weight) in
concrete. The improvement was highest for the silica fume and fly ash mixture due
to the higher packing density of this mixture.

Yang et al. (2008), after analysing 197 test results of available database along
with their own experimental results, observed a decrease of the rupture modulus
(indicative FS) of concrete as the water absorption capacity of CDW aggregate
increased. The normalized rupture modulus, f, /+/f., where f, andf, are the rupture
modulus and CS of concrete against water absorption capacity of RCA respec-
tively, are presented in Fig. 5.37. They observed that the rupture moduli of the
control concrete and of the concrete with grade I RCA according to the Korean
standard satisfied the expression in the ACI 318-05 norm, regardless of their
substitution level of coarse natural aggregate,. On the other hand, the rupture
moduli of the concrete with 50 % grade II and of the concrete with grade III RCA
were slightly lower than the ACI specified value. The reduction in the rupture
modulus due to the incorporation of RCA was due to the weak binding between the
components in the concrete matrix owing to the adhered cement paste on the RCA
surfaces.

Takavoli and Soroushian (1996) observed lower FS for RCAC than that pre-
dicted from the CS of RCAC according to the American ACI Code 318 expression
and the difference became larger at higher w/c ratios. Ahmed (2011) reported that
the expression used in Australian code, AS3600-2009 could be used for concrete
with fine RCA but the same expression for concrete with fine RCA and FA
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Fig. 5.37 Performance of normalized rupture modulus with the water absorption capacity of
natural and CDW aggregate (Yang et al. 2011)

predicts a significantly lower FS value then the experimental value. In the James
et al. (2011) study, the existing ACI 318 (2008) code underestimated their FS
results. Katz (2003) observed higher values of 28-day FS of conventional concrete
and RCAC than the value predicted according to ACI 363R.

5.3.4 Modulus of Elasticity

Similarly to the strength properties, the modulus of elasticity (MO) of concrete
containing CDW aggregate is normally lower than that of conventional concrete
and it decreases as the content of CDW aggregate in concrete increases. Some
typical results are presented in Table 5.16. The causes for reduction in concrete’s
MO due to the incorporation of CDW aggregate indicated in various references
are: (1) the loss of concrete stiffness, which depends on properties such as stiffness
of mortar, concrete porosity and aggregate-cement paste bonding; these properties
deteriorate due to the addition of RCA to concrete; (2) the lower MO of CDW
aggregate than that of natural aggregate, since the concrete’s MO is primarily
dependent on the MO of the aggregate.

Depending on factors such as substitution ratio, quality and size of aggregate,
w/c ratio, the reduction in MO of RCAC may reach 50 % when compared to
conventional concrete. The reduction in concrete’s MO due to the incorporation of
CDW aggregate is generally higher than the corresponding CS reduction. Saf-
iuddin et al. (2011) observed a reduction of about 17.7 % in the 28-day MO in
comparison to a 12.2 % reduction in CS of concrete with 100 % coarse RCA when
compared to conventional concrete. Chen et al. (2003) observed a 22 % reduction
in MO in comparison to a 15 % reduction in CS of concrete due to the inclusion of
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RCA as 100 % (by volume) replacement of coarse NA when the concrete was
prepared at w/c of 0.5. In contrast to the CS and STS performance, Etxeberria et al.
(2007b) also observed a decrease of the MO caused by the addition of coarse RCA
as a replacement of NA due to the lower MO and higher deformation of RCA than
NA'’s. The percentage reduction in 28-day MO due to the replacement of 25, 50
and 100 % of NA by RCA was around 4, 12 and 15 % respectively. Rahal (2007)
observed a reduction of only 3 % in the MO for concrete with cylindrical strength
between 25 and 30 MPa due to replacement of coarse NA by RCA.

Gonzales-Fonteboa et al. (2011) observed considerable decrease in the MO due
to the addition of coarse RCA in concrete, because of the lower MO of RCA than
NA’s. They observed 4.7, 10.9 and 18.0 % reduction in MO due to the replace-
ment of 20, 50 and 100 % of coarse NA by RCA in concrete at w/c of 0.65. These
values were 3.8, 14.9 and 29.2 % at w/c of 0.50. Berndt (2009) observed a
reduction of about 15 % in the MO due to a 100 % replacement of coarse NA by
RCA. According to them, the low MO of RCAC might have an impact on the
structural response (e.g. a low stiffness material is less susceptible to cracking).
Corinaldesi (2011) observed a reduction of around 17 % in 28-day MO due to the
replacement of 30 % coarse NA by RCA. Xiao et al. (2006a) observed a 45 %
reduction in the MO of concrete due to the incorporation of coarse RCA as a
100 % replacement of coarse NA when compared to conventional concrete.
Frondistou-Yannas (1977) observed a reduction of up to 40 % in the MO in
comparison to a 4—14 % reduction in CS of concrete due to the incorporation of
coarse RCA as a full replacement of NA.

In the Rao et al. (2011) study, the MO decreased with the replacement ratio of
coarse NA by RCA due to the weaker ITZ between RCA and cement mortar and
the lower MO of RCA than NA’s. The reduction percentage in 28-day MO of
concrete due to the replacement of 25, 50 and 100 % NA by RCA were 14.3, 14.4
and 15.4 % respectively. Evangelista and de Brito (2007) observed a reduction of
about 3 % in the 28-day MO of concrete containing fine RCA as a replacement of
30 % by volume of fine NA; however, the MO of concrete containing 100 % fine
RCA was 18.6 % lower than that of conventional concrete. The loss of concrete
stiffness, which depends on properties such as stiffness of mortar, concrete porosity
and aggregate-cement paste bonding was not as significant for smaller incorpo-
ration ratios of fine RCA as for higher ones and therefore the MO of concrete was
slightly affected for small ratios of fine RCA.

Kou and Poon (2008) observed a 17-23 % reduction in 28-day MO of concrete
containing three types of coarse RCA as a 100 % replacement of NA when
compared to conventional concrete; however, after 5 years of curing, the reduction
dropped to around 10 % indicating higher gain over time in MO of RCAC than
that observed in conventional concrete. The increase in MO of the mixes con-
taining three types of RCA as a 100 % replacement of coarse NA between 28 days
and 5 years was in the range of 33-40 % in comparison to a 20 % improvement in
conventional concrete. Gomez-Soberon (2002) observed a gradual decrease of the
MO as the replacement of coarse NA by RCA increased up to 60 % and then
became similar at 100 % replacement level (Fig. 5.38). The development of the
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MO gradually slowed down with increasing content of RCA in concrete. The MO
of concrete containing RCA at 100 % replacement level was almost the same at
the various curing ages. The authors could not establish a relationship between
total porosity and MO even though the MO decreased as the open porosity
increased up to around a 15 % porosity level. Safiuddin et al. (2011) observed a
smaller increase in MO as curing time increased than that observed for FS and
STS. In this study, the 28-day MO of RCAC was only 11.2 % higher than 7-day
value, whereas the FS and STS increases were respectively 40.3 and 17.3 %. The
MO increased with the concrete’s CS too.

Domingo-Cabo et al. (2010) found a decrease of the 28-day MO due to the
incorporation of a good quality coarse RCA as a 0, 20, 50 and 100 % (by volume)
replacement of coarse NA in mixes with similar w/c ratio. Unlike most investi-
gations, the RCA used in this one was not pre-saturated before concrete mixing;
instead a super-plasticizer was used to prepare a workable mix. After the RCAC
were prepared at constant slump by considering the amount of water absorbed by
RCA, the 28-day MO was similar to that of conventional concrete. Padmini et al.
(2009) observed a significant reduction in MO of concrete with the incorporation
of RCA as coarse aggregate owing to the increase of porosity of concrete due to
that incorporation. The higher reduction in percentage of the MO was observed for
concrete made with smaller coarse RCA due to their higher porosity. However, no
effect was detected of the strength of original concrete from which the RCA were
generated on the MO of RCAC. Corinaldesi (2010) observed a reduction of around
23 and 13 % in 28-day MO of concrete prepared at w/c of 0.40 and 0.45
respectively, due to the replacement of 30 % of fine and coarse gravel (612, FR
and 11-22 mm, CR) by similar sized RCA (Fig. 5.39). However, these values for
fine and coarse gravel RCA became 22 and 32 % respectively at the w/c ratio of
0.60. Thangchirapat et al. (2008) observed a reduction of around 11 % in the 28-
day MO due to a 100 % replacement by weight of coarse NA by RCA. The
replacements of fine NA by fine RCA in the concrete with 100 % coarse RCA
further lowered the MO. The reduction in MO of mixes with 50 and 100 % fine
RCA was respectively around 14 and 24 %.
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Fig. 5.39 MO of concrete with NA and RCA at different w/c ratios (Corinaldesi 2010)

Table 5.17 MO (E-modulus) of conventional and RCA-containing concrete (Hansen and Boegh
1985)

Item® H HH HM HL M MH M/M M/L L L/H L/'M L/L
E- modulus (GPa) 43.4 37.0 363 34.8 38.5 33.0 32.0 30.0 30.8 275 223 226
Reduction (%) - 14 16 20 - 14 17 22 - 11 28 27

# Details about H, H/M etc. are in Fig. 5.12

Kou and Poon (2008) observed a decreasing of the MO of conventional as well
as of RCA mixes with the water to binder ratio. In comparison to conventional
concrete, Hansen and Boegh (1985) observed an 11-28 % reduction in the MO of
three different classes of concrete with RCA from three different classes of con-
crete as a full replacement of coarse NA when the various types of concretes were
subjected to 47-day accelerated curing conditions. Depending on the strength of
the original concrete, the reduction percentage slightly varied, as presented in
Table 5.17.

The reduction in MO of concrete due to the incorporation of RCA was more
pronounced in water curing than in steam curing especially at the smaller ratios of
RCA (Poon et al. 2006) (Fig. 5.40). Fonseca et al. (2011) reported that the MO of
concrete decreased as the incorporation of coarse RCA as a replacement of NA
increased, due to the increase in porosity of concrete. The effect of curing con-
ditions on the MO of conventional and RCA concrete was determined in this
investigation. The authors used four curing conditions: water immersion, wet
chamber, outer environment and laboratory. They observed the lowest MO of both
types of concrete when the specimens were cured in laboratory conditions, the
driest condition in this study (Fig. 5.41). The variations in MO of both types of
concrete were not significant in other curing conditions. The cause of the low MO
of concrete observed in laboratory curing condition was the formation of a porous
microstructure of cement pastes due to low humidity.
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Oliveira and Vasquez (1996) observed comparable 28-day MO for concrete
containing coarse RCA with various moisture levels; the MO of RCAC was about
75 % that of conventional concrete. Chen et al. (2003) observed insignificant
influence of the quality of RCA whether it was washed or unwashed with impu-
rities such as sand particles, bricks and tiles on the MO of the resulting concrete.
The differences in MO of conventional and RCA concrete were also similar with
the w/c ratio (Fig. 5.42). Chen et al. (2003) also found an insignificant effect of
brick and tile contents on the MO of RCAC (Fig. 5.43).

Tam et al. (2007) observed higher MO for concrete prepared using a two-stage
mixing approach (in which mixing of the water was divided into two parts: the first
one added to the mixed aggregate and the remaining part to the mixed aggregate
and cement) than that observed for concrete prepared using a one-step mixing
approach (in this approach the whole amount of water was added to the mixed
aggregate and cement). In this study, the replacement of 31.3 % of NA by RCA
gave the highest improvement in 28-day MO of RCAC prepared by the two-stages
mixing when compared to conventional concrete. In another study, Tam and Tam
(2008) observed an improvement of about 16 % in the 28-day MO of concrete
containing coarse RCA as a 30 % replacement of NA due to the incorporation of
silica fume as a 2 % replacement of OPC where the concrete was prepared by a
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two-stage mixing approach, when compared to the MO of equivalent RCAC
containing 2 % SF prepared by a one-step mixing approach. In comparison to the
MO of RCAC prepared by conventional mixing method, Razaqpur et al. (2010)
observed 11 and 15 % improvements in the MO of RCAC prepared using the
equivalent mortar volume (EMV) method (details are given in the CS section). The
MO of RCAC produced by EMV method was comparable or even better than that
of conventional concrete because the total natural aggregate volume was the same
in both types of concrete. Akbarnezhad et al. (2011) observed a significant
improvement in the MO of RCAC due to the use of microwave treated RCA
(MRCA). In comparison to conventional concrete, the reduction in MO of RCAC
with MRCA as the only coarse aggregate was around 10 % whereas it was around
25 % for RCAC with untreated RCA.

In several references, it was reported that the use of mineral additions could not
improve the MO of RCAC although mineral additions normally improve the
various strength properties. According to Thangchirapat et al. (2008), the con-
crete’s MO mainly depends on the properties of the aggregate rather than the
strength of the cement paste. In their study, they did not observe any beneficial
effect of rice husk ash addition into OPC on the MO performance of concrete.
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Similarly, Gonzalez-Fonteboa and Martinez-Abella (2008) did not observe any
improvement of the MO of concrete containing RA as coarse aggregate due to the
replacement of 8 % (by weight) of OPC by silica fume. They observed respec-
tively reductions of about 15 and 13 % in the 28- and 115-day MO of concrete
with SF while similar reductions of around 11 % were observed for OPC mixes
after 28 and 115 days of curing. Berndt (2009) observed a lower MO of RCAC due
to the incorporation of blast furnace slag as 50 and 70 % replacement of OPC. At
70 %, the MO of RCAC was around 20 % lower than that of the concrete con-
taining 70 % slag and without RCA.

Kou and Poon (2006) observed a slight improvement of the 28-day MO of
concrete containing RCA as a 20, 50 and 100 % replacement of coarse NA due to
the incorporation of FA as a 25 % replacement of OPC (Fig. 5.44). However, for
35 % FA addition, the MO of RCAC was lower than the one of RCAC without
FA.

Lopez-Gayarre et al. (2009) applied the analysis variance (ANOV A) method to
analyse their experimental results on the use of RCA as a replacement of coarse
NA in concrete. Experimental variables such as quality of aggregate, replacement
ratio, size distribution, declassified content, strength of original concrete and
concrete slump value were considered for analysis. Out of these parameters, they
observed significant influence of the quality of aggregate on the MO of RCAC
when the 100 % coarse NA was replaced by RCA. However, the aggregate’s
quality had negligible effect at 20 and 50 % replacement levels.

In several studies, the existing relationships between CS and MO (E) proposed
in various standard specifications were applied to check the validity of these
relations in concrete containing RCA. As for example, the MO of concrete con-
taining various types of CDW aggregate from the Pain et al. (2009) study was
around 20 % lower than the MO values estimated by using the Eurocode 2
expression. Rahal (2007) reported that the expression presented in ACI 318-02 for
the relationship between CS and MO of concrete overestimated the experimental
results for conventional as well as RCA concrete mixes. Kou et al. (2007) and Kou
and Poon (2008) also reported that the existing ACI 363R-92 expression overes-
timated their experimental results. On the other hand, the experimental MO of
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conventional as well as RCA concrete from the Oliveira and Vasquez (1996) study
were consistent with the CEB-FIP model code (The International Federation for
Structural Concrete).
Several expressions were also proposed to describe the relationship between
MO (E) and cubic CS (f.,) in earlier studies, some of which are presented below:
Ravindraraja and Tam (1985):
E=7770 x fé)-33 (5.4)

u

Kakizaki et al. (1988):

— 5 L 1> f;:u _ .
E=19x10°% fo + (2300) % \[5oas (p = density) (5.5)

Dhir et al. (1999):

E =370 X fu + 13100 (5.6)

Some new equations were recently proposed to establish the relationship
between MO (E) and cubic CS (f;,) of RCAC. Corinaldesi (2011) observed that the
existing relationship between 28-day cubic CD and MO (f.,and E respectively) as
described in Italian norms, NTC 2008 and presented in Eq. (5.7)) could be applied
to the results obtained for conventional concrete but a different relationship (Eq.
(5.8)) was necessary for RCAC:

0.83  fou
E= 22.0$/Tf (5.7)
E= 18.2\3/%6]%“ (5.8)

In another study, Corinaldesi (2010) proposed the following expressions to
establish relationships between 28-day cubic CS and MO of RCAC containing fine
and coarse RCA, respectively:

E= 18.8\3/% (5.9)

E =909 x f. 48738 (5.10)

From their experimental results, Evangelista and de Brito (2007) observed that
the inclusion of concrete’s density (p) according to the following equation was
necessary to establish a relationship between cubic CS (f.) and MO (E):

E:ax(fc—i—S)%x(g)z (5.11)
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Where a, b and s are the regression coefficients whose values are 8917, 2348 and
0.85 respectively.

From the experimental results in various references and also their own, Xiao
et al. (2006b) proposed the following expression to relate the CS and the MO of
RCAC:

10°

E=ggym

(5.12)

5.3.5 Flexural and Shear Performances

Several investigations were undertaken to understand the flexural and shear per-
formances of concrete containing RCA. Here, some results will be highlighted
from relevant references.

Razaqpur et al. (2010) observed higher ultimate FS in reinforced RCAC beams
than in conventional concrete beams regardless of the source of RCA or the
tension and steel contents of the beam. The RCAC were prepared using a new
mixing method where the total mortar content (new and old) in RCAC and con-
ventional concrete were the same. The flexural failure modes and cracking patterns
of both types of concrete were similar. The mid-span deflections of both types of
concrete also met the American ACI 318 M-05 specification limit. However, the
RCAC beams showed lower cracking moments and slightly smaller crack spacing
than the conventional concrete beam.

Sato et al. (2007) observed higher flexural deflection for reinforced concrete
beams containing RCA than for conventional concrete under the same moment and
w/c value. In these conditions, they observed similar ductility factors, ultimate
moments and crack spacing in the control concrete beam as well and the concrete
beams containing coarse or fine RCA but the crack width of concrete containing
coarse or fine RCA were larger than that observed in the conventional concrete
beam. The crack spacing and crack width of the RCAC beam containing coarse
RCA were in the ranges of 0.92—-1.37 and 0.57-1.3 times those of the conventional
concrete beam respectively. The same parameters for RCAC containing fine RCA
were 0.74-1.26 and 1.1-1.7 times those of the conventional concrete. They did not
detect any cracking or deflection for 1 year under wet conditions but observed
many cracks and two times more deflection than in the conventional concrete
beam under dry condition when the concrete beams containing fine RCA and
conventional concrete were kept under sustained bending moment equivalent to
100 N/mm? in tension rebar stress in reinforced concrete sections. Regardless of
the type of aggregate, the ultimate moments of the concrete beams can be pre-
dicted from the Japanese code, JSCE 2002e.

Tsujino et al. (2007) investigated the flexural performance of concrete con-
taining untreated and oil-coated low and medium qualities RCA as coarse
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Fig. 5.45 Flexural behaviour of conventional concrete and concrete containing different types of
RCA (M and L: medium and low quality RCA; N and O: untreated and oil treated RCA, 60 and
40: w/c of 0.6 and 0.4, respectively) (Tsujino et al. 2007)

aggregates along with conventional concrete at w/c ratios of 0.6 and 0.4 and their
results are presented in Fig. 5.45. The cracking moments of concrete containing
RCA were slightly lower than that observed for conventional concrete; the dif-
ferences in cracking moment between conventional concrete and RCAC were
higher at low w/c ratio. However, the cracking moment of RCAC can be predicted
by conventional equation. The use of RCA as coarse aggregate in concrete also
lowered the maximum crack spacing and increased deflection and maximum crack
width. However, the maximum crack widths of all types of RCAC were signifi-
cantly lower than 0.3 mm, the allowable crack width limit for reinforced concrete
as specified by the Japanese Architectural Institute. The deflections of RCAC were
marginally higher than that of conventional concrete at the w/c ratio of 0.4,
indicating problems related to deflection can be overcome by lowering the w/c of
RCAC. The authors did not find any beneficial effect on the flexural performance
of RCAC due to the use of surface treated RCA.

Etxeberria et al. (2007b) studied the shear behaviour of concrete beams pre-
pared by replacing 0, 25, 50 and 100 % (by volume) of coarse NA by RCA. The
beams were prepared with and without transverse reinforcement. They observed a
negligible influence of a 25 % replacement of NA by RCA on the shear strength of
concrete beam, especially for the beam without transverse reinforcement; how-
ever, the shear strength decreased at higher replacement levels (Fig. 5.46). They
also concluded that modifications in the concrete composition such as an increase
in the cement amount and a decrease of the w/c ratio were necessary to control the
shear strength loss due to the incorporation of RCA in concrete.
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5.3.6 Stress—Strain Relationship

The analysis of the stress—strain curve (SSC) of concrete can yield data such as
strength and toughness performance and therefore the evaluation of SSC is
essential for structural design of concrete. Several studies were done to evaluate
the SSC of concrete with CDW aggregate. The results from a few studies are
presented next.

Topcu and Guncan (1995) determined several factors such as toughness, plastic
energy capacity and elastic energy capacity from the stress—strain curves of con-
ventional concrete and concrete containing various amount of RCA as a
replacement of coarse NA. They observed a gradual decrease of toughness, plastic
and elastic energy capacities of the latter as the incorporation of RCA in concrete
increased.

Xiao et al. (2006a) observed a significant influence of RCA and replacement
ratio of coarse NA by RCA on the stress—strain curve of the resulting concrete
(Fig. 5.47). The incorporation of RCA increases the peak strain but significantly
decreases the ductility of concrete i.e. ultimate strain. At 100 % replacement of
NA by RCA, the increase in the peak strain was 20 %. The higher peak strain was
due to the lower stiffness of RCA than that of NA. They also observed that the
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Fig. 5.47 Stress (0)-strain (¢) curves and ultimate strain of concrete with replacement of coarse
NA by coarse RCA (Xiao et al. 2006a). a Stress—strain curve. b Ultimate strain
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Fig. 5.48 Stress—strain curve of concrete with replacement of fine NA by fine RCA: a Without
superplasticizers; b With superplasticizers (Pereira et al. 2012)

commonly used relationship between CS and MO (E) for NAC was not applicable
for RCAC. They also successfully applied the analytical relationship proposed in
the Chinese Code GB 50010 for uniaxial compression of NAC after a slight
modification to predict the stress—strain curve of RCAC in similar condition.

Tsujino et al. (2006, 2007) studied the load—deflection curves of reinforced
concrete beams of conventional concrete as well as of concrete containing
untreated and oil treated coarse RCA. They found marginal differences between
the NA and the RCA or between the treated and untreated RCA in terms of the
plastic behaviour of concrete made with them namely load deflection curves,
ultimate concrete strain at compression fibres, ultimate bending moment and
toughness ratio or ductility factor. The ultimate concrete strains at compression
fibres, bending moment and ductility factors were around 3500 u, 30 kN.m and 5
respectively for all types of concrete.

Pereira et al. (2012) did not observe any major differences in the stress—strain
curve of concrete due to the incorporation of fine RCA as a replacement of fine NA
in concrete (Fig. 5.48a). However, the RCAC exhibited earlier stiffness losses than
the NAC due to the lower CS of RCAC and the fragile adhered cement paste that
facilitates the propagation of cracks. However, the use of superplasticizers
increased the yield stress but decreased the yield path length in the stress—strain
curves of NAC and RCAC (Fig. 5.48b). Ajdukiewicz and Kliszczzewicz (2002)
reported that RCAC with recycled basalt aggregate exhibited more brittle
behaviour than RCAC with recycled granite aggregate. The stress—strain curves of
high-strength conventional concrete and RCAC with a chemical admixture were
more linear than that of concrete without the admixture.

5.3.7 Creep of Concrete

Creep of concrete is defined as the deformation of structure under sustained load.
Creep is dependent on various factors including the properties of aggregate and the
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Fig. 5.49 Creep coefficient of concrete with replacement of coarse NA by coarse RCA
(Domingo-Cabo et al. 2010)

amount of cement paste. Generally low creep is observed in concrete containing
strong aggregate and aggregate with a high stiffness. As the properties of CDW
aggregate are different from those of conventional aggregate, the incorporation of
CDW aggregate significantly changes the creep of concrete. The incorporation
increases the total paste content in concrete too, which also has some effect on the
creep performance of concrete. In general the creep of concrete increases with the
incorporation of CDW aggregate in concrete. Some results are highlighted next.

Domingo-Cabo et al. (2010) determined total creep deformation, creep coeffi-
cient and specific creep deformation of concrete due to the replacement of coarse
NA by coarse RCA. They observed a gradual increase of the above parameters
with the content of RCA in concrete. They observed a 35, 42 and 51 % higher total
creep deformation due to a 20, 50 and 100 % replacement of NA by RCA,
respectively, when the specimens were loaded for 180 days. Similarly, the specific
creep deformation was also increased by 25, 29 and 32 % due to a 20, 50 and
100 % replacement of NA by RCA. The creep coefficients for various concrete
mixes are presented in Fig. 5.49.

After comparing their experimental results with various relationships from
ACTM C512-02 Code-2002, RILEM Model B3 Code-1995, CEB-FIP Code-1990
and a model developed by Gardner and Lockman (2001), Domingo-Cabo et al.
(2010) concluded that these models were conservative to determine the defor-
mation in the NAC and the RCAC’s except the CEB-FIP Code for RCAC with 50
and 100 % coarse RCA. Their results are presented in Fig. 5.50.

The creep of RCAC in the Wesche and Schulz (1982) study, where RCA was
used as integral replacement of coarse NA, was 50 % higher than that of con-
ventional concrete. Kou et al. (2007) observed that creep strain increased with the
incorporation of coarse RCA in concrete due to the gradual increase of mortar
content. The addition of fly ash as a 25 % replacement (by weight) of cement
lowers the creep strain of conventional as well as of RCA concrete. The creep
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Fig. 5.50 Experimental and predicted creep deformation of NAC and RCAC with 100 % coarse
RCA (Domingo-Cabo et al. 2010)

coefficient and specific creep of RCAC’s with complete replacement of coarse NA
by two types of RCA generated from concrete containing river gravel of limestone
gravel in the Fathifazl et al. (2011) study were comparable to or lower than those
of the equivalent NAC when the RCAC’s were prepared by the EMV method. On
the other hand, both parameters for RCAC’s prepared by the usual method are
higher than those of the NAC. The creep coefficient of RCAC also depended on
the residual mortar content in RCA. Concrete with RCA with higher mortar
content had higher creep. The authors also proposed a residual mortar factor to fit
their experimental results with those predicted by ACI-209 code-1982 and CIB-
FIP model code.
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Table 5.18 Creep of concrete containing CDW aggregate

Reference Type of Creep coefficient/substitution ~ Comment
aggregate level(%)/day

Limbachiya RCA/coarse  1.25/0/28; 1.24/30/28; 1.41/50/ a = Concrete with 30 MPa

(2010) 28; 1.93/100/28;a design strength
Limbachiya RCA/coarse  1.14/0/90% 1.15/30/90% 1.31/ ® ° = Concrete with 50 and
et al. 50/90%; 1.88/100/90% 60 MPa respectively

(2000) 0.81/0/90°; 0.83/30/90°; 0.99/

50/90°; 1.08/100/90°;

Limbachiya (2010) observed almost equal 28-day creep strain for concrete with
30 MPa design strength, when 30 % of coarse NA was replaced by coarse RCA
(Table 5.18). However, in comparison with conventional concrete, the creep strain
of concrete increased 13 and 54 % when the replacement level was increased to 50
and 100 % of coarse NA, respectively. Limbachiya et al. (2000) observed higher
creep in high-strength concrete with coarse RCA as aggregate than that in con-
ventional concrete and creep increased with increasing RCA content (Table 5.18).
They identified two reasons for this trend: the increase in cement content to reduce
w/c value and achieve the same 90-day CS as conventional concrete and the
presence of old cement paste in RCA. Like for conventional concrete, they
observed lower creep for RCAC with higher CS (Table 5.18).

Paine et al. (2009) reported that the creep coefficient of concrete containing
three types of RA coarse aggregate and a type of RCA coarse aggregate was
slightly higher than that of conventional concrete due to differences in the stiffness
of NA and CDW aggregates as well as in the CS of concrete containing con-
ventional and CDW aggregates. The creep of RAC and RCAC were in the range of
1.9-2.6 at 100 days. They also observed that the experimentally determined 100-
day creep values of concrete containing conventional and CDW aggregates were
about 20 % lower than the value predicted by the Eurocode 2 relationship.

Regardless of the w/c ratios and quality of the aggregate, Tsujino et al. (2006)
observed higher creep strain in concrete containing RCA as the only coarse
aggregate than that in conventional concrete, possibly due to higher paste content
in RCAC. The use of oil treated RCA had little effect on the creep strain of the
resulting concrete; however, the creeps of concrete containing silane treated RCA
were very high at various experimental conditions possibly due to lower bond
strength between aggregate and cement paste.

However, in contrast with the above results, Ajdukiewicz and Kliszczzewicz
(2002) observed up to 20 % lower creep of 1-year old high-performance/high-
strength (hp/hs) concrete containing RCA as full replacement of NA (coarse and
fine) or full replacement of coarse aggregate than that of conventional hp/hs
concrete. This difference was more visible for concrete prepared using a chemical
admixture.
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5.3.8 Surface Hardness

The hardness of the surface of concrete has several practical repercussions and
therefore several tests are performed to evaluate this property using parameters
such as Schmidt hardness and rebound number, abrasion resistance, impact value.
In this section, this property of concrete containing CDW aggregate is highlighted.

The Schmidt hardness test, which is a non-destructive method, can yield
indirect data on surface hardness and penetration resistance as well as CS of
concrete. A few results are available on the evaluation of this property in RCAC
too.

Topcu and Sengel (2004) observed decreasing Schmidt rebound hammer with
increasing coarse RCA content in two types of concrete with design CS of 16 and
20 MPa. The rebound hammer values of conventional concrete and RCAC were
around 20 and 19 respectively for both classes of concrete. The 28-day rebound
hammer values of conventional concrete and concrete with RCA as the only fine
and coarse aggregate in another study of Topcu (1997) were respectively 21.3 and
11.6.

Rao et al. (2011) observed decreasing rebound numbers with increasing
replacement of coarse NA by RCA. The rebound number for conventional con-
crete and RCAC containing 25, 50 and 100 % coarse RCA were 30.28, 16.80,
16.23 and 14.95, respectively. According to the authors, this may be due to the
porous nature of RCA linked to the weak adhered cement paste. They also
observed a linear relationship between rebound number and CS of RCAC, which is
presented in Fig. 5.51. Sagoe-Crentsil et al. (2001) observed a volume loss about
12 % higher in the abrasion resistance of concrete due to complete replacement of
coarse basalt aggregate by RCA aggregate (Fig. 5.52). The use of 35 % slag
containing OPC or the increase of 5 % in cement content in the preparation of
RCA marginally improved the abrasion behaviour of concrete.

Limbachiya (2010) also observed a gradual increase of abrasion depth of two
concrete with design strength class of 35 and 45 MPa with the replacement level of
coarse NA by RCA. Like the NAC, the abrasion depth of the RCAC’s also
decreased with as the CS increased (Table 5.19). Limbachiya et al. (2000) from

52
51 y=3.275x - 4338

50 R? =0.989 .
49
48
47
46
45

44
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Fig. 5.51 Rebound number
versus compressive strength
for RCAC (Rao et al. 2011)
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their results of concrete with three strength classes (50, 60 and 70 MPa), con-
cluded that the incorporation of coarse RCA as partial or full replacements of NA
did not change the abrasion resistance of concrete. The depth of abrasion of RCAC
with 100 % coarse RCA at the design strength of 50 and 60 MPa were respectively
0.03 and 0.04 mm lower than that of the conventional concrete. On the other hand,
Maas et al. (2012) did not observe any differences in the abrasion behaviour of two
types of concrete prepared at w/c ratios of 0.72 and 0.45 by replacing 20 % of
coarse NA by low grade RCA. However, the abrasion resistance of concrete
deteriorated when 40 % coarse NA was replaced by RCA.

Fonseca et al. (2011) observed comparable abrasion resistance of conventional
concrete and RCAC’s with a 20, 50 and 100 % replacement by volume of coarse
NA by coarse RCA when the concrete specimens were subjected to various curing
conditions (Fig. 5.53). However, even though statistically insignificant, concrete
containing RCA as the only coarse aggregate had marginally lower wear than the
conventional concrete for all curing conditions. According to them, this is due to
the better bond between RCA and the cement paste because of the porous nature of
RCA.

Poon and Chan (2006) observed similar abrasion resistance but lower skid
resistance in concrete paving blocks prepared by using RCA as the only aggregate
than in concrete where a part of fine and coarse RCA was replaced by FA. The
effect of FA on the behaviour of paving blocks containing crushed brick at 25, 50
and 75 % replacement of RCA was similar. However, the skid and abrasion
resistances of paving blocks with or without FA as a partial replacement of RCA
normally decrease and increase respectively with the incorporation of crushed
brick. The observed improvement of skid resistance of concrete blocks by using
FA was due to the formation of a more homogeneous concrete mix along with the
smoother surface texture of the concrete blocks.

Table 5.19 Abrasion depth of concrete containing CDW aggregate (Limbachiya 2010)

Type of aggregate Concrete strength (MPa) Abrasion depth in mm/substitution level(%)/day

RCA/coarse 35 0.69/0/28; 0.73/30/28; 0.75/50/28; 0.78/100/28;
45 0.49/0/28; 0.51/30/28; 0.48/50/28; 0.54/100/28;
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Poon and Chan (2007), in another study, observed comparable abrasion resis-
tance but higher skid resistance of concrete due to incorporation of impurities such
as crushed tiles or mixtures of crushed tiles with glass, brick and wood as 10 %
replacement of RCA in concrete paving block. The higher skid resistance was due
to the rough surface texture of the contaminating particles. Still all the RCAC
paving blocks with and without contaminants met the standard specifications of
Hong Kong.

Poon and Lam (2008) observed that the skid resistance of RCAC paving blocks
made with an aggregate to cement ratio (A/C) of three was lower than that of
blocks made with an A/C of four and six due to higher cement content and
therefore smoother surface texture; still the skid resistance of all RCAC paving
blocks met the standard specifications of Hong Kong. The quality of RCA did not
have any effect on the skid resistance as aggregates were embedded in the cement
matrix. Similarly, the abrasion resistance of the RCAC paving blocks made with
an A/C of three and four were better and satisfactory than the blocks made with an
A/C of six.

Topcu (1997) observed damage depths of 2030 mm for conventional concrete
and 100-130 mm for concrete containing RCA as the only coarse and fine
aggregate, when both types of concrete were subjected to an impact test. The
higher damage observed in the RCAC concrete was due to the presence of weak
adhered mortar.

5.3.9 Other Mechanical Properties

Ajdukiewicz and Kliszczzewicz (2002) observed lower bond stress at failure for
high-strength RCAC than for conventional high-strength concrete, which was
more prominent for 220 MPa round bars than for 440 MPa ribbed bars. The bond
stress was on average about 20 % lower when concrete was prepared with coarse
and fine RCA and 8 % lower when RCA was used to replace coarse NA only.



5.3 Hardened Concrete Properties 295

Frondistou-Yannas (1977) observed lower aggregate to mortar bond strength
for RCAC than for conventional concrete. The ranking of bond strength versus
type of coarse aggregate can be arranged as: new granite (56 & 15 Ib) > recycled
granite from demolished concrete (49 + 18 1b) > RCA (39 £ 14 1b) > recycled
mortar (3139 £ 8 1b).

Razaqgpur et al. (2010) determined the bond performance of conventional
concrete and concrete with RCA as the only coarse aggregate prepared by the
normal and the EMV methods according to the ASTM A944.99-2003 procedure.
They observed lower bond strength in RCAC prepared by the normal method. On
the other hand, the bond strength of RCAC prepared by the EMV method was
similar or even better than that of conventional concrete. However, they did not
observe any effect of aggregate type on the bond performance of the RCAC.

Gonzalez-Fonteboa and Martinez-Abella (2005) observed poorer fatigue per-
formance of RCAC than that of conventional concrete. Concrete fatigue was
evaluated via an indirect test where the compressive strength of cylindrical
specimens was determined using two loading rates: standard loading rate of
8.66 kN/s and one at 0.06 kN/s. They observed higher strength losses (9.03 %)
and therefore poorer fatigue performance for RCAC than for conventional con-
crete (4.77 %).

In the Xiao and Falkner (2007) study, the shape of the load versus slip curve
between RCAC and steel rebars was comparable to that observed for NAC and
steel rebars. They also observed a 12 and 6 % reduction in bond strength between
RCAC and steel rebars as compared to the strength observed for NAC and steel
rebars when 50 and 100 % of NA was replaced by RCA (Fig. 5.54). On the other
hand, for deformed rebars, the bond strength was similar for all types of concrete
irrespective of the replacement level of coarse NA by RCA. For equivalent CS of
NAC and RCAC, they observed higher bond strength between RCAC with 100 %
RCA than between NAC and steel rebars.

Fig. 5.54 Bond strength 18 4

between concrete and steel 16 + | Wr=0%
rebars for various types of r=50%
concrete (Xiao and Falkner
2007)

W r=100%

Mean bond strength[MPa]
(=3
o

Plain rebar Deformed rebar

L= N R L L -
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5.3.10 Failure Mode

Due to adhered mortar in RCA, the failure mode of RCAC is different than that of
conventional concrete. The failure of RCAC in the Berndt (2009) study occurred
through the old mortar particles and the gravel whereas in conventional concrete
(NACQ) it occurred through the stone-mortar interface and the gravel .

By examining the surfaces of RCAC after splitting tensile strength tests, Et-
xeberria et al. (2007b) reported that the failure of concrete (medium strength)
mainly occurred through the RCA and it never happened through new interfacial
zone. According to them, the weakest point of RCAC was the RCA and in par-
ticular the adhered mortar as the new aggregate-paste bond was stronger than the
old mortar or the RCA-old cement paste bond due to the use of high quality
cement as well as the quality of RCA, since it came from a concrete with low
strength and therefore high w/c ratio. Yang et al. (2011) observed that the failure
of RCAC made by replacing 50 % coarse RCA by crushed brick aggregate (CBA)
during tensile and flexural strength tests occurred within the CBA due to the poor
strength of porous CBA. On the other hand, the failure of RCAC with or without
the 20 % CBA occurred in the aggregate-mortar interface like in the NAC.

5.3.11 Ultrasonic Pulse Velocity

The assessment of the ultrasonic pulse velocity (UPV) through concrete can give
important information such as strength and elastic performance of concrete. This is
an inexpensive and quick non-destructive test method to assess the quality of
concrete. The influence of CDW aggregate on the UPV of concrete is reported in
various references, some of which are highlighted next.

Zega and Di Miao (2009) observed comparable UPV of RCAC’s containing
three types of coarse RCA as 75 % replacement by volume of NA and their
equivalent conventional concrete. Kwan et al. (2012) observed a decreasing UPV
of concrete due to the replacement of coarse NA by RCA; however, like in
conventional concrete, the UPV of RCAC also increased with curing time. The
UPV of all types of concretes was in the 3.66—4.58 km/s range after 28 days of
curing and is classed as good category. According to Malhotra (1976), a good
category concrete does not contain any large voids or cracks, which would affect
the structural integrity of concrete. Rao et al. (2011) observed a decreasing UPV as
the replacement of coarse NA by RCA increased. Khatib (2005) observed a sys-
tematic decrease of UPV as the replacement of fine NA by fine RCA and fine CBA
increased. At the same replacement level, the UPV of concrete containing CBA
was higher than that observed for RCA concrete. The authors observed a sharp
increase in UPV at the curing age of 1-7 days and then slowed down as the curing
time increased. They also proposed an exponential relationship between CS and
UPV, which fitted especially well for large replacement levels of fine NA by fine
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RCA and CBA (Fig. 5.55). However, Kwan et al. (2012) commented that the
polynomial or exponential relationships were not appropriate to relate UPV with
CS of concrete containing RCA as there was a certain UPV value after which an
increase in UPV would not necessarily mean an increase in CS. Tu et al. (2006)
observed a lower UPV for high-performance (high-strength concrete (hpc/hs) with
RCA as replacement of both fine and coarse NA than that observed for hpc/hs with
RCA as the only coarse aggregate. The UPV increased with the w/c ratio.
Regardless of the type of mineral addition used as binder, Kou et al. (2011b)
observed a decrease in the UPV of 28-day concrete as the replacement of coarse
NA by RCA increased. However, the UPV of RCAC at all replacement levels of
coarse NA by RCA and with SF and MK as mineral additions was significantly
higher than that of conventional concrete with OPC as single binder or RCAC with
or without FA and ggbfs. The UPV of RCAC with FA and ggbfs was slightly
lower than that of conventional concrete. The gain in UPV between 28 and
90 days of curing for RCAC with mineral additions was higher than that for
concrete with OPC as single binder owing to the formation of more hydration
products and consequent improvement of the microstructure of RCAC due to a
pozzolanic reaction. However, contrary to these results, Topgu (1997) observed a
gradual increase of UPV in concrete due to the replacement of all NA by RCA,
linked to wider air-voids because of RCA incorporation. The UPV in conventional
concrete and concrete with 100 % RCA was around 70 and 93 ps, respectively.

5.4 Durability Performance

The durability of concrete is defined as the ability of concrete to withstand
chemical attack and external environmental and physical actions. A concrete with
a long service life must have a good durability performance. The durability of
concrete depends on various factors such as the properties of concrete’s constit-
uents and their proportioning, the curing conditions and external environmental
conditions. Several tests are performed to evaluate the durability of concrete. A
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vast work is already available on the evaluation of various durability behaviours of
concrete containing CDW aggregate. In this section these properties are presented
based on the collected references.

5.4.1 Drying Shrinkage

Concrete begins to shrink as soon as the hardening process starts by losing
unconsumed water (i.e. that does not take part in the cement hydration reaction).
The shrinkage of concrete can affect several mechanical and other durability
properties of concrete due to the formation of micro cracks. In this section, the
shrinkage (especially drying shrinkage) performance of concrete containing CDW
aggregate is presented based on the literature. Normally, the incorporation of
CDW aggregate in concrete increases the drying shrinkage. The increase in paste
content in concrete due to the incorporation of CDW aggregate was identified as
the main reason for drying shrinkage of concrete to increase (Kou et al. 2011b;
Limbachiya et al. 2000). Table 5.20 shows a few typical examples of drying
shrinkage of concrete containing RCA as coarse aggregate.

Limbachiya et al. (2000, Limbachiya (2010) observed higher drying shrinkage
in RCAC with 30, 60 and 70 MPa design strength than in equivalent conventional
concrete (Table 5.20). The shrinkage of concrete increased with the RCA content
and design strength. The reasons for this trend were: the increase in cement content
to reduce the w/c value and achieve the same 90-day strength as conventional
concrete; and the presence of old cement paste in RCA. Like in conventional
concrete, they observed lower shrinkage in RCAC with higher CS. In comparison
to conventional concrete, Hansen and Boegh (1985) observed an increase of about
40-60 % in 440-day drying shrinkage of three different classes of structural
concrete containing three types of coarse RCA as the only coarse aggregate by
comparison with the parent concrete from which the RCA were generated
(Table 5.20). The reasons for this trend were the same as in the previous research.
Hasaba et al. (1982) observed a drying shrinkage about 70 % higher in concrete
with RCA as a full replacement of fine and coarse NA. In comparison to con-
ventional concrete, Poon et al. (2006) observed about 33 and 20 % higher 112-day
drying shrinkage of two types of RCAC where 100 % by volume of coarse NA
were replaced by RCA and at w/c of 0.55 and 0.45, respectively.

Sagoe-Crentsil et al. (2001) observed a 35 % increase of the 365-day drying
shrinkage due to the complete replacement of coarse basalt aggregate by RCA in
concrete; however, the decreasing trend of drying shrinkage of both types of
concrete with time was similar. The 56-day drying shrinkage strain of both types
of concrete was less than the 700 p, the recommended limit in the Australian
standard, AS 3600. Khatib (2005) observed a higher drying shrinkage of con-
ventional concrete and RCAC’s containing fine RCA at various levels in the first
10 days of curing (Fig. 5.56). The shrinkage increased with the content of RCA in
concrete. Kou and Poon (2009a) observed increasing drying shrinkage of concrete
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Fig. 5.56 Drying shrinkage of conventional and RCA concrete (CC) versus time (Khatib 2005)

at constant w/c ratio and near constant slump due to the replacement of fine NA by
fine RCA. Ajdukiewicz and Kliszczzewicz (2002) observed a significant influence
of RCA on the shrinkage performance of the resulting high-performance/high-
strength concrete. The shrinkage of concrete with RCA generated from two types
of concrete with granite and basalt as the coarse aggregates as complete
replacement of NA (fine and coarse) was 35-45 % higher than that of conventional
concrete. Kou et al. (2011b) reported that the incorporation of RCA as partial or
full replacement of coarse natural aggregate in concrete increased the 112-day
drying shrinkage of the resulting concrete due to the presence of old cement paste
and the low stiffness of RCA.

Domingo-Cabo et al. (2010) measured the drying shrinkage strain of NAC and
RCAC with coarse RCA as 20, 50 and 100 % replacement of coarse NA. After
180 days they observed 20 and 70 % higher shrinkage strain of the concrete mixes
with 50 and 100 % incorporation of RCA, respectively. The increase in volume of
the cement paste and of the porosity of concrete due to the incorporation of RCA
was the reason for the higher drying shrinkage of the RCAC. These results are
presented in Fig. 5.57.

Zega and Di Miao (2011) observed similar drying shrinkage strains in con-
ventional concrete and RCAC containing fine RCA as 20 % replacement of fine
NA when both types of concrete after 180 days of drying shrinkage testing. On the
other hand, the shrinkage strain of RCAC containing 30 % fine RCA was slightly
lower than that of the NAC due to a lower effective w/c ratio. Regardless of the
type of aggregate in concrete, Yang et al. (2008) observed a higher rate of
shrinkage strain within the first 10 days of testing and then it gradually slowed
down. The shrinkage strain of concrete containing coarse or fine RCA as a 100 %
replacement of coarse or fine NA respectively was also lower than that of con-
ventional concrete in the first 10 days due to higher water absorption capacity;
however, at a later stage, shrinkage was higher for RCAC due to lower stiffness of
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Fig. 5.57 Drying shrinkage of NAC and RCAC versus time (Domingo-Cabo et al. 2010)

the RCA than the NA. Moreover, the shrinkage strain of concrete containing
coarse RCA with low water absorption capacity was lower than that of concrete
containing coarse RCA with higher water absorption capacity or concrete con-
taining fine RCA with higher water absorption capacity. The authors also observed
an increasing trend of long-term shrinkage strain of the RCAC as the water
absorption capacity of RCA increased (Fig. 5.58).

Corinaldesi (2010) reported that the 180-day shrinkage of concrete containing
NA and RCAC prepared by replacing 30 % NA by fine and coarse RCA at the w/c
ratios of 0.4-0.5 were almost the same and then shrinkage gradually increased for
the w/c ratio of 0.60 (Fig. 5.59). The difference in shrinkage between conventional
concrete and RCAC was also higher at low w/c ratio. On the other hand, for equal
CS, the 180-day shrinkage of RCAC containing fine and coarse RCA were
respectively 23 and 14 % lower than the conventional concrete (Fig. 5.60).
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Poon et al. (2009) observed increasing drying shrinkage of concrete blocks
prepared using fine RA as the only coarse aggregate as the replacement level or the
soil content in the RA increased. On the other hand, the drying shrinkages of
concrete blocks decreased as the aggregate to cement ratio decreased and the
quality of fine RA improved. Lowering of w/c ratio reduced the drying shrinkage
of conventional concrete as well as RCAC (Kou et al. 2007, 2008). The drying
shrinkage of RCAC increased with the coarse RCA content due to the higher
mortar content in concrete (Kou et al. 2007).

In the Kou and Poon (2008) study, reducing the w/c ratio of RCAC from 0.55 to
0.40 was more effective to mitigate drying shrinkage than replacing 25 % of
cement by FA. The authors observed an inverse relationship between improvement
in CS and increase in drying shrinkage of RCAC (Fig. 5.61). Poon et al. (2006)
reported that the drying shrinkage of steam cured concrete containing RCA as the
only coarse aggregate and w/c ratios of 0.55 and 0.45 was respectively 14 and
15 % lower than that of the corresponding normal water cured RCAC. Eguchi
et al. (2007) observed an approximately linear increase of drying shrinkage strain
of RCAC with the water absorption capacity of concrete.
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Depending upon their hydration behaviour, mixing mineral additions with
cement has positive or negative effect on the drying shrinkages of concrete con-
taining RCA. Regardless of the replacement ratio of coarse NA by RCA, Kou et al.
(2011b) reported that the drying shrinkages of concrete containing SF and MK as
10 and 15 % replacement of OPC was higher than that of the conventional con-
crete due to the formation of a higher amount of calcium silicate hydrate gel. On
the other hand, the drying shrinkage of concrete containing FA and ggbfs was
lower than that of the conventional concrete due to the lower hydration rate of FA
and ggbfs as well as the restraining effect of unhydrated powder in cement paste.
Their results are presented in Fig. 5.62.
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Fig. 5.62 Drying shrinkage of concrete containing 0-100 % of coarse RCA and various mineral
additions (Kou et al. 2011b)
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Limbachiya et al. (2012) also observed a significant decrease in the drying
shrinkage strain of conventional concrete as well as of concrete containing coarse
RCA as partial or full replacement of NA when 30 % by weight of OPC was
replaced by FA due to the reduction in water demand in the concrete mix because
of the lubricating effect of FA as well as the amount of available water the near
pore network for any external drying (Table 5.19). However, regardless of the type
of binder used, the shrinkage of concrete gradually increased with the RCA
content due to the higher water absorption capacity and adhered mortar content of
RCA. However, up to a 30 % replacement of coarse NA by RCA in two types of
concrete of three different strength classes, the increase in shrinkage strain was not
more significant (maximum 36.8 %) than that observed in higher replacement
level (maximum 117.9 and 256.4 % at 50 and 100 % replacement level respec-
tively). On the other hand, Sagoe-Crentsil et al. (2001) observed a significant
increase of drying shrinkage especially after 91 days due to the replacement of
35 % of OPC by slag in RCAC. An increase in 5 % cement content in RCAC also
increases the drying shrinkage but it was not as significant as that observed by slag
addition.

The drying shrinkage performance of concrete containing RCA obtained after
chemical treatment is reported in several references. Tsujino et al. (2006) stated
that the surface coating of medium and low quality coarse RCA by a mineral oil
could decrease the drying shrinkages of the resulting concrete, which was more
prominent for concrete prepared at w/c of 0.4 than for that prepared at 0.6. In
comparison to untreated medium quality RCA, the reduction was 10 % for oil
treated medium quality RCA. The drying shrinkage of concrete containing silane
coated medium quality RCA prepared at w/c of 0.6 and 0.4 was respectively
comparable and lower than that of concrete containing untreated similar quality
RCA. On the other hand, for low quality RCA, the drying shrinkage of concrete
containing silane treated RCA at both w/c values was higher than that observed for
concrete containing untreated RCA. In most of the cases except the concrete
containing oil coated medium and low quality RCA prepared at w/c of 0.6, the
drying shrinkage of concrete containing treated or untreated RCA was lower than
that of conventional concrete.

Kou and Poon (2010) observed higher drying shrinkage of concrete prepared by
replacing all coarse NA by untreated or polyvinyl alcohol treated RCA (Fig. 5.63)
and cured for 112 days. However, the shrinkage of both concrete mixes with oven
dried treated RCA (PI-R(O)-100) and air-dried treated RCA (PI-R(A)-100) was
around 15 % lower than that of the concrete with untreated RCA (R-100) due to
the lower water absorption capacity of treated RCA than that of the untreated one.
Shayan and Xu (2003) observed that the drying shrinkage of concrete with coarse
RCA as full replacement of coarse NA or fine RCA as 50 % replacement of fine
NA was higher than that of conventional concrete. The use of sodium silicate and
lime treated coarse or fine RCA in concrete further increased the drying shrinkage.
However, all the concrete compositions met the Australian standard specifications.
The drying shrinkage of concrete containing treated coarse and fine RCA as full
replacement of coarse NA and as 50 % replacement of fine NA respectively was
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higher than the standard specifications’ limit. An OPC blended with 8 % SF was
used as binder in this investigation. Fathifazl et al. (2011) observed lower
shrinkage strain of NAC and RCAC when both types of concrete were prepared by
the EMV method than when they were prepared by the normal method. They also
observed lower shrinkage strain in concrete containing RCA originated from a
concrete made with river bed gravel than from one made with limestone gravel.

5.4.2 Permeability Properties

The durability of concrete is greatly influenced by its permeability behaviour. A
concrete with low permeability has better durability performance. Lower perme-
ability means lower void content in concrete, and therefore water and some other
corrosion agents cannot penetrate easily into concrete. Several properties such as
water absorption, gas permeability and chloride penetration are evaluated to
determine the permeability performance of concrete. Alexander et al. (1999)
classified concrete according to its performance in various permeability tests. This
classification is presented in Table 5.21.

The types of pores present in concrete also influence the permeability behaviour
of concrete: discontinuous capillary pores are desirable for low permeable con-
crete. Thus the evaluation of porosity of concrete can provide data on the per-
meability behaviour of concrete. The factors, which improve concrete porosity,

Table 5.21 Concrete durability classification based on permeability parameters (Alexander et al.
1999)

Durability class Oxygen permeability Sorptivity (mm/\/ h) Chloride conductivity

index (log scale)® (mS/cm)
Excellent >10.0 <6 <0.75
Good 9.5-10.0 6-10 0.75-1.50
Poor 9.0-9.5 10-15 1.50-2.50
Very poor <9.0 >15 >2.50

% Negative logarithm of oxygen permeability coefficient
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can also improve the permeability related durability performance of RCAC.
Concrete porosity depends on various factors including aggregate’s porosity. The
use of CDW aggregate in concrete can change the porosity of concrete due to the
higher porosity of CDW aggregate than that of the NA.

Gomez-Soberon (2002) observed an increase in total porosity of concrete with
the replacement level of coarse NA by RCA. Total porosity was determined by
mercury intrusion porosimetry. After 90 days of curing, total porosity of concrete
containing RCA as the only coarse aggregate was around 3.8 % higher than that of
conventional concrete. They also observed a significant decrease in total porosity
as curing time increased, which was more prominent for RCAC. Kou and Poon
(2006) observed that incorporation of coarse RCA in concrete gradually increased
the total porosity and average pore’s diameter and shifted the pore size distribution
to larger pores. The replacement of 25 and 35 % OPC by FA respectively
decreased and increased the open porosities of conventional and RCA concrete.
On the other hand, decreasing water to binder ratio decreased the open porosities
and average pore diameters of both types of concrete. Kou et al. (2011a) observed
improvement of total porosity of RCAC as curing time increased.

Properties such as water absorption capacity by immersion and capillarity,
chloride and other gas permeation of concrete with CDW aggregate are discussed
in this section.

5.4.2.1 Water Absorption

The water absorption capacity of concrete is an important property, which pro-
vides data on the water accessible porosity of concrete; concrete with high water
absorption capacity is less durable in aggressive environmental conditions. Since
the water absorption capacity of CDW aggregate is higher than that of natural
aggregate, concrete containing CDW aggregate has higher water absorption
capacity than conventional concrete. The water absorption is evaluated by an
immersion test, which measures the open porosity of concrete specimens, and by
capillarity test, which measures the capillary water absorption due to a difference
in pressure occurred between the liquid on the concrete’s surface and inside the
capillary pores of concrete. Several references are available on the evaluation of
water absorption capacity of concrete containing various types of CDW
aggregates.

Kwan et al. (2012) observed increasing water absorption capacity of concrete as
the replacement level of coarse NA by RCA increased (Fig. 5.64). They state that
the replacement of 30 % by weight of coarse NA by RCA led to a water absorption
capacity below 3 %, i.e. a concrete considered to have low water absorption
capacity. For an 80 % replacement, the water absorption capacity of RCAC was
2.2 times higher than that of conventional concrete. Rao et al. (2011) also observed
a gradual increase of water absorption capacity of concrete with the incorporation
of coarse RCA to replace coarse NA due to the higher water absorption capacity of
RCA, which was about 3.5 times higher than that of NA.
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Sagoe-Crentsil et al. (2001) observed water absorption about 25 % higher due
to the complete replacement of coarse basalt aggregate by RCA (Fig. 5.65). The
concrete specimens used in this research were moist cured for 6 days after de-
moulding and then cured at 23 °C at 50 % room humidity before determining the
water absorption capacity. Adding slag cement or increasing 5 % OPC content did
not have any beneficial effect on the water absorption capacity of RCAC. Grdic
(2010) observed water absorption capacity about 0.15-0.37 % higher in self-
compacting concrete (SCC) due to a 50-100 % replacement of coarse NA by
RCA. They did not observe any water penetration for 50 and 100 % coarse RCA
based SCC; on the other hand, the control SCC (with NA only) had a penetration
of 10 mm.

Soutsos et al. (2011) observed increasing water absorption capacity of concrete
paving blocks as the replacement ratio of coarse and fine NA by similar sized RCA
and recycled masonry aggregates (RMA) increased. This increase was higher for
concrete with fine recycled aggregate than with coarse one. These results are
presented in Fig. 5.66. The authors observed that the replacement of 55 or 25 % of
coarse or fine NA by coarse and fine RCA respectively in concrete paving blocks
allows maintaining the water absorption capacity below the BS EN1338 specified
maximum limit of 6 % along with reasonably good CS and STS. For recycled
masonry aggregates, these threshold replacement ratios were respectively 50 and
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20 % for coarse and fine aggregates. The water absorption capacity of conven-
tional concrete and RCAC prepared by replacing 30 and 100 % by volume of fine
NA by fine RCA in Evangelista and de Brito (2010) was respectively 11.3, 13.2
and 16.5 %. The water absorption capacity of concrete with 30 and 100 % fine
RCA was about 16 and 46 % higher than that of the conventional concrete
respectively. Yaprak et al. (2011) also observed a gradual increase of the water
absorption capacity of concrete as the replacement of fine NA by RCA increased.

Poon and Lam (2008) observed increasing water absorption capacity of con-
crete paving blocks containing NA or coarse RCA as the aggregate to cement ratio
increased. The water absorption capacity of the concrete also increased with the
water absorption capacity of aggregate. A significant reduction in water absorption
of the concrete blocks containing coarse RCA was observed when the coarse RCA
was partially replaced by low water absorbing aggregates such as coarse NA or
coarse recycle glass aggregate. Gomes and de Brito (2009) observed a linear
increase of water absorption capacity of concrete with the replacement of coarse
NA by RCA and crushed brick and mortar recycled aggregate (CBMRA). The
water absorption capacity of concrete containing CBMRA was significantly higher
than that observed for RCAC due to the higher porosity of the former type of
aggregate.

Poon and Chan (2006) observed a higher cold and hot water absorption capacity
of concrete paving blocks due to a 25, 50 and 75 % replacement of RCA by
crushed clay brick aggregate and the water absorption increased with the RCA
replacement level due to the high water absorption capacity of clay brick aggre-
gate. However, the incorporation of FA to replace part of RCA in both types of
concrete (with or without crushed clay brick aggregate) can improve the water
absorption capacity of concrete due to the filling of voids within the concrete
mixes. In another reference, Poon and Chan (2007) observed higher water
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absorption capacity of RCAC paving blocks due to the addition of contaminants
such as crushed tiles, glass, brick and wood. The water absorption capacity of all
types of paving blocks increased with the aggregate to cement ratio.

Mas et al. (2012) observed a gradual increase of water penetration depth in
concrete prepared at w/c ratios of 0.45, 0.65 and 0.72 due to the replacement of
coarse NA by low quality RCA, which contains 20-30 % of ceramic materials.
Yang et al. (2011) observed a water permeability index about 20 % higher in
concrete containing RCA as the only coarse aggregate than in conventional con-
crete. The replacement of RCA by crushed brick gradually increased the water
permeability of the resulting concrete due to the higher porosity of crushed brick
aggregates than that of RCA (Fig. 5.67). The water permeability of concrete
containing RCA as the only coarse aggregate and of concrete containing crushed
brick as a 50 % replacement of coarse RCA were 2.31 x 10~" m*/min'? and
3.98 x 107" m*/min'"?, respectively. The water permeability coefficient of 84-day
cured NAC and RCAC where RCA was used as the only coarse aggregate in the
Berndt (2009) study was in the range of 1-1.4 (x 1071% cm/s and 1.7-1.9
(x 107'%) cmy/s, respectively. The marginal increase in water permeability coef-
ficient of RCAC was due to the residual mortar content in RCA. The addition of
blast furnace slag to replace 50 and 70 % cement did not have an influence on the
permeability performance of concrete. According to the author, the observed
permeability of NAC and RCAC’s was within the acceptable range for durable
concrete, i.e. it was <3 X 10719 cm/s.

Buyle-Bodin and Zaharieva (2002) observed higher initial water absorption and
sorptivity of RCAC’s than of conventional concrete (Fig. 5.68). The test was
performed in concrete samples obtained after two types of curing, normal water
curing and air curing. Both properties of RCAC prepared by replacing only coarse
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Fig. 5.68 Initial water absorption and sorptivity of conventional and RCA concrete at air- and
water-curing conditions (Buyle-Bodin and Zaharieva 2002)

NA (MAC) were considerably better than those of the RCAC prepared by full
replacement of fine and coarse NA (RAC), especially when the concrete samples
were water cured. In terms of curing conditions, the RCAC’s and the conventional
concrete (NAC) obtained after water-curing both exhibited better performances
due to the finer pore structure.

Zaharieva et al. (2003) observed about two to three times higher water per-
meability in concrete due to the replacement of coarse and fine NA by RCA and
the water permeability of RCAC also increased with the amount of fine RCA. The
water permeability of NAC was around 0.8 x 1072 m?. According to them, even
though the incorporation of RCA in concrete increased the water permeability, the
NAC and RCAC’s tested could be considered as feebly permeable.

Limbachiya et al. (2000) and Limbachiya (2010) did not observe any effect of a
30 % replacement of coarse NA by RCA on the initial surface water absorption
measured at 10 min in five classes of concrete with design compressive strength of
20, 30, 50, 60 and 70 MPa. Their results for the 20 and 30 MPa mixes are pre-
sented in Table 5.22. The surface water absorption increased with the RCA con-
tent but decreased as the design strength increased. The gradual increase in water
absorption of concrete due to the content of RCA was attributed to the raise of
cement paste content as more cement was added to reach the design strength of
concrete. The same authors (Limbachiya et al. 2012) observed significant reduc-
tion in the 10 min initial surface water adsorption of three classes (with 20, 30 and
35 MPa design CS) of conventional concrete as well as mixes with various ratios
of coarse RCA as partial or full replacement of NA due to the use of 30 % FA as a
mineral addition. This improvement was attributed to the pozzolanic reaction of
FA and a refinement of the pore structure and it was especially prominent for the
full replacement of coarse NA by RCA.

Table 5.22 Initial surface water absorption at 10 min (ml/m?/s x 1072) of concrete containing
RCA (Limbachiya 2010)

Type of aggregate Strength class (MPa) Water absorption/substitution level (%)

RCA/coarse 20 50/0; 50.5/30; 55/50; 66/100
30 32/0; 32/30; 36.5/50; 51/100
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Fig. 5.69 Sorptivity of concrete containing RCA at 0, 50 and 100 % replacement of coarse NA
(Olorunsogo and Padayachee 2002)

Olorunsogo and Padayachee (2002) observed a gradual increase in water
sorptivity of concrete due to a 50 and 100 % replacement of coarse NA by RCA
(Fig. 5.69). The sorptivity of concretes also decreased with increasing curing time.
The difference in sorptivity between NAC and RCAC decreased with increasing
curing time, indicating more improvement in RCAC than NAC with increasing
curing time. However, according to Alexander et al. (1999) classification
(Table 5.21), the concrete containing NA and RCA could be classified as poor and
very poor respectively.

Evangelista and de Brito (2010) observed an increase of around 34 and 70 % in
capillary water sorptivity due to the replacement of 30 and 100 % by volume of
fine NA by fine RCA, respectively, attributed to the formation of more capillary
pores due to its high porosity (Fig. 5.70a). Zega and Di Miao (2011) also observed
a 13 % increase of capillary water absorption capacity of concrete due to the
replacement of 20 and 30 % by volume of fine NA by fine RCA because of the
higher porosity of RCA than that of NA (Fig. 5.70b). However, the capillary water
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Fig. 5.70 a Capillary water sorptivity (Evangelista and de Brito, 2010) and b capillary water
absorption (Zega and Di Miao 2011) of conventional concrete and RCAC containing RCA as a
replacement of 30 and 100 % fine NA
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sorptivity of RCAC was below the Argentinean specified maximum value, i.e.
lower than 4 g/m?/s'/2.

Gomes and de Brito (2009) observed a progressive increase of the capillary
water absorption coefficient with the content of RCA and CBMRA; the maximum
increase of capillary water absorption coefficient for concrete with RCA as the
only coarse aggregate and for concrete with CMBRA as a 50 % replacement of
coarse NA was respectively 16.6 and 71.5 % as compared to conventional con-
crete. Gongalves et al. (2004) also observed higher capillary water absorption
coefficient of concrete containing RCA than that of conventional concrete; how-
ever, they did not observe any effect of increasing the coarse RCA content in
concrete on the capillary water absorption coefficient.

5.4.2.2 Chloride Permeability

The determination of diffusivity of chloride ions through concrete can provide data
on the permeability performance of concrete. Lower chloride permeability is
desirable for durable concrete structures. Another important property that needs to
be evaluated for reinforced concrete structure is chloride-induced corrosion.
Several studies were undertaken to understand the chloride permeation and
chloride-induced corrosion performance of concrete containing CDW aggregate.
In several researches, it was reported that the incorporation of CDW aggregate in
concrete increases the chloride permeability of concrete; however, some results
also indicate negligible influence of CDW aggregate incorporation on the chloride
permeability and chloride-induced corrosion performance of concrete.
Olorunsogo and Padayachee (2002) observed a significant increase in chloride
conductivity with the replacement of coarse NA by RCA. The chloride conduc-
tivity of concrete containing RCA as the only coarse aggregate was 86.5 % higher
than that of the conventional concrete. However, the chloride conductivity of
RCAC also decreased with curing time (Fig. 5.71). The conventional concrete and
the RCA concrete after 56 days of curing are classified as good and very poor,
respectively in terms of chloride ion conductivity as presented in Table 5.21. Poon
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et al. (2006) observed higher resistance against chloride penetration of steam cured
RCAC than that observed in normal water cured RCAC, which might be due to the
formation of tortuous interconnecting capillary pores because of non-uniform
calcium silicate gel formation. The chloride ion penetration resistivity decreased as
the coarse RCA content in concrete increased.

Gongalves et al. (2004) observed a lower chloride ion penetration coefficient
with full replacement of coarse NA by RCA. The difference in chloride ion
penetration coefficient between conventional concrete and RCAC was lower at
higher cement contents indicating a higher influence of paste quality than that of
aggregate porosity (Fig. 5.72).

Kou and Poon (2009a) observed lower chloride penetration resistance of con-
crete due to the incorporation of fine RCA as a replacement of fine NA at constant
w/c ratio, which might be due to the poor microstructure formation because of
adhered mortar content in RCA. On the other hand, at constant slump, the resis-
tance to chloride penetration of RCAC was comparable to that of conventional
concrete. The resistance to chloride penetration of RCAC decreased as the RCA
content in concrete increased. Evangelista and de Brito (2010) also observed a
linear increase of chloride migration coefficient with the replacement of fine NA by
fine RCA because of increasing porosity of concrete (Fig. 5.73). The chloride
migration coefficient of RCAC containing fine RCA at 30 and 100 % by volume
replacements of fine NA was around 12 and 34 %, respectively.

Rao et al. (2011) observed an increase in chloride penetration depth with the
replacement of coarse NA by coarse RCA. At 100 % replacement level, the
increase in chloride penetration depth was 14 % as compared to that of conven-
tional concrete. According to the authors, the presence of old porous mortar as well
as interfacial transition zone in RCA formed a permeable concrete internal
structure. Limbachiya et al. (2012) observed a marginal difference in the resistance
to chloride ingress due to the replacement of 30 % of coarse NA by RCA; how-
ever, this difference became significant at 50 and 100 % replacement levels.
Significant improvement of chloride resistance performance of RCAC was
observed, when 30 % of OPC was replaced by FA. Gomes and de Brito (2009)
observed higher chloride ion penetration depths and chloride permeability for
concrete mixes containing RCA or CBMRA than for conventional concrete
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(Table 5.23). The values for the concrete containing CBMRA were significantly
higher than those observed for the RCA concrete due to the higher porosity of
CBMRA than that of RCA. They also observed an increase in the chloride pen-
etration depth with the water absorption capacity of concrete. The chloride per-
meability coefficient of concrete mixes containing 50 % RCA and 25 % CBMRA
was respectively 5.6 and 18.8 % higher than that of the conventional concrete.
Limbachiya et al. (2000) did not observe any negative effect on the chloride
diffusion performance of concrete due to the incorporation of coarse RCA as
partial or full replacement of NA in three classes of high-strength concrete with
design strength of 50, 60 and 70 MPa; the difference in chloride diffusion coef-
ficients between the conventional and the RCA concrete mixes was below
1 x 107" m%s. Limbachiya et al. (2000) observed similar chloride-induced
corrosion of conventional concrete and RCAC with design strength of 50 MPa
except for RCAC containing RCA as the only coarse aggregate when the con-
ventional concrete and RCAC cubes were exposed to a 2.5 M NaCl solution at 20
°C. However, the corrosion current of steel in RCAC with RCA as the only coarse
aggregate and the corrosion initiation time were slightly higher and slightly shorter
than for the conventional concrete and the RCAC with 50 % RCA, respectively.
Tu et al. (2006) observed higher chloride penetration (CP) for high-perfor-
mance concrete (hpc) with RCA as replacement of both fine and coarse NA than
that observed for hpc with RCA as the only coarse aggregate and NA as the only

Table 5.23 Chloride ion penetration depth of conventional concrete and RCAC’s (Gomes and de
Brito 2009)

Concrete Porosity of ~ Water absorption Chloride Permeability

mix aggregate (%) capacity of concrete  penetration depth coefficient (m%/s)
(%) (mm) (<10~

Conventional 2.29 ~13.0 12.50 6.31

RCAC1 8.49 ~17.0 13.21 6.66

RCAC2 16.34 ~15.5 24.30 7.50

RCAC3 - ~17.0 14.39 7.26

RCACI, RCAC2, RCAC3: concrete prepared by replacing 50, 25 and 37.5 % by volume of
coarse NA by RCA, CBMRA and a 2:1 mixture of RCA and CBMRA, respectively
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Fig. 5.74 Chloride ion resistivity of RCAC (DR Concrete with RCA as fine and coarse
aggregate; DN Concrete with coarse RCA and fine NA) (Tu et al.2006)

fine aggregate due to the lowering of residual mortar content (Fig. 5.74). At fixed
water content, the CP increased with the water to binder ratio. On the other hand,
at fixed water to binder ratio, the lower CP was observed for RCAC containing
lower water content. The CP of concrete with RCA as coarse NA replacement or
as a replacement of fine and coarse NA after 91-day of curing was below 2000
Coulombs, the specified amount according to ASTM C 1202.

Kou et al. (2008) observed a decrease in resistance to chloride ion penetration
with the coarse RCA content due to the porous nature of RCA. In the Kou and
Poon (2010) study, the chloride permeability of concrete containing RCA as
complete replacement of coarse NA was significantly higher than that of the
conventional concrete, especially after 28 days of curing. However, the resistance
to chloride permeability of concrete with oven dry and air-dried polyvinyl alcohol
treated RCA was respectively 32 and 35 % higher than that of concrete with
untreated RCA and comparable to that of conventional concrete. The chloride ion
permeability of 90-day cured of both types of concrete (conventional and RCAC)
was lower than that of 28-day cured concrete and was more significant for concrete
with untreated RCA. Kou et al. (2007, 2008) also observed an increase in resis-
tance to chloride ion penetration of normal water cured or steam cured RCAC with
decreasing water to binder ratio and increasing curing time.

Like in conventional concrete, the resistance to chloride permeability of con-
crete with RCA can be improved by using mineral additions (Kou and Poon 2006;
Kou et al. 2011b; Poon et al. 2007; Ann et al. 2008; Berndt 2009). This is due to
the improvement of the watertightness of concrete (due to a microstructure
improvement) and of the chloride binding capacity of cement paste because of the
formation of high amounts of calcium silicate hydrate and calcium alumina sili-
cates (Kou et al. 2011b). Kou et al. (2011b) observed a significant improvement of
chloride permeability resistance in conventional concrete as well as in RCAC due
to the replacement of 10, 15, 35 or 55 % of OPC by SF, MK, FA or ground
granulated blast furnace slag (ggbfs), respectively and the ranking of improvement
was: ggbfs > FA > MK > SF. The measurement was done for concrete speci-
mens obtained after 28 and 90 days of conventional curing. Berndt (2009) also
observed a significant decrease in the chloride diffusion coefficient of NAC and
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RCAC after exposure for 1-year to artificial sea water due to the replacement of 50
and 70 % OPC by ggbfs. The chloride diffusion coefficient of NAC and RCAC
containing OPC and OPC-slag as binder was in the range of 2 x 10™'? and
8 x 107" m%s, respectively. Ann et al. (2008) observed a significant increase in
chloride ion permeability of concrete due to the incorporation of RCA as complete
replacement of coarse NA when both types of concrete (conventional and RCAC)
were subjected to rapid chloride ion penetration test (Fig. 5.75). However, at a
replacement of 30 or 60 % of OPC by pulverised fuel ash (PFA) and ggbfs,
respectively, the chloride ion permeability of RCAC decreased considerably and
was even lower than that of the conventional concrete. They also observed
improved resistance against chloride-induced corrosion of RCAC containing PFA
and ggbfs due to the refinement of the pore structure as well as the increased
chloride binding capacity of the cement paste.

Shayan and Xu (2003) reported that concrete with RCA had lesser chloride
resistivity and higher negative half-cell potential than conventional concrete
although both parameters for RCAC were within acceptable limits. The corrosion
current densities of conventional concrete and RCAC were also similar and very
low indicating that both types of concrete were resistant to chloride induced
corrosion. The chloride ion penetration depth of concrete containing RCA
aggregate was also higher than that of the conventional concrete. The depth of
penetration of RCAC containing coarse RCA as a full replacement of coarse NA
was slightly higher than that of RCAC containing fine RCA as a 50 % replacement
of fine NA. On the other hand, the depth of chloride penetration for RCAC con-
taining sodium silicate plus lime treated RCA was higher than that of the RCAC
containing untreated RCA. The RCAC had inferior performance than the con-
ventional concrete in the rapid chloride permeability test too; however, the cor-
rosion protection of all types of concrete can be categories as high. The authors did
not find any advantages of sodium chloride treatment of RCA on the corrosion
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Fig. 5.75 Chloride ion
permeability of conventional
concrete containing OPC and
RCAC containing OPC and
PFA and ggbfs (Ann et al.
2008)
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resistance of the resulting concrete; however, they found an important role of pre-
coating with silica fume.

Kong et al. (2010) observed comparable resistances to chloride ion penetrations
of concrete with RCA as the only coarse aggregate and conventional concrete
when coarse RCA was pre-coated with FA or slag before mixing. They applied
three mixing methods to prepare concrete: normal mixing (NM); double mixing
(DM), which is described in Sect. 5.2.1. (for details, see Tam and Tam 2008);
triple mixing (TM) in which fine and coarse aggregates were initially mixed for
15 s with part of the mixing water, then the mineral addition was added and mixed
for another 15 s to coat the surface of aggregate, after this cement was added and
mixed for another 30 s; finally, the remaining water along with the superplasticizer
were added. Their results are presented in Fig. 5.76. Razagpur et al. (2010)
observed marginally higher apparent chloride diffusion coefficient of RCAC pre-
pared by the EMV method than by the conventional mixing method; however, the
chloride diffusion coefficient of both types of RCAC was lower than or comparable
to that observed for conventional concrete. Abbas et al. 2009 reported that the
apparent chloride diffusion coefficients of RCAC’s prepared by the EMV method
were found to be of the same order of magnitude of 10~'% m?/s as the conventional
structural grade concrete. They observed higher resistance to chloride diffusion of
RCAC prepared by the EMV method due to the addition of FA or ggbfs with OPC
and this resistance was significantly better for slag-based RCAC than FA-based
RCAC.
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Fig. 5.76 Effect of the mixing method on the resistance to chloride penetration of conventional
concrete and RCAC (Kong et al. 2010)
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5.4.2.3 Gas Permeability

The gas permeability performance of concrete with CDW aggregate is also
reported in the literature. Results are available for several types of gases: air,
oxygen, nitrogen.

Kwan et al. (2012) determined the intrinsic permeability of concrete containing
various percentages of coarse RCA by using nitrogen gas penetration. They
observed a gradual increase in intrinsic permeability of concrete with the content
of coarse RCA and the curing time. The difference in permeability between
conventional concrete and RCAC decreased with the curing period. They also
observed a parabolic inverse relationship between CS and intrinsic permeability,
from which they concluded that concrete would achieve a constant permeability as
the maturity of concrete increased. Limbachiya et al. (2000) did not observe any
effect of 30 % replacement of coarse NA by RCA on the intrinsic air-permeability
performance of three classes of high-strength concrete with design strength of 50,
60 and 70 MPa. Air permeability increased with RCA content but decreased with
design strength. The increase of air permeability of concrete due to the incorpo-
ration of RCA was attributed to the increase of cement paste content as more
cement was added to reach the design strength of concrete.

Buyle-Bodin and Zaharieva (2002) observed lower air permeability of concrete
with complete replacement of coarse NA by RCA than that of concrete with RCA
as complete replacement of fine and coarse aggregates (Table 5.24). Similarly,
both types of concrete and conventional concrete as well exhibited considerably
lower air permeability after water curing than after air curing. Zaharieva et al.
(2003) observed that pre-soaking of RCA can improve the air permeability of
concrete as dry aggregate can absorb hydrating water and therefore can hinder the
hydration reaction. The air permeability of NAC and RCAC increased significantly
due to an increase in pre-treatment temperature i.e. oven drying of concrete
specimens at different temperatures after curing (Fig. 5.77).

Gongalves et al. (2004) found a significant increase in oxygen permeability of
concrete due to the replacement of coarse NA by RCA. Permeability as well as the
difference of permeability between conventional concrete and RCAC decreased
with the cement content in concrete due to a cut in porosity. These results are
presented in Fig. 5.78.

Olorunsogo and Padayachee (2002) evaluated the oxygen permeability of
concrete various replacement ratios of coarse NA by RCA. They presented their
results in terms of oxygen permeability index (OPI), which is defined as the

Table 5.24 Air permeability of concrete containing RCA and conventional concrete at various
experimental conditions (Buyle-Bodin and Zaharieva 2002)

Concrete type Conventional RCAC with RCA as the RCAC with RCA only
only coarse aggregate (coarse and fine)
Curing condition Water Air Water Air Water Air

Air permeability (x107'%) m* 6.00  20.0 2.80 3.10 1.04 1.45
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negative logarithm of oxygen permeability coefficient. They observed a gradual
decrease of OPI as the replacement of NA by RCA increased; however, the
increase in OPI of RCAC’s with respect to the curing time was similar to that of
conventional concrete. After 56 days of curing, the OPI of conventional concrete
was 10 % higher than that of the RCAC with 100 % RCA. These results are
presented in Fig. 5.79. The concrete mixes containing 0, 50 and 100 % coarse
RCA after 56 days of curing can be considered as excellent, good and poor,
respectively, according to the Alexander et al.’s (1999) classification (Table 5.21).

5.4.3 Depth of Carbonation

In a reinforced concrete structure, the steel reinforcement is chemically protected
from corrosion by a passive oxide layer due to the presence of the surrounding
alkaline environment. However, with time and in the presence of other chemical
and physical factors, the alkali content in concrete gradually decreases due to the
carbonation of concrete by atmospheric carbon dioxide and therefore the corrosion
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Fig. 5.79 Oxygen permeability index of concrete versus replacement ratio of coarse NA by RCA
(Olorunsogo and Padayachee 2002)

Table 5.25 Carbonation depth (in mm) of conventional concrete and RCAC’s

References Type of aggregate Concrete type Carbonation depth/substitution
level (%, volume)

Limbachiya 2010 RCA/coarse C30 21/0; 21/30; 20/50; 18.5/100

C35 18/0; 18/30; 17.5/50; 16.5/100
Gomes and de Brito 2009 RCA/coarse Conventional  5.13/0

RCACI1 5.63/50

RCAC2 5.56/25

RCAC3 6.57/37.5

C30, C35 Concrete with design strength of 30 and 35 MPa; RCAC1, RCAC2, RCAC3: concrete
prepared by replacing coarse NA by RCA, CBMRA and a 2:1 mixture of RCA and CBMRA,
respectively

resistance of reinforced structures goes down. The presence of micro cracks and
pores in concrete generally enhances the rate of carbonation. Several reports are
available on the evaluation of carbonation resistance of concrete. Normally RCAC
has higher rate of carbonation than conventional concrete. Hansen (1992), after
analysing various studies, concluded that RCAC had 4 times faster carbonation
rate than that of conventional concrete. Two typical examples of the effect of RCA
on the carbonation depth of concrete are presented in Table 5.25.

Limbachiya (2010) observed similar carbonation depth of two classes of air-
entrained conventional concrete and concrete with a 30 % replacement of coarse
NA by RCA. However, the carbonation depth of concrete decreased when the
replacement level of coarse NA increased to 50 and 100 %. The author gave two
reasons for resistance against carbonation to improve due to the incorporation of
coarse RCA: increase in calcium hydroxide content with more attached cement
paste content and increase in alkalinity due to increased cement content in RCAC
to reach equal strength of concrete as well as to reduce the w/c ratio. These results
are presented in Table 5.24. In this study, the concrete samples were exposed for
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20 weeks to a carbon dioxide atmosphere at 20 °C and 55 % room humidity.
Gomes and de Brito (2009) observed higher carbon dioxide penetration depth in
concrete with coarse RCA or coarse CBMRA than in conventional concrete
(Table 5.24). Evangelista and de Brito (2010) observed a linear increase of car-
bonation depth with the replacement ratio of fine NA by fine RCA similarly to the
capillary water absorption and chloride permeability performances (Fig. 5.80).
Zega and Di Miao (2011) observed similar carbonation depth of NAC and
RCAC’s prepared by replacing 20 and 30 % by volume of fine NA by fine RCA,
when concrete was exposed for 620 days to urban-industrial environmental con-
ditions. Shayan and Xu (2003) observed comparable depth of carbonation of
conventional concrete and RCAC with coarse RCA as full replacement of coarse
NA or fine RCA as 50 % replacement of fine NA, even though a marginally higher
carbonation depth was observed in concrete containing fine RCA. However, the
use of sodium silicate and lime treated coarse or fine RCA significantly increased
the depth of carbonation of the resulting concrete.

Sagoe-Crentsil et al. (2001) observed higher carbonation depth in concrete with
RCA as complete replacement of coarse NA than in conventional concrete. The
use of slag cement or a 5 % increase in cement content can decrease the car-
bonation depth of the RCAC, which was more pronounced for RCAC with higher
cement content (Fig. 5.81).

Buyle-Bodin and Zaharieva (2002) observed significantly higher carbon pen-
etration depth of concrete due to the complete replacement of coarse and fine NA
by RCA (Fig. 5.82a). The carbonation depth of water cured RCAC was around
half that of air-cured RCAC. They also observed that the kinetics of carbonation
for conventional concrete and RCAC can both be designed according to basic law
of diffusion (Fig. 5.82b):

x:C~\/f

where, x, C and t are depth, rate and time of carbonation.
Razaqpur et al. (2010) observed comparable or even lower carbonation depth in
RCAC prepared by mixing two methods (conventional and EMV) than in
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conventional concrete, due to the difference in composition of cement of residual
and fresh mortars. On the other hand, the carbonation coefficient of RCAC pre-
pared by the conventional method was lower than that prepared by the EMV
method due to lower fresh cement content in the later mix. Abbas et al. (2009)
reported that the addition of FA and slag increases the carbonation depth due to the
consumption of calcium hydroxide because of the pozzolanic reaction. The depth
of carbonation of RCAC with or without FA and slag prepared by the conventional
method as well as the EMV method and with 140 days of exposure fell in the
range of structural grade concrete, i.e. about 0-7 for conventional concrete and 7—
15 mm for concrete containing FA and slag.

Limbachiya et al. (2012) did not observe significant differences in the car-
bonation of conventional concrete and RCAC with various RCA contents when the
design strength was 20 MPa. However, the depth of carbonation increased with the
replacement ratio of coarse NA by RCA for the 30 and 35 MPa concrete classes
and this was more prominent for concrete prepared with 80 % OPC and 20 % FA
due to the pozzolanic reaction of FA, which lowered the Portlandite content and
thus the pH of the pore solution. The increase in carbonation in RCAC was due to
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the higher water absorption capacity of RCA, which releases water throughout the
hydration period and increase the humidity level of concrete. They also observed a
linear inverse relationship between CS and carbonation depth of concrete
(Fig. 5.83). Like Buyle-Bodin and Zaharieva (2002), they observed that the car-
bonation depth of RCAC can be predicted by a basic diffusion law.

5.4.4 Freeze—-Thaw Durability

The freeze—thaw phenomenon is an important issue for cold region concrete. It
occurs due to development of stress in a closed space such as pores in cement paste
due to the expansion of water when it freezes. Some cracks may be formed if the
stress is higher than the cement paste’s strength; the damage can further increase if
freezing and thaw cycles continue. The resistance of concrete containing CDW
aggregate against freeze—thaw cycle is reported in several references.

Nagataki and Iida (2001) observed decreasing freeze—thaw resistance of con-
crete due to the incorporation of coarse RCA as a replacement of NA. However,
the freeze—thaw resistance was satisfactory as the freezing—thawing factor for
RCAC after 300 cycles was >70. Gokce et al. (2004) observed poor freeze—thaw
durability of air-entrained concrete with coarse RCA produced from non-air-
entrained concrete as the relative modulus of elasticity RCAC was below 60 %
after 30 cycles of freeze—thaw. According to them, the presence of a small amount
of non-air-entrained RCA can drastically deteriorate the freeze—thaw resistance of
air-entrained concrete. The poor freeze—thaw resistance was due to the conversion
of overall pore system of concrete containing coarse RCA with adhered mortar and
air voids into a partial non-air-entrained void system. On the other hand, regardless
of the adhered mortar content in RCA, the freeze—thaw resistance of concrete with
coarse RCA originated from air-entrained concrete was even better than that of the
conventional concrete after 500 cycles of freeze—thaw cycles even though the RCA
has higher permeable voids and water absorption capacity.
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Gokce et al. (2004) observed a marginal improvement in the freeze—thaw
resistance of concrete due to the use of coarse RCA with small adhered mortar
content. The decrease in w/c ratio from 0.55 to 0.33 can significantly improve the
freeze—thaw resistance of the resulting concrete with coarse RCA and small
adhered mortar content even though still unsatisfactory for long-term exposure.
The addition of metakaolin to the above mix (i.e. with RCA with small adhered
mortar content and at w/c of 0.3) can lead to a resistance over the standard
durability limit of 300 cycles of freeze—thaw; however, a similar RCAC containing
silica fume had less resistance than the conventional concrete.

Nagataki and lida (2001) observed that the freeze—thaw resistance of medium
and low strength RCAC as well as of concrete with RCA obtained by primary
crushing only (poor quality) was lower than that of high-strength RCAC and
RCAC with RCA by a two-stage crushing process. The freeze—thaw resistance of
RCAC improved with curing time. After 1 year of curing, the freeze—thaw
resistance of RCAC’s was similar to that of conventional concrete. Limbachiya
et al. (2000) and Limbachiya (2010) observed similar freeze—thaw resistance in
air-entrained conventional and high-strength concrete with design strength in the
range of 30—50 MPa and in an equivalent type of concrete with RCA at 20-100 %
replacement of coarse NA. Figure 5.84 shows the durability factor of 50 MPa
NAC and RCAC evaluated with the British standard test where concrete samples
are exposed to 300 freeze—thaw cycles. The NAC and RCAC with design strength
of 50 MPa also met the British specification (BS 5328 Part 1-1991) for heavy duty
external paving blocks.

Oliveira and Vasquez (1996) observed significant influence of moisture content
in RCA on the freeze—thaw durability of the resulting concrete. The conventional
concrete and the concrete containing RCA with 89.5 % moisture content as the
only coarse aggregate resisted more than 100 cycles when both were exposed to
freeze—thaw cycles. The RCAC with coarse RCA with 100, 0 and 88 % moisture
contents failed after 20, 40 and 80 cycles respectively. Top¢u and Sengel (2004)
observed marginal deterioration of Schmidt hardness, CS and flexural strength
when the conventional concrete and RCAC with 16 and 20 MPa design strength
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were exposed to cycles of freeze—thaw (—20 °C for 8 h and then 20 °C for 16 h)
for 8 days. Ajdukiewicz and Kliszczzewicz (2002) observed similar or even better
freeze—thaw resistivity in high-performance concrete with RCA than in conven-
tional hpc.

Razaqgpur et al. (2010) observed similar freeze—thaw resistance of conventional
concrete and concrete with RCA as full replacement of coarse NA and prepared by
the conventional and EMV methods. The RCAC prepared by the EMV method on
the other hand exhibited better freeze—thaw resistance than the RCAC prepared by
the conventional method due to the lower mortar content in the former RCAC
(Abbas et al. 2009).

5.4.5 Alkali-Aggregate Reactivity and Resistance to Harsh
Chemical Substances

A few references are available on the evaluation of the resistance of RCAC to
several harmful chemical reactions or chemical environment such as alkali-
aggregate reaction and sulphate resistance. Shayan and Xu (2003) observed
marginally higher expansion of concrete prisms with replacement of coarse or fine
NA by untreated or sodium silicate plus lime treated coarse or fine RCA than of
conventional concrete when the specimens of all the types of concrete were
subjected to the alkali-aggregate reactivity test for 1 year; however, the expansion
of all types of concrete was below 0.024 % and well within the limit, 0.04 %,
considered to be indicative of deleterious alkali-aggregate reaction.

Shayan and Xu (2003) observed satisfactory sulphate resistance of concrete
with untreated or sodium silicate plus lime treated coarse or fine RCA concrete
along with conventional concrete when concrete specimens were stored in a 5 %
sodium sulphate solution for 1 year. Limbachiya (2010) observed a comparable
expansion of two classes of conventional concrete and concrete with a 30 %
replacement of coarse NA by RCA and design strength of 10 and 20 MPa, when
both were immersed in a 3 % sodium sulphate solution for 6 months. However,
the sulphate-induced expansion of RCAC increased as the replacement level of
NA by RCA increased to 50 and 100 %. Limbachiya et al. (2012) observed lower
sulphate resistance potential of RCAC than of conventional concrete when both
were exposed to a 3 % sodium sulphate solution for 60 days. They observed
gradually higher expansion of concrete as the replacement ratio of coarse NA by
RCA increased (Fig. 5.85a). However, the addition of FA as a 30 % replacement
of OPC slightly improved the sulphate resistance of RCAC due to the reduction in
mono-sulphoaluminate and Portlandite contents in the cement paste and the pre-
vention of reaction between free lime and sodium sulphate because of the poz-
zolanic property of FA (Fig. 5.85b).

Berndt (2009) observed lower dynamic elastic modulus of concrete with RCA
as the only coarse aggregate after 12 months exposure into a 5 % sodium sulphate
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Fig. 5.85 Expansion of concrete with 20 MPa design strength: a OPC as binder b OPC-30 % FA
as binder (Limbachiya et al. 2012)

solution due to the replacement of 50 and 70 % of OPC by ggbfs (Fig. 5.86). Lee
et al. (2008) observed lower expansion of cement mortar due to the replacement of
50 % of fine NA by two types of fine RCA with different water absorption capacity
when the hardened specimens were kept under sodium sulphate and magnesium
sulphate solutions up to 15 months. On the other hand, at 100 % replacement
level, depending upon the quality of RCA, the expansion was comparable or
significantly higher than that of the conventional mortar. The mortar with higher
water absorption capacity has higher expansion than the other one (Table 5.26).
Lee (2009) reported that the magnesium sulphate resistance of cement mortar
with replacement of NA by fine RCA depended on the replacement ratio; the loss
of CS and the expansion of RCA mortar (RCAM) with 25 and 50 % replacement
of NA by RCA were lower and those of the RCAM with 75 and 100 % RCA were
higher than the corresponding values of the conventional cement mortar when the
specimens were cured in a 4.24 % magnesium sulphate solution for 1 year
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Fig. 5.86 Dynamic elastic modulus of RCAC containing OPC and OPC-slag binder up to
12 months exposure in a 5 % sulphate solution (Berndt 2009)
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Table 5.26 Expansion of cement mortar immersed for 9 and 15 months in sodium and magne-
sium sulphate solutions (Lee et al. 2008)

Type of Replacement Expansion (%) of
solution amount

Conventional mortar RCA-A RCA-B
9 months 15 months 9 months 15 months 9 months 15 months
Sodium 0 0.192 1.032
sulphate 50 0.118 0.696 0.134 0517
100 0.954 Collapsed 0.287 0.974
Magnesium 0 0.105 0.523
sulphate 50 0.070  0.386 0.085 0.303
100 0.202 1.122 0.205 0.757

RCA-A and RCA-B Mortar with RCA with water absorption capacity of 10.35 and 6.59 %
respectively

(Fig. 5.87). They also reported that the RCAM with less porous fine RCA has
higher resistance to magnesium sulphate attack.

5.4.6 Other Durability Properties

Regardless of type of aggregate, in the Kwan et al. (2012) study, conventional
concrete and RCAC slightly shrunk in the initial 24 h of wet curing and then
expanded with further curing as well as with increasing replacement level of
coarse NA by RCA (Fig. 5.88). The higher expansion in RCAC than in conven-
tional concrete was due to the development of high hydrostatic pressure in the
specimen because of the higher water absorption capacity of RCA than of NA.
Tu et al. (2006) observed significantly higher resistivity of high-performance
concrete with RCA as complete replacement of fine and coarse NA or RCA as
complete replacement of coarse NA than the minimum value for durable concrete,
20 kQ-cm on or after 28 days of curing. The resistivity of concrete containing
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Fig. 5.87 CS loss and expansion due to magnesium sulphate attack of cement mortar with
various contents of fine RCA (Lee 2009)
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RCA as a complete replacement of coarse NA was higher than that of the concrete
containing RCA as a complete replacement of fine and coarse NA at different w/c
ratios. Sani et al. (2005) observed a lower calcium leaching rate in RCAC prepared
by completely replacing coarse NA and a part of fine NA by RCA when water was
percolated through both types of concrete, despite the higher porosity of RCAC
than of NAC (Fig. 5.89). The addition of FA further improved the leachability of
ions for both types of concrete due to the pozzolanic activity.

Vieira et al. (2011) observed no significant differences in thermal response and
mechanical properties namely CS, STS and MO of NAC and RCAC with
replacement of 20, 50 and 100 % by volume of coarse NA by RCA when they
were exposed for 1 h to temperatures of 400, 600 and 800 °C. On the other hand,
Zega and Di Miao (2009) observed marginally good post-fire performances of CS,
MO (E) and UPV for three types of RCAC’s with a replacement of 75 % by
volume of coarse NA by RCA from concrete containing three types of coarse
aggregate (granitic crushed stone, quartzite crushed stone and siliceous gravel),
when compared to equivalent conventional concrete with the same types of coarse
NA, when the concrete specimens were exposed to a temperature of 500 °C for
1 h. The losses in percentage of various properties of the NAC and RCAC’s due to
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Table 5.27 Loss in some mechanical properties (%) of NAC and RCAC due to exposure to
500 °C (Zega and Di Miao 2009)

Property wic Loss (%)
GG SG QG
NAC RCAC NAC RCAC NAC RCAC
CS 0.4 22 10 23 20 6 5
0.7 15 13 24 21 24 16
MO(E)_static 0.4 46 28 46 28 26 23
0.7 52 48 55 49 47 47
UpPVv 0.4 34 27 41 35 27 21
0.7 41 38 47 45 39 38
MO(E)_dynamic 0.4 61 56 72 73 50 48
0.7 68 69 79 77 72 67

GG, SG and QG Granitic gravel, siliceous gravel and quartzite gravel, respectively

the exposure to high temperatures are presented in Table 5.27. The authors also
observed a better performance of RCAC’s than NAC when concrete were prepared
at w/c of 0.4 than at 0.7. Moreover, the RCAC containing recycled quartzite coarse
aggregate exhibited better performance than the RCAC’s with the other two types
of recycled coarse aggregate at w/c of 0.4 but behaved similarly at w/c of 0.7.
Poon et al. (2009) studied the high temperature performance of concrete with
two types of RA as the only coarse aggregate (CRA1 and CRA2) by varying
several parameters during the preparation of the concrete mixes. The residual CS
of various series of concrete after heating at 800 °C for 1 h is presented in
Fig. 5.90. The authors observed a gradual increase of residual CS of concrete due
to the variation of these parameters: gradual simultaneous increase of fine RA
(FRA1) at aggregate to cement ratio of 10:1; gradual increase of aggregate to
cement ratio at 100 % CRA2 and FRA2 contents and gradual increase of FRA1
content in concrete having CRA1 as the only coarse aggregate at aggregate to
cement ratio of 12:1 (A, B, and C series in Fig. 5.90 respectively). The soil content

Fig. 5.90 Residual CS of
RCAC after heating at 800 °C
(Poon et al. 2009)
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in these series also increased with the FRA1 content. According to the authors, the
low residual CS of the B series in comparison to the other two series was due to
relatively low soil content and high residual mortar content in FRA2 than in FRAT.
The gradual improvement of the performance of concrete due to the increase of
soil content was due to the formation of crystalline calcium aluminate silicates at
high temperature.

5.5 Conclusions

The recent developments on the properties of concrete with CDW as aggregate
were discussed thoroughly in this chapter. The results are presented in three dif-
ferent sections to present fresh and hardened properties of concrete. Aggregates
generated from recycled concrete or other ceramic-based waste materials are
reported to be used as partial or full replacements of fine and coarse aggregates in
concrete. The use of these aggregates as coarse aggregate is more versatile than
that as fine aggregates. Both normal and high-strength concrete can be produced
with CDW aggregates. In several investigations, it was reported that 30 %
replacement of natural aggregates by aggregates generated from waste concrete
did not substantially deteriorate the mechanical and durability performances of the
resulting concrete. However, the presence of impurities such as clay brick, tiles
and other ceramics can strongly jeopardize the performance of concrete and
therefore in this case replacement ratios should be lower than the one mentioned
above. Some important conclusions are indicated below:

1. The use of any type of CDW aggregates substantially lowers the workability of
concrete. This is mainly due to the higher water absorption capacity of these
types of aggregates than that of NA because of adhered porous mortar.
Therefore several mixing procedures have been developed to improve the
workability performance of CDW aggregates-based concrete; out of these, pre-
saturating aggregates for 10 min before mixing or using 85-90 % humid CDW
aggregate are the most widely used techniques. The density of concrete also
mildly decreases with the replacement of NA by CDW aggregates;

2. All the strength properties and modulus of elasticity of concrete are also
deteriorated by the incorporation of CDW aggregates as partial or full
replacement of NA. However, in comparison to the reduction in compressive
strength, the reduction in flexural and splitting tensile strength is not so
prominent. The reduction in these properties of concrete is due mainly to the
presence of adhered mortar in CDW aggregate. The reduction in modulus of
elasticity is also very high due to the lower modulus of elasticity of CDW
aggregates than that of NA. However, pre-saturation of the aggregates before
mixing can increase the strength properties and the modulus of elasticity of
concrete;
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3. The load-deflection curve of concrete containing CDW aggregate with NA is
marginally different from the load-deflection curve of conventional concrete.
Concrete with CDW aggregates normally has lower toughness and ductility
performances but higher creep than those of conventional concrete. The surface
hardness properties such as Schmidt hardness, skid resistance, impact and
abrasion resistances of concrete with CDW aggregates are normally inferior to
those of conventional concrete, primarily due to the presence of adhered
mortar. However, several researchers observed similar abrasion behaviour of
CDW aggregates-based and natural aggregates-based concrete;

4. The incorporation of CDW aggregates in concrete increases its drying
shrinkage due to the higher paste content. This incorporation increases total
porosity and therefore increases various permeability properties such as water
absorption, chloride migration, depth of carbonation, various gas permeability
of the resulting concrete. Concrete containing CDW aggregates has poorer
freeze—thaw resistance than that of conventional concrete. The resistance of
CDW aggregates-based concrete to some harsh chemical solutions is also
poorer than that of NA-based concrete;

5. However, by improving the concrete mixing preparation techniques, almost all
properties of concrete with CDW aggregates as a replacement of NA can be
substantially improved and in some cases property results are comparable to
those of conventional properties. The replacement of cement up to given
amount by several mineral additions such as fly ash, blast furnace slag, silica
fume, metakaolin can improve almost all properties of concrete with CDW
aggregate at various stages of curing depending on their reactivity. The prop-
erties of concrete with CDW aggregate as partial replacement of NA up to
given replacement ratios (30 %, in most of the cases) are similar to the
equivalent properties of conventional concrete.
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Chapter 6

Methodologies for Estimating Properties
of Concrete Containing Recycled
Aggregates: Analyses of Experimental

Research

Symbols
Ab_capgrac
Ab_capgc
Ab_imR AC

Ab_imRC
carbonationg ¢
carbonationgc
CDW

chloride pen.gac
chloride pen.grc

Capillary water absorption of the recycled aggregates concrete
Capillary water absorption of the reference concrete

Water absorption by immersion of the recycled aggregates
concrete

Water absorption by immersion of the reference concrete
Carbonation depth of the reference concrete

Carbonation depth of the recycled aggregates concrete
Construction and demolition waste

Chloride penetration depth of the reference concrete
Chloride penetration depth of the recycled aggregates concrete

Dcna Density of the coarse natural aggregates

Dcra Density of the coarse recycled aggregates

Dgna Density of the fine natural aggregates

Dgra Density of the fine recycled aggregates

Dnix Weighed density of the aggregates in the concrete mix

Drac Weighed density of the aggregates in the recycled aggregates
concrete

Dgc Weighed density of the aggregates in the reference concrete

D’rac Density of the recycled aggregates concrete

D’rc Density of the reference concrete

Erac Modulus of elasticity of the recycled aggregates concrete

E.rc Modulus of elasticity of the reference concrete

FA Percentage of fine aggregates in the mix

ferrAC 7-day compressive strength of the recycled aggregates
concrete

ferre 7-day compressive strength of the reference concrete

Jerac 28-day compressive strength of the recycled aggregates
concrete
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fere 28-day compressive strength of the reference concrete

SsprAC Splitting tensile strength of the recycled aggregates concrete

Sspre Splitting tensile strength of the reference concrete

JirRAC Flexural strength of the recycled aggregates concrete

Jire Flexural strength of the reference concrete

NA Natural aggregates

RA Recycled aggregates

RAC Recycled aggregates concrete(s)

RC Reference concrete (mix without recycled aggregates)

shrinkagerac 90-day shrinkage of the reference concrete

shrinkagegrc 90-day shrinkage of the recycled aggregates concrete

substgra Substitution rate of fine recycled aggregates with fine natural
aggregates

substcgra Substitution rate of coarse recycled aggregates with coarse
natural aggregates

w/c Water/cement

WaRraAC Weighed water absorption of the aggregates in the recycled
aggregates concrete

Wagrc Weighed water absorption of the aggregates in the reference
concrete

ARAcC Abrasion loss of mass of the reference concrete

Ajrc Abrasion loss of mass of the recycled aggregates concrete

6.1 Introduction

The use of concrete now accounts for such a high level of consumption of non-
renewable natural materials that, in some countries, there is already a shortage of
these products. The demolition of concrete structures produces waste that is dif-
ficult to store owing to the lack of proper dumping places and high transportation
and storage costs. The concern with the need of raw materials and the production
of enormous quantities of waste has led to several studies on solutions to these
problems. A number of studies have recently been published on the properties of
recycled aggregates and this aggregate-based various concretes. A comprehensive
discussion on various aspects of these materials is already presented in Chaps. 3
and 5 of this book. In Chap. 5, relationships of compressive strength with various
other properties of concrete containing CDW aggregate (here RA and RCA will be
used to indicate recycled aggregate and recycled concrete aggregate respectively),
proposed in various studies, were also presented during the discussion of those
properties. The relationships with compressive strength, the most important and
extensively studied property of concrete containing recycled aggregate (RAC),
with some other properties with sufficiently high correlation coefficients as indi-
cated by researches, are summarised in Table 6.1.
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Table 6.1 Relationship between various properties and compressive strength of concrete
containing CDW aggregates, proposed in various studies

Property Relationship Reference
Splitting tensile strength £, = 0.0931 £0,8842 Kou and Poon (2008)
(fops Setm) fop = 0.24 f065 Xiao et al. (2006)
foum = 0.3 fc2k/3 (<C50/60) Paine et al. (2009)
fom = 2.12 In(1 4 (fum/10)) > C50/60
Flexural strength (f;) fi =075 V/fu Xiao et al. (2006)
Modulus of elasticity (E) E = 7770 x f2.3 Ravindrarajah and Tam
(1985)

Kakizaki et al. (1988)

E=1.9%10° X fo + (5) "~ x /s
E =370 X fou + 13100 Dhir et al. (1999)
E—182¢ 0_3130,;u Corinaldesi (2011)

E—188¢ 0_{;1%;%“ Corinaldesi (2010)

E =909 x f., + 8738

E = 8917 x (fuy + 8)7% x (23@‘5)2 Eva(nz%%;s)ta and de Brito
_ 10 g .
E= i Xiao et al. (2006)
Dry density (p) feu = 0.069 x p — 116.1 Xiao et al. (2006)

Jfews feks fem cubic compressive strength (ultimate, characteristic and mean values)

In this chapter, a methodology developed and patented by de Brito (2007) will
be applied to analyse experimental studies reported in the various literatures done
in various countries as well as in Portuguese researches on concrete with recycled
concrete aggregates. The description of this methodology is presented in the fol-
lowing section. The results are presented in two further sections. The following
section of this chapter summarises the knowledge acquired through past experi-
mental research on RAC performed by researchers from various countries and
statistically and graphically processes the published data, aiming at correlating the
RAC properties with the properties of the RA used to replace natural aggregates
(NA). The data collected are then systemised and some of the results in the field of
structural concrete are interpreted. A parallel study was performed using experi-
mental results done by Portuguese researchers and included in the following
section. A similar methodology to that adopted in the next international review
section was used in the Portuguese review section.

This chapter therefore describes the methodology adopted in the data pro-
cessing that leads to the estimation of the long-term behaviour of RAC. This
innovative methodology provides the building owner, the structural designer and
the builder with reliable information to render viable a process (the reuse of inert
waste in concrete production) that at the moment faces practical technological
limitations. It shifts the reuse of these materials from the currently dominant
practices that in effect lead to their down-cycling.
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6.2 Methodology

This section presents a methodology to estimate the long-term properties of
structural concrete made with recycled aggregates [such as those resulting from
construction and demolition waste (CDW)] based on results that can be obtained at
a very early stage of the construction process. In order to establish correlations
between the RAC properties and the density and water absorption of the aggre-
gates used in the mix and the 7-day compressive strength of the resulting concrete,
a graphic analysis methodology was created and patented in Portugal (de Brito
2007), involving the following steps:

1. Analysis and organisation of the data available from each experimental cam-
paign, including the properties of the NA, the RA, the RAC and the reference
concrete (RC);

2. Study of the composition of the concrete (RC and RAC) and of the properties of
the aggregates to determine the values for density and water absorption of the
aggregates (RA and NA) used in the mixes; in the case of the Portuguese
experimental research, calculation of the exact value of the density and water
absorption of the aggregates used in the mix, through the mix proportions of the
concrete mixes (with NA only and with RA and the individual density and
water absorption of the aggregates (natural and recycled);

3. Graphical analysis of the relationship between the replacement rate of NA by
RA and each property of concrete;

4. Graphical analysis of the variation of the ratio between the properties of con-
crete with RA and the one with NA only (reference conventional concrete) and
the replacement rate of NA by RA;

5. Graphical analysis of the variation of the ratio between the properties of con-
crete with RA and the RC and the ratio between the weighed density of
aggregates in the concrete mix with RA and the RC (as in Eq. 6.1);

D— FA " [substpRA X dpra + (100 — substgga) X deA}
100 100 6.1)
N (100 — FA) " [substCRA X dcra + (100 — substcgra) X dcpA}
100 100

where D, weighed density of the mixture of aggregates in the concrete mix; FA,
percentage of fine aggregates used in the mixture; substgga, replacement ratio
(in percentage) of fine primary aggregates with fine recycled aggregates; sub-
stcra, replacement ratio (in percentage) of coarse primary aggregates with
coarse recycled aggregates; drra, density of the fine recycled aggregates; dppa,
density of the fine primary aggregates; dcra, density of the coarse recycled
aggregates; dcpa, density of the coarse primary aggregates.

6. Graphical analysis of the variation of the ratio between the properties of con-
crete with RA and the RC and the ratio between the weighed water absorption
of aggregates in the concrete mix with RA and the RC (similar to Eq. 6.1);
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Table 6.2 Qualitative rating Rating

‘ ‘ St Values range
of the correlation coefficients

Very good R* > 0.95
Good 0.80 < R* < 0.95
Acceptable 0.65 < R*> < 0.80
Non-acceptable R* < 0.65

7. Graphical analysis of the variation of the ratio between the properties of con-
crete with RA and the reference concrete and the ratio between the compressive
strength at 7 days of concrete with RA and the reference concrete (similar to
Eq. 6.1);

8. Compilation of the data in a table, including the slope of linear regression line
and the respective correlation coefficient.

In the case of the methodology applied for analysis of the literature data
(presented above), the following two additional steps were adopted to complete the
methodology:

9. Superposition of the graphical results of each concrete property for the various
campaigns analysed and determination of the linear regression lines with the
respective correlation coefficient;

10. Correction of the linear regression lines obtained, to make them representative
of the physical behaviour under analysis, forcing them to pass through the
point that corresponds to the RC, with the inconvenience of lowering the
corresponding correlation coefficient.

Table 6.2 gives the qualitative criteria defined in terms of the correlation
coefficient R* and applied in both sections.

The methodology’s feasibility is explained by the fact that, for conventional
concrete as well, it is possible to establish reliable correlations between the various
properties of hardened concrete and the density (of which the water absorption is
an indirect measure) of the aggregates or the compressive strength at early age.

6.3 Analysis of the Literature Data: Estimation of Long-Term
Properties

This study started with a bibliographic Internet-based survey within the RAC topic,
with emphasis on the published results of international experimental campaigns. The
survey also included scientific journals’ papers, article compilations in conferences
and seminars, graduate, master’s and PhD theses. To better understand the behaviour
of RAC in the fresh and hardened states, this study set out to collect experimental
data from various international campaigns, and use it to correlate some of the
properties of the aggregates (density and water absorption) and the 7-day com-
pressive strength of concrete with the most relevant properties of the RAC.
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This survey was guided by the following criteria: availability of the test results
performed on RA, especially for water absorption and density; availability of the
experimental values relative to the greatest possible number of concrete properties in
the fresh and hardened states (mechanical and durability-related), especially the 7-
day compressive strength; the greatest possible NA/RA replacement ratio options;
the greatest possible number of fixed parameters (e.g. water/cement (w/c) ratio,
grading curve, workability, curing method) during the experimental production of
RAC; existence of an RC, without which the corresponding campaign was elimi-
nated from the survey. Of the numerous campaigns analysed, only a small group was
considered apt for data processing, since most studies did not comply with some, and
in the majority of cases, most of the conditions stated above.

6.3.1 Properties of the RA Mixture

In order to obtain the weighed value of the density of the aggregates present in a
concrete mix, Eq. 6.1 was used. Through this general equation, the weighed
density value of the aggregates in the concrete mixes with the various replacement
ratios of NA with RA (from O—reference concrete—to 100 %) was determined.
Although in most of the experimental campaigns, there was no replacement of the
fine fraction, i.e. its density is kept constant for all the mixes, the weighed density
of the mixture considers them in its calculation.

The transformation of the experimental absolute results into relative values by
comparison with the RC allows the comparison between the different campaigns
performed. The analysis procedure adopted for the density was also applied to the
water absorption of the mixture of aggregates by replacing all the density values in
Eq. 6.1 with the corresponding water absorption values. In both equations, it
should be noted that: (i) both the fine and coarse fraction are taken into account
according to their relative importance in the aggregates’ mixture; (ii) both the
natural and recycled aggregates are taken into account according to their relative
importance in the same mixture; (iii) it is not necessary to classify or in some other
way thoroughly identify the nature of the recycled aggregates, as long as it is
possible to homogenise the characteristics of each batch, which makes it much
easier in practice to use recycled aggregates in concrete production.

6.3.2 Conclusions Drawn from the Bibliographic Survey

The present study has revealed the high heterogeneity of the procedures adopted
by international researchers, which sometimes led to difficulties when performing
comparative studies such as this. It has been found that the results of experimental
campaigns, even in leading international publications, are not always presented in
such a way as to allow their in-depth analysis due to lack of specific data.
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The survey of international experimental campaigns has revealed great differ-
ences at the level of procedures and of organisation/presentation of the results. In
this process, the analysis of several campaigns had to be abandoned because of
unavailability of data. This is either due to existing information not being included
in the description, or sometimes because relevant data were simply not deter-
mined. Important examples of this type of limitation are the absence of data on the
aggregates’ properties, both RA and NA, or on the composition of the concrete
mixes tested. Another situation concerned the w/c ratio, since in some of the
campaigns, it was not specified whether the ratio concerned all the water in the
mix or just the effective water (the first one minus the water directly absorbed by
the recycled aggregates during mixing).

Another data collection problem was the variability of the factors introduced in
each campaign. In order to allow a scientifically valid comparison, the campaigns
analysed should be similar in the greatest number of factors that affect the pro-
duction of concrete. In order to improve the quality of the comparison, the fol-
lowing parameters are the ones that are more important to keep constant in each
family of RC and RAC: effective w/c ratio (differentiating the total amount of
water introduced into the mix from that which effectively contributes to the
hydration of the cement and the workability of fresh concrete); workability (this
property must be maintained by using plasticizers or increasing the total quantity
of water without increasing the effective w/c ratio, for example by pre-saturating
the recycled aggregates); grading curve of the aggregates (when replacing PA with
RA this curve should be kept exactly constant because any change leads to
uncontrolled shifts in almost every relevant property of concrete).

This variability of the criteria from one campaign to another is translated into a
decrease in the linearity of the trends detected (and of the respective correlation
coefficients) when the analysis of the results progresses from the individual
campaigns to the summation of results from several of them. The process of
comparison is thus rendered difficult, leading to an artificial scattering of the
results that should not occur if the conditions stated above are ensured in every
campaign.

6.3.3 Experimental Campaigns Selected for Analysis

In the Carrijo (2005) campaign, river sand and basaltic gravel were used as NA in
the production of RC, and coarse ceramic and recycled concrete as RA in the
production of RCA. Their water absorption was simplistically considered nil (for
comparative purposes, in the present study the value was changed to 1 %). Three
different values of the w/c ratio were defined in the production of concrete: 0.4, 0.5
and 0.67). Only the coarse aggregates were always replaced with a replacement
ratio of 100 %. This strongly impairs a better understanding of the gradual evo-
lution of the properties as NA is replaced with RA. Another parameter that was
kept constant was the quantity of water in the different concrete mixes. The
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families of RAC were defined by the RA density, in four categories. The hardened
concrete was tested for compressive strength, water absorption and modulus of
elasticity.

In the Kou et al. (2004) campaign, where the RA used in the production of RCA
were coarse and undifferentiated, three families of concrete were considered
according to the amount of fly ash added (0, 25 and 35 % of the initial amount of
cement) to replace the cement, leading to three different types of RC. The influ-
ence of the method used to cure the concrete was also analysed. The traditional
method was immersion in a water tank at 27 °C (80.6 °F) after 24 h of cure in
natural conditions. In an alternative process the specimens were exposed to water
vapour at 65 °C (149 °F) for 8 h and afterwards immersed in a water tank until
they were tested. The present study does not include the comparison of results
from the different curing processes. The effective w/c ratio was kept constant at
0.45. The hardened concrete was tested for compressive strength, modulus of
elasticity, chloride penetration and shrinkage.

In the Leite (2001) campaign, where the RA used in the production of RCA
were coarse and fine ceramic and recycled concrete, several replacement NA/RA
ratios were selected within each family of RCA, defined by a predetermined w/c
ratio (0.4, 0.45, 0.60, 0.75, and 0.80), leading to multiple linear regression equa-
tions representative of each concrete property under analysis. For comparative
purposes with the other campaigns analysed within this study, only the families
corresponding to w/c of 0.40 and 0.45 were selected, due to the contradictory
nature of many of the results of the other families where a high percentage of fine
RA was used. The hardened concrete was tested for compressive strength, splitting
and flexural tensile strength and modulus of elasticity.

In the Gomez-Soberén (2002) campaign, the RA were obtained in the labora-
tory by crushing a concrete produced for that purpose. Two size distributions were
obtained for coarse RA, not strictly the same as for the NA. Each family of RCA
was defined in terms of age when the tests were performed, since every other
parameter remained constant except for the replacement ratio (0, 15, 30, 60 and
100 %) of coarse NA with equivalent recycled concrete RA. The greater water
absorption capacity of RA compared with NA was taken into account by pre-
moistening the RA before mixing. The effective w/c ratio was kept constant at
0.52. The hardened concrete was tested for porosity, density, permeability, com-
pressive strength, splitting tensile strength, modulus of elasticity, water absorption,
creep and shrinkage.

In the Cervantes et al. (2007) campaign, the RCA families were defined in
terms of the addition of synthetic fibres in the concrete production. Only the coarse
fraction of NA was replaced with different ratios of recycled concrete RA (0, 50
and 100 %). In order to maximise the nu