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Preface

Sustainability is now commonly referred to in the construction sector, zero waste 
scenarios are frequently floated, a great deal of research has been undertaken in the use 
of recycled and secondary materials (RSM) and standards and codes of practice are 
becoming more sympathetic to their adoption; however, a clear view of the potential 
for RSM use and how this may affect performance of structures still remains to be 
established. This is important and needed to absorb RSM within the present hierarchy 
of construction materials.

The use of RSM requires a clear understanding of their characteristics and the potential 
for required applications. This can be problematic as the variability of the material can 
be high, though this is not unusual, as well-established materials such as Portland 
cement and naturally occurring sand and gravel and crushed-rock aggregates are also 
known for their high variations at individual plants and even more so between plants. 
Material processing and design procedures can help to minimize variability. Why then 
is the construction industry slow in adopting the use of the new breed of materials 
arising from wastes, such as copper slag from material extraction processes, sewage 
sludge ash and municipal incinerated bottom ash from the incineration of sewage 
sludge and municipal solid wastes, glass cullet from domestic and industrial glass 
waste and recycled aggregate arising from demolition and excavation wastes? It can 
be argued that the inertia in accepting the use of RSM is due to two main reasons:

 1.  Research has not come together to exploit the present knowledge of RSM and their 
potential use.

 2.  A robust case for the value-added use of RSM has not yet been made.

This book, as part of a series of five, brings together the global research information 
published in English, dealing with glass cullet production and characteristics and 
its potential for use as a cement component and aggregate in concrete, geotechnical 
and road pavement applications, including the related case studies, standards and 
environmental impacts. The data analysed and evaluated for the book were sourced 
globally from 751 publications contributed by 1402 authors, from 513 institutions in 
51 countries, over a time period from 1970 to 2017.

The main purpose of the book, which is aimed at academics, researchers, design 
engineers, specifiers and contractors and is structured in an incisive and easy-to-follow 
manner, is to bring out what is known and can be considered for use, and at the same 
time to avoid unnecessary repetitive research and waste of resources.
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Synopsis

The experience, the collaborative industrial research projects and their dissemination to 
the point of use that have established the grounds for this work of producing a series of 
five books are described in this chapter. The role of secondary and recycled construction 
materials in achieving sustainable development leading to sustainability is highlighted. 
This book, the fourth in the series, deals with glass cullet. An introduction to the material 
is provided, along with a brief description of the novel procedure of systematic analysis 
and evaluation used in developing the work. The structure of the book, in terms of the 
layout and contents, is also described.

Keywords: Sustainable development, Sustainable construction materials, Glass cullet, 
Book layout and contents.

1
Main Headings

 •  Background
 •  Sustainable construction materials
 •  Glass cullet
 •  Layout and contents

Introduction
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1.1   Background

The basis of this book stems from years of active research undertaken in close 
collaboration with the construction industry since 1988, involving small- to medium-sized 
enterprises, national/multinational companies, charities and government departments 
and a commitment to the dissemination of knowledge, as well as an active and decisive 
involvement in promoting sustainability and the use of sustainable materials in the 
construction sector.

The work has involved the undertaking of carefully planned and focused research to 
address some of the most challenging issues over the years, including sustainability in 
construction in general (Whyte et al., 2005); the sustainable use of natural resources to 
reduce CO2 emissions, for example, by reducing the cement content of concrete mixes 
across all strength grades (Dhir and Hewlett, 2008; Dhir et al., 2000, 2004a, 2006), and the 
recycling of waste materials to conserve natural resources (Limbachiya et al., 2000; Dyer 
and Dhir, 2001; Paine et al., 2002; Dhir, 2006; Dyer et al., 2006; Paine and Dhir, 2010a).

Of note, an outreach programme was launched to share and transfer knowledge, in the form 
of organised seminars, workshops and conferences, during the period of 1988–2008 (Dhir 
and Green, 1990; Dhir et al., 2008, 2015) and, in doing so, a centre for the advancement 
of small- to medium-sized enterprises in the construction sector was established. This also 
included the initiation of the globalisation of concrete research and the formation of the 
UK–India (Newlands and Dhir, 2011) and Ireland–India research collaboration groups in 
2008 and 2012, respectively, and the establishment of the UK–India Education Research 
Initiative (UKIERI) Concrete Congress in 2013 (Dhir et al., 2013, 2015).

Working at the forefront of cutting-edge research, in close partnership with a wide industrial 
base, also brought to light the fragmented and therefore often ineffective nature of the 
research that has generally been undertaken. Indeed, in the area of sustainable construction 
materials, this has stifled the rate of progress in realising the potential for developing greater 
adoption of these materials. As a response to this, an approach to research, analytical 
systemisation, has been developed to bring together and analyse and evaluate the published 
data in the global literature, to better understand and utilise the information.

Using this analytical systemisation method, the following selected successful 
comprehensive studies have been published:

 •  A study undertaken by Silva et al. (2014a) has provided a method for classifying recycled 
aggregates derived from construction demolition waste for use in concrete, which could help 
with their certification and boost stakeholders’ confidence in their use. The same authors 
have produced a series of further studies assessing the effect of using recycled aggregates 
in concrete and geotechnical applications (Silva et al., 2014b, 2015a,b,c, 2016a,b).

 •  A series of studies aimed at assisting the design engineer in adopting the use of 
sustainable construction materials within the framework of existing design codes, such 
as Eurocode 2 (2004), has been published by Lye et al. (2015a, 2016a,b,c, and 2017). 
This work assessed the effect of coarse recycled concrete aggregate, glass cullet (GC) as 
a fine aggregate and copper slag as a fine aggregate on the modulus of elasticity, creep 
and shrinkage of concrete.
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 •  On the carbonation, chloride ingress and associated corrosion of steel reinforcement 
in concrete made with cement incorporating fly ash, ground granulated blast furnace 
slag and limestone, complying with European Standard EN 197-1 (2011), the 
analysis and evaluation of global data have revealed some challenging facts about 
the performance of concrete and the accompanying impacts on sustainability that had 
hitherto not generally been appreciated (Lye et al., 2015b, 2016d; Elgalhud et al., 
2017a,b).

 •  Similarly, in the area of incinerated ashes, a series of studies has used the analytical 
systemisation method in characterising sewage sludge ash and municipal incinerated 
bottom ash and assessing their environmental impacts and potential for use as components 
of cement or aggregate in mortar and concrete, geotechnics, road pavements and ceramic 
applications (Lynn et al., 2015, 2016a,b,c, 2017a,b).

The analytical systemisation method is proving to be an increasingly powerful 
tool in analysing and evaluating globally published experimental data on recycled 
and secondary materials, in terms of characterising the materials, establishing their 
potential applications and engineering performance across different disciplines, as 
well as addressing the important environmental impacts and sustainability issues. 
This approach has been adopted in developing a series of five books on sustainable 
construction materials, and the first, second and third dealing with copper slag  
(Dhir et al., 2016a), sewage sludge ash (Dhir et al., 2016b) and municipal incinerated 
bottom ash (Dhir et al., 2017), respectively, have been published.

This work, the fourth in the series, dealing with GC, which is obtained from processed 
waste glass, should serve as a useful resource for academics, researchers and 
practitioners, providing an up-to-date, comprehensive view of the research undertaken 
on GC and its use in construction, concrete, geotechnics, road pavements and ceramics 
and other applications, as well as the associated environmental impacts, case studies 
and issues related to standards and specifications. Of equal importance, this work 
should help to reduce wasteful repetitive studies and potentially spark new ideas and 
useful projects in areas of need.

1.2   Sustainable Construction Materials

Whilst it could be argued that the term ‘sustainability’ is now generally recognised, the 
wider implications of this are still difficult to comprehend. Alternatively, ‘sustainable 
development’ appears to be a much more straightforward and graspable expression, 
which is easier to appreciate. It is defined in the prominent United Nations’ Brundtland 
report (1987) as ‘development which meets the need of the present without 
compromising the ability of the future generations to meet their own needs.’

In this context, the ever-growing demand for building of infrastructure is fast 
assuming a central stage in national development, as a major consumer of natural 
sources of non-renewable materials and energy. This development is expected to 
affect increasingly environmental impacts in terms of CO2 emissions, which can 
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lead to subsequent climate change and temperature rises on the earth’s surface, as 
well as having a major influence on social and economic conditions. The possible 
consequences in this respect are frightening, potentially leading ultimately to 
famine, floods, mass movement of people and the destruction of species (Stern, 
2006). As such, it is not surprising that governments across the world look to 
the construction industry to play a major role in addressing the issues relating to 
sustainable development and therefore sustainability.

Along with the more efficient design, construction and operation of buildings, the 
growing use of recycled and secondary materials, which, for obvious reasons, are 
increasingly being addressed as sustainable construction materials, can also help 
to lower the environmental impact of construction work. For example, minimising 
the use of Portland cement, of which the current annual global production is around 
4.2 billion tonnes (see Figure 1.1), can lead to significant reductions in CO2 emissions. 
The use of GC in ground form as a component of cement is discussed in Chapter 4. 
Whilst this has potential to make some contribution in reducing CO2 emissions, similar 
use of other waste materials can collectively make a significant contribution. Indeed, 
in this respect, EN 197-1 (2011) on common cements recognises several by-product 
materials as constituent materials of cement. Furthermore, it is interesting to note the 
total cement production in China, shown in Figure 1.1, which brings home the threat 
to sustainability that emerging countries will carry in future as the development of 
infrastructure in these countries, which accounts for nearly two-thirds of that in the 
world, begins to move full speed ahead.
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Figure 1.2 Aggregate production in 38 European countries and Israel in 2015.
Data taken from UEPG (2017).
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Figure 1.3 General and sustainable practices in dealing with aggregates.
Adapted from Dhir et al. (2004b).

As another example, minimising the consumption of natural aggregates, of which the 
annual global production is currently around 50 billion tonnes and forecasted to increase 
further at the rate of 5% per annum, can be realised by developing the use of recycled 
and secondary aggregates (RSAs) in construction. Whilst this is perhaps generally 
appreciated, the pertinent question is how to change the mindset and accelerate the 
process of routinely specifying RSAs in the construction industry. Figure 1.2 clearly 



6 Sustainable Construction Materials: Glass Cullet

emphasises the need to develop the use of RSA materials. In this context, the quantity 
of manufactured aggregates used in 38 European nations amounts to only 1.5% of 
the total estimated production of RSAs. The numbers become even more daunting 
when one considers that the corresponding share of recycled aggregates arising  
from construction demolition and excavation waste used in this region stands at  
only 5.5%.

It is recognised that the national standards world over are moving towards 
facilitating the use of RSAs in construction, and the performance-based approach 
is being advanced (Paine and Dhir, 2010b; Collery et al., 2015). Figure 1.3 
emphasises the pertinent point of sustainability as a simple workable philosophy 
that is easy to understand and points the way forward in adopting the sustainable 
use of construction materials by matching the material quality with the application 
demands.

1.3   Glass Cullet

Glass is an important material in human daily life. Its use can be traced as far back 
as about 2000 BC (De Jong et al., 2011a). As the properties of glass can be modified 
by adjusting its chemical composition, there is a record of at least 400,000 different 
types of glass formulations that have been developed (Sciglass, 2014). This highly 
versatile material, along with its uniqueness in transparency, chemical durability and 
mechanical properties, offers a diverse range of industrial applications in packaging, 
construction, transportation and electronics.

On a global basis, in 2015, about 101 million tonnes of glass was produced, and the 
glass production in the European Union (EU-28) accounted for about one-third of the 
total global production, making it the world’s largest glass producer region (Glass 
Alliance Europe, 2015). The production of container glass, such as bottles, jars and 
flagons for use in food, drink, cosmetic and pharmaceutical packaging, is the largest 
sector in the EU-28 glass industry, occupying 63% of the total output (Figure 1.4). 
This is followed by flat glass, amounting to 29% of the total production, which is 
mainly used in the construction and automotive industries. Other sectors, including 
domestic glass to produce tableware and cookware, glass fibre for composite materials 
and special glass for cathode ray tubes, are relatively small and collectively account 
for less than 10% of the total glass industry.

Silica sand is essentially the primary virgin material used in glassmaking, blended 
together with fluxes, firing agents, stabilisers, colourants and other components 
for efficient melting and forming processes, as well as the desired product 
characteristics. Melting these raw materials to a homogeneous melt that forms 
a glass on cooling is energy intensive, demanding over 75% of the total energy 
consumption in glass production (Scalet et al., 2013). Whilst the energy demand 
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Total Production:
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Figure 1.4 Glass production by sector in the European Union-28 in 2015.
Data taken from Glass Alliance Europe (2015).

can be reduced through the design of the furnace, the addition of processed waste 
glass, also known as GC, as part of the raw materials in glassmaking is one of 
the most viable options for saving energy. This process is known as closed-loop 
recycling, that is, GC being recycled back for re-melting to produce a new glass. 
Depending on the glass type, the typical amounts of GC used can vary greatly 
from 25% up to as high as 95%, but normally no more than 50% (De Jong et al., 
2011b). On average, 1 tonne of GC can save 1.2 tonnes of virgin materials and 
0.67 tonne of CO2 emissions, for every tonne of glass produced (FEVE, 2016).

Figure 1.5 shows that during 2011–15, Europe, the United States, Australia, New 
Zealand, Brazil, Singapore and South Africa consumed 29.4 million tonnes of 
container glass, with an average recovery rate of 56%, which would be greatly less 
on a global basis. Due to the 60% glass recovery target set by the EU Packaging 
and Packaging Waste Directive (84/62/EC), Europe on a whole has the highest glass 
recovery rate (Figure 1.5); however, the rate differs markedly across the region, with 
Denmark the highest at 98% and Malta the lowest at 21%. The container GC recovery 
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rate of other regions (combined) is no more than 50%. Flat glass waste, on the other 
hand, generated from renovation and demolition of buildings in the EU-28 in 2013, 
amounted to about 1.5 million tonnes, but it is almost never recycled into new glass 
products (Hestin et al., 2016).

Although re-melting of GC clearly offers more environmentally friendly benefits than 
its use elsewhere, this method, in reality, is often restricted, especially for post-consumer 
GC, owing to the presence of impurities or contaminants, such as (Vieitez et al., 2011):

 •  Non-glass material components, such as metals, organics, ceramics and glass ceramics, 
which can cause defects in the final products.

 •  Commingling of different glass types, as the production of glass normally accepts only 
GC of similar types.

 •  Colour contamination, especially for the manufacture of flint glass, which has relatively 
low tolerance of colour contamination.

Proper sorting, processing and treating of GC can be a difficult and expensive exercise to 
undertake in practice. Additionally, other factors such as supply and demand of GC can 
also act as a barrier, for example, green GC is surplus in the United Kingdom, as a result 
of imports of large quantities of green container glass, as reported by Vieitez et al. (2011).
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Thus, it is important to create alternative markets for GC in dealing with the remaining 
GC after re-melting and increasing its economic value. It has been suggested (Dhir 
and Dyer, 2003) that alternative markets for GC can be categorised into three broad 
groups, based on its:

 •  Physical properties, as a granular material in concrete, geotechnics, road pavements, 
filtration and abrasive industries.

 •  Chemical properties, as a cement component and raw material in the synthesis of 
industrial minerals.

 •  Properties at elevated temperatures, in ceramic applications and as a foamed material.

1.4   Layout and Contents

The book consists of 11 chapters.

This chapter introduces the nature and purpose of the work undertaken for this 
book, as well as providing the basic statistics on the production of glass and GC.

Details of the methodology, the analytical systemisation method, adopted in accom-
plishing the work, which involved bringing together the global knowledge on the 
characteristics of GC and its potential use in construction, are described in Chapter 2. 
This chapter explains how the exhaustive search of globally published literature in 
the English medium, consisting mainly, but not exclusively, of journal papers, confer-
ence papers and reports produced by public and private bodies, has been carried out. 
The manner in which the systematic analysis, evaluation and structuring of the pub-
lished information dealing with the use of GC in various construction applications was  
carried out is also described.

Chapter 3 describes the production of GC as well as its chemical and physical 
characteristics, and thus provides a fundamental knowledge of the material for any user.

Finely ground GC possesses pozzolanic behaviour and its use as a cement component in 
concrete over a wide range of concrete strength is examined in Chapter 4. This chapter 
provides a wealth of information on the effects of ground GC on the performance of 
concrete in both the fresh state and the hardened state, including the durability of the 
concrete.

The effects of the use of GC as a component of sand (fine aggregate), up to 100%, on 
the fresh and hardened properties of concrete, including permeation and durability 
properties, as well as the potentially contentious subject of alkali–silica reaction 
expansion induced by GC, are discussed in Chapter 5.

Chapter 6 describes the use GC as a filler aggregate, of size less than 65 μm, and how 
this may influence the properties of both fresh and hardened concrete. The application 
of GC filler in self-compacting concrete is also discussed, as well as the risk of alkali–
silica reaction developing in concrete due to the use of GC filler.
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Chapter 7 deals with the use of GC as an aggregate (mostly as fine gravel and sand) in 
geotechnical applications, such as fill materials, covering the material characteristics, 
geotechnical properties, durability, environmental impact, case studies and guidance 
relating to the use of the material.

Chapter 8 presents the use of GC as an aggregate in road pavements such as unbound, 
hydraulically bound and bituminous bound applications, as well as the associated 
environmental impact and case studies.

The suitability of the use of GC in ceramic applications and a range of other potentially 
attractive markets, such as filtration, epoxy composites, paints, abrasives and roof 
coatings, is discussed in Chapter 9.

The associated environmental impacts due to the use of GC in all its applications as 
discussed in Chapters 4–8 are dealt with in Chapter 10, in which relevant case studies 
as well as standards and specifications are also discussed.

The epilogue, in essence, is presented as Chapter 11, providing the salient closing 
points emerging from this work.
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Methodology 2
Main Headings

 •  Literature search and appraisal
 •  Building the data matrix
 •  Analysis, evaluation and modelling of data
 •  Dissemination

Synopsis

For the reader to fully benefit from this work, the methodology adopted in preparing 
the base material for writing this book is described. This consists of three distinct tasks, 
undertaken in sequence. First, the globally published literature on the subject of glass 
cullet and its use in construction is thoroughly sourced and appraised. The second stage 
involves sorting of the literature, mining the data from the sourced publications and 
parking this information to build the data matrix. The third part of the work involves the 
systematic analysis and evaluation of the data.

Keywords: Glass cullet, Literature sourcing and appraisal, Data matrix, Data analysis 
and evaluation.
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2.1   Introduction

The work described in this book has been developed using an approach that is very different 
to the norm and is best suited to establishing what is already known, and how well it is 
known, in a field of study. It can further the value-added sustainable use of processed waste 
glass, commonly known as glass cullet (GC), in construction and at the same time help to 
minimise repetitive research and better channel the resources to advance the material's use. 
To realise this, a robust and clearly structured methodology, analytical systemisation, has 
been designed. To understand and achieve the full impact and benefit of the work presented 
in this book, a detailed description of the methodology is provided.

Figure 2.1 outlines the four main stages of the work, beginning with the sourcing and 
assembling of the base information from the published literature. As an indication 
of the sheer scale of the work, it would be useful to consider the efforts required to 
produce this publication, which involved four experts working over a prolonged period.

This book is based on 751 publications on the production, characteristics and use of GC 
in construction. There was a large amount of information to be managed, with, where 
necessary, reference to an additional 261 works of authoritative persons and standards/
codes of practice in construction, bringing the number of publications used to 1012.

All the 751 publications were vetted and sorted and the data therein extracted, to 
construct the complete data matrix. Thereafter, with the combined pool of extracted 
experimental results in hand, a fresh analysis, evaluation and modelling of the data 
were undertaken. To finish, the findings were carefully structured in this book, as the 
form to facilitate effective dissemination.

The book contains 11 chapters, covering first the processing and management of 
the residues, followed by the characteristics and use of GC in various applications, its 
environmental impact, case studies, relevant standards and codes of practice. Each chapter 
was assigned its own Excel file, containing as many as 25 separate sheets for the different 
subheadings. Individual sheets were subsequently populated with the extracted data, each 
containing hundreds to thousands of distinct data points. These sheets then formed the 
basis of the analysis, evaluation and modelling of the sourced data in developing this book.

Sourcing and
Appraisal of
Literature

Building the
Data Matrix

Analysis,
Evaluation and

Modelling of
Data

Dissemination

Stage 1 Stage 2 Stage 3 Stage 4

Figure 2.1 Outline of the main stages of the methodology.
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2.2   Literature Search and Appraisal

Whilst it is recognised that the literature on the subject of GC and its use in construction 
has been published in many languages, for practicality, the global search of literature 
was limited to the material published in English. The main contribution has come 
from peer-reviewed journal papers, which provided a reputable source of information, 
covering most of the different relevant subject areas. Although more difficult to obtain, 
conference papers were also sourced. Reports produced from government bodies and 
private organisations have been included, where available. Additionally, there were 
several other minor sources of information that were used in completing this search, 
as detailed in Section 2.2.4.

2.2.1   Identifying and Sourcing Literature

The process of sourcing the literature was wide-reaching and thorough. A list of the 
relevant keywords covering the scope of the work, and the search engines and websites 
used for sourcing the literature, is provided in Table 2.1.

The literature search was undertaken until no further publication could be sourced 
and it could be judged assertively to be exhausted. This search policy proved to be 
rewarding, though a challenging and time-consuming exercise. To systematically 
catalogue the sourced literature and, thereafter, the information extracted from the 
publications, a data matrix was created in Excel, containing all the various subject 
areas. Once the search was concluded, the initial background information was logged 
to determine the nature of the sourced literature, including the year of publication 
and details of the authors in the form of their affiliated institution and country, as 
well as the publication type. A few points of interest emerging from this exercise are 
discussed below.

2.2.2   Publication Timeline

In total, 751 GC publications were sourced and used for data mining and developing 
a data matrix to prepare for writing this book; these were published over a period of 
48 years, from 1970 to 2017. Amongst the early work published in this subject area 
was the paper produced by Malisch et al. (1970) from the University of Missouri–
Rolla, about bituminous bound application, published in Highway Research Record, 
Issue 307. In this study the GC used was obtained from container glass, which 
was crushed to sizes less than 12.7 mm and was reported to be flat and elongated. 
As Figure 2.2 shows, there was little literature published during the first period of 
25 years from 1970 to 1994, though of the 18 publications produced during this 
period, 14 were from the United States, two from the United Kingdom and one from 
Australia and one from Malta.
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Table 2.1 Keywords and search engines and websites used

(a) Keywords Used

 • Glass cullet
 • Waste glass
 • Ground glass cullet
 • Glass filler
 • Glass powder
 • Properties
 • Characteristics
 • Production
 • Processing
 • Waste management
 • Aggregate
 • Concrete
 • Cement
 • Pozzolanic
 • Geotechnical applications
 • Fill/backfill
 • Road pavements

 • Unbound
 • Hydraulically bound
 • Bituminous bound
 • Ceramics
 • Glass-ceramics
 • Bricks
 • Tiles
 • Glaze
 • Porcelain
 • Abrasive
 • Epoxy composite
 • Filtration
 • Glass fibres
 • Leaching
 • Environment
 • Case studies
 • Field studies

(b) Search Engines and Websites Used

 • Academic Search Complete
 • American Concrete Institute
 • American Society of Civil Engineers
 • ASTM
 • BASE
 • British Standards Online
 • EBSCOhost
 • Engineering Village
 • Google
 • Google Scholar
 • JSTOR
 • Inderscience Online
 • Ingenta Connect
 • Institute of Civil Engineering

 •  Construction Information 
Service

 • ProQuest
 • Researchgate
 • RILEM
 • Sagepub
 • ScienceDirect
 • Science.gov
 • Scientific.net
 • Scopus
 • SpringerLink
 • Taylor & Francis Online
 • Web of Knowledge
 • Web of Science
 • Wiley Online Library

In 1996, Clean Washington Center published a number of publications as best practice 
guides on the use of GC in concrete and geotechnical applications (as aggregate) and 
other applications such as paving tiles, epoxy and blasting abrasive.

A sudden increase from 8 to 27 papers published in 2001 was due to the 16 relevant 
papers published in the proceedings of the symposium on recycling and reuse of GC 
organised by the Concrete Technology Unit at the University of Dundee (Figure 2.2). 
Likewise, the sharp increase from 17 to 49 papers published in 2004 was due to the 20 
relevant papers published from a single conference held in London. However, the high 
number of publications in 2013, 2014 and 2015, with the highest number of 78 papers, 
are all mainly journal papers.
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2.2.3   Global Publication Status

The country-wise distribution of the published literature, based on all the authors of 
each publication, not only the first author, has been logged and this information is 
presented in Figure 2.3. This shows that the distribution of publications amongst the 51 
countries, with 40% each from Europe and Asia, that have published their research has 
tended to concentrate in a few countries. The United States and the United Kingdom 
each have over 100 publications, accounting for one-third of the total publications, 
and together with Australia and Italy, each having more than 50 publications, these 
four countries account for over 50% of the total publications.

The publication timeline for the top 10 countries, with a minimum of 20 publications 
each, is different, as shown in Figure 2.4. The United States started publishing in 
1970, but showed a steady increase only from 1995, with a publishing rate of 
6.7 papers per annum. The United Kingdom started to publish in the year 1980, 
and showed a steep increase in publishing rate of 11 papers per annum during 
2003–09, but the rate dropped thereafter to 3.7 per annum. Australia also started 
publishing in 1980, but became active only in 2006, having a rate of publishing of 
4.3 per annum. Italy started to publish in 2001, with a steady rate of 2.9 per annum. 
Canada started to publish in 1995, but with a steady rate of 3.1 papers per annum 
from 2007. China and India started publishing in 2005 and 2009, with a steady 
rate of 3.5 and 4.7 papers per annum from 2009 to 2011, respectively. Hong Kong 
started to publish in 2002 and had a peak rate of publishing 7.3 papers per annum 
for a short period of 2011–13. Taiwan and Turkey stated to publish in 2002 and 
2001, respectively, and had a steady rate of publishing of 2.3 and 2.1 papers per 
annum from 2006 to 2008.
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2.2.4   Publication Types

Knowing where the sourced literature has been published is another important part 
of the process of evaluating the overall credentials of the research. As can be seen 
from Figure 2.5, nearly 60% of the publications on GC are journal papers, with 
conference papers and reports both contributing about the same amount, 16% and 
13%, respectively, of the total published material. There are also a good number of 
specifications-related publications (6%). Together, these four types of publications 
accounted for 93% of the total literature sourced. It would be expected that the research 
published in these source types would generally be of a reasonably high standard. 
There were also smaller amounts of additional research information found (7%) in the 
form of online theses, bulletins, magazines, books, fact sheets, online articles, digests 
and presentation slides.

Investigating further into the nature of the biggest publication type, a staggering 
number of 173 different journals were found to contain information on the subject 
of GC. This stretched across the fields of engineering, material sciences and 
environmental sciences. Journals with a minimum of 5 papers are listed in Table 2.2, 
with 7 of 12 journals published by Elsevier. Construction and Building Materials 
have published the highest number of papers (56), followed by Cement and Concrete 
Composites (30). Of the remaining 161 journals, 7 have published four papers each, 
11 have published three papers, 24 have published two papers and 119 have published 
only one paper.
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Table 2.2 Main journals publishing on glass cullet

Journal
Number of 
Publications Time Period

Construction and Building Materials 56 2007–16

Cement and Concrete Composites 30 2003–13

Ceramics International 20 2002–16

Waste Management 19 2002–14

Cement and Concrete Research 16 1995–14

Journal of Cleaner Production 15 2007–16

Materials and Structures 14 2004–16

Journal of Materials in Civil Engineering 10 1998–15

ACI Materials Journal 8 2000–15

Journal of Hazardous Materials 8 2007–13

Glass and Ceramics 5 2013–15

Journal of Geotechnical and Geoenvironmental 
Engineering

5 2006–08

Journal
papers

58%

Conference
papers

16%

Reports
13%

Specifications
6%

Theses
2%

Bulletins
2%

751 
Publications

Magazines: 1.7%
Books: 0.7%
Fact sheets: 0.5%
Online articles: 0.3%
Digests: 0.1%
Presentation slides: 0.1%

Figure 2.5 Distribution of publications by nature.
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2.2.5   Researchers Involved

The background information gathered from the literature on the subject of GC 
and its use in construction showed that 1402 authors have published in this area, 
though Table 2.3 has been limited to only 20 authors who have contributed a 
minimum of seven publications. In addition to these, there are 10 authors who 
have contributed six publications, 9 authors with five publications, 18 with four, 
97 with three, 261 with two and a staggering number of 987 authors who have 
published one.

Table 2.3 Key researchers on glass cullet

Author Country Years
Number of 
Publications

Poon, C.S. Hong Kong 2007–15 26

Ling, T.C. Hong Kong 2010–15 21

Dhir, R.K. United Kingdom 2001–17 18

Tagnit-Hamou, A. Canada 2004–16 14

Meyer, C. United States 1996–03 14

Dyer, T.D. United Kingdom 2001–14 13

Wang, H. Taiwan 2008–16 13

Bernardo, E. Italy 2003–15 11

Arulrajah, A. Australia 2011–13 9

Grubb, D. United States 2004–08 9

Tang, A. United Kingdom 2003–09 9

Byars, E. United Kingdom 2003–07 8

Disfani, M.M. Australia 2011–14 8

Kou, C.S. Hong Kong 2009–13 8

Wartman, J. United States 2004–08 8

Zhu, H.Y. United Kingdom 2003–07 8

Ali, M.M. Australia 2011–14 7

Barbieri, L. Italy 2001–15 7

Kara, P. Latvia 2012–16 7

Lin, K. -L. Taiwan 2007–17 7
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There are several interesting points that emerge from Table 2.3.

 •  C. Meyer from Columbia University, New York, USA, appears to be the first of the active 
researchers, working in the area of using GC as a fine aggregate in concrete, with the first 
conference paper published in 1996.

 •  C.S. Poon (2007–15) and T.C. Ling (2010–15), both from the University of Hong Kong 
Polytechnic, Hong Kong, have collaborated in many works relating to GC and together 
they are in the top two positions in terms of the number of publications they have 
produced. This is followed by R.K. Dhir (2001–07) from the University of Dundee, UK.

 •  Most of the researchers listed in Table 2.3 appear to have published consistently since 
2000, but only R.K. Dhir (2001–17), A. Tagnit-Hamou (2004–16), T.D. Dyer (2001–14), 
E. Bernardo (2003–15) and L. Barbieri (2001–15) have remained active in the field for 
more than 10 years.

 •  E. Arulrajah (2011–13), M.M. Ali (2011–14) and M.M. Disfani (2011–14), all from 
Swinburne University of Technology, Australia, started later than the others and also 
appear to have remained active for a short duration.

2.2.6   Institutions and Organisations Involved

A staggeringly high number of institutions and organisations, 513 worldwide, have 
been involved in research in the area of GC and its use in construction. Table 2.4 
provides a list of the 25 main institutions and organisations that have contributed a 
minimum of five publications on the subject. Of the institutions listed in the table, 
eight have a double-digit number of publications. The other institutions not listed have 
four or fewer, with as many as 346 having published just one. The domination of 
European and North American (mainly the United States) institutions, and a few key 
organisations from Asia and Australia, in this specific subject area is clearly visible.

2.2.7   Subject Area Distribution

In the main, the sourced literature has been categorised under eight main subject areas, 
as shown in Figure 2.6. On the production and properties of GC (Chapter 3), data were 
sourced from 274 publications, and the analysis, evaluation and synthesis work made 
reference to 16 standards and specifications and 14 other supplementary publications.

Owing to its chemical composition, when finely ground, GC has the potential for use 
as a component of cement, with 154 publications, 19 standards and 26 other references 
used in Chapter 4.

As GC can be produced as a fine aggregate, there has been a natural tendency to 
develop its use as a granular material in the areas of concrete, geotechnics and road 
pavements, with primary preference as a component of fine aggregate in concrete. 
This is reflected in the number of research publications produced in the area 
of concrete for its use as fine aggregate, as discussed in Chapter 5, in which 203 
publications, 28 standards and 9 supplementary references are referred. There is also 
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Table 2.4 Institutions and organisations on glass cullet

Institution/Organisation Country
Number of 
Publications

Hong Kong Polytechnic University Hong Kong 28

University of Dundee United Kingdom 20

Columbia University United States 14

Riga Technical University Latvia 14

University of Sherbrooke Canada 14

National Kaohsiung University of Applied 
Sciences

Taiwan 13

Swinburne University of Technology Australia 12

University of Padua Italy 12

Clean Washington Center United States 8

Drexel University United States 8

Pennsylvania State University United States 8

PennDOT United States 7

WRAP United Kingdom 7

Clarkson University United States 6

Michigan State University United States 6

National University of Singapore Singapore 6

Sardar Vallabhbhai National Institute of 
Technology

India 6

Schnabel Engineering North United States 6

Technical University of Lisbon Portugal 6

University of Toulouse France 6

National Ilan University Taiwan 5

University of Modena and Reggio Emilia Italy 5

University of Erlangen-Nuremberg Germany 5

University of Malta Malta 5

University of Sheffield United Kingdom 5

some interest for the use of GC as a filler aggregate, as discussed in Chapter 6, which 
has been based on 21 publications, 6 standards and 6 supplementary references. The 
numbers of publications, standards and supplementary references for the use of GC in 
geotechnical applications, presented in Chapter 7, are 71, 18 and 15, respectively. The 
corresponding numbers for the use of GC in road pavement applications, presented in 
Chapter 8, are 52, 10 and 11.
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Figure 2.6 Glass cullet publications, standards and specifications and supplementary references used in Chapters 3–10.
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In addition, both the chemical and the physical characteristics of GC appear to 
have made the material a sufficiently attractive option to explore its potential use in 
a number of alternative applications, including as raw feed for the manufacture of 
various ceramic products, as a filtration medium and as a blasting abrasive, among 
others, with 122 publications, 10 standards and 9 supplementary references used in 
Chapter 9.

Environmental issues and case studies relating to the material account for 83 
publications, 65 standards and specifications and 13 other supplementary references, 
which are also discussed in Chapter 10.

2.3   Building the Data Matrix

This work consists of two main tasks required to facilitate the subsequent process: 
the systematic analysis and evaluation of the experimental data, followed by the 
structuring and modelling of the analysed work. Similar to laying the foundation of a 
building, it is extremely important to set a solid base for this work. This is done through 
the initial sorting of the literature and the meticulous data mining and parking of the 
experimental results. Although it may be seen as repetitive, and at times laborious 
and tiresome due to the sheer size of the task involved, the work demands a keen 
attention to detail, as the thoroughness of the process can greatly affect the quality and 
reliability of the findings.

2.3.1   Initial Sorting of Literature

This stage of the work is very much like the post office sorting the mail to deliver letters. 
It serves as the foundation and needs to be carried out correctly. Each publication must 
be thoroughly vetted and allocated to specific relevant subject areas, such as concrete, 
geotechnics and ceramics. The publications are then sorted into further subdivisions 
in each subject area; an example of this is shown in Figure 2.7 on the use of GC in 
geotechnical applications.

2.3.2   Data Mining and Parking

The next stage consists of identifying and extracting both qualitative descriptive 
information in the text and quantitative results in tables and figures, making use of 
the software package Plot Digitizer when required, from the sourced publications, 
for each subject area. The data matrix was formed through this process of  
data mining and parking. A partial screen capture of a sample of the data matrix 
is shown in Figure 2.8, for data on the particle size distribution of GC fine  
aggregate.
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Ali et al 2011a Australia X X X X X X X X
Ali et al 2011b Australia X X X X X X X X
Amlashi et al 2015 Canada
Arabani et al 2012 Iran X
Archibald et al 1995 Canada
Archibald et al 1999 Canada
Arnold et al 2008 New Zealand X
ARRB Group 2010 Australia
Arulrajah et al 2013 Australia X X X X X X X X X
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Chiou & Chen 2013 Taiwan
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Clean Washington Centre 1996 b USA
Clean Washington Centre 1996 c USA
Cosent ino et al 1995 USA X X X X
Dames & Moore (CWC) 1993 USA X X X X
Davidovic et al 2012 Serbia
Dept. of Environment & Climate Change NSW 2007 Australia

Characterist ics

Figure 2.7 A partial screen capture of the initial sorting of literature showing the research 
subjects covered in Chapter 7 on geotechnical applications.

2.4   Analysis, Evaluation and Modelling of Data

This step involves the critical assessment of the globally published experimental 
results on GC and its use in construction. Using Excel, the data were assembled 
in a manner allowing a great deal of flexibility in the analysis and evaluation and 
where possible, the development of models, whilst at the same time retaining a 
very close connection with the results. The analysis and evaluation process proved 
to be very demanding, with no magic recipe or straightforward set strategy. The 
exercise was very much dependent on the nature of the available results and the 
knowledge and experience of the assessor, requiring sensitivity and attention to 
detail in the handling of the data, whilst retaining a pragmatic and imaginative 
touch.

The immediate problem one faces with the analysis and evaluation of the global data is 
the large amount of variation in the test results obtained by different researchers, and this 
must be assessed carefully. This variability can be controlled, to some extent, by working 
with relative values, with respect to the reference test material, usually comparing GC 
with accepted construction materials. The data were analysed systematically using 
varying approaches depending on the volume of data, nature of the subject (e.g., chemical 
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composition of GC, strength activity index, deformation of concrete, compactability of 
soil, Marshall stability bituminous mix and leaching tests), application of the material and 
test parameters involved. In addition, reference was made to the current standards and 
specifications when necessary, to assess the products for compliance.

One example of this work is shown in Figure 2.9, in which a total of 139 shrinkage 
results for concrete made with GC-sand as a replacement for natural sand were 
considered. Box-and-whisker plots were adopted to identify the outliers and show 
their distribution. A trend line was obtained for GC-sand replacement levels from 
0% to 100% using polynomial regression analysis. The particle size distribution of 
GC-sand and that of the reference natural sand were also compared to investigate 
how this can affect the performance of GC-sand on the shrinkage of concrete.

2.5   Dissemination

The findings emerging from the analysis, evaluation and modelling of the combined 
experimental results are structured in an incisive and easy-to-digest manner that 
can be usable for researchers and practitioners. The work is disseminated in 
written form as part of a series of books on sustainable construction materials, 
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Authors Year Glass Type
Sieve Size, (mm)

Abdallah & Fan 2014 Soda lime % Passing
Sieve Size, (mm)

Abendeh et al. 2015(a) Soda lime
Sieve Size, (mm)

Abendeh et al. 2015(b) Soda lime
Sieve Size, (mm)

Aghabaglou et al. 2015 Not specif ied
Sieve Size, (mm)

Berry et al. 2011 Not specif ied
Sieve Size, (mm)

Borhan & Bailey 2014 Soda lime
Sieve Size, (mm)

Dhir et al. 2005a Soda lime
Sieve Size, (mm)

Disfani et al. 2011 Soda lime (fine)
Sieve Size, (mm)

Disfani et al. 2011 Soda lime (medium)
Sieve Size, (mm)

Guo et al. 2015 Soda lime
Sieve Size, (mm)

Isler 1984 Soda lime
Sieve Size, (mm)

Lee 2011 A
Sieve Size, (mm)

Lee 2011 B
Sieve Size, (mm)

Lee 2011 C
Sieve Size, (mm)

Lee 2011 Not specif ied

Not specif ied

Not specif ied

Not specif ied

D
Sieve Size, (mm)

Lee et al. 2013 Soda lime A
Sieve Size, (mm)

Lee et al. 2013 Soda lime B
Sieve Size, (mm)

Lee et al. 2013 Soda lime C
Sieve Size, (mm)

Figure 2.8 A partial screen capture of data mining and parking showing the glass cullet 
particle size distribution results taken from various studies.
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4.75 2.36 1.18 0.6 0.3 0.15 0.075 pan
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19.5 12.5 9.5 4.75 2.36 0.85 0.425 0.075
100 95 88 51 31 11 6 2
19.5 12.5 9.5 4.75 2.36 0.85 0.425 0.075
100 95 88 51 31 11 6 2

4 2 1 0.5 0.3 0.125
100 85 60 35 25 15
9.5 4.75 2.36 0.85 0.425 0.075 0
100 99 88 48 21 8 0
4.75 2.36 1.18 0.6 0.3 0.15 0
100 91.1 70 5 0.2 0.2 0

7 4 2 1 0.5 0.3 0.15
53 29 12 7 2 1 0.1

4.75 2.36 1.18 0.6 0.5 0.3 0.15 0.075 0.05
100 91 62 39 28 20 10 5 3
10 7 4.75 2.36 1.18 0.6 0.5 0.3 0.15

100 91 74 46 29 19 15 12 8
4.75 2.36 1.18 0.6 0.3 0.15
100 90 55 30 12 7
9.5 4.75 1.18 0.6 0.3 0.15 0.075 0
100 100 76 54 28 8 4 0
10 4.75 2.36 1.18 0.6 0.3 0.15

100 100 88 51 25 10 0
10 4.75 2.36 1.18 0.6 0.3 0.15

100 100 100 58 29 11 0
10 4.75 2.36 1.18 0.6 0.3 0.15

100 100 100 100 49 18 0
10 4.75 2.36 1.18 0.6 0.3 0.15

100 100 100 100 100 86 0
10 4.75 2.36 1.18 0.6 0.3 0.15

100 100 88 51 26 9 0
10 4.75 2.36 1.18 0.6 0.3 0.15

100 100 100 58 28 10 0
10 4.75 2.36 1.18 0.6 0.3 0.15

100 100 100 100 49 18 0
10 4.75 2.36 1.18 0.6 0.3 0.15

Par�cle size distribut ion (% passing)

Figure 2.8 Cont’d
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Figure 2.9 A partial screen capture of analysis and evaluation showing the effect of glass 
cullet (GC) as a natural sand replacement on the shrinkage of concrete.

published by Elsevier. With the novel approach undertaken, it is hoped that this 
book can contribute towards establishing a more widespread practical use of GC 
as a sustainable construction material, stimulating forward-thinking research and 
reducing repetitive work.

2.6   Conclusions

So that the reader can understand and benefit from this work, the clearly structured 
methodology that has been designed and adopted to develop the base material to 
enable writing this book has been described. This methodology is in three distinct 
parts, which follow in sequence.
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Figure 2.9 Cont’d

The first part deals with the procedures used in sourcing and appraising the literature 
on the subject of GC and its use in construction. The next step involves sorting of 
the literature and the subsequent mining and parking of the data in a well-defined 
and orderly manner. Finally, the data are analysed and evaluated as part of the 
critical assessment of the combined experimental results to determine the emerging 
findings, which are then presented in a manner that can be clearly understood and 
disseminated.
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Production and Properties of Glass 
Cullet 3
Main Headings

 •  Introduction
 •  Market opportunities for glass cullet use
 •  Types of waste glass and collection schemes
 •  Classification and handling of unprocessed waste glass
 •  Processing waste glass into glass cullet
 •  Chemical properties of glass cullet
 •  Physical properties of glass cullet
 •  Concluding remarks

Synopsis

This chapter, which in many ways can be viewed as the foundation chapter for what 
follows, begins with describing briefly the barriers to the use of waste glass, as well as 
its market opportunities, instead of sending it to the landfill, together with the related 
financial and environmental benefits. The types of waste glass and the collection 
schemes in operation and how these may influence the quality of the final product and 
the classification and handling of unprocessed waste glass are dealt with. This is followed 
by the processing of waste glass into recyclable glass cullet for the primary glass market 
and secondary markets, with specific focus on the use of glass cullet in the construction 
market and ceramics. The chemical and physical properties of glass cullet, mainly 
relating to the use of glass cullet as a fine aggregate, as a filler or cement in mortar and 
concrete, and in geotechnical and road pavement applications, are discussed, based on 
widely published data over a period of time.

Keywords: Waste glass, Glass cullet, Sustainability, Financial and environmental 
impacts, Barriers, Markets, Collection scheme, Processing, Chemical properties, 
Physical properties.



36 Sustainable Construction Materials: Glass Cullet

3.1   Introduction

Owing to its high potential for recycling, the glass industry was amongst the first 
to start collecting and recycling its packaging and achieved one of the highest 
recycling rates. Glass from containers, such as bottles and jars, can be recycled 
almost completely and indefinitely, without any loss in its quality or purity (Glass 
Packaging Institute, 2015).

The Glass Packaging Institute (2015), which represents the North American glass 
container industry, has estimated that over a tonne of natural resources are saved for 
every tonne of used glass recycled back to glass melt for making glass products. In 
addition, incorporation of 10% glass cullet (GC) in the glass manufacturing process 
can result in a reduction of energy costs of about 2%–3%, depending on the GC 
distribution and mixing systems operating at the glass manufacturing plants. This in 
turn can greatly affect the homogenisation of the materials into a uniform mixture, 
such that the glass melting regime is not disrupted, nor is the thermal uniformity 
(Efremenkov, 2015; Efremenkov and Subbotin, 2015). Furthermore, in terms of 
potential environmental impact, the recycling of six tonnes of GC of container glass 
results in a reduction of one tonne of carbon dioxide released into the atmosphere. 
As the glass melting time in modern glassmaking furnaces depends on the GC 
content in the batch (Beletskii et al., 2013), it is possible to reduce, even further, 
the cost of the end products and CO2 emissions by incorporating greater amounts 
of GC in the manufacture of soda lime–silicate commercial containers. This also 
includes CG from crushed liquid crystal display (LCD) glass, even though it is an 
aluminoborosilicate glass, with significant strontium oxide content (Kim et al., 
2014b).

According to Eurostat (2016), the total amount of waste glass produced in the 
European Union (28 countries), in 2012, was about 18.3 million tonnes. Figure 3.1, 
which presents the total amount of waste glass produced and treated in the European 
Union, shows that, despite the notably high quantities of waste glass generated in 
some cases, it is almost always completely recovered. Indeed, in comparison to 
other recyclable materials, waste glass has one of the highest recovery rates, at an 
average rate of 79% in the 28 countries of the European Union for which the data 
are presented in Figure 3.1. Although some countries have set out to recover and 
add value to waste glass by using it as backfill material (mainly the Czech Republic, 
Germany and Estonia), most have decided to recycle and use it in the production of 
new glass-based products.

Figure 3.1 also shows that, in some cases, the amount of recovered glass in a 
country can be even higher than the amount produced during a given period, for 
example, in Finland, Czech Republic, The Netherlands, Spain and Germany. 
Although not explained, if all values are correct, the differences, most likely, 
represent additional efforts to find and add value to waste glass produced in 
previous years.



37Production and Properties of Glass Cullet

The various types of glass are also discussed in this chapter, as well as existing waste 
collection schemes, which may influence the characteristics and contamination 
levels of the resulting GC and its end-use application. Furthermore, with the aim of 
increasing the added value of GC in a way that it becomes a recyclable material in 
several markets, the quality control stage at the glass processors’ gate and beneficiation 
procedures of waste glass into cullet are also discussed.

In view of the large amounts of waste glass produced yearly and its high potential 
for recycling back into glass manufacture and use in a wide range of secondary 
markets, such as concrete (fine aggregate, filler aggregate and cement), geotechnical 
and road pavement applications, as well as ceramics applications and others, the 
chemical and physical properties of GC, which in many cases can be the deciding 
factor in developing the use of GC in the secondary markets, are dealt with in some 
detail.

3.1.1   Financial and Environmental Benefits

It is widely known that recycling waste glass in the production of new glass-based products 
will lead to a lower volume of the material to be disposed in landfills and, at the same time, 
will reduce the procuring of natural raw materials to produce glass and the environmental 
impact of the glass manufacturing industry (Glass Packaging Institute, 2015). Furthermore, 
in the production of container and flat glass, replacing raw materials with GC allows a 
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more efficient production process and, consequently, a reduction in carbon emissions. This 
is also true of other types of glass products; for example, recycling end-of-life cathode ray 
tubes (CRTs) in a closed-loop approach may allow savings of up to 1 kg CO2 emission 
per kilogram of CRTs produced. Furthermore, environmental benefits would also be 
observed if the CRTs were to be redirected to the production of materials meant for other 
applications, such as the production of flat screens (Rocchetti and Beolchini, 2014).

Notwithstanding the benefits that can be accrued, it must also be recognised that the 
environmental benefits of recycling waste glass will be influenced by the existing local 
conditions and the technological know-how that can effectively aid the development 
of GC use. For example, the environmental impact of the transportation distance can 
outweigh the benefits of glass incorporation in closed-loop recycling or ‘downcycling’ 
(Meylan et al., 2014). Even when GC batches show a higher level of contamination, 
making them unusable for closed-loop recycling, some of the environmental benefits 
can still be observed with the use of GC as a natural aggregate replacement.

Furthermore, as specifications for its use in several construction applications are fairly 
flexible, adopting the use of GC as an alternative to natural aggregates in the construction 
industry becomes an ideal outlet for waste glass that is unsuitable for use in the production 
of new glass-based products (Holcroft and Pudner, 2007). Indeed, even though recycling 
waste glass may have significant costs in terms of segregation of materials and beneficiation 
procedures, it is widely agreed that significant financial benefits can be reaped from 
recycling it (WRAP, 2009b). These benefits can begin as soon as the GC is diverted 
from the landfill, for which no landfill charges are paid. Furthermore, with the increasing 
awareness of the potential for recycling waste glass and how this route can be a cheaper 
alternative to natural raw materials, landfill taxation for GC can be expected to continue to 
increase, thereby strengthening the economic feasibility of recycling waste glass.

3.1.2   Existing Barriers to Reuse and Recycling of Glass Cullet

A series of constraints, which hinder the recycling of waste glass, has been addressed 
by several researchers, though at the initial stages this happened mainly in the United 
Kingdom, the United States, Australia and New Zealand. This covered various aspects, 
namely, availability of the material, presence of contamination in the waste material, 
inefficiency of facilities for collection and processing of GC, financial issues involving 
the whole GC recycling process and public awareness, motivation and perception of 
GC waste material and its potential for recycling and the benefit of this to sustainability 
(Barlow, 2001; Coakley et al., 2002; Snow and Dickinson, 2005; Holcroft and Pudner, 
2007; Hurley, 2003; Ralph, 2006; Ralph and Prince, 2006; USEPA, 1992; WRAP, 2009a).

For example, with well-thought-through kerbside schemes, carried out alongside bottle 
banks, it is quite possible that much of the final waste glass will be unsorted in terms of 
its colour (Holcroft and Pudner, 2007). This reduces the availability of GC suitable for 
recycling in glass production. Although the nonavailability of good-quality GC has been 
identified as a potential barrier to its recycling, overcoming this difficulty in practice, to a 
large extent, would be influenced by the end-use application of the material (USEPA, 1992).
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Naturally, specifications for the characteristics of GC are more restrictive when 
collected for recycling in the manufacturing of new glass-based products, which 
require the material to be of a small size range, to exhibit a specific colour and 
to contain very little contamination of non-glass components (organic, ferrous 
and nonferrous metals). However, these aspects do not have such relevance 
when considering the use of GC as a construction aggregate, and accordingly the 
specifications are normally nowhere near as limiting as those for the glass-based 
applications.

Significant progress has been made in some countries and GC is collected in suitable 
form for recycling back to the manufacture of glass-based products and, failing 
this, for use in other less demanding applications, including as an aggregate in the 
construction industry. However, it must be noted that, at present, on a global scale, the 
provision of suitable facilities for the collection, sorting and processing of GC is at a 
level that renders a greater proportion of GC unsuitable for use in glass manufacturing 
and in the construction industry. Naturally, this problem is more evident in developing 
countries than in developed ones, where the issues involved are more complex and 
challenging.

Other main barriers to the wider recycling of waste glass are brought about by widely 
varying financial considerations. For example, some of the wastes are not properly 
sorted, and the processing cost of GC, in such circumstances, can be particularly 
steep due to the high contamination removal and colour-based separation costs. This 
can give rise to an increase in the price of GC to the extent that it could even exceed 
the price of the raw materials normally used in the manufacture of glass-based 
products, thereby making it less competitive (WRAP, 2009a). Without cost benefit, 
commercial entities would be reluctant to recycle GC as an alternative component 
and, instead, would use raw materials that they already know and which are readily 
available.

In addition, the low landfill charges practiced in some countries do not encourage 
waste glass recycling (Barlow, 2001; Snow and Dickinson, 2005) to a point that it 
is cheaper to landfill GC than to recycle it (Ralph, 2006; Ralph and Prince, 2006). 
Furthermore, the distance from some waste glass collection sites to processing 
plants may be such that transportation costs and environmental impacts of the final 
product may become unfavourable to recycling glass (Snow and Dickinson, 2005; 
Dacombe et al., 2004).

Furthermore, because of the general public’s misconception of what types of glass 
and non-glass materials should be deposited at collection sites, the resulting waste 
is often a mixture of unsorted glass containing non-glass constituents capable of 
affecting the quality of the end-use application (Coakley et al., 2002). To obtain 
a suitably sorted GC, based on the colour and composition of the material, a high 
degree of quality control is required to be in place right from the beginning of the 
process. Though this could be achieved easily by the adoption of comprehensive 
recycling schemes, in most cases, there has been little governmental support and 
funding available to offset any of the associated costs (Snow and Dickinson, 2005). 
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The direct result of this has been the production of mixed waste with various types 
of glass, which needs further processing for it to be used as part of the raw feed 
for producing glass-based products, or in a mixed-glass waste stream with other 
recyclable materials, or, in the worst-case scenario, it remains unsuitable for use and 
can only be sent for landfill.

Some suggestions have been made, although localised and specific, for flat glass 
collection in the United Kingdom (Hurley, 2003) and for container glass in the Otago 
region in New Zealand (Snow and Dickinson, 2005), specifically on how some of the 
aforementioned barriers can be overcome, by substantially improving reclamation, 
reuse and recycling of waste glass, which include:

 •  The development of simple and practical rules at the planning stage to maximise reuse/
recycling of quality glass-based materials and products at the end of their life.

 •  Allowing sufficient time when dismantling glass-based units, to ensure that those 
components are removed in a good condition and remain capable of being reused later on.

 •  Promoting recognised trade associations for reclamation, which would increase 
awareness of the construction industry’s activities and encourage the reclamation of 
glass-based units.

 •  The reclamation industry developing long-term strategies to expand their successful 
activities to the commercial and construction sectors.

 •  Increased government involvement and support from commercial bodies to increase 
the reclamation industry’s capacity to recover, refurbish and reuse quality glass  
units.

 •  Pressure from the local population and proactive engagement by ruling regional entities, 
which has been found to play a vital coordinating role in waste reduction and higher 
segregation of materials.

 •  ‘Green’ marketing, communicating previous experiences and demonstrating the 
feasibility of using GC at an industrial scale, which may positively influence contractors’ 
and clients’ perception regarding the use of recycled materials.

3.2   Market Opportunities for Glass Cullet Use

Two approaches are practiced when recycling GC, i.e., closed-loop and open-
loop recycling (Enviros, 2004; Holcroft and Pudner, 2007). The former consists of 
processing waste glass in a manner such that the resulting GC may return to glass 
manufacturers to be re-melted into products similar to the original (Figure 3.2(a)).  
This type of recycling, which is associated with primary markets, is preferred, as 
waste glass can be repeatedly recycled and replace other raw materials, resulting 
in new glass with potentially lower energy consumption costs and lower carbon 
footprint, reported as 320 CO2 kg savings compared with a nil savings in  
aggregate use.
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An open-loop recycling approach for GC that cannot be returned to glass manufacturers 
for economic or quality reasons is usually associated with a single use in long-life 
secondary or alternative applications (Figure 3.2(b)). The reason it is recycled once is 
that the glass-based constituents are mixed together with a significant amount of other 
materials that are considered as contaminants in the glass recycling process, thereby 
making it extremely complex and financially unsustainable to segregate them. The 
main alternative market for the use of GC that cannot be easily recycled into new glass 
is as a construction aggregate (Holcroft and Pudner, 2007).

Table 3.1 contains the main applications for the use of GC in primary markets and 
alternative markets, with special emphasis on those within the construction industry. 
The potential end markets for processed waste glass are governed by the amount of 
contaminants and the quality requirements set out by processing plant operatives and 
clients. To minimise environmental impacts and optimise the retail prices of collected 
and processed container and flat glass, contamination must be kept to a minimum 
throughout the recycling process.

Other alternative markets in which GC may also be used include the replacement of 
zeolites in cationic exchange, as the rooting medium in hydroponics, as the filtration 
media for drinking water, as blast abrasive media and as filler for paint and plastic 
(Enviros, 2004; Snow and Dickinson, 2005; Wright, 2003).

3.3   Types of Waste Glass and Collection Schemes
3.3.1   Types of Waste Glass

Glass is a versatile material and can be used in diversified applications, and waste 
glass is expected to take up many different forms. Table 3.2 lists the main types of 
waste glass, categorised based on the original glass application, with information on 
their basic composition, their original use and the likely product types that need to be 
handled at the end of their life cycle for the recycling process to begin.

Manufacture

Application

Disposal

Processing

(a)

Manufacture

Application
Disposal

Reprocessing

Final application

(b)

Figure 3.2 (a) Closed- and (b) open-loop recycling approaches.
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The vast majority of generated waste glass comes from container and flat glass. 
However, even though both container glass and flat glass are essentially of similar 
composition (i.e., soda lime glass), handling these two products at the end of their 
life cycle and preparing them for recycling will need two different collection and 
processing approaches. The container glass, because of the diversity of packaging 
products, with different colours, sizes, shapes and contamination, is much more 
difficult to recycle compared with flat glass, in both glass-based products and other 
alternative applications. Notwithstanding this, the quantities involved for recycling 
both glass types are high and, as waste glass production is expected to increase and the 
concept of sustainability gains greater importance, the economics-related challenges 
of their collection and processing would need also to be addressed as a matter of 
priority.

Table 3.1 Glass cullet primary and secondary markets

Use Application Replaced Products Potential Benefits

Primary Marketsa

Feed stock  •  Container
 •  Flat glass
 •  Fibreglass

 •  Raw materials  •  Low-cost raw material
 •  Energy savings
 •  Reduced CO2 emissions
 •  Increased furnace life

Secondary Marketsb

Construction 
aggregate

 •  Concrete
 •  Fill
 •  Asphalt
 •  Pipe bedding
 •  Decorative

 •  Crushed rock
 •  Gravel
 •  Sand

 •  High resistance to impact/
compression

 •  Good drainage properties
 •  Colourful, decorative

Flooring  •  Terrazzo
 •  Synthetic marble
 •  Resin composite

 •  Crushed rock  •  Colourful
 •  Glass–resin composite
 •  Highly resistant

Cement  •  Concrete  •  Portland cements
 •  Pozzolanas

 •  Pozzolanic reaction

Flux/binder  •  Bricks
 •  Pottery
 •  Ceramics

 •  Clay
 •  Mineral fluxes

 •  Reduced firing temperature 
and time

 •  Reduced hydrogen fluoride 
emissions

Foamed glass 
insulation

 •  Construction  •  Virgin glass 
materials

 •  Low cost

aData taken from CapitaSymonds (2007), Coakley et al. (2002), Enviros (2004), Holcroft and Pudner (2007), Hurley 
(2003), Ralph (2006), Ralph and Prince (2006), USEPA (1992) and WRAP (2007).
bData taken from WRAP (2007), Pascoe et al. (2001), Wright (2003), Enviros (2004), Snow and Dickinson (2005), 
Barlow (2001), CapitaSymonds (2007), Cresswell (2007), Coakley et al. (2002), Holcroft and Pudner (2007), Searles 
(2004), Ralph (2006), Ralph and Prince (2006), Stainer (2006) and BG (2014).
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CRTs and LCDs are used in the production of electronic components, such as 
televisions, computers and mobile phones. These types of glass normally contain 
significant amounts of hazardous substances such as lead and cadmium and thus their 
safe disposal and processing are necessary to avoid contamination of air, soil and 
groundwater (Kang and Schoenung, 2005). For example, a recently developed option 
for CRT glass recovery involves a process of crushing, acid washing and water rinsing 
(Ling and Poon, 2011b). The recovered CRT glass has potential for broad construction 
applications (Andreola et al., 2007). Recovered LCD glass may be used in the 
production of new monitors as well as in alternative applications, such as additives for 
metallurgical processes (Lee, 2013) and construction aggregates (Wang et al., 2013).

Table 3.2 Types of sourcing and collection of waste glass

Type of Waste 
Glass Description

Container Usually made of ‘soda lime glass,’ which is produced by melting silica 
sand (SiO2), soda ash (Na2CO3), limestone (CaCO3) and other minor 
additions; the amounts of each constituent vary slightly depending on the 
application
Waste glass from containers, bottles, jars, domestic tableware and 
lighting products

Flat glass Also made of soda lime glass, flat glass is categorised into two types: 
preconsumer and postconsumer
Preconsumer flat glass consists of off-cuts from glazing units’ 
manufacture; this uncontaminated material is generally 100% recyclable 
and may be put back into flat glass melting furnaces Postconsumer flat 
glass consists of old windows and doors that have been replaced or have 
come from demolished buildings, as well as from end-of-life vehicles

Cathode ray 
tubes (CRTs)

CRT glass is manufactured from a wide range of glass consisting of SiO2, 
Na2O, CaO and other components for colouring, oxidising and protecting 
from X-rays (K2O, MgO, ZnO, BaO, PbO)
CRT glass is used in TV screens and computer monitors

Lead glassware Contains relatively high amounts of lead oxide (PbO)
The end-use applications include decorative glassware, ceramic glazes 
and vitreous enamels, high refractive index optical glass, radiation 
shielding, high electrical resistance and glass solders and sealants

Pyrex Heat-resistant and low thermal-expansion borosilicate glass, containing 
up to 12% boric oxide (B2O3)
Used for laboratory and household glassware

Fibreglass Commonly composed of aluminoborosilicate glass
Used in fibre-optic cables, insulation and reinforced components

Data taken from Andela and Zavitz (2004), Snow and Dickinson (2005), ESYS Consulting Ltd (2006), Holcroft and 
Pudner (2007), SEPA (2003), Ralph (2006), Ralph and Prince (2006), USEPA (1992), Hurley (2003), Leong and Hurley 
(2004), WRAP (2007), Enviros (2004), Wright (2003) and Kang and Schoenung (2005).
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The production of lead glassware and Pyrex is very much smaller compared with 
that of container and flat glass. These glass types contain some specific chemical 
components, often toxic types, to impart certain characteristics to the final products. 
For example, lead is added to increase the reflective index of decorative glass items. 
Therefore, waste glass that arises from these types of glass also requires special 
treatments for final disposal or reusing in new products.

In addition, fibreglass, commonly made from aluminoborosilicate glass, together with 
epoxy resin and metals (Long et al., 2010), is also used in electronic components such as 
printed circuit boards (PCBs). After the recovery of reusable metals (Handout-10, 2012), 
fibreglass can be recovered, at a high-purity state, by decomposing thermoset resins of 
PCBs at a temperature up to 600°C (Long et al., 2010; Zheng et al., 2009) (Table 3.2).

3.3.2   Waste Glass Collection Schemes

Several methods that can be applied for the collection of waste glass for recycling have 
been proposed, and an example of these is given in Table 3.3. As a rule, the selection of 
the collection scheme will depend on the area where the collection is taking place, as 
well as the logistical and financial characteristics of the organisations involved (ESYS 
Consulting Ltd, 2006).

An analysis of the literature on the matter showed that facilities for the collection of 
waste container glass are generally provided by organisations such as local authorities/
government bodies, private contractors and community organisations. Owing to the 
relatively higher volume and potential recyclability of container and flat glass, greater 
efforts have been directed to these types of waste glass.

A kerbside collection recycling scheme is normally regarded as a better option 
compared with bring-site collection, as the recycling/recovery rates from kerbside 
schemes are expected to be considerably higher than those in bring sites (Dacombe 
et al., 2004). However, it is a fact that, whilst some of these centres apply separation 
of glass bottles/containers on the basis of their colour, for financial, logistical and time 
constraint reasons, this is normally not the case for kerbside collection (Holcroft and 
Pudner, 2007). This approach would be economically viable only when the revenue 
differentials in the market for colour-sorted glass were to increase substantially (ESYS 
Consulting Ltd, 2006).

3.4   Classification and Handling of Unprocessed Waste Glass

The Publicly Available Standard (PAS) 101, entitled ‘PAS 101 Recovered Container 
Glass: Specification for Quality and Guidance for Good Practice in Collection’ (BSI, 
2003) in the United Kingdom, sets out maximum permissible contamination limits for 
organic material and ferrous and non-ferrous metals of waste glass gathered by the 
glass collector prior to processing.
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Figure 3.3 shows the application phase of PAS 101 in the quality grading assessment of 
the container glass recycling process, which has been adopted in the United Kingdom 
(BSI, 2003). The guidance seeks to provide good practice rules for the collection 
and delivery of waste glass to glass processors. It comprises a grading system for 
unprocessed waste glass, such as premium, intermediate, or low grade, specifying 
product quality requirements in each case (Hartley, 2004).

Table 3.3 Collection schemes for waste glass

Type of Collection Description

Kerbside collection Containers are given to householders to segregate, as much as 
possible, household wastes from recyclable materials. Since waste 
glass can be separated from other materials at the source, thereby 
minimising its contamination, this collection system is normally the 
preferred approach by reprocessors.

Bring-site collection Glass or bottle banks, placed in strategic locations based on the local 
population’s size, are used to successfully sort glass based on its 
colour upon depositing.

Commercial 
collection

Retail establishments, like restaurants and bars, are key producers of 
empty bottles and containers. Though these locations would allow 
ideal colour-based collection schemes, in practice, due to lack of 
space and time constraints, the generated glass is often of mixed 
colour.

Flat glass collection Normally, flat glass cullet is collected at the source. Some 
manufacturers of flat glass collect large amounts of clear flat glass 
directly from their own customers using reverse haul logistics, and 
smaller companies collect and segregate window waste for supply to 
a cullet processor or send it to a flat glass manufacturer.

Electrical glass 
collection

CRTs are made of two parts, the funnel and the panel. The funnel, 
which is made of leaded glass, has limited reuse and is usually sent 
back to companies that manufacture CRTs. The panel glass is lead 
free and, after being separated from the funnel, can be reused in 
alternative uses, except for container or flat glass recycling.

CRT, cathode ray tube.
Based on Holcroft and Pudner (2007), WRAP (2007) and Wright (2003).
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Figure 3.3 Application of PAS 101 in the container glass recycling process.
Adapted from BSI (2003).
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To ensure that collectors apply proper segregation to the waste glass with 
subsequent reduction of the complexity of the beneficiation procedures carried out 
by the processor, various criteria based on colour, amount of contamination and 
particle size need to be enforced at the processor’s gate (Table 3.4). Of the four 
classes of collected glass, classes A and B relate to colour-separated glass, with 
class B having less stringent specifications for colour and contamination levels. 
Classes C and D relate to colour-mixed glass, with class D having less stringent 
specifications for contamination levels. The grade of each unprocessed waste glass 
load is recommended to be assigned upon delivery to the processor, as quality 
control, by means of a visual inspection of a tipped load (Hartley, 2004).

Table 3.4 Criteria for classification of collected container glass

Requirement

Grade

A B C D

Condition

State Whole/broken Whole/broken Not compacted Compacted

Colour Separated Separated Mixed Not available

Colour

Clear ≤4% other 
colours

≤6% other 
colours

>6% other 
colours

As per grade C

Brown ≤5% other 
colours

≤15% other 
colours

>15% other 
colours

As per grade C

Green ≤5% other 
colours

≤30% other 
colours

>30% other 
colours

As per grade C

Contamination, %a

Organic ≤0.5 As per grade A ≤1.0 ≤3.0

Inorganicb ≤0.025 As per grade A As per grade A ≤0.005

Ferrous ≤0.1 As per grade A ≤0.2 ≤3.0

Nonferrous ≤0.2 As per grade A ≤0.4 ≤3.0

Particle size Not intentionally 
crushed or 
broken

As per grade A As per grade A Subject to 
agreement 
between 
processor and 
collector

aInorganic and other glass types subject to agreement between processor and collector. No medical, toxic or hazardous 
materials allowed. All percentages are by mass of total material.
bProposed limit for inorganic content (waste glass fraction <10 mm).
Based on BSI (2003) and Hartley (2004).
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However, should an initially identified clear cullet load be contaminated, it may be 
downgraded to mixed cullet, resulting in a considerably lower price being paid for the 
load, to cover additional processing costs and also because the potential market value 
of the resulting material will decrease (WRAP, 2008).

3.5   Processing Waste Glass into Glass Cullet

One of the most important steps at the end of the life cycle of glass is the beneficiation 
process, in which attempts are made to convert waste glass into a valuable glass 
resource (GC) that is suitable for use in several applications and markets. The main 
aim of this is to increase the awareness and demand of GC in the market, which 
calls for high quality control during the production stages of the material (Tsai and 
Krogmann, 2013).

The collected waste glass has to go through a series of processes, mainly of 
contamination removal, before the resulting GC can be circulated back into the 
market. The processes that waste glass is subjected to normally consist of a visual 
inspection, crushing and screening stages and ferrous and nonferrous metal removal. 
Figure 3.4 presents the recommended minimum processing steps required for 
different types of waste flat glass to produce GC for each specific end-use market 
(WRAP, 2007).

Clear 
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Metal 

Detection
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Figure 3.4 Recommended minimum processing steps to produce glass cullet for the end-use 
market.
Adapted from WRAP (2007).
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3.5.1   Visual Inspection and Manual Separation

Upon arrival at the recycling plant, and before any contamination removal processing, 
selection/segregation of the waste glass is carried out to ensure that proper input material 
is introduced in the correct sequence. Assuming that the input material is primarily 
composed of waste glass only, the selection is based on the physical appearance of the 
waste glass, such as colour (for waste container glass) and lamination condition (for 
waste flat glass), to produce high-quality end products (CWC, 1996a,c). Additional 
contamination removal stages must be applied in the presence of contaminants such 
as (Fisk, 2014):

 •  Clay/ceramics (coffee mugs, pottery)

 •  Pyroceram (high-temperature glass-ceramics)

 •  Carborundum (silicon carbide abrasives)

 •  Corundum (alumina abrasives, refractory raw materials, sand blast materials)

 •  Metals (aluminium alloys and nonferromagnetic stainless steel alloys)

 •  Chromite stones in the glass

 •  Fuse cast alumina–zirconia–silica refractory stone

 •  Bonded alumina–zirconia–silica refractory stones

 •  Alumina refractory stones

 •  Zircon refractory stones

 •  Tin oxide refractory stones

During the visual inspection/handpicking stage, waste glass passes through a conveyor 
belt and any visible foreign materials are manually removed, which allows an initial 
assessment of the quality and adequacy of the material (CWC, 1996d). Despite the 
potentially high separation ability of some processing devices, constituents such as 
ceramics, porcelain and Pyrex are still not easily identified and cannot be removed 
because of their similar density and clarity compared to glass (Ralph, 2006). For this 
reason, to achieve a high quality control during separation, a manual removal stage is 
strongly recommended.

3.5.2   Crushers

Waste glass may be crushed into smaller sizes using the equipment briefly described 
in Table 3.5. As reported in the literature, it is possible to use a cage mill-style crusher, 
which effectively impacts and breaks glass whilst leaving the contaminants undamaged, 
thus enabling it to be easily screened (Egosi, 1992). The use of a stirred mill detritor is 
also possible for grinding GC into rounder particles with low consumption of energy 
(Pascoe et al., 2001).
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3.5.3   Screening and Contamination Removal

After the waste glass is crushed into smaller sizes using the equipment presented 
in Table 3.5, it is sent to vibrating screens, where further foreign materials are 
removed. During the screening process, the glass passes through vacuum ducts, where 
lightweight materials such as papers and plastics can be lifted. Similarly, polyvinyl 
butyral in laminated flat glass may be removed by means of an air-sifting procedure 
once it has been separated from the glass by crushing.

Ferrous metal contaminants are removed by self-cleaning electromagnets, whilst 
nonferrous metals such as aluminium, brass, copper and lead are detected and 
subsequently removed with the use of an eddy current system.

Other separating technologies have been introduced in an attempt to separate the 
contaminants and also the waste glass by colour with the use of a high-energy laser 
light system and charge-coupled device (CCD) camera system (Mayer, 2004). 
When the waste glass goes across a laser curtain in the laser light system, if there 

Table 3.5 Types of glass-crushing equipment

Type Description

Hammer mill This normally consists of a series of hammers attached to pivots 
and fixed to a rotating shaft. The input waste glass is broken by the 
swinging hammers. The pivots allow the transfer of the impact energy 
to the glass. Oversized glass particles are recirculated until they are 
reduced to the targeted size.

Rotating disk and 
breaker bar

This is a series of irregularly shaped disks spaced at regular intervals 
along a rotating shaft. The disks crush the waste glass against 
stationary breaker bars. The spacing between the disks and the 
breaker bars determines the size of the resulting glass cullet.

Rotating drum and 
breaker plate

Waste glass is crushed by several bars installed on a spinning drum. 
The bars propel the glass at a stationary breaker plate and the spacing 
between them defines the size of the cullet produced.

Rotating breaker 
bar

Similar to the hammer mill crusher, this crusher consists of numerous 
longitudinal bars fixed to a rotating shaft, but the breaker bars are not 
allowed to pivot at the shaft.

Vertical shaft 
impactor

A rotating device is used to propel waste glass at impact plates 
around the inside of a vertical casing. The size of the cullet produced 
is governed by the velocity of the material and the geometry of the 
thrower and impact surfaces.

Helically fluted 
rollers

Two interlocking helical rollers spin on adjacent counterrotating 
shafts. Waste glass is crushed between the interlocking rollers and the 
space between them governs the cullet’s size.

Adapted from CWC (1996b).
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is a break or a decrease in the laser light (i.e., due to a difference in transparency 
from opaque contaminants), it will signal the information with the exact position 
and an air-jet impulse removes the contaminant into a discharge chute. Using a 
high-resolution CCD camera system, the colour of glass can be inspected within 
milliseconds and, depending on the required parameters, the specific colours 
are classified to either accept the material or reject it. The elimination of the 
contaminant takes place using air-jet impulses similar to those of the laser light 
system.

In view of the potential existence of impurities or hazardous contaminants, it is 
important that waste glass is handled and treated properly, depending on its intended 
application. For example, Tsai et al. (2009) recommended that the leachate of 
waste glass stockpiles should not be released into surface water. Furthermore, the 
amount and type of impurities in the waste glass must be evaluated according to 
their potential risk of impairing the quality of the resulting material. Owing to 
the occasional significant presence of heavy metals in waste glass and to avoid 
subsequent downcycling of the material to progressively lower-grade applications, 
Chen et al. (2006b) developed a method for obtaining silicate glass with a high 
SiO2 purity via the extraction of heavy metal ions in coloured glass using glass 
phase separation. Similarly, experimental research was conducted to extract 
silica contents of waste glass through alkaline extractive treatment. The potential 
use of extracted products and residue has been suggested by Mavilia et al.  
(2001a,b).

In another study, Glüsing and Conradt (2001) evaluated and determined the amount 
of contamination by means of dissolution kinetics, which can be used to formulate 
acceptance thresholds for particle sizes of ceramic and metallic constituents, in such a 
way that glass producers can exert enhanced quality control rather than relying solely 
on the detection of glass defects.

3.5.4   Guidance for Glass Cullet Handling and Classification

Guidance and specifications for the quality control of GC relating to its applications 
were proposed by the Clean Washington Center (CWC) in the United States in 1996 
and the Waste & Resources Action Programme in the United Kingdom in 2004. These 
publications are suitable for processors when refining waste glass into cullet and 
for users when specifying the desired product, in terms of its particle size, colour, 
contamination and moisture, for different applications.

The CWC (1996c) developed a report containing methods for sampling and testing 
recycled glass, as well as several specifications for classifying GC into different 
grades suitable for various industries. Table 3.6 provides a description of the various 
types of GC in different grades. After processing, depending on the grade of the 
material, GC can be sent to the glass container, fibreglass or construction aggregate 
industries.
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Table 3.6 Specifications for grades of glass cullet

GC Grade and 
Type Description

A–Processed Glass container industry, food and beverage containers (soda lime–
silica) onlya

B–Unprocessed

C–Fine Fibreglass industry, food and beverage containers (soda lime–silica) 
onlya

D–Coarse

E−Construction Aggregate industry, food and beverage containers (soda lime–silica) 
and other types of glass

F–Open 
specification

Shape and type of glass shall be determined by negotiating parties and 
may include postconsumer or postindustrial glass in any form (i.e., 
containers, Pyrex, crystal, ovenware, plate glass, light bulbs, ceramics, 
art glass, mirror glass)

H–Bottles Various industries, postconsumer food and beverage containers (soda 
lime–silica) only, in the shape of whole and/or broken bottlesa

GC, glass cullet.
aOther types of glass are considered contaminants and may provide justification for load rejection based on agreement 
between negotiating parties and discretion of the buyer. Contaminants include Pyrex, crystal, ovenware, plate glass, 
windows, light bulbs, ceramics, art glass, mirror glass, among others.
Based on Clean Washington Center (1996c).

Table 3.7 presents the requirements for GC for each of the grades and applications 
as shown in Table 3.6. The selection and processing of GC for the construction 
aggregate industry are obviously much less demanding than for any other industry. 
Other applications require a strict colour-based segregation or have restricting 
limitations for the amounts of contaminants with physical properties and appearance 
similar to those of container glass (e.g., Pyrex, crystal, ovenware, plate glass, 
windows). However, GC for construction purposes (grade E), apart from the size 
limitation (the maximum particle size must be 19 mm and no more than 5% should 
pass the 75-μm sieve), mainly requires a maximum debris content of 5%, which 
is defined as any non-glass material that does not show sufficient compatibility 
with the remainder material and the end-use application (i.e., labels, caps, cork, 
food residue, aluminium or tin foil, plastic, metal). In addition, for environmental 
reasons, the average content of lead (Pb) for five different samples must not exceed 
a total of 80 parts per million. There is also a requirement that the material should 
be in a free-flowing state and a restriction on the presence of medical or hazardous 
materials, in any amount, and, at the discretion of the buyer, the supply load may 
be rejected.

In addition, for GC to be used in concrete and asphalt (BS EN 13437, 2003), a BSI 
publication PD CEN/TR 13688 (2008) also specifies a series of requirements, which 
are essentially similar to those of CWC (1996c), though a little more detailed and with 
different limits.
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Table 3.7 Selected glass cullet requirements

Requirement

Grade

A B C D E F H

Size 10–19 mm ≤25% passing 
19 mm

<6.3 mm; 
≤15% passing 
0.074 mm

<6.3 mm; 
≤15% passing 
0.074 mm

<19 mm; 
≤5% passing 
0.074 mm

Negotiationa N.A.

Colour

Clear, % 95–100 95–100 Predominant 
colour

Predominant 
colour

N.A. Negotiationa 95–100

Brown, % 90–100 90–100 Predominant 
colour

Predominant 
colour

N.A. 90–100

Green, % 70–100 70–100 Predominant 
colour

Predominant 
colour

N.A. 70–100

Mixed, % – – ≤25 Brown ≤25 Brown N.A. Notea

Moisture Noteb Noteb ≤0.5% ≤0.5% Noteb Negotiationa Noteb

Contamination

Organic, % ≤0.2/0.4c ≤0.5 ≤0.1 ≤0.1 Noted Negotiationa ≤0.5

Ferrous metals, 
%

≤0.005 Notee ≤0.005 ≤0.005 Notee

Nonferrous 
metals, %

Notef ≤0.01 ≤0.01

aRequirement based on agreement between negotiating trading parties.
bNo visible drainage of liquid when tipped. No visible snow or ice. Material shall be noncaking and free flowing.
cIncluded glass packaging but overall limit depends on GC colour, 0.2 for clear and 0.4 for brown and green.
dAverage maximum 5% debris content, which is defined as any non-glass material (i.e., labels, caps, cork, food residue, aluminium or tin foil, plastic, metal). The average lead content of five 
samples shall not exceed a total of 80 ppm.
eGlass packaging materials (e.g., closures, foil) present in quantities equivalent to normal amounts inherent to glass packaging.
fNot to exceed five particles per truckload and two particles per truckload upon initial visual inspection.
Based on Clean Washington Center (1996c).
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Table 3.8 summarises the requirements for quality control of GC in terms of its particle 
size, colour and degree of contamination in other applications, namely as:

 1.  Fluxing agent in ceramics, sanitary ware and brick manufacture

 2.  Granular material for the turf of sport-related activities, abrasive media and water filtration 
systems

3.6   Chemical Properties of Glass Cullet

As previously mentioned, GC can be categorised based on its chemical composition, 
e.g., soda lime, aluminosilicate, borosilicate and lead glass. These are the common 
glass types that have been studied for their potential use as sustainable construction 
materials, for example, in concrete (as cement, filler or fine aggregate), geotechnical 
and road pavement applications.

3.6.1   Chemical Composition

Depending on the applications, the properties of glass, such as chemical durability, 
optical transparency and thermal expansion, can be formulated by modifying its 
chemical composition. Table 3.9 lists the oxide composition of ground GC, for which 
information was taken from 165 glass samples tested in the studies undertaken in 33 
countries the world over and reported since 2000, except for one research study in 
1996. Silica, reported as silicon dioxide (SiO2), is the main constituent of glass, with 
an average of about 60%–75% of the total composition (Table 3.9). Other components 
are added to impart the desired properties to the glass.

Soda lime glass is the most widely used commercial glass for the production of 
containers, windows and lighting devices. The basic raw materials for making soda 
lime glass consist of sand (principal source of SiO2), soda ash (source of Na2O) and 
limestone (source of CaO). Soda ash is used as a major fluxing agent to lower the 

Table 3.8 Specified glass cullet requirements for various applications

Requirement

Application

Ceramic 
Sanitary 
Ware 
Production

Fluxing Agent 
in Brick 
Manufacture

Sports Turf 
and Related 
Applications

Water 
Filtration 
Media Abrasive

Colour ✗ ✗ ✗ ✓ ✗

Contamination ✓ ✓ ✗ ✓ ✓

Particle size ✓ ✓ ✓ ✓ ✓

✓, requirement specified; ✗, requirement not specified.
Based on WRAP (2004).



54
Sustainable C

onstruction M
aterials: G

lass C
ullet

Table 3.9 Chemical composition of various types of glass

Oxide

Soda Lime Glass Aluminosilicate Glass Borosilicate Glass Lead Glass

Mean, 
% SD, %

Range, 
%

Mean, 
% SD, %

Range, 
%

Mean, 
% SD, %

Range, 
%

Mean, 
% SD, %

Range, 
%

SiO2 71.0 2.9 56.5–
78.8

62.5 0.9 60.4–
64.7

75.1 3.7 69.1–
84.0

60.7 8.2 50.5–
69.1

Al2O3 2.0 1.9 0.1–11.8 16.8 0.3 16.2–
17.2

1.8 0.3 1.0–2.0 1.5 1.2 0–3.0

Fe2O3 0.4 0.7 0–7.4 9.4 0.1 9.1–9.4 0.15 0.04 0.02–
0.17

0.2 0.1 0–0.2

CaO 9.8 2.4 1.3–18.0 5.0 4.9 2.6–7.5 1.8 0.6 0.4–2.1 1.8 1.4 0.12–3.7

MgO 2.3 1.5 0–10.3 0.47 0.5 0.2–1.4 0.08 0.22 0–0.60 0.8 0.8 0–1.9

MnO 0.04 0.04 0–0.10 – – – 0.01 – – – – –

Na2O 13.0 2.6 6.1–20.0 0.61 0.1 0.60–
0.64

4.3 1.5 3.3–8.0 4.2 3.0 0–5.5

K2O 1.0 1.7 0–10.0 1.0 0.6 0.1–1.4 1.6 1.6 0.9–5.4 5.8 4.3 0.8–10.1

PbO 0.33 0.41 0.01–
0.78

– – – 0.13 0.14 0–0.25 22.1 3.8 18.3–
27.4

B2O3 3.2 4.3 0.2–11.6 10.5 0 – 16.6 0 – – – –

TiO2 0.13 0.38 0.01–
2.89

0.01 0 – 0.10 0.14 0.01–
0.20

0.05 0.05 0.01–
0.08

P2O5 0.04 0.02 0–0.10 0.01 0 – 0.02 – – – – –

BaO 0.81 1.22 0.05–
2.95

– – – – – – 1.7 1.5 0–2.9
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Oxide

Soda Lime Glass Aluminosilicate Glass Borosilicate Glass Lead Glass

Mean, 
% SD, %

Range, 
%

Mean, 
% SD, %

Range, 
%

Mean, 
% SD, %

Range, 
%

Mean, 
% SD, %

Range, 
%

SrO 0.04 0.02 0.02–
0.05

0.8 0 – – – – 2.1 – –

SO3 0.27 0.43 0–3.10 – – – 0.03 0.04 0–0.05 – – –

SD, standard deviation.
Data taken from Abendeh et al. (2015a,b), Afshinnia and Rangaraju (2015), Al-Akhras (2012), Aly et al. (2012), Anagnostopoulos et al. (2009), Bajad and Modhera (2009), Bajad et al. 
(2014, 2011a,b), Bajad et al. (2012a,b), Bignozzi et al. (2009, 2015), Byars et al. (2004), Calmon et al. (2014), Carsana et al. (2014), Chaïd et al. (2015), Chen and Wong (2015), Chen 
et al. (2006a,b), Chidiac and Mihaljevic (2011), Cholleti (2005), Corbu et al. (2013), Dhir et al. (2009), Du and Tan (2014a,b, 2015), Dyer and Dhir (2001, 2010), Federico and Chidiac 
(2009), Georgiadis et al. (2007), Girbes et al. (2004), Guo et al. (2015), Huang et al. (2015), Idir et al. (2009, 2010a, 2011), Jain and Neithalath (2010), Jangid and Saoji (2014), Kamali 
and Ghahremaninezhad (2015, 2016), Kara (2013a,b, 2015), Kara et al. (2012), Karamberi and Moutsatsou (2005), Karamberi et al. (2004), Khmiri et al. (2012, 2013), Kim et al. (2014a,b, 
2015), Korjakins et al. (2009, 2010, 2011, 2012), Kou and Xing (2012), Kou and Poon (2013), Lee et al. (2013), Limbachiya (2009), Lin et al. (2009), Ling and Poon (2014b), Liu et al. 
(2013), Madandoust and Ghavidel (2013), Matos and Sousa-Coutinho (2012), Matos et al. (2015), Matos and Sousa-Coutinho (2016a), Miranda Jr. et al. (2014), Mirzahosseini and Riding 
(2014), Nassar and Soroushian (2011, 2012a,b), Neithalath (2008), Neithalath and Schwarz (2009), Nunes et al. (2013), Omran and Tagnit-Hamou (2016), Oyekan and Oyelade (2011), 
Özkan and Yüksel (2008), Parghi and Alam (2016), Park et al. (2004), Patagundi and Prakash (2015), Pavoine et al. (2014), Pedersen (2004), Polley (1996), Poutos et al. (2008), Rajabipour 
et al. (2012), Sagoe-Crentsil et al. (2001), Saccani and Bignozzi (2010), Schwarz and Neithalath (2008), Schwarz et al. (2007, 2008), Seju et al. (2015), Serpa et al. (2013), Shafaatian et al. 
(2013), Sahmenko et al. (2010), Shayan and Xu (2004, 2006), Shi and Wu (2005), Shi et al. (2005), Siad et al. (2016), Singh et al. (2014), Sobolev et al. (2007), Soroushian (2012), Spathi 
et al. (2015), Su and Chen (2002), Tagnit-Hamou and Bengougam (2012), Taha and Nounu (2008, 2009), Tang et al. (2005), Topcu et al. (2008), Turgut (2008a, 2013), Turgut and Yahlizade 
(2009), Vaitkevicius et al. (2014), Wang (2009a, 2011), Wang and Chen (2010), Wang and Hou (2011), Wang and Huang (2010), Wang et al. (2009, 2014, 2016), Wattanapornprom and 
Stimannaithum (2015), Yilmaz and Degirmenci (2010) and Yuksel et al. (2013).
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melting point of sand for economic reasons. Limestone acts as a stabiliser to improve 
the chemical durability of the glass. A portion of the Na2O and CaO is sometimes 
replaced by potassium oxide (K2O) and magnesium oxide (MgO) in some soda lime 
glass products (Scalet et al., 2013). The addition of aluminium oxide (Al2O3) in 
silica melt increases its viscosity, which is an important feature for optimum melting, 
forming and annealing in glassmaking (De Jong et al., 2011).

Other additives such as transition metal oxides, with a concentration of 0.5%–5%, 
are used to impart colour to the end products (De Jong et al., 2011). Some of the 
common colouring elements used include cadmium(II) for yellow, orange and red 
colour; cobalt(III) for green colour; iron(II) for bluish-green colour and copper for 
light blue colour (Scalet et al., 2013).

In the production of borosilicate glass, the inclusion of boric oxide (B2O3) as a 
replacement for alkali (Na2O and K2O) improves the thermal resistance of the glass (De 
Jong et al., 2011). This glass is known for its use in laboratory equipment and ovenware.

Aluminosilicate glass has high content of Al2O3 at 16%–17% (Table 3.9). As this glass 
can withstand high temperatures, the materials are normally used in halogen lamp glass 
and cooking utensils. Aluminoborosilicate, one of the variations of aluminosilicate 
glass containing B2O3, has a low coefficient of thermal expansion, which is normally 
used in flat panel displays for electronics products (Schott, 2014).

Lead glass typically contains over 20% lead oxide (PbO), which is an important 
additive to increase the refractive index of decorative glass items. Lead glass is also 
used in CRTs for television sets owing to the radiation-shielding ability of PbO.

3.6.2   Cementitious Properties

There are two important chemical reactions in cementation processes, namely the 
hydration and pozzolanic reactions. Although both reactions form cementitious 
compounds, the former takes place in the presence of water, whilst the latter requires 
water and calcium hydroxide (Ca(OH)2), which is released from the hydration of 
Portland cement (PC). Materials possessing pozzolanic behaviour are normally of a 
siliceous or aluminosilicate nature. A notable example of pozzolanic material is fly 
ash, a by-product of coal combustion, which has been accepted for use as one of the 
common cements since 2000 (EN 197-1, 2011) and is now commonly used in the 
construction industry in combination with Portland clinker as a component of cement 
to enhance the properties of concrete.

The abundance of SiO2 present in glass, along with small quantities of the major 
constituents of PC such as CaO, Al2O3 and Fe2O3 (Table 3.9), suggests that the 
material can potentially be used as a cement addition. The chemical compositions of 
various glass types given in Table 3.9 are further assessed for these four main oxides, 
arranged in ascending order by year of publication from 1984 to 2016, as presented 
in Figure 3.5. The minimum sum of SiO2, Al2O3 and Fe2O3 contents of 70% for fly 
ash specified in BS EN 450-1 (2012) and class F fly ash in ASTM C618 (2015) is also 
shown for comparison.

astm:C618
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58 Sustainable Construction Materials: Glass Cullet

It can be seen from Figure 3.5 that the SiO2 content of all the glasses is high, varying 
from 56% to 84%. On average, the SiO2 content of soda lime and borosilicate glass is 
slightly more than 70%, and only 2 of 143 samples of the former have a value less than 
60%. Aluminosilicate glass has a relatively low but consistent SiO2 content, showing 
an average value of 62% (Figure 3.5). Although small in sample size, the SiO2 content 
of lead glass fluctuates significantly from 56% to 69%.

The presence of CaO in glass may provide the materials with some degree of hydraulic 
behaviour. Soda lime glass normally contains an appreciable amount of CaO content 
with an average value of nearly 10% (Figure 3.5), which is greater than that of typical 
class F fly ash. The highest and lowest CaO contents of soda lime glass are 18.0% 
(seen in two samples) and about 1.5% (seen in two samples), respectively. The CaO 
contents of aluminosilicate, borosilicate and lead glass are about the same, generally 
no more than 5% (Figure 3.5).

As to be expected, the Al2O3 content of aluminosilicate glass is the highest (average 
of 16.7%) among all types of glass (Figure 3.5). Soda lime glass generally has Al2O3 
contents up to 3%, but about 8% of the samples, especially those in the recent studies, 
showed a value greater than 5% (Figure 3.5). Both borosilicate and lead glass have 
Al2O3 content less than 3% of their total composition.

Figure 3.5 also shows that, apart from aluminosilicate glass, the Fe2O3 contents of all 
the other types of glass (with an exception of one sample of soda lime glass) are only 
about 0.5%. The average Fe2O3 content of aluminosilicate glass is 9.4%.

Using the chemical composition requirements for fly ash as a guide, it can be seen 
from Figure 3.5 that the sum of the SiO2, Al2O3 and Fe2O3 contents of aluminosilicate 
glass and borosilicate glass are consistently greater than the minimum content of 
70%. Although aluminosilicate glass has a comparatively low SiO2 content, its sum 
of oxides is the highest because of its high content of Al2O3. Most samples of soda 
lime glass show that the sum of oxides is higher than 70% and that only 6% of the 
samples do not comply with the requirement (Figure 3.5). The sum of oxides of lead 
glass is less than 70%, suggesting that the material may not be suitable for use as a 
replacement for PC.

Given that the sum of SiO2, Al2O3 and Fe2O3 contents of most of the glass samples 
used in the studies reported since 1996 is greater than 70%, these oxides are presented 
in a ternary diagram (Figure 3.6), which also allows for comparison with PC and 
other established cement additions such as fly ash, silica fume, metakaolin and ground 
granulated blast furnace slag (GGBS). Glass is positioned near the apex of the triangle 
and close to silica fume, as both materials have abundant SiO2 content. A low level 
of CaO content in glass hides any visible sign of latent hydraulic properties like those 
of GGBS. However, it is evident from Figure 3.6 that the composition of the three 
main oxides in glass is comparable to that of pozzolanic cements. Further evaluation 
of the cementitious properties of ground GC, such as water required for standard 
consistence, initial and final setting times, soundness and strength activity index, are 
discussed in Section 4.3 of Chapter 4.



Figure 3.6 Ternary plot of the SiO2, Al2O3 and CaO contents of glass in comparison to other 
cements. CS, copper slag; GGBS, ground granulated blast furnace slag; MK, metakaolin; PC, 
Portland cement; FA, fly ash; SF, silica fume.
Data taken from Abendeh et al. (2015a,b), Afshinnia and Rangaraju (2015), Al-Akhras (2012), 
Aly et al. (2012), Anagnostopoulos et al. (2009), Bajad and Modhera (2009), Bajad et al. (2014, 
2011a,b), Bajad et al. (2012a, 2012b), Bignozzi et al. (2009, 2015), Borhan and Bailey (2014), 
Byars et al. (2004), Calmon et al. (2014), Carsana et al. (2014), Chaïd et al. (2015), Chen and 
Wong (2015), Chidiac and Mihaljevic (2011), Cholleti (2005), Corbu et al. (2013), Corinaldesi 
et al. (2005), Dhir et al. (2009, 2016), Du and Tan (2014a,b), Du and Tan (2015), Dyer and Dhir 
(2001, 2010), Federico and Chidiac (2009), Georgiadis et al. (2007), Girbes et al. (2004), Guo 
et al. (2015), Huang et al. (2015), Idir et al. (2009, 2010a, 2011), Ismail and Al-Hashmi (2009), 
Jain and Neithalath (2010), Jangid and Saoji (2014), Kamali and Ghahremaninezhad (2015, 
2016), Kara (2013a, 2015), Kara et al. (2012), Karamberi and Moutsatsou (2005), Karamberi 
et al. (2004), Khmiri et al. (2012, 2013), Kim et al. (2014a,b), Kim et al. (2015), Korjakins et al. 
(2009, 2010, 2012), Kou and Xing (2012), Kou and Poon (2013), Lee and Lee (2016), Lee 
et al. (2013), Limbachiya (2009), Limbachiya et al. (2012), Lin et al. (2009), Ling and Poon 
(2014a,b), Liu et al. (2013), Madandoust and Ghavidel (2013), Maschio et al. (2013), Matos 
and Sousa-Coutinho (2012), Matos et al. (2015), Matos and Sousa-Coutinho (2016a), Metwally 
(2007), Mirzahosseini and Riding (2014, 2015), Nassar and Soroushian (2011, 2012a,b), 
Neithalath (2008), Neithalath and Schwarz (2009), Nunes et al. (2013), Omran and Tagnit-
Hamou (2016), Oyekan and Oyelade (2011), Özkan and Yüksel (2008), Parghi and Alam (2016), 
Park et al. (2004), Patagundi and Prakash (2015), Pavoine et al. (2014), Pedersen (2004), Polley 
(1996), Poutos et al. (2008), Rajabipour et al. (2012), Saccani and Bignozzi (2010), Sahmenko 
et al. (2014), Schwarz and Neithalath (2008), Schwarz et al. (2007, 2008), Seju et al. (2015), 
Serpa et al. (2013), Shafaatian et al. (2013), Sahmenko et al. (2010), Shao and Lehoux (2001), 
Shao et al. (2000), Sharifi et al. (2015), Shayan and Xu (2004, 2006), Shi (2009), Shi and Wu 
(2005), Shi et al. (2005), Siad et al. (2016), Singh et al. (2014), Sobolev et al. (2007), Soroushian 
(2012), Spathi et al. (2015), Su and Chen (2002), Tagnit-Hamou and Bengougam (2012), Taha 
and Nounu (2008, 2009), Tang et al. (2005), Terro (2006), Tognonvi et al. (2015), Topcu et al. 
(2008), Turgut (2008a, 2013), Turgut and Yahlizade (2009), Vaitkevicius et al. (2014), Wang 
(2009a, 2011), Wang and Chen (2010), Wang and Hou (2011), Wang and Huang (2010), Wang 
et al. (2009, 2014, 2016), Wattanapornprom and Stimannaithum (2015), Yilmaz and Degirmenci 
(2010) and Yuksel et al. (2013).
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3.6.3   Sulphate Content

Excessive sulphate in concrete, due to the exaggerated addition of gypsum (used for 
controlling the setting time of cement in production), sulphate-containing aggregates 
or contamination, can cause internal sulphate attack, leading to expansion and 
eventually the deterioration of the concrete.

The sulphate content (expressed as SO3) of glass is low and normally no greater than 
0.5%. Based on the data reported in the studies examined, soda lime glass may have 
SO3 content varying from less than 0.01% to 3.1%, with an average value of 0.27% 
(Table 3.9). For borosilicate glass, its SO3 content is almost negligible (Table 3.9). 
In general, unless contaminated, the SO3 content from using GC in construction 
applications is unlikely to exceed the maximum existing specified limits, given that 
the maximum limits for SO3 content for fly ash use are 3.0% and 5.0% in BS EN 450-1 
(2012) and ASTM C618 (2015), respectively.

3.6.4   Alkali Content

Two metal alkali oxides, namely sodium oxide (Na2O) and potassium oxide (K2O), are 
of particular importance in terms of the cement and concrete chemistry, as they can 
become involved in alkali–silica reaction (ASR), which can be harmful to concrete 
(see Section 3.6.6). The soluble alkalis in cement are usually expressed as sodium 
oxide equivalents (Na2Oeq), which are the sum of Na2O and 0.658 times K2O, tested 
in accordance with ASTM C114 (2015) and BS EN 196-2 (2013).

As soda ash (source of Na2O) and potash (source of K2O) are added as fluxes to lower 
the melting point of glass formers, it is expected that the Na2O and K2O contents 
can be quite high. Indeed, based on Table 3.9, the average total content of Na2O and 
K2O in glasses, in descending order, is soda lime glass at 14.0%, lead glass at 10.0%, 
borosilicate glass at 5.9% and aluminosilicate glass at 1.6%.

Although soda lime glass is high in alkalis, Schwarz and Neithalath (2008) showed 
that only a small fraction of the alkalis is released, measured in a powder form 
using flame emission spectroscopy and electrical conductivity studies. This should 
also apply to other types of glass, although the results are based on soda lime 
glass only. Similarly, an assessment of the alkali released potential of powdered 
soda lime glass conducted by Dumitru et al. (2010) also confirmed that most of 
the alkalis are bound within the glass structure, and the available alkali and acid-
soluble alkali contents are very low and not greater than 0.6% and 0.3% Na2Oeq, 
respectively.

Therefore, in general, it can be assumed that the alkalis released from GC used either 
as cement addition or as fine aggregate should not give rise to any significant alkali 
contribution to a cement-based system such as concrete. Whilst this may help with 
developing the application of GC in construction, it alone should not mean that 
cement-based materials, such as mortars and concrete, would be free of ASR when 
GC is used, as discussed in Section 3.6.6.

astm:C618
astm:C114
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3.6.5   Loss on Ignition

Loss on ignition (LOI) determines the reduction in weight of cement when heated 
at 950°C. This is primarily attributed to the presence of water and carbon dioxide in 
the cement, which reacts with free lime and magnesia (Neville, 1995). High LOI is 
undesirable as it can imply poor performance of cement. The maximum LOI value for 
PC is limited to 3.0% (type I) and 5.0% (CEM I) in ASTM C150 (2016) and BS EN 
197-1 (2011), respectively. For fly ash, the LOI value is an indication of unburnt carbon 
content and is fixed at 5% as the most stringent maximum limit in BS EN 450-1 (2012) 
for both fly ash N and S types and at 6% in ASTM C618 (2015) for class F fly ash.

The LOI of ground glass cullet (GGC), mainly in samples made of soda lime and few 
made of aluminosilicate glass, and that of the corresponding reference PC are shown 
in Figure 3.7, together with the limits for PC and fly ash given in the standards. It 
is evident from Figure 3.7 that the LOI of GC is very low, with an average value of 
0.75%, which is far less than the limits set for PC and fly ash. However, the presence 
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Figure 3.7 Loss on ignition of ground glass cullet and reference Portland cement. *Excluding 
values >9%.
Data taken from Afshinnia and Rangaraju (2015), Al-Akhras (2012), Anagnostopoulos et al. 
(2009), Bajad et al. (2014, 2011a,b), Bajad et al. (2012a, 2012b), Chaïd et al. (2015), Chidiac 
and Mihaljevic (2011), Girbes et al. (2004), Guo et al. (2015), Huang et al. (2015), Idir et al. 
(2011, 2010a), Jain and Neithalath (2010), Jang et al. (2015), Jangid and Saoji (2014), Kamali 
and Ghahremaninezhad (2015, 2016), Kim et al. (2015, 2014a), Kou and Poon (2009), Lam 
et al. (2007), Lee et al. (2013), Limbachiya (2009), Ling and Poon (2012a,b, 2014a,b), Ling 
et al. (2012), Maier and Durham (2012), Maraghechi et al. (2012), Maschio et al. (2013), 
Matos and Sousa-Coutinho (2016a,b, 2012), Matos et al. (2015), Metwally (2007), Nassar 
and Soroushian (2011, 2013, 2012a,b), Neithalath (2008), Neithalath and Schwarz (2009), 
Nunes et al. (2013), Omran and Tagnit-Hamou (2016), Özkan and Yüksel (2008), Parghi and 
Alam (2016), Park and Lee (2004), Pavoine et al. (2014), Pedersen (2004), Rajabipour et al. 
(2012), Schwarz et al. (2008), Seju et al. (2015), Serpa et al. (2013), Shayan and Xu (2004), 
Siad et al. (2016), Soroushian (2012), Tognonvi et al. (2015), Turgut (2008b, 2013), Turgut 
and Yahlizade (2009), Vaitkevicius et al. (2014), Wattanapornprom and Stimannaithum (2015), 
Yilmaz and Degirmenci (2010), Zhao and Wei (2011) and Zhao et al. (2013a,b).
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of organic impurities (Calmon et al., 2014) and contaminant residue after washing 
(Yilmaz and Degirmenci, 2010) in GC could have resulted in a value higher than 9% in 
some cases. This emphasises the importance of keeping the GC free of contamination. 
Although the LOI values of PC generally comply with the requirements of ASTM 
C150 (2016) and BS EN 197-1 (2011), its average value (2.3%) is higher than that of 
GGC (Figure 3.7).

3.6.6   Alkali–Silica Reaction

Certain types of natural rocks such as chert, limestone and greywacke are known to be 
reactive, as they contain reactive forms of silica, which can cause damage to concrete 
due to ASR. An alkali–silica gel is formed when alkalis from an internal source (e.g., 
cement, aggregate and admixture) or an external source (e.g., deicing salts) react with 
the reactive silica. When sufficient moisture is present, the alkali–silica gel absorbs 
water and swells. The increase in volume of the gel can cause internal pressure and 
expansion in concrete, leading to cracking.

Numerous research studies have been undertaken on the ASR in mortar and concrete 
containing GC, in ground and granular forms, and these will be discussed in Section 
4.7.5 of Chapter 4 and Section 5.7.5 of Chapter 5, respectively. Briefly, the use of 
GC-sand in PC-based materials may lead to ASR-induced expansion because of the 
amorphous nature of GC, and the intensity of this reaction can be affected by the type, 
colour and particle size of the GC used. The ASR expansion has been shown to be 
minimised with the use of pozzolanic materials such as fly ash, GGBS, metakaolin 
and, indeed, GC itself in a finely ground form.

3.7   Physical Properties of Glass Cullet

As most consumer glass has a flat form, such as container glass and flat glass, in 
consequence, upon crushing, the resulting particles, unless reduced to finer-sized fractions, 
would take the form of extremely elongated and flaky particles, and such crushed GC will 
be unsuitable for most construction applications. Therefore, the majority of GC recycled 
within the construction industry is as sand or ground to finer sizes. In this section, with 
some exceptions, most of the physical properties of GC are assessed in its fine size fraction, 
with a maximum particle size of 4 or 5 mm, which is considered to be best suited to its 
intended use as a fine aggregate in concrete, geotechnical and road pavement applications.

3.7.1   Physical Appearance

The shape and surface texture of GC have a direct influence on the properties of the 
resulting products. For example, particle shape affects the particle packing of the 
material, formation of air voids, flow and shear strength, whilst surface texture affects 
the bond strength between the GC particles and the binder.

astm:C150
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The type of particle shape and surface texture of GC have been reported in some of the 
studies undertaken using the material in a granular form as a fine aggregate and ground 
form as a cement constituent. The data gathered from those studies were collated as 
shown in Table 3.10. As to be expected, granular GC is considered to have an angular 
shape and smooth surface texture. Compared with natural sand, which is normally 
somewhat rounded at the edges, the angularity of GC particles can provide a better 
particle interlocking effect, but at the same time it can adversely affect their packing 
and consequently the porosity-related properties of concrete. The smooth surface 
texture of GC, though it reduces interparticle friction and may weaken the bond 
at the interfacial transition zones between aggregate and cement paste or bitumen, 
in cementitious and bituminous mixtures, respectively, this has not been studied 
thoroughly based on the results analysed when developing Chapter 4 (concrete) and 
Chapter 7 (road pavement).

In contrast to shape and texture, a considerably greater number of studies appear 
to have been reported on the different colour types of GC used to produce sand, with 
clear (sometimes known as flint), green and amber (or yellowish brown) being the most 
commonly used (Table 3.10). However, other than the effect of GC-sand colour on the 

Table 3.10 Glass shape, surface texture and colour

Property Description Granular Form (as Sand)
Ground Form  
(as Cement)

Shape Angular Lee et al. (2013), Turgut (2013) and 
Wang and Huang (2010)

Mirzahosseini 
and Riding (2014, 
2015), Nassar and 
Soroushian (2011, 
2012a,b), Parghi and 
Alam (2016) and 
Schwarz et al. (2007)

Angular 
and sharp

Tan and Du (2013) n.a.

Angular 
and flat

Lee et al. (2013) Liu (2011)

Irregular 
and sharp

Limbachiya (2009) n.a.

Irregular 
and round

Ling and Poon (2011a) n.a.

Surface 
texture

Smooth De Castro and de Brito (2013), Lee 
et al. (2013), Limbachiya (2009), 
Ling and Poon (2011a,b, 2014b), Tan 
and Du (2013) and Wang and Huang 
(2010)

n.a.

Continued
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Property Description Granular Form (as Sand)
Ground Form  
(as Cement)

Colour Flint Abdallah and Fan (2014), Breakspere 
et al. (1980), De Castro and de Brito 
(2013), Du and Tan (2013), Ganiron 
(2012), Karamberi and Moutsatsou 
(2005), Kou and Poon (2009), 
Ling and Poon (2012a, 2013), Liu 
(2011), Malik et al. (2013, 2014), 
Mirzahosseini and Riding (2014), 
Park et al. (2004), Tan and Du (2013), 
Topcu et al. (2008), Wang and Chen 
(2010), Wright (2012), Wright et al. 
(2013), Yuksel et al. (2013) and Ismail 
and Al-Hashmi (2009)

Borosnyoi et al. 
(2013), Chaïd et al. 
(2015), Kara (2013a) 
and Liu (2011)

Green Du (2011), Du and Tan (2013), 
Karamberi and Moutsatsou (2005), Kou 
and Poon (2009), Lee (2011), Lee et al. 
(2011, 2013), Limbachiya et al. (2012), 
Ling and Poon (2014a), Ling et al. 
(2011), Liu (2011), Maier and Durham 
(2012), Park et al. (2004), Tan and Du 
(2013), Tang et al. (2005), Topcu et al. 
(2008) and Yuksel et al. (2013)

Borosnyoi et al. 
(2013), Kara 
(2013a), Liu (2011), 
Mirzahosseini and 
Riding (2014, 2015), 
Nwaubani and Poutos 
(2013) and Parghi and 
Alam (2016)

Colour Amber Du (2011), Du and Tan (2013), Du 
and Tan (2014b), Karamberi and 
Moutsatsou (2005), Kou and Poon 
(2009), Koh (2014), Maier and 
Durham (2012), Maraghechi et al. 
(2012), Oliveira et al. (2008), Park 
et al. (2004), Phillips et al. (1972), Tan 
and Du (2013), Topcu et al. (2008) 
and Yuksel et al. (2013)

Borosnyoi et al. 
(2013) and Kara 
(2013a)

Blue Ling and Poon (2011a) n.a.

Mixed Breakspere et al. (1980), Du (2011), 
Dumitru et al. (2010), Guo et al. 
(2015), Idir et al. (2010a), Lam et al. 
(2007), Limbachiya (2009), Ling and 
Poon (2012a), Ling and Poon (2013), 
Maraghechi et al. (2012), Rajabipour 
et al. (2012), Taha and Nounu (2008), 
Taha and Nounu (2009), Wright 
(2012) and Wright et al. (2013)

Dumitru et al. 
(2010), Nassar and 
Soroushian (2012a,b), 
Taha and Nounu 
(2008) and Taha and 
Nounu (2009)

Table 3.10 Continued
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development of ASR in concrete (Chapter 5), little information is available regarding the 
colour effect on the engineering performance of concrete. The green GGC, on the other 
hand, has been shown to be highly pozzolanic compared with other colours and its use in a 
mixture with PC has also been shown to lead to higher total heat of hydration (Chapter 4).

The colour effect of GC, and possibly when used in a coarse fraction, can be potentially 
exploited in the architectural applications of concrete, in the form finishes and 
decorative exposed glass aggregate concrete (Byars et al., 2004). This has potential 
for developing interesting and attractive concrete products.

3.7.2   Particle Size Distribution of Glass Cullet Fine Aggregate

Particle size distribution (PSD), or grading, of a granular material provides information on 
the different-sized particles present in the material. It is expressed in the form of percentage 
by mass of particles passing a range of sieves. The PSD of aggregate has a profound 
influence on particle packing and consequently the air voids formed upon compaction 
of the material. A continuously graded aggregate is always considered to be desirable in 
most construction applications, as it potentially offers a densely packed structure with 
minimum air voids. However, occasionally, a gap-graded aggregate, in which some of the 
size fractions are missing, may be used to achieve specific finishes and/or performance.

For GC to be used as a fine aggregate, the material needs to be crushed and sieved to 
specified grading requirements. In this section, the PSD of GC fine aggregates of 95 
samples used in 53 studies, undertaken in 11 countries, related to concrete research 
reported since 2000 are examined with reference to the CEN and ASTM standards for 
the use of fine aggregate in concrete, geotechnical and road pavement applications.

(a)   Concrete Applications

In the latest standard for aggregates for use in concrete, BS EN 12620:2002+A1 
(2008), the description of the fineness of fine aggregate is based on the percentage 
passing at the 0.5-mm sieve, which differs from the previous standard, BS 882 
(1992), in which the description is based on grading limits. Dhir et al. (2005c) 
developed three grading limits for fine aggregate by combining the definitions 
given in the two standards, which were considered to be more useful in describing 
the fineness of fine aggregate. Figure 3.8 shows the PSD of GC fine aggregate 
together with the proposed combined grading limits based on Dhir et al. (2005c).

Figure 3.8 shows that the large majority of the PSD of GC fine aggregate used 
in the studies (shaded in grey) generally falls within the coarse limits and the 
lower side of the medium limits. In only a few cases the PSD of GC lies within 
the fine limits. Taking this as a broad measure, overall, it would be fair to argue 
that the PSD of GC fine aggregate used in concrete research has mostly tended to 
be coarse (Figure 3.8). In some cases, albeit fewer in number, the PSD of GC has 
been widely coarse. Such materials should not be used without the utmost care in 
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designing concrete mixes, as it can easily lead to some undesirable effects, such 
as bleeding in fresh concrete and the presence of excessive voids in hardened 
concrete, consequently affecting the long-term performance of the concrete, 
because of the lack of sufficient fines.

The results shown in Figure 3.8 suggest that, although GC can be crushed into any size 
fraction, the material studied since the year 2000 has tended to be crushed and processed 
as fine aggregate with coarse grading and, at times, in much coarser form. As the data 
also showed little change with time in the crushing and processing of GC as sand, this 
would suggest that the material used in the studies has mostly been in the coarse sand 
zone with no clear evidence of the grading of the GC fine aggregate shifting towards the 
medium zone, where maximum particle packing is more likely to be achieved.
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Figure 3.8 Particle size distribution of glass cullet (GC) as a fine aggregate with the 
combined limits of BS EN 12620:2002+A1 (2008) and BS 882 (1992).
Data taken from Abdallah and Fan (2014), Abendeh et al. (2015a,b), Aghabaglou et al. (2015), 
Berry et al. (2011), Borhan and Bailey (2014), Dhir et al. (2005a, 2009), Disfani et al. (2012), 
Du and Tan (2014b), Guo et al. (2015), Isler (2012), Ismail and Al-Hashmi (2009), Kou and 
Poon (2009, 2013), Lam et al. (2007), Lee (2011), Lee et al. (2013, 2008, 2011), Lim (2014), 
Limbachiya et al. (2012), Ling and Poon (2014a,2011a,b), Ling and Poon (2012a,b,c), Ling 
and Poon (2013, 2014c,d), Ling et al. (2011, 2012), Miranda Jr. et al. (2014), Oliveira et al. 
(2013, 2008), Penacho et al. (2014), Poon and Chan (2007), Poutos et al. (2008), Rajabipour 
(2012), Romero et al. (2013), Saccani and Bignozzi (2010), Soyer et al. (2010), Su and Chen 
(2002), Taha and Nounu (2008, 2009), Turgut (2008b, 2013), Turgut and Yahlizade (2009), 
Wang (2009a,b), Wang and Huang (2010), Wang et al. (2014), Yuksel et al. (2013), Zhao and 
Wei (2011) and Zhao et al. (2013a,b).
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(b)   Geotechnical Applications

The size definition of sand (fine aggregate) in geotechnics is different to that 
for concrete. In the unified soil classification system of ASTM D2487 (2011), 
sand is considered as material passing a 4.75-mm sieve and retained on a 75-μm 
sieve; for BS 5930 (2015), the corresponding sieve sizes are 2 mm and 63 μm,  
respectively.

Figure 3.9 shows the PSD of GC-sand samples used previously in Figure 3.8, 
together with the soil classifications defined in ASTM D2487 (2011) and in BS 
5930 (2015) for comparison purposes. Based on ASTM D2487 (2011), a large 
majority of GC samples can be considered as ‘clean sand’ as they contain less than 
5% fines (particles passing 75 μm). However, as the material generally has a high 
proportion of medium and coarse sand and given that the coefficient of uniformity 
(Cu), the ratio of particle size passing at 60% to that at 10%, of GC samples 
is mostly less than 6, the material can be classified as ‘poorly graded sand’ in 
accordance with ASTM D2487 (2011).
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Figure 3.9 Particle size distribution of glass cullet as a fine aggregate with the soil 
classifications given in ASTM D2487 (2011) and BS 5930 (2015).
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Figure 3.10 Particle size distribution of glass cullet as a fine aggregate with the grading limits 
for asphalt mixes in ASTM D1073 (2016) and BS EN 13108-1 (2016).

On the other hand, based on BS 5930 (2015), the GC samples in Figure 3.9 can be 
seen to contain two types of materials, namely, gravel and sand. Figure 3.9 shows that 
the majority of the materials are in the form of ‘gravelly medium and coarse sand’ and 
‘very gravelly medium and coarse sand.’ The remaining small number of samples can 
be classified as ‘very sandy fine gravel’ and on the whole, the GC samples normally 
contain no more than 10% fine sand particles.

(c)   Road Pavement Applications

In road pavement applications, the PSD requirement for aggregate varies depending 
upon the maximum nominal aggregate size, the desired aggregate grading 
characteristics (well graded or gap graded) and the intended use (in base, binder 
course or surface course). Two fine aggregate grading limits for asphalt mixtures, one 
with 4-mm upper sieve size for asphalt concrete specified in BS EN 13108-1 (2016) 
and another as grading No. 4 in ASTM D1073 (2016), were selected to examine how 
well the grading of the GC samples previously plotted in Figure 3.8 may comply with 
the grading requirements for road pavement use. This is shown in Figure 3.10.

It can be seen that the processing of GC as a fine aggregate in terms of road construction 
applications since the year 2000 would be considered as tending to produce GC with 
PSD generally within the grading No. 4 limits as per ASTM D1073 (2016). On the 
other hand, as seen from Figure 3.10, to meet the requirements of BS EN 13108-1 
(2016), further crushing would be required to increase the presence of particles of less 
than 1 mm in GC for use as a fine aggregate in road pavement applications.

astm:D1073
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3.7.3   Fineness Modulus of Glass Cullet Fine Aggregate

The fineness modulus (FM) is another way of describing the PSD of fine aggregate. 
It is concise and easy to define and specifies fine aggregates for use in practice. 
It is calculated as the sum of the cumulative percentages retained on a series of 
specific sieves, divided by 100. Thus, the higher the FM value, the coarser the 
aggregate.

The FM values of GC fine aggregate and the corresponding natural fine aggregate, as 
reported, are shown plotted in Figure 3.11, together with the FM classifications for 
aggregates for use in concrete given in BS EN 12620:2002+A1 (2008) for reference. 
The FM of natural fine aggregate is mostly between 2.0 and 3.0, with an average 
value of 2.6, which is within the MF–CF (medium to coarse) range. For GC fine 
aggregate, its FM values show a wide spread, mostly ranging from 2.3 (medium 
fine) to 3.8 (very coarse), although a majority falls into the CF category. The average 
FM value of GC fine aggregate is 3.0, which is significantly coarser than natural fine 
aggregate.
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Figure 3.11 Fineness modulus for glass cullet sand and reference natural sand.
Data taken from Abdallah and Fan (2014), Aghabaglou et al. (2015), Berry et al. (2011), Chen 
et al. (2006a, 2011), Dhir et al. (2009), Guo et al. (2015), Huang et al. (2015), Isler (2012), Ismail 
and Al-Hashmi (2009), Kim and Soh (2002), Kou and Poon (2009, 2013), Lam et al. (2007), 
Lee et al. (2013), Limbachiya et al. (2012), Ling and Poon (2013, 2014c, 2011b), Ling and Poon 
(2012a,b, 2014a,b,c,d), Ling et al. (2011), Liu (2011), Maier and Derham (2012), Maschio et al. 
(2013), Miranda Jr. et al. (2014), Nassar and Soroushian (2012a,b, 2013), Oliveira et al. (2008), 
Park et al. (2004), Penacho et al. (2014), Poon and Chan (2007), Rajabipour et al. (2012), 
Romero et al. (2013), Saccani and Bignozzi (2010), Sharif et al. (2014), Shayan and Xu (2006, 
2004), Soyer et al. (2010), Terro (2006), Topcu et al. (2008), Wang (2009a,b), Wang and Chen 
(2010), Wang and Huang (2010), Wang et al. (2015, 2014), Wright (2012), Wright et al. (2013, 
2014),Yuksel et al. (2013) and Zhao et al. (2013a,b).
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It should be noted that the GC fine aggregate with 0.40–0.95 FM value, highlighted 
in Figure 3.11, with a particle size less than 600 μm, was used in making mortar 
(Chen et al., 2006a; Maschio et al., 2013) and dry-mixed concrete blocks (Lee et al., 
2013). Interestingly, the resulting mixes showed a significant increase in compressive 
strength, suggesting that GC crushed to this level of fineness can possibly exhibit 
appreciable pozzolanic reactivity.

3.7.4   Particle Size Distribution of Glass Cullet as Filler

Filler is a very fine aggregate, with most of its particles passing a 63-μm sieve (in Europe) 
and 75 μm (in the United States). Although the use of filler in the construction industry is 
beginning to have a role, at present it is normally used in self-compacting concrete and 
hot-mixed asphalt. The incorporation of filler can fill up the very small spaces between 
fine aggregates and even cement particles, thus reducing the voids of the mixes, and, in 
the case of asphalt mixes, it can also modify the properties of the asphalt binder.

The PSD of GC fillers that have been used to study its effect on the properties of 
concrete and the grading requirements for filler aggregate as specified in BS EN 
12620:2002+A1 (2008) are provided in Figure 3.12. As the standard was first 
implemented only in 2002, all the GC filler samples used in the studies reported 
between 2009 and 2016 had at least 70% by mass passing a 63-μm sieve and conformed 
to the standard requirements (Figure 3.12).
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Figure 3.12 Particle size distribution of glass cullet as filler.
Data taken from Bignozzi et al. (2009), Dhir et al. (2009), Dyer and Dhir (2010), Korjakins et al. 
(2009, 2010), Klevbo (1998), Matos and Sousa-Coutinho (2016b) and Vaitkevicius et al. (2014).
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However, the PSD of an early GC sample (Klevbo, 1998), undertaken before the 
introduction of the standard, with 20% by mass passing the 63-μm sieve (Figure 3.12), 
will now be considered to be too coarse to use as filler. Despite its benefits in designing 
concrete mixes, it is obvious from Figure 3.12 that the use of fillers in concrete, which 
came into recognition in 2002, in Europe has been slow to develop.

3.7.5   Fineness of Ground Glass Cullet as Cement

When used as a cement addition, the fineness of GGC can affect its pozzolanic 
reactivity, with the material becoming more reactive with increasing fineness. Like any 
other cementitious material, the fineness of GGC can also influence the performance 
of concrete in the fresh state.

Figure 3.13 shows the fineness of GGC (in black colour), together with the corresponding 
PC (in blue colour) in terms of their PSD, used in several studies. The red lines in the 
figure show the fineness requirements for fly ash, expressed as the percentage retained on 
a 45-μm sieve, specified in ASTM C618 (2015) and BS EN 450-1 (2012). In the former 

Figure 3.13 Particle size distribution of ground glass cullet.
Data taken from Afshinnia and Rangaraju (2015), Bajad et al. (2011a,b, 2012a,b), Calmon et al. 
(2014), Carsana et al. (2014), Chaïd et al. (2015), Dhir et al. (2005a), Du and Tan (2014a), Kim et al. 
(2014a), Matos and Sousa-Coutinho (2012, 2016b), Matos et al. (2015), Nassar and Soroushian 
(2012a,b), Neithalath and Schwarz (2009), Nunes et al. (2013), Omran and Tagnit-Hamou (2016), 
Pavoine et al. (2014), Sharifi et al. (2015), Schwarz et al. (2008) and Siad et al. (2016).
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standard, the maximum sieve retention is limited to 34% by mass for all classes of fly ash. 
In the latter standard, two categories are defined; for category N (coarser particle) and 
for category S (finer particle), the maximum retention is set at 40% and 12% by mass, 
respectively. Apart from three studies in which either the GGC used was too coarse or the 
PC too fine, most of the PC samples had a PSD within the wider PSD envelope of GGC.

Except for two with about 40% by mass passing 45 μm (i.e., about 60% mass retention), 
the fineness of all GGC samples reported in the literature complies with the requirements 
for fly ash specified in ASTM C618 (2015) and BS EN 450-1 (2012). The two coarse 
GGC samples were from the studies investigating the effect of fineness on the hydration-
related properties of concrete, showing improvement in both the engineering and the 
durability performance (Afshinnia and Rangaraju, 2015; Neithalath and Schwarz, 2009).

In addition, there has been some tendency to use finer GGC in recent years, with 
fineness complying with the 12% 45-μm sieve retention for type S fly ash in BS EN 
450-1 (2012) (Matos et al., 2015; Matos and Sousa-Coutinho, 2016b; Omran and 
Tagnit-Hamou, 2016; Siad et al., 2016).

There has been a growing trend towards using the Blaine test for measuring the 
fineness of GGC in direct comparison to PC and to improve the credibility of GGC as a 
cementitious material. Figure 3.14 shows the frequency of Blaine fineness for GGC and 
that of the corresponding PC samples used in several studies undertaken since 2004–16.

For PC samples, the Blaine fineness varies from 200 to 500 m2/kg, but typically is 
within 301–400 m2/kg. For GGC, the material was ground to a wider range, with 
fineness varying within the range of <100–800 m2/kg, but typically within 401–500 m2/
kg, which is finer than PC. These results also tend to suggest that GGC is at present 
very much at an experimental and development stage and is customised, whilst PC is a 
long-established industrial product, being produced in great masses in a ready-to-use 
form confirming standard specifications.

3.7.6   Specific Gravity

The specific gravity of materials is an important property when designing a mix for 
various reasons, for example, to ensure the stability of fresh concrete, to determine the 
compaction properties of soil and to calculate the voids of a bituminous mix. It also 
affects the weight of the final products. Thus, it is widely reported in the literature for 
characterising the materials.

The specific gravity of GC varies depending on its chemical composition. The reported 
data are shown plotted in Figure 3.15. As shown, the specific gravities of soda lime 
glass and aluminosilicate glass are close, with average values of 2.46 (range 2.15–
2.65) and 2.54 (range 2.42–2.80), respectively. This makes the GC lighter than natural 
sand, with an average value of 2.60 and range of 2.45–2.68, and considerably lighter 
than PC, having an average value of 3.14 (range 3.0–3.2). The density of lead glass has 
been reported as an average of 3.04 with a range of 2.99–3.15, which is close to PC 
clinker. Thus, to maintain the volume-related properties such as yield and design of 
mixtures, the density of GC needs to be taken into account in a proposed application.
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Lead glass has a relatively high specific gravity, with an average value of 3.04 (with a 
range of 2.99–3.15), which is close to that of Portland clinker. For completeness, the 
specific gravity data of the samples for which the glass type has not been reported is also 
provided, giving an average value of 2.63 and a higher range of 2.40–3.20, as expected.

3.7.7   Water Absorption

The water absorption of an aggregate is the function of its porosity and is commonly 
used to obtain an approximate measure of this. In the construction industry, highly 
absorptive aggregates are undesirable materials in any mix, as they will increase 
the water demand in concrete for a given workability (consistence), water in soil 
compaction and bitumen in asphalt mixes.
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Figure 3.14 Fineness of ground glass cullet and reference Portland cement.
Data taken from Afshinnia and Rangaraju (2015), Al-Akhras (2012), Aly et al. (2011), Borosnyoi 
et al. (2013), Byars et al. (2004), Calmon et al. (2014), Carsana et al. (2014), Chaïd et al. (2015), 
Chen et al. (2006a), Corbu et al. (2013), Dahmardeh et al. (2015), Dumitru et al. (2013, 2010), 
Guo et al. (2015), Idir et al. (2010a,b, 2011, 2009), Jang et al. (2015), Kara (2013a,b), Khmiri 
et al. (2012, 2013), Kim et al. (2014a, 2015), Kou and Poon (2009), Kou and Xing (2012), Laldji 
et al. (2007), Lee and Lee (2016), Limbachiya (2009), Lin et al. (2009), Ling and Poon (2012b), 
Madandoust and Ghavidel (2013), Matos et al. (2015), Metwally (2007), Mirzahosseini and Riding 
(2015, 2014), Nasaar and Soroushian (2012a,b), Nassar and Soroushian (2011, 2012b, 2013), 
Niang et al. (2015), Omran and Tagnit-Hamou (2016), Özkan and Yüksel (2008), Parghi and 
Alam (2016), Park and Lee (2004), Pavoine et al. (2014), Priscilla and Naik (2014), Proshin et al. 
(2005), Schwarz and Neithalath (2008), Schwarz et al. (2007), Sekhar (2011), Sharifi et al. (2015), 
Shayan and Xu (2006), Shi and Wu (2005), Shi et al. (2005), Siad et al. (2016), Tagnit-Hamou 
and Bengougam (2012), Tognonvi et al. (2015), Tuncan et al. (2001), Turgut (2008b, 2013), Turgut 
and Yahlizade (2009), Vaitkevicius et al. (2014), Wang (2011), Wang and Hou (2011), Wang et al. 
(2014, 2016), Yilmaz and Degirmenci (2010), Zhao and Wei (2011) and Zhao et al. (2013b).
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Figure 3.15 Specific gravity of various glasses in comparison with natural fine aggregate and 
Portland cement.
Data taken from Abendeh et al. (2015a,b), Al-Akhras (2012), Almesfer and Ingham (2014), 
AL-Saffar (2013), Aly et al. (2012), Anagnostopoulos et al. (2009), Aghabaglou et al. (2015), 
Altaf et al. (2013), Bhat and Rao (2014), Bajad et al. (2012a,b), Calmon et al. (2014), Cassar and 
Camilleri (2012), Chaïd et al. (2015), Chen et al. (2006a), Chen and Wong (2015), Corinaldesi 
et al. (2005), De Castro and de Brito (2013), Dhir et al. (2005a), Disfani et al. (2012), Du and 
Tan (2014b), Dumitru et al. (2010), Georgiadis et al. (2007), Idir et al. (2009, 2010a, 2011), Jain 
and Neithalath (2010), Jangid and Saoji (2014), Kamali and Ghahremaninezhad (2015, 2016), 
Kim et al. (2015), Kou and Poon (2009), Kou and Xing (2012), Huang et al. (2015), Ismail and 
Al-Hashmi (2009), Kim et al. (2014a), Lee and Lee (2016), Jang et al. (2015), Lin et al. (2009), 
Ling and Poon (2011b, 2012a,b,c, 2014a,b,c), Ling et al. (2011, 2012), Dumitru et al. (2013), Kim 
and Soh (2002), Klevbo (1998), Laldji et al. (2007), Lee (2011), Liu (2011), Lam et al. (2007), 
Lee et al. (2013), Limbachiya (2009), Malik et al. (2013, 2014), Matos and Sousa-Coutinho 
(2012), Matos et al. (2015), Matos and Sousa-Coutinho (2016b), Metwally (2007), Mirzahosseini 
and Riding (2014, 2015), Maier and Durham (2012), Maschio et al. (2013), Mitra et al. (2016), 
Narayana and Mailar (2015), Nassar and Soroushian (2011, 2012a,b, 2013), Neithalath (2008), 
Neithalath and Schwarz (2009), Niang et al. (2015), Nunes et al. (2013), Omran and Tagnit-Hamou 
(2016), Özkan and Yüksel (2008), Oliveira et al. (2008), Priscilla and Naik (2014), Parghi and 
Alam (2016), Park et al. (2004), Park and Lee (2004), Peyvandi et al. (2013), Polley (1996), Polley 
et al. (1998), Poon and Chan (2007), Proshin et al. (2005), Romero et al. (2013), Rajabipour et al. 
(2012), Salehuddin (2012), Schwarz and Neithalath (2008), Schwarz et al. (2007, 2008), Seju et al. 
(2015), Serpa et al. (2015), Shafaatian et al. (2013), Shao and Lehoux (2001), Shao et al. (2000), 
Sharif et al. (2014), Sharifi et al. (2015), Soyer et al. (2010), Shayan and Xu (2006), Shi and Wu 
(2005), Shi et al. (2005), Siad et al. (2016), Singh et al. (2014), Su and Chen (2002), Tagnit-Hamou 
et al. (2015), Tagnit-Hamou and Bengougam (2012), Taha and Nounu (2008, 2009), Tang et al. 
(2005), Tejaswi et al. (2015), Tuncan et al. (2001), Tognonvi et al. (2015), Turgut (2008b, 2013), 
Turgut and Yahlizade (2009), Türkmen and Fındık (2010), Wattanapornprom and Stimannaithum 
(2015), Wright et al. (2013, 2014), Wang (2009a,b, 2011), Wang and Chen (2010), Wang and 
Huang (2010), Wang and Hou (2011), Wang et al. (2009, 2014, 2016), Yilmaz and Degirmenci 
(2010), Zhao and Wei (2011) and Zhao et al. (2013a,b).
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As glass is essentially an impermeable material, its maximum water absorption 
value has been reported in numerous studies to be less than 0.5%, with many 
results being 0% or close to it (Table 3.11). In comparison, the water absorption 
of natural fine aggregate is high, varying from less than 1.0% to –3.0%. Thus, the 
use of GC fine aggregate as a replacement for natural fine aggregate, particularly 
in concrete applications, can be expected to reduce its permeation properties, 
preventing the ease of transportation of moisture and harmful ions, and thus 
increase its durability.

3.7.8   Modulus of Elasticity/Hardness

The basic requirement of an aggregate for use in construction is that the material 
must be strong; it does not deform easily under load and has good wear-resistance 
properties. These attributes can be expressed in different forms and require specific 
tests on aggregates such as aggregate crushing value (now withdrawn), Los Angeles 
abrasion (BS EN 1097-2, 2010) and micro-Deval tests (BS EN 1097-1, 2011). Although 
such tests have not been commonly performed on GC, the modulus of elasticity and 
hardness of glass can be good general indications of the mechanical properties of 
GC. The literature using GC in various construction applications has not provided 
any test data on modulus of elasticity and hardness. Table 3.12 has been compiled for 
completeness concerning the modulus of elasticity and hardness of various types of 
glass and the natural sand.

Table 3.12 suggests that, in general, GC has slightly better deformation properties 
than natural sand, whilst its hardness is essentially of a similar order and, 
therefore, in this respect, its use in construction applications should not present 
any problem.

Table 3.11 Water absorption of glass measured in granular form

Glass Type

Water Absorption, %

Mean Range

Soda lime 0.18 0–0.48

Aluminosilicate 0.40 0.36–0.45

Lead 0.10 0–0.40

Unidentified 0.23 0–0.48

Data taken from Abendeh et al. (2015a,b), Aghabaglou et al. (2015), Chen and Wong (2015), Chen et al. (2006a), 
Corinaldesi et al. (2005), De Castro and de Brito (2013), Dhir et al. (2005b,a), Du and Tan (2014b), Dumitru et al. 
(2010), Huang et al. (2015), Kim and Soh (2002), Kim et al. (2014a), Kou and Poon (2009), Lam et al. (2007), Lee 
(2011), Lee et al. (2013), Ling and Poon (2011b, 2012a,b), Ling and Poon (2014a,b,c,d), Ling et al. (2012), Liu (2011, 
2009), Maier and Durham (2012), Maschio et al. (2013), Nassar and Soroushian (2012a,b), Omran and Tagnit-Hamou 
(2016), Park et al. (2004), Park and Lee (2004), Polley et al. (1998), Poon and Chan (2007), Rajabipour et al. (2012), 
Serpa et al. (2015), Su and Chen (2002), Taha and Nounu (2008, 2009), Tuncan et al. (2001), Turgut and Yahlizade 
(2009), Wang (2009a,b), Wang and Chen (2010), Wang and Huang (2010), Wang et al. (2015, 2014), Wright et al. (2013), 
Zhao and Wei (2011) and Zhao et al. (2013b,a).
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3.8   Conclusions

The bulk of the waste glass generated is of the soda lime type from container and 
flat glass and, as expected, much developmental work for recycling glass has been 
based on such materials. However, in recent years, waste electronics glass, in the form 
of CRTs, LCDs and PCBs, has been produced in increasingly greater amounts and 
consequently has drawn considerable attention in developing applications for such 
materials.

It is widely acknowledged, and has been materialised in practice for a long time, that 
with well-developed recycling schemes, waste glass can be channelled successfully 
into the production of glass and glass-based products. Furthermore, it is also now 
understood that, in principle, processed waste glass can also potentially be developed 
for use in the construction, ceramics and other markets. The environmental and 
sustainability benefits of diverting waste glass from the landfill and, instead, using 
the material as a replacement for natural resources are also well appreciated, though 
the economic case has not been always well placed. Indeed, governments and local 
authorities the world over have been addressing the various issues involved in 
overcoming the barriers to the wider development of the GC market. In this regard 
the role of proper segregation during collection of waste glass, resulting in minimising 
contamination of the material, would finally increase the client and specifier confidence 
in the feasibility of using GC.

The recommended minimum processing steps involved in the production of GC 
for recycling include visual inspection and hand-picking of contaminated materials, 
screening and removal of ferrous and nonferrous metallic materials. However, 
owing to the general lack of information concerning the types of glass that may be 
present in a waste stream, glass-based contaminants, such as Pyrex, ceramics and 

Table 3.12 Modulus of elasticity and hardness of different types of glass and natural fine 
aggregate

Material
Modulus of  
Elasticity, GPa Hardness, Mohs

(a) Glass

Soda-lime 70–74

5.0–7.0
Aluminosilicate 83–91

Lead 58–65

Borosilicate 64–89

(b) Natural Fine Aggregate

Quartz/Quartzite 55–85 5.5–7.0

Data taken from Le Bourhis (2008), De Jong et al. (2011), Neville et al. (1983) and Kogel et al. (2006).
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lead glass, are often encountered mixed with the rest of the waste. This can pose 
problems in assembling suitable GC for use in the production of new glass products 
such as containers and flat glass. Contamination removal techniques, which can 
identify and mechanically remove the contamination, should be developed for 
further beneficiation of waste glass. As the glass collectors can often present poorly 
colour-segregated waste glass or may even present batches contaminated with 
relatively high quantities of non-glass constituents, additional quality control steps 
should be applied on delivery to the glass processor (PAS 101 interface), so that the 
GC is properly graded and priced as per its true cost, taking account of additional 
processing costs and potential market value.

Some waste glass batches cannot be thoroughly processed into high-quality GC for 
technical, economic and environmental reasons, and the resulting GC may present 
varying characteristics that may affect the properties of the end-use application. For 
this reason, the CWC proposed clear and concise criteria for several characteristics of 
GC (based on colour, moisture and contamination of non-glass materials), which can 
be easily determined and applied with subsequent certification for use as a feasible 
replacement for raw material in various applications.

For the most part, the chemical composition of GC is dominated by its SiO2 content; 
other oxides are present to impart certain specific properties in the final products. 
Except for lead glass, the sum of SiO2, Al2O3 and Fe2O3 of soda lime, aluminosilicate 
and borosilicate GC, as used in the published research since 1996, has been found to be 
greater than the minimum of 70% specified for fly ash to be considered as potentially 
reactive pozzolanic material.

The SO3 content and LOI of GC are reported to be less than 3% and 1%, respectively. 
Whilst not exceeding the SO3 maximum limit for fly ash, for soda lime glass the range 
for SO3 content may considered to be high at 0%–3.10%, with a mean value of 0.27%, 
standard deviation 0.43% and coefficient of variation 159%. The concentration of 
alkalis released from GGC is reported to be low. However, ASR of GC fine aggregate 
in PC concrete, which depends on GC particle size, type and colour, can be a durability 
issue. It has been shown, though, that the risk of induced expansion in the form of ASR 
can be nullified with the use of pozzolanic cements, interestingly, including GGC.

GC, available mainly in clear (flint), green and amber colours, is an angular material having 
a smooth surface texture and excellent permeation properties. The material can be crushed 
to size fractions of sand, filler and cement with PSD complying with specifications for use 
in concrete, geotechnical and road pavement applications. The grading of manufactured 
GC fine aggregate in the reported literature has tended to be on the coarse side compared 
with natural sand, with no explanation provided for it and, more importantly, with no 
consideration of its impact on particle packing and the performance of the end products.

The average FM of the manufactured GC-sand in the research literature has tended 
to be within the 2.3–3.8 range, with an average value of 3.0, compared with a 2.0–
3.0 range with an average of 2.6 for the corresponding natural sands. GC use as a 
filler in both concrete and asphalt mixes is also becoming gradually recognised. The 
information available suggests that a considerably high proportion of GC fillers used 
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comply with the requirement of passing a 63-μm sieve. Used in the ground form at a 
cement fraction level, GC has tended to comply with the requirements for fly ash in 
ASTM C618 (2015) and BS EN 450-1 (2012). In addition, in direct comparison to 
PC, the data on Blaine fineness show that GGC has been tested to a much wider range 
of 100–800 m2/kg and typically 401–500 m2/kg, compared with the corresponding 
fineness ranges of 200–500 and 301–400 m2/kg for PC.

The exceptionally low porosity and consequently the excellent permeation properties, 
namely absorption, permeability and diffusion, of GC crushed for use as sand, filler or 
cement, where applicable, can be of considerable benefit in terms of potentially lowering 
the water demand of mortar and concrete mixtures, because of its exceptionally low 
water absorption, in the fresh state and in the long term, improving their durability. 
Though GC has lower density compared with sand and most cementitious materials, 
its modulus of elasticity and hardness are essentially similar to those of sand.
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Synopsis

Finely ground glass cullet (GGC) exhibits pozzolanic properties. Its inclusion with 
Portland cement does not significantly change the characteristics of cement apart from 
prolonging the setting times. In the fresh state, the consistence and stability of concrete 
are almost unaffected, but the density is slightly reduced when GGC is used. It also 
reduces the temperature rise and heat of hydration of the concrete. Depending on the 
content and fineness of GGC, its use can maintain or improve the compressive strength 
of concrete. The relationship between compressive strength and tensile strength also 
remains unchanged. The use of GGC reduces the modulus elasticity of concrete and 
increases shrinkage. Other than carbonation, GGC is shown to generally improve the 
permeation and durability properties of concrete. The use of this material is safe in terms 
of environmental impact and it has been used in the concrete construction industry since 
the 2000s.

Keywords: Ground glass cullet, Cement characteristics, Concrete, Fresh properties, 
Mechanical properties, Permeation, Durability, Environmental impact, Case studies.
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4.1   Introduction

Cement is an important ingredient of concrete, which is second only to water in volume 
consumption terms globally. The cement manufacturing sector accounts for about 5% 
of carbon dioxide (CO2) emissions (WBCSD, 2012), mainly during the production of 
Portland clinker, an essential ingredient used in the manufacturing of most modern 
cements, such as those mentioned in EN 197-1 (2011). Portland cement (PC) clinker 
is manufactured by grinding calcareous rocks (primary component) such as limestone 
or chalk and argillaceous rocks such as shale or clay and heating the mixture in a large 
rotary inclined kiln with temperature gradually rising along the length up to 1450°C. 
Carbon dioxide is emitted from two sources during the clinker manufacturing process 
(WBCSD, 2016):

(i)  Calcination, whereby calcium carbonate coming from calcareous rocks is trans-
formed into lime, with CO2 released as a by-product, accounts for about 60% of 
the emitted CO2.

(ii)  Burning of fuels, the energy of which is needed to convert the raw materials to 
clinker, accounts for 40% of the emitted CO2.

Depending on the energy efficiency of the production facilities and the choice of fuel, on 
average, 0.633 tonne of CO2 was generated for every tonne of cement produced worldwide 
in 2014 (GNR, 2014). Substitution of PC with pozzolanic materials such as fly ash (FA), 
a residue from coal combustion, or latent hydraulic materials such as ground granulated 
blast slag (GGBS), a by-product from the iron industry, can reduce the volumes of clinker 
used, thus contributing to the reduction of CO2 emissions from cement production.

Glass is an amorphous and mainly siliceous material, with 70% SiO2 content. In its 
finely powdered form, ground glass cullet (GGC) exhibits pozzolanic properties and 
is suitable for use as a cement component. This attribute of GGC has been recognised 
probably since the early 1970s by researchers from the Colorado School of Mines 
research institute, who studied the pozzolanic properties of soda lime glass (container 
glass) ground to a size less than 44 μm (Pattengill and Shutt, 1973). However, it was not 
until the beginning of the 2000s when the interest in the subject became pronounced 
enough to develop the use of GGC in concrete, with the findings suggesting that its use 
as a replacement, in part, for PC is perfectly feasible.

4.2   General Information

Attributed to its amorphous and silica-rich nature, GGC undergoes a pozzolanic 
reaction with calcium hydroxide that is released during PC hydration, in the presence 
of moisture, producing calcium silicate hydrates, which enhance the performance 
of concrete (Dhir and Dyer, 2001, 2004). Its pozzolanic reactivity increases with 
increasing particle fineness (Shi and Zheng, 2007; Federico and Chidiac, 2009). In 
general, concrete made with GGC in combination with PC replacement up to 40% 
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has been reported to show an improvement in its strength properties, permeation and 
chloride resistance (Shekhawat and Aggarwal, 2014; Zheng, 2013). Additionally, 
and most importantly, Dhir and Dyer (2001) have confirmed that concrete containing 
GGC does not display the risk of detrimental alkali–silica reaction (ASR) expansion 
because of the presence, in abundance, of silica in GGC. Indeed, it has been shown 
that mortar made with GGC exhibits less ASR expansion than reference mortar made 
without GGC (Dhir and Dyer, 2001; Shi and Zheng, 2007).

4.3   Cementitious Characteristics of Ground Glass Cullet

This section covers the cementitious characteristics of GGC, with a focus on some 
selected important physical and chemical aspects, such as the water required for 
standard consistence, setting times, soundness and strength activity index. Readers 
are advised to refer to Chapter 3 for information on the chemical composition, particle 
size distribution and loss of ignition of GGC.

It should be noted that the fineness of GGC and PC reported in the literature has 
been expressed in various forms, Blaine fineness, particle mean size and percentage 
of particles retained on 45-μm sieve size being the most common. Given that the 
reactivity rate is affected by the surface area, for clarity, the fineness of GGC and the 
corresponding reference PC is compared based on their numerical difference, as given 
in Table 4.1. When the PC fineness is not available, the following typical values of 
PC are assumed: 350 m2/kg Blaine fineness, 15-μm particle mean size and nil (0%) 
retention on 45-μm-size sieve.

4.3.1   Water Required for Standard Consistence

Consistence refers to the flow properties of a cementitious mixture in the fresh state. 
Cement pastes prepared for setting time and soundness tests are required to have a 
standard consistence, which is determined using the Vicat test. The standard consistence 
is achieved when the plunger of the apparatus penetrates into a cement paste to a depth 
of 10 ± 1 mm (in the case of ASTM C187, 2011) or 6 ± 2 mm (in the case of BS EN 
196–3:2005+A1, 2008) below the original surface. The amount of water required for 
the standard consistence is expressed as a percentage by mass of cement.

Table 4.1 Comparison criteria for the fineness of ground glass cullet and Portland cement

Numerical Difference Interpretation

More than +10% GGC is finer than PC

Within ±10% GGC has the same fineness as PC

More than −10% GGC is coarser than PC

GGC, ground glass cullet; PC, Portland cement.

astm:C187
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Figure 4.1 shows the water required for the standard consistence of cement paste 
made with up to 50% GGC as a component of PC. It can be seen from Figure 4.1 
that different trends can be observed from the results that have been reported, but 
these changes are not likely to be related to the fineness of GGC used. Cui (2005) 
explained that the increase in the water demand of samples containing GGC can be 
due to its angular particle shape, because in a parallel test, FA, which largely consists 
of spherical particles, was observed to reduce the amount of water required to achieve 
standard consistence. However, Wang (2011) attributed the reduction in water demand 
to the low water absorption of GGC.

On the other hand, in the studies undertaken by Byars et al. (2004b) and El-Alami 
(2004), the results suggest that the difference in water requirement for the mortars 
made with 30% GGC, of fineness ranging from 240 to 862 m2/kg, to that of reference 
mortar varied between −4.5% and +1.3%, but most of them were almost 0% (indicating 
no change).

Overall, although both the angularity of particle shape and the low water absorption of 
GGC can affect the water demand of cement paste for a given consistence, these two 
effects may cancel each other out and result in a small net change in the water demand, 
as shown in many studies (Byars et al., 2004b; El-Alami, 2004; Remarque et al., 2001, 
2003; Tognonvi et al., 2015).
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Figure 4.1 Influence of ground glass cullet (GGC) on the water required for standard 
consistency. PC, Portland cement.
Data taken from Byars et al. (2004b), Cui (2005), El-Alami (2004), Remarque et al. (2001, 
2003), Sugita et al. (1997), Tognonvi et al. (2015), Wang (2011) and Yilmaz and Degirmenci 
(2010).
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4.3.2   Initial and Final Setting Times

A cement paste is considered to be set when it loses its original plasticity and is no 
longer mobile. Cementitious materials such as FA and GGBS are commonly known 
to prolong the initial and final setting times of a mixture. The delay in the initial 
setting time of the cement due to the inclusion of FA is regulated by BS EN 450-1 
(2012), in that the inclusion of 25% FA should not increase the initial setting time of 
the cement to twice that of the reference cement.

Figure 4.2 compares the initial setting times of cement containing soda lime and 
aluminosilicate GGC with the corresponding reference cement made without GGC, 
measured using BS EN 196–3:2005+A1 (2008) and ASTM C191 (2013). For soda 
lime GGC, the initial setting time of cement remains essentially unchanged for 
up to 20% content, beyond which, a small increase in initial setting time (25 min 
on average) is observed. It would also appear that the fineness of soda lime 
GGC does not have a significant influence on the initial setting time of cement  
(Figure 4.2).
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Figure 4.2 Change in initial setting time at various ground glass cullet (GGC) contents. PC, 
Portland cement.
Data taken from Byars et al. (2004b), Cui (2005), El-Alami (2004), Kamali and 
Ghahremaninezhad (2016), Lee and Lee (2016), Lin et al. (2009), Matos and Sousa-Coutinho 
(2012, 2016b), Matos et al. (2015), Remarque et al. (2001, 2003), Sugita et al. (1997), 
Tognonvi et al. (2015) and Wang (2011).

astm:C191
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For aluminosilicate GGC, however, two completely opposite trends have been 
reported (Figure 4.2). It is, however, unlikely that the use of aluminosilicate GGC 
will shorten the initial setting time, because of the dilution of the tricalcium silicate 
(C3S) and tricalcium aluminate (C3A), which are responsible for the setting of cement. 
Thus, such results may be considered as outliers. Nevertheless, Figure 4.2 shows that 
aluminosilicate GGC tends to delay the initial setting time of cement more than soda 
lime GGC for a given replacement level.

When GGC is used in conjunction with FA as a PC replacement, with a combined 
content up to 25%, the initial setting time is found to increase by about 100 min longer 
than the corresponding reference cement (Yilmaz and Degirmenci, 2010). In general, 
GGC complies with the initial setting time requirement specified for FA in BS EN 
450-1 (2012), as its inclusion at 25% or even at a higher content level does not exhibit 
a delay in setting time of more than 100 min.

It has also been observed that the effect of GGC on the initial setting time of cement 
reflects similarly on its final setting time (Cui, 2005; Kamali and Ghahremaninezhad, 
2016; Lee and Lee, 2016; Lin et al., 2009; Matos and Sousa-Coutinho, 2012; Matos 
et al., 2015; Sugita et al., 1997; Tognonvi et al., 2015; Wang, 2011). However, as no 
limit on the FA effect on the final setting time of the resulting composite cement has 
been specified in BS EN 450-1 (2012), the prolonged final setting time due to the use 
of GGC should generally be of no real concern for compliance to the standard.

4.3.3   Soundness

The presence of free calcium oxide (CaO) and magnesium oxide (MgO) contents in 
cement can result in the expansion of a cement paste, potentially leading to cracking. This 
is due to the slow hydration process of these two compounds to form calcium hydroxide, 
Ca(OH)2, and magnesium hydroxide, Mg(OH)2, which have a larger volume than their 
original forms. Cements exhibiting excessive expansion are deemed to be unsound.

The soundness of cement containing up to 30% GGC (El-Alami, 2004; Matos and Sousa-
Coutinho, 2012, 2016a,b; Matos et al., 2015) or up to 25% combination of GGC and FA 
(Yilmaz and Degirmenci, 2010) has been determined using the Le Chatelier test, which 
accounts only for the expansion caused by free CaO. All the specimens containing GGC 
showed a soundness value of not more than 1.5 mm, well below the maximum limit of 
10 mm expansion for cement containing 30% FA as specified in BS EN 450-1 (2012).

4.3.4   Strength Activity Index

In the presence of moisture, GGC can undergo pozzolanic reaction with Ca(OH)2 
released during the hydration of PC to produce more calcium silicate hydrate, forming 
a denser cement paste structure and increasing the compressive strength of the mixture. 
As with FA and other pozzolanas, the pozzolanic activity of GGC can be quantified in 
terms of strength activity index: the ratio (in percentage) of the compressive strength 
of pozzolanic cement mortar to that of pure PC reference mortar.
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The assessments of the strength activity index of pozzolanic material outlined in 
ASTM C311 (2013) in the United States and in BS EN 196-1 (2016) (or equivalent) 
in the United Kingdom (and Europe) are different. In the former test, the water/
cement ratio of the reference mortar is fixed at 0.485 and the water content of the 
test mortar containing 20% pozzolanic material is adjusted for equivalent flow to 
that of the reference mortar. In the latter test, however, both the reference mortar 
and the test mortar containing 25% pozzolanic material are proportioned at a 
fixed 0.50 water/cement ratio. The strength activity index of GGC, predominantly 
soda lime glass, determined using these two methods is shown in Figure 4.3, 
together with the requirements specified for FA in ASTM C618 (2012) and BS 
EN 450-1 (2012) at different ages for comparison. It shall be mentioned that all 
the GGC mortars have a similar water/cement ratio compared to the reference  
mortar.

As to be expected, the fineness of GGC affects its rate of pozzolanic reaction and 
thus the strength activity index (Figure 4.3). When GGC is ground finer than PC, 
it has a greater specific surface for pozzolanic reaction to take place, resulting in 
a strength activity index higher than the minimum targets of 75% at 7 and 28 days 
specified in ASTM C618 (2012) and 75% and 85% at 28 and 90 days, respectively, 
specified in BS EN 450-1 (2012). The study of Byars et al. (2004b), investigating 
GGC of fineness ranging from 250 to 1000 m2/kg, suggests that the pozzolanic 
effect of GGC increases, at a decreasing rate, as its fineness increases up to about 
800 m2/kg.

When GGC is ground to a fineness similar to that of PC, typically at about 350 m2/kg, 
its strength activity index meets the requirements for 7 and 28 days set in ASTM C618 
(2012) and 28 days in BS EN 450-1 (2012), but is likely to be less than the 85% target 
at 90 days of BS EN 450-1 (2012) (Figure 4.3(b)).

Coarse GGC exhibits relatively low pozzolanic effect. About half of the data in Figure 
4.3(a) and (b) show that the strength activity index of GGC that is coarser than PC is 
below the minimum requirements. One set of the results as circled in Figure 4.3(a) 
is considered as an outlier, as the strength activity index seems too high for a coarse 
GGC, whilst all the coarse GGC results are less than 100%.

Overall, to comply with the strength activity index requirements set in the standards, 
GGC should be ground to a fineness similar to or higher (preferably) than that of the 
corresponding PC.

4.4   Fresh Concrete Properties

The duration of concrete in the fresh state is short, and lasts for 8–12 h depending 
on the mix design and weather conditions. However, the properties of fresh concrete 
can have a decisive influence on its hardened properties, including the long-term 
performance of concrete. The characteristics of cementitious materials, such as particle 

astm:C311
astm:C618
astm:C618
astm:C618
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Figure 4.3 Strength activity index of ground glass cullet (GGC). (a) Based on ASTM C311 
(2013). (b) Based on BS EN 196-1 (2005). PC, Portland cement.
Data taken from Afshinnia and Rangaraju (2015), Bignozzi et al. (2015), Byars et al. 
(2004b, 2004c), Dhir et al. (2005b), El-Alami (2004), Khmiri et al. (2012), Lin et al. (2008), 
Neithalath (2008), Parghi and Alam (2016), Pereira-de-Oliveira et al. (2007), Remarque et al. 
(2001), Shi et al. (2005) and Siad et al. (2016).
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shape, fineness and chemical reactivity, can play a vital role in determining the fresh 
properties of concrete. For example, FA increases the consistence of a concrete mix 
owing to its spherical shape, which potentially leads to a reduction in water content, 
which can be used to recoup some reduction in strength by reducing the water/cement 
ratio whilst keeping the consistence of the mix constant. Thus, it is important to 
understand how the use of GGC as a cement component changes the fresh properties 
of concrete, to recognise areas of necessary development, which can be used to benefit 
the performance of concrete in both the fresh and the hardened states.

4.4.1   Consistence

Consistence, or the old terminology ‘workability,’ is the ability of a freshly mixed concrete 
to be handled, placed, compacted and finished without the loss of its homogeneity. 
Concrete with a good consistence allows for maximum density and minimum entrapped 
voids to be achieved from compaction. Several methods, with different degrees of 
sensitivity, have been developed to determine the consistence of concrete, such as the 
slump test, Vebe test, compacting factor test and flow table test. Of these, the slump test 
is the easiest to perform and also commonly adopted by the construction industry, as it 
covers the consistence range of concrete mixes mostly used in practice.

The influence of GGC on the slump of concrete has been reported by many studies, 
collectively covering several parameters such as glass type (predominantly soda lime), 
Blaine fineness up to 600 m2/kg, replacement content up to 50% and water/cement 
ratio over a range of 0.36–0.67. The results have been sorted into four slump classes  
(Figure 4.4), based on the slump of the reference concrete, using the slump 
classification and tolerance of a specified target slump specified in BS EN 206-1 
(2003), as summarised in Table 4.2.

It is evident from Figure 4.4 that, for a given water/cement ratio, although the slump 
of concrete made with GGC may increase, decrease or fluctuate as the GGC content 
increases, such a variation is generally marginal and still within the same slump class 
or allowable tolerance. Only three sets of results, in the slump classes of S2 (Dhir 
et al., 2005c) and S3 (Bajad et al., 2012a; Metwally, 2007), exhibit a decrease in 
slump beyond the limits when the GGC content is 20% or more. In effect, it can be 
considered that the slump of GGC concrete remains essentially similar to that of the 
reference PC concrete. The fineness of the GGC does not seem to have an effect on the 
slump of concrete (Figure 4.4).

Similarly, when used in mortar, the flow of the mixes remains almost unchanged for 
GGC content up to 40% as PC replacement (Borosnyoi et al., 2013; Jang et al., 2014, 
2015; Kou and Xing, 2012; Lee and Lee, 2016; Matos and Sousa-Coutinho, 2016a; 
Parghi and Alam, 2016; Pereira-de-Oliveira et al., 2012; Remarque et al., 2001; Sugita 
et al., 1997; Tognonvi et al., 2015; Wang and Hou, 2011; Wang et al., 2016). However, 
in only one case the flow of a cement paste showed a rate of 35% increase for every 
10% GGC used (Schwarz et al., 2007).
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Figure 4.4 Influence of ground glass cullet (GGC) on slump of concrete for (a) S1 and S3 
slump classes and (b) S2 and S4 slump classes. PC, Portland cement.
Data taken from Bajad et al. (2012a,b), Borosnyoi et al. (2013), Cassar and Camilleri (2012), 
Cui (2005), Dhir et al. (2005c), Jangid and Saoji (2014), Kamali and Ghahremaninezhad 
(2015), Kara (2013b), Kara et al. (2012), Kim et al. (2014), Metwally (2007), Nassar 
and Soroushian (2012a, 2013), Neithalath and Schwarz (2009), Pavoine et al. (2014), 
Schwarz et al. (2008), Singh et al. (2014), Taha and Nounu (2008a), Tang et al. (2005) and 
Wattanapornprom and Stitmannaithum (2015).
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Overall, the slump (shown in Figure 4.4) and flow results are coherent with the 
findings mentioned in Section 4.3.1, in that the water required for standard consistence 
of GGC mortar is generally close to that of the reference PC mortar. This suggests 
that probably the water content and admixture dosage for a concrete do not have to be 
modified when GGC is used as a PC replacement.

4.4.2   Stability

The stability of concrete in the fresh state is the key to attaining the desired engineering 
properties of concrete in its hardened state. A concrete is not stable if it suffers from 
(i) excessive bleeding, whereby water moves upward to the surface of concrete in an 
undue manner, or (ii) segregation, whereby aggregates separate from cement paste, 
resulting in a nonuniform mix.

Table 4.3 summarises the effects of GGC on the stability of a normal concrete (Du and 
Tan, 2015; Dumitru et al., 2010; Taha and Nounu, 2008a, 2009) and self-compacting 
concrete (Shi and Wu, 2005). No qualitative data are available in all these studies. 
However, in general, no signs of bleeding or segregation of concrete containing up 
to 60% GGC have been reported (Du and Tan, 2015; Taha and Nounu, 2008a, 2009).

Notwithstanding the preceding, it has been reported that concrete made with GGC of 
Blaine fineness 335 kg2/m showed higher bleeding than the corresponding reference 
PC concrete (Dumitru et al., 2010). The same issue has also been reported by Shi and 
Wu (2005), by whom no bleeding was seen on the self-compacting concrete (SCC) 
containing either FA or GGC of similar fineness, but SCC made with coarser GGC 
showed little bleeding. The bleeding observed in these cases may have been caused 
by the lack of fines in the mix. Thus it is necessary to ensure that the fines content of 
concrete remains unchanged when PC is replaced by GGC.

4.4.3   Density

Given that the typical specific gravity of PC and GGC is about 3.15 and 2.50, 
respectively, concrete containing GGC will have a lower density than concrete made 
with 100% PC. Apart from one case (Kamali and Ghahremaninezhad, 2015), in which 
the density of concrete was reported to increase with increasing GGC content up to 
20%, the reported studies have generally tended to suggest that the density of fresh 
concrete generally decreases with the use of GGC as a cement component (Dhir et al., 

Table 4.2 Slump classes and tolerances specified in BS EN 206-1 (2003)

Slump Class Slump, mm Tolerance, mm

S1 10–40 ±10

S2 50–90 ±20

S3 100–150 ±30

S4 160–210 ±30
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2005c; Nassar and Soroushian, 2012a, 2013; Nwaubani and Poutos, 2013; Sharifi 
et al., 2015; Shi and Wu, 2005; Taha and Nounu, 2008a, 2009; Tang et al., 2005). 
As shown in Figure 4.5, excluding the positive values, which are likely to be due to 
experimental errors, the density of concrete is calculated to decrease at a rate of about 
0.5% on average for every 10% replacement of PC by GGC.

4.4.4   Air Content

There are two types of air that can be found in concrete, namely entrapped air and entrained 
air. The former is irregularly sized and created inevitably during mixing and compacting 
of fresh concrete. Entrapped air can be removed by proper compaction techniques. The 
latter is of a spherical nature and is uniformly distributed in concrete, resulting from the 
deliberate use of an air-entraining admixture. Entrained air is used to increase the resistance 
of concrete against cycles of freeze–thaw attack. The increase in cement fineness or 
decrease in alkali content of cement reduces entrained air in concrete (PCA, 1998).

For a given dosage of air-entraining agent, Nassar and Soroushian (2012a, 2013) show 
that the air content of concrete made with 20% GGC of 495 m2/kg Blaine fineness is 
similar to that of reference PC concrete, with a marginal difference of less than 1%. 
The same observation is also reported by other studies (Kim et al., 2014; Neithalath 
and Schwarz, 2009; Pavoine et al., 2014), but it is unsure if the dosage of air-entraining 
agent was kept constant for both the GGC and the reference PC concrete.

Table 4.3 Stability of concrete made with ground glass cullet

References Fineness w/c GGC, % Main Observations

Du and Tan 
(2015)

PC, 10-μm median 
diameter
GGC, 3.4-μm mean 
diameter

0.47 0–60 No bleeding or 
segregation

Dumitru et al. 
(2010)

PC, not available
GGC, 335 kg2/m

– 0–25 Bleeding of GGC 
concrete was higher than 
that of PC concrete

Shi and Wu 
(2005)a

FA, 74% passing 45 μm
GGC 1, 50% passing 
45 μm
GGC 2, 80% passing 
45 μm

0.34 30 No bleeding in SCC 
made with FA and GGC 
1, but little bleeding was 
seen for SCC made with 
GGC 2

Taha and 
Nounu (2008a, 
2009)

PC, not available
GGC, 45-μm mean 
diameter

0.38 0, 20 Both GGC and 
PC concretes were 
homogeneous

GGC, ground glass cullet; PC, Portland cement; w/c, water/cement ratio.
aComparing lightweight self-compacting concrete (SCC) made with fly ash (FA) and two GGCs with different fineness.
The fineness data of the materials are taken from Shi et al. (2005).
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On the other hand, Lee and Lee (2016) and Sharifi et al. (2015) suggest that the air 
content decreases as GGC content increases, resulting in a 2% reduction when 20% 
GGC is used, with a given high-range water-reducing admixture (which is likely to 
contain an air-entrainment feature). Additionally, in a study undertaken by Shi and 
Wu (2005), at a fixed air-entraining admixture dosage, lightweight SCC containing 
30% FA has an air content of 7%, but when FA is fully replaced by a finer GGC and a 
coarser GGC, the air content is decreased to around 4%.

It would appear that the effect of GGC on the stability of entrained air has not been 
clearly established; however, it may be assumed that the use of GGC up to content no 
greater than 20% does not significantly affect the dosage of air-entraining admixture 
to achieve a target air content in concrete.

4.4.5   Initial and Final Setting Times

When a concrete sets, it loses its consistence and becomes difficult to handle. The 
setting time of concrete is important to concrete producers and contractors as it affects 
the allowable working duration for delivery and casting.
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Figure 4.5 Influence of ground glass cullet on fresh density of concrete.
Data taken from Bajad et al. (2012a,b), Bhat and Rao (2014), Cassar and Camilleri 
(2012), Dhir et al. (2005c), Kadir et al. (2016), Kamali and Ghahremaninezhad (2015), 
Nassar and Soroushian (2012a, 2013), Nwaubani and Poutos (2013), Oyekan and Oyelade 
(2011), Schwarz et al. (2008), Singh et al. (2014), Taha and Nounu (2008a, 2009) and 
Tang et al. (2005).
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The use of GGC up to 25% content can extend the setting times of concrete for up 
to 1–2 h longer than PC concrete (Dumitru et al., 2010). As to be expected, GGC 
concrete containing a low dosage of retarding admixture has a shorter initial setting 
time than reference PC concrete containing a high dosage of retarding admixture 
(Wattanapornprom and Stitmannaithum, 2015).

In comparing the setting times between concrete made with FA and GGC, the study 
of Shi and Wu (2005) suggests that, all things being equal, GGC is likely to result in 
faster initial and final setting times of concrete than FA (Table 4.4). This may be due to 
GGC containing relatively high Na2O, which is known to accelerate the setting times 
of cement (Hewlett, 1998).

4.4.6   Temperature Rise and Heat of Hydration

Hydration of cement is an exothermic process, which generates heat. The heat of hydration 
can be a problem when it comes to mass concrete and thick section casting, in which a 
steep temperature gradient between the interior (hotter) and the exterior (cooler) of the 
concrete may result in thermal cracking, due to different cooling rates and volume change. 
There are several ways to minimise the excessive temperature differential in concrete, from 
the material selection to the formwork type and removing time (Concrete Society, 2010), 
amongst which the use of FA and GGBS as a PC replacement features favourably. This is 
because the materials reduce the proportions of C3A and C3S compounds, which hydrate 
most rapidly, thus reducing the heat developed and temperature rise in concrete.

Table 4.5 summarises the results of paste and mortar specimens made with up to 60% 
GGC as regards their temperature rise under semiadiabatic conditions in the first 24 h, 
and rate of heat evolution as well as cumulative heat during the first 4 days, obtained 
using an isothermal conduction calorimeter. The main points arising from Table 4.5 
are listed below:

(a)   Temperature Rise

The use of GGC decreases the peak temperature rise values of specimens (Kamali and 
Ghahremaninezhad, 2016), and the reduction increases with increasing GGC content 
(Kara et al., 2016). It shall be mentioned that the peak temperature results reported in 
these two studies vary greatly, probably due to different experiment setups.

Table 4.4 Initial and final setting of lightweight self-compacting concrete made with fly ash 
and ground glass cullet (Shi and Wu, 2005)

Mix Na2O, % K2O, % w/c

Setting Time

Initial Final

30% Fly ash 0.72 1.70 0.34 10 h 38 min 12 h 15 min

30% GGC 13.2 0.12 0.34 9 h 3 min 10 h 55 min

GGC, ground glass cullet; w/c, water/cement ratio.
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It can be seen from Table 4.5 that the temperature rise of cement containing GGC is 
not affected by either the glass type (soda lime and aluminosilicate) or the glass colour 
(green, flint and amber), as shown by Kamali and Ghahremaninezhad (2016) and Kara 
et al. (2016), respectively. In a parallel study, Kamali and Ghahremaninezhad (2016) 
also showed that, at 20% PC replacement content, the temperature rise of samples 
containing GGC and FA is the about the same. This suggests that there is no significant 
difference between the two materials in terms of temperature rise.

The time corresponding to the peak temperature rise recorded for cement containing 
GGC may be close to that of reference PC cement (Kamali and Ghahremaninezhad, 
2016), but it can be delayed as long as 5 h (Kara et al., 2016).

(b)   Rate of Heat Evolution

Table 4.5 shows that the peak of the rate of heat evolution of specimens decreases as the 
GGC content increases (Dhir et al., 2005a; Dyer and Dhir, 2001a; Du and Tan, 2014; 
Kara et al., 2016; Tognonvi et al., 2015). On average, an about 8% drop in the peak of 
the rate of heat evolution is reported for every 10% GGC used, up to 60% content. Such 
a reduction is to be expected, as the PC content has been reduced, and the pozzolanic 
reaction of GGC is a slow process, which takes place at later age. No significant change 
in the time corresponding to the peak of the rate of heat evolution between specimens 
containing GGC and reference PC specimens has been noted, however (Table 4.5).

(c)   Cumulative Heat

The cumulative heat evolved in cement paste containing GGC, over a period of 
up to four days, has been reported, but the findings were not coherent (Table 4.5).  
Du and Tan (2014) report that the cumulative heat of cement paste decreases as GGC 
content is increased; whilst Mirzahosseini and Riding (2014) and Neithalath (2008) 
suggest the opposite. This is perhaps due to the differences in pozzolanic reactivity of 
the GGC used. However, it should be noted that the rate of heat evolution is more critical 
than the cumulative heat evolved in practice (Neville, 1995). In addition, it has been 
suggested that GGC originating from green-coloured container glass shows higher total 
heat of hydration than GGC of clear colour (Mirzahosseini and Riding, 2014).

4.5   Mechanical Properties

When a fresh concrete begins to set and harden, it starts to hold its shape as a solid 
mass and gain in strength owing to cement hydration. The properties of concrete in 
the hardened state are important, as it must withstand all imposed loads and maintain 
its volume stability, as well as possessing good durability, to ensure the integrity and 
longevity of a structure. In this section, the strength and both load-dependent and load-
independent deformation properties of concrete made with GGC as a replacement of 
PC are discussed.
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Table 4.5 Temperature rise and heat of hydration of mixes containing ground glass cullet

References

GGC

w/c
Monitoring 
Duration, h

Temperature Rise Rate of Heat Evolution Cumulative 
Heat, kJ/kgContent, % Type Peak, °C Time, h Peak, W/kg Time, h

Dhir et al. (2005a), 
Dyer and Dhir 
(2001a)

0 SL–G 0.50 
(paste)

72 – – 3.0 12.0 –

10 – – 2.7 12.0 –

20 – – 2.3 12.5 –

30 – – 2.1 12.5 –

40 – – 1.8 12.5 –

Du and Tan (2014) 0 SL 0.485 
(paste)

72 – – 5.0 6.5 280

15 – – 4.3 6.5 235

30 – – 4.0 6.0 220

45 – – 3.4 6.0 190

60 – – 2.5 6.0 150

Kamali and 
Ghahremaninezhad 
(2016)a

0 0.40 
(paste)

24 33.5 8.0 – – –

20 AS 31.5 8.0 – – –

20 SL 30.5 8.0 – – –

20 Fly ash 30.0 8.5 – – –

Kara et al. (2016)b 0 0.29 
(mortar)

Temp, 24
Heat, 120

92 10.0 2.6 11 –

20 SL–G 80 15.0 2.5 11 –

30 76 15.5 1.9 11 –

20 SL–C 81 15.0 2.5 11 –

30 74 15.5 1.9 11 –

20 SL–A 80 15.0 2.5 11 –

30 84 13.0 1.8 11 –

30 B – – 1.5 11 –
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References

GGC

w/c
Monitoring 
Duration, h

Temperature Rise Rate of Heat Evolution Cumulative 
Heat, kJ/kgContent, % Type Peak, °C Time, h Peak, W/kg Time, h

Mirzahosseini and 
Riding (2014, 2015)

0 0.35 
(paste)

96 – – – – 288

25 SL–G – – – – 333

25 SL–C – – – – 332

Neithalath (2008) 0 SL 0.32 
(paste)

72 – – – – 310

10 – – – – 325

20 – – – – 340

30 – – – – 330

0 0.42 
(paste)

– – – – 290

10 – – – – 340

20 – – – – 340

30 – – – – 300

Tognonvi et al. 
(2015)

0 SL 0.35 
(paste)

50 – – 2.3 9.5 –

20 – – 1.8 9.5 –

AS, aluminosilicate; B, borosilicate; GGC, ground glass cullet; SL, soda lime; SL–A, amber soda lime; SL–C, clear soda lime; SL–G, green soda lime; w/c, water/cement ratio.
aTemperature measured from a sample kept in a semiadiabatic calorimeter.
bTemperature measured from an insulated sample using thermocouples.
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4.5.1   Compressive Strength

(a)   Effect of Ground Glass Cullet Content

The compressive strength of concrete is the property most commonly specified by 
engineers, as it indicates its ability to resist the intended designed compressive loads 
and also gives an indirect, albeit approximate, indication of other hardened concrete 
properties.

The effect of GGC on the strength of concrete for a PC replacement level of up to 
60%, at a constant water/cement ratio ranging from 0.28 to 0.64, has been studied 
by many researchers from different parts of the world, as early as the beginning 
of the 1980s (Samarin, 1980). Most of the studies have focused on GGC of the 
soda lime type, such as that derived from containers and flat glasses, though other 
types of glass, such as borosilicate and aluminosilicate glasses, have been used in 
some studies.

It is noted that changes in the compressive strength of concrete due to the use of 
GGC as a replacement for PC are closely associated with three main factors, namely 
(i) GGC content, (ii) its fineness and (iii) the age of the concrete. Thus, for clarity, 
the compressive strength of GGC concrete in relation to corresponding reference PC 
concrete, expressed in a percentage form, is separated into six age groups of strength 
determination at 3 days (Figure 4.6(a)), 7 days (Figure 4.6(b)), 28 days (Figure 4.6(c)), 
56 days (Figure 4.6(d)), 91 days (Figure 4.6(e)) and 365 days (Figure 4.6(f)). Within 
each strength group, the results are divided into three categories based on the fineness 
of GGC, being finer than, similar to or coarser than that of the corresponding reference 
PC (see Table 4.1). The trend lines obtained in each category are based on the mean 
results at each individual GGC content. For ease of reference, the ranges of FA covered 
in BS EN 197-1 (2011) cements as CEM II/A (6%–20% FA), CEM II/B (21%–35% 
FA) and CEM IV (36%–55% FA) are shown in the figure.

In general, the following points have been observed:

 •  At 3 days (Figure 4.6(a)): The compressive strength of concrete containing GGC is 
lower than that of PC concrete, and the strength reduction increases as GGC content is 
increased. As to be expected, for a given GGC content, the use of coarser GGC shows a 
greater strength reduction compared with finer GGC. Although the data for concrete made 
with GGC of particle size similar to that of reference PC are unavailable, it is very likely 
that its trend line would lie between those of concrete made with finer and coarser GGC.

 •  At 7 days (Figure 4.6(b)): Apart from concrete made with 10% finer GGC, which shows 
performance similar to that of PC concrete, the compressive strength development of all 
GGC concrete is lower than that of PC concrete, though the strength reduction in this 
case is less than that observed at 3 days.

 •  At 28 days (Figure 4.6(c)): The trend for compressive strength of concrete remains 
unchanged or shows a slight improvement for concrete made with finer GGC up to 20% 
content, beyond which it reduces as the GGC content is increased. Concrete made with 
GGC of particle size similar to or coarser than PC continues to show low compressive 
strength compared with PC concrete.
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Figure 4.6 Effects of ground glass cullet (GGC) on the compressive strength development of 
concrete at (a) 3 days and (b) 7 days, (c) 28 days, (d) 56 days, (e) 91 days and (f) 365 days. PC, 
Portland cement.
Data taken from Ali (2015), Altaf et al. (2013), Aly et al. (2011), Bajad and Modhera (2009), 
Bajad et al. (2011a,b, 2012b, 2014), Bhat and Rao (2014), Byars et al. (2004a), Bignozzi 
et al. (2015), Borosnyoi et al. (2013), Calmon et al. (2014), Carsana et al. (2014), Cassar and 
Camilleri (2012), Chaid et al. (2015), Chen et al. (2006), Chidiac and Mihaljevic (2011), Cui 
(2005), Dahmardeh et al. (2015), Dhir (2005c), Dyer and Dhir (2001a,b), Du and Tan (2014, 
2015), Girbes et al. (2004, 2015), Federico (2013), Hussain and Chandak (2015), Jang et al. 
(2015), Jangid and Saoji (2014), Han et al. (2016), Idir et al. (2009, 2011a,b, 2013), Kadir 
et al. (2016), Kara (2013a,b, 2015), Kara et al. (2012, 2016), Karamberi and Moutsatsou 
(2005), Karamberi et al. (2004), Khmiri et al. (2012, 2013), Kim et al. (2015), Kou and Xing 
(2012), Laldji et al. (2004), Lee and Lee (2016), Lin et al. (2008, 2009), Liu (2011), Liu et al. 
(2013), Madandoust and Ghavidel (2013), Matos and Sousa-Coutinho (2016a,b), Meena and 
Singh (2012), Metwally (2007), Miranda et al. (2014b), Mirzahosseini and Riding (2014), 
Moncea et al. (2013), Nassar and Soroushian (2011, 2012b, 2013), Niang et al. (2015); 
Nishikawa et al. (1995), Nwaubani and Poutos (2013), Neithalath and Schwarz (2009), 
Oyekan and Oyelade (2011), Özkan and Yüksel (2008), Pavoine et al. (2014), Peyvandi et al. 
(2013), Priscilla and Naik (2014), Remarque et al. (2003), Schwarz et al. (2007, 2008), Seju 
et al. (2015), Shao and Lehoux (2001), Shao et al. (2000), Shayan and Xu (2004, 2006), Shi 
and Wu (2005), Shi et al. (2005), Singh et al. (2014), Sobolev et al. (2007), Tagnit-Hamou and 
Bengougam (2012), Taha and Nounu (2008a, 2009), Tamanna et al. (2015), Tang et al. (2005), 
Tejaswi et al. (2015), Tognonvi et al. (2015), Tuncan et al. (2001), Wang (2011), Wang and 
Hou (2011), Wang et al. (2009, 2014, 2016), Wattanapornprom and Stitmannaithum (2015), 
Yilmaz and Degirmenci (2010) and Zheng (2013).
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 •  At 56 days (Figure 4.6(d)): Concrete made with finer GGC up to about 25% shows similar 
or higher compressive strength compared with PC concrete. No significant improvement in 
strength is observed for concrete made with GGC of particle size similar to or coarser than PC.

 •  At 91 days (Figure 4.6(e)): The strength gains in concrete made with finer GGC become 
pronounced, with the highest compressive strength achieved when 15% GGC is used. 
This material can be used at up to 30% without compromising the compressive strength 
of concrete. The same observation is seen with concrete made with GGC of particle size 
similar to PC, but with its content limited to 10%. The compressive strength of coarser GGC 
shows some improvement but the strength developed is still less than that of PC concrete.

 •  At 365 days (Figure 4.6(f)): Concrete made with finer GGC continues to benefit from 
strength improvement. The peak strength gain is at 20% GGC, beyond which the strength 
gain reduces until 40% GGC, at which no strength improvement is seen with respect to 
the corresponding PC concrete. The concrete compressive strength with coarser GGC 
at this age is comparable to that of PC concrete at 10% replacement. Again, the data 
for concrete made with GGC of particle size similar to PC are unavailable, but it can be 
safely assumed that its compressive strength would be similar to or slightly higher than 
that of PC concrete for a GC content up to 25%.

(b)   Water/Cement Ratio and Strength Relationship

In designing a concrete mix, its compressive strength is taken primarily as a function 
of the water/cement ratio. However, the relationship between water/cement ratio and 
compressive strength of concrete can be affected by the proportion and properties of 
its constituent materials, curing conditions and other factors. To provide a general 
view on how the use of GGC modifies this relationship, the compressive strength 
data of GGC concrete are plotted against the corresponding water/cement ratio at the 
age of 3–91 days, as shown in Figure 4.7(a)–(d). The data used therein were based on 
concrete made with natural aggregate and subjected to a normal moist curing.

It is evident from Figure 4.7(a)–(d) that, whilst the curve profiles of water/cement 
ratio and compressive strength of GGC concrete are essentially similar to those of 
PC concrete, different GGC contents and fineness in relation to PC produce different 
curves at a given concrete age. The development of these curves is important as they 
allow engineers to estimate the concrete strength that is likely to be achieved for a 
given GGC content, water/cement ratio and curing age. The curves can also be used 
to overcome reduction in early age strength in GGC concrete by reducing its water/
cement ratio. For example, to obtain similar strength compared to PC concrete of 0.50 
water/cement ratio at 3 days, the water/cement ratio of concrete made with 6%–20% 
and 21%–35% finer GGC would need to be adjusted to 0.45 and 0.40, respectively 
(Figure 4.7(a)). This can be achieved by increasing its cement content or reducing its 
water content using a water-reducing admixture, but the latter option would be more 
attractive in terms of sustainability. Whilst loss of consistency in fresh concrete as 
a result of the reduction in water content can be compensated for by using a water-
reducing admixture, matching the 3-day strength of concrete made with GGC of 
coarser particle size than PC may not be practically feasible or cost effective, as it 
requires a huge reduction in water/cement ratio.
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Figure 4.7 Water/cement ratio and strength of concrete containing ground glass cullet (GGC) at (a) 3 days, (b) 7 days, (c) 28 days and (d) 91 days.
Data taken from Alidoust et al. (2007), Aly et al. (2011), Bhat and Rao (2014), Borosnyoi et al. (2013), Carsana et al. (2014), Cassar and Camilleri 
(2012), Cui (2005), Dahmardeh et al. (2015), Dhir et al. (2005c), Du and Tan (2015), Dyer and Dhir (2001a), Girbes et al. (2004), Han et al. 
(2016), Idir et al. (2011a), Kamali and Ghahremaninezhad (2015), Kara et al. (2012, 2016), Karamberi et al. (2006), Khmiri et al. (2012), Kim et al. 
(2015), Lin et al. (2008), Liu (2011), Matos and Sousa-Coutinho (2016a,b), Miranda et al. (2014a), Mirzahosseini and Riding (2014), Nassar and 
Soroushian (2012a, 2013), Neithalath and Schwarz (2009), Özkan and Yüksel (2008), Parghi and Alam (2016), Pavoine et al. (2014), Priscilla and 
Naik (2014), Remarque et al. (2003), Schwarz et al. (2007, 2008), Shao and Lehoux (2001), Shayan and Xu (2004), Singh et al. (2014), Taha and 
Naunu (2008a), Tamanna et al. (2015), Tejaswi et al. (2015), Tognonvi et al. (2015), Wang and Hou (2011), Wang et al. (2009, 2014, 2016) and 
Wattanapornprom and Stitmannaithum (2015).
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(c)   Strength Development with Age

Similar to other pozzolanic materials, the pozzolanic reaction of GGC with the calcium 
hydroxide produced by PC hydration essentially changes the rate of strength gain 
in the concrete. Figure 4.8 shows the compressive strength development of concrete 
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Figure 4.8 Strength development of concrete made with ground glass cullet (GGC). PC, 
Portland cement; w.r.t, with respect to.
Data taken from Ali (2015), Bhat and Rao (2014), Borosnyoi et al. (2013), Byars et al. (2004a), 
Carsana et al. (2014), Corbu et al. (2013), Cui (2005), Dahmardeh et al. (2015), Dhir et al. 
(2005c), Du and Tan (2015), Dyer and Dhir (2001a), Girbes et al. (2004), Han et al. (2016), Idir 
et al. (2011a), Jang et al. (2015), Kamali and Ghahremaninezhad (2015), Kara (2013b, 2015), 
Kara et al. (2012, 2016), Karamberi and Moutsatsou (2005), Karamberi et al. (2006), Khmiri 
et al. (2012), Kim et al. (2015), Kou and Xing (2012), Lin et al. (2008), Liu (2011), Matos 
and Sousa-Countinho (2012), Matos and Sousa-Coutinho (2016b), Meena and Singh (2012), 
Metwally (2007), Mirzahosseini and Riding (2014), Moncea et al. (2013), Nassar and Soroushian 
(2013), Neithalath and Schwarz (2009), Osmani and Pappu (2010), Özkan and Yüksel (2008), 
Parghi and Alam (2016), Pavoine et al. (2014), Priscilla and Naik (2014), Remarque et al. (2003), 
Schwarz et al. (2007, 2008), Seju et al. (2015), Shao and Lehoux (2001), Shi and Wu (2005), 
Taha and Nounu (2008a), Tejaswi et al. (2015), Tognonvi et al. (2015), Wang and Hou (2011), 
Wang et al. (2009, 2014, 2016) and Wattanapornprom and Stitmannaithum (2015).
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made with PC and GGC for concrete at age up to 91 days, expressed in relation to their 
corresponding 28-day strength. The data of GGC concrete have been grouped, based 
on GGC content, into CEM II/A, CEM II/B and CEM IV/B cements in accordance 
with BS EN 197-1 (2011).

It is evident from Figure 4.8 that the use of GGC as a PC replacement changes the strength 
development profile of concrete, and its comparison with PC concrete can be viewed at 
three stages, namely, the first 14 days, between 14 and 28 days and after 28 days. It should 
be noted that the influence of GGC fineness is not apparent in this case.

Initially, during the first 14 days after casting, the rate of strength gain of PC concrete 
is significantly higher than that GGC concrete, showing that, on average, 80% of the 
strength has been gained by the age of 7 days (Figure 4.8). The slow gain in strength 
due to partial replacement of GGC is a general occurrence at the early age of concrete, 
and this effect is more pronounced with increasing GGC content.

In the period between 14 and 28 days, differences in the rate of strength gain between PC 
and GGC concrete decreases to being marginal. After 28 days, the gain in strength is still 
visible in both PC and GGC concrete, but the corresponding rate, in a descending order, 
appears to be concrete containing 36%–55% GGC, 21%–35% GGC, 6%–20% GGC and 
0% GGC (PC-only concrete). This suggests that the pozzolanic effect of GGC continues 
to take place, resulting in a significantly higher gain in strength of GGC concrete at the 
later ages. At 91 days, the average strength gain relative to the corresponding 28-day 
strength of concrete containing 36%–55% GGC was close to 40%, whilst that of the PC 
concrete was only 10%.

4.5.2   Tensile Strength

It is known that concrete is strong in compression but weak in tension. For structural 
design, the tensile strength of concrete is normally ignored, as the tensile resistance 
is provided by steel reinforcement placed in the tension region within structural 
concrete elements. However, for road pavement design, the tensile strength of 
concrete is used to determine its resistance to tensile stresses in flexure. The tensile 
strength of concrete is also important to control cracking of concrete resulting from 
tensile stresses caused by restrained concrete movement such as shrinkage and 
thermal expansion. There are two indirect test methods commonly used to measure 
the tensile strength of concrete, namely the splitting tensile strength test and the 
flexural strength test.

Splitting Tensile Strength

Similar to the observation made with compressive strength, the change in splitting 
tensile strength of GGC concrete in relation to PC concrete is affected by the 
GGC content and its fineness. For a GGC content up to 20%, an increase in the 
splitting tensile strength of concrete can be expected when GGC finer than PC is 
used (Metwally, 2007), and GGC of similar or coarser fineness compared with 
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PC may maintain or reduce the splitting tensile strength of concrete (Liu, 2011; 
Priscilla and Naik, 2014; Taha and Nounu, 2008a; Wang, 2011). However, the 
actual qualitative difference is small, no more than 0.5 MPa in most cases. It can 
be considered that the effect of GGC, for content up to 20%, on splitting tensile 
strength of concrete is essentially very small. Concrete containing 20%–50% 
GGC has relatively low tensile strength compared with corresponding PC concrete 
(Hussain and Chandak, 2015; Wang, 2011).

Figure 4.9 shows the relationship between characteristic cube strength and tensile strength 
of concrete made with up to 50% GGC measured at 28 days, together with the relationship 
obtained from Eurocode 2 (2004) for comparison purposes. Both the characteristic cube 
strength and the tensile strength are determined using the following equations:

 fck , cube = fm (1 − 1.64v) 

where

fck,cube is the characteristic cube compressive strength;

fm is the mean cube compressive strength;

1.64 is the constant for 5% of individual cube strength below the design strength;

v is the coefficient of variation, taken as 6% for fair laboratory control (ACI 301, 2005).

 fct = 0.9fct , sp (based on Eurocode 2, 2004) 

where

fct is the tensile strength;

fct,sp is the splitting tensile strength.

It can be seen from Figure 4.9 that, excluding two points (both from Taha and 
Nounu, 2008a), which deviate significantly from the majority of the data, the trend 
lines obtained for GGC concrete and PC concrete are almost the same, and both are 
marginally lower than that of Eurocode 2 (2004). This perhaps suggests that Eurocode 
2 (2004) is applicable for concrete containing GGC in estimating the tensile strength 
of concrete without the need of any modification. Additionally, it is evident from 
Figure 4.9 that for a given compressive strength, the tensile strength of GGC concrete 
is similar to that of PC concrete.

Flexural Strength

The flexural strength of concrete is determined using a centre-point loading (ASTM C293, 
2015) or third-point loading (ASTM C78, 2015 and BS EN 12390-5, 2009) test on a beam 
specimen. The results obtained from third-point loading are about 15% lower, but less 
variable, than those obtained from centre-point loading (Lamond and Pielert, 2006).

astm:C293
astm:C78
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Figure 4.10 shows the influence of GGC content on the flexural strength of 
concrete determined at 28 days. No distinction is made for GGC fineness in Figure 
4.10, as the effect of GGC fineness is unclear. This is perhaps because the flexural 
strength test is sensitive to the handling and moisture condition of specimens. 
Notwithstanding this, it can be seen from Figure 4.10 that, on average, the inclusion 
of GGC up to 20% content as a cement component does not adversely affect the 
flexural strength of concrete, but beyond that, the flexural strength decreases as the 
GGC content is increased.

Owing to the sensitivity of flexural strength measurement, it may be more practical 
to develop a relationship between the characteristic compressive strength of concrete 
and its corresponding flexural strength during the design stage, and subsequently, the 
compressive strength instead of flexural strength can be used for production quality 
control. The characteristic cube strength of GGC concrete and corresponding reference 
PC concrete is plotted against their 28-day flexural strength, as shown in Figure 4.11, 
together with the relationship suggested by RILEM Technical Committee 162 (2000). 
The calculation of characteristic cube strength was the same as previously described 
in the splitting tensile strength section.
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Figure 4.9 Relationship between characteristic compressive and tensile strength of ground 
glass cullet (GGC) concrete. PC, Portland cement.
Data taken from Hussain and Chandak (2015), Liu (2011), Metwally (2007), Mitra et al. 
(2016), Narayana and Mailar (2015), Priscilla and Naik (2014), Taha and Nounu (2008a, 
2009), Tuncan et al. (2001) and Wang (2011).
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In developing the trend lines for both GGC concrete and PC concrete in Figure 4.11, 
two sets of results (Taha and Nounu, 2008a; Wang and Hou, 2011) have not been 
considered, as these data for PC concrete appeared to be deviating from the majority. 
It is evident from Figure 4.11 that the use of GGC as a cement component is not 
likely to adversely affect the relationship between compressive strength and flexural 
strength, with their trend lines being almost identical. However, both trend lines do 
not align with that obtained from RILEM Technical Committee 162 (2000). At a given 
compressive strength, the trend lines of PC concrete and GGC concrete suggest a 
flexural strength value that is 50% greater than that of RILEM Technical Committee 
162 (2000) (Figure 4.11).

4.5.3   Elastic Modulus

The elastic behaviour of concrete is usually expressed in terms of modulus of elasticity, 
calculated from the stress–strain response of a test cylinder subjected to load. As far 
as the material characteristics are concerned, the modulus of elasticity of concrete is 
mainly affected by the elastic moduli of aggregate and hardened cement paste, as well 
as the aggregate–matrix interface.
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Figure 4.10 Effect of ground glass cullet content on the flexural strength of concrete at 
28 days.
Data taken from Ali (2015), Aly et al. (2011), Bajad et al. (2011a), Cassar and Camilleri 
(2012), Dhir et al. (2005c), Kamali and Ghahremaninezhad (2015), Matos and Sousa-
Coutinho (2012, 2016b), Nassar and Soroushian (2013), Parghi and Alam (2016), Taha and 
Nounu (2008a) and Wang and Hou (2011).
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The relationship between elastic modulus and compressive strength of GGC concrete 
and corresponding reference PC concrete, both determined at 28 days, is shown 
in Figure 4.12. Except for Samarin (1980), all the studies suggest that, for a given 
water/cement ratio, the use of GGC as a PC replacement reduces both the modulus 
of elasticity and the compressive strength of concrete, with the reduction in the latter 
being more prominent than in the former. In the study conducted by Samarin (1980), 
it was reported that concrete made with 20% GGC as PC cement and 100% GC sand 
as natural sand (0.57 water/cement ratio) has a modulus of elasticity and compressive 
strength similar to that of the reference concrete made with PC and natural sand (0.59 
water/cement ratio). This could be due to denser cement paste structure in the former 
concrete, though it is expected that the concrete would show higher elastic modulus 
owing to the use of GC sand, which is slightly stiffer than natural sand.

Comparing the relationship between elastic modulus and compressive strength for 
limestone aggregate concrete given in Eurocode 2 (2004) with the results of Madandoust 
and Ghavidel (2013) and Taha and Nounu (2008a), in which limestone coarse aggregate 
was used, it can be seen that the former is relatively closer to the trend line in Eurocode 
2 (2004), whilst the latter shows a significant deviation (Figure 4.12).
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Figure 4.11 Relationship between characteristic compressive and flexural strength of ground 
glass cullet (GGC) concrete. PC, Portland cement.
Data taken from Ali (2015), Aly et al. (2011), Bajad et al. (2011a), Cassar and Camilleri 
(2012), Dhir et al. (2005c), Kamali and Ghahremaninezhad (2015), Matos and Sousa-
Coutinho (2012, 2016b), Nassar and Soroushian (2013), Parghi and Alam (2016), Taha and 
Nounu (2008a) and Wang and Hou (2011).
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4.5.4   Creep

When concrete is subjected to a sustained load, its volume decreases gradually over 
time, a phenomenon known as creep. Although an important concrete property 
in designing structures, the study of the creep of GGC concrete is not commonly 
available in the literature. Given that for the same stress/strength ratio at the time 
of load application, the long-term hydration and greater relative gain in strength of 
concrete made with low-heat cements can result in smaller creep than that of concrete 
made with normal cement (Neville, 1995), it is therefore postulated that GGC may 
exert a similar effect on the creep of concrete.

4.5.5   Autogenous Shrinkage

Autogenous shrinkage is a result of the self-desiccation process that takes place in 
cement paste whereby water is consumed for the hydration of the cement. Typically, 
the autogenous shrinkage is relatively insignificant in normal concrete, but it is 
pronounced in concrete of low water/cement ratio (for example, high-strength 
concrete) and concrete with high cement content (self-compacting concrete).

15% GGC

10% GGC

20% GGC (0.57 w/c)

20% GGC

20

25

30

35

40

45

50

30 40 50 60 70 80

M
O

D
U

LU
S 

O
F 

EL
A

ST
IC

IT
Y,

 G
Pa

CUBE COMPRESSIVE STRENGTH, MPa

Dhir et al. (2005c), Tang et al. (2005): 0.55 w/c

Madandoust and Ghavidel (2013): 0.51 w/c *

Samarin (1980): 0.59 w/c **

Taha and Naunu (2008a), 0.38 w/c

Relationship for limestone 
aggregate concrete, based 
on Eurocode 2 (2004)

Solid marker: PC concrete
Hollow marker: GGC concrete

Figure 4.12 Relationship between compressive strength and modulus of elasticity of ground glass 
cullet (GGC) concrete at 28 days. * Both PC and GGC concrete contained 5% rice husk as cement. 
** GGC concrete made with 100% GC as sand. PC, Portland cement; w/c, water/cement ratio.
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The autogenous shrinkage values of lightweight SCC made with FA and soda lime 
GGC, studied by Shi and Wu (2005), are given in Table 4.6. Expanded shale was 
used as lightweight coarse aggregate for the mixes. GGC of 50% and 80% passing 
45-μm sieve size and FA of 73.6% passing 45-μm were used as PC replacement. It can 
be seen from Table 4.6 that, for a given content, coarser GGC results in autogenous 
shrinkage at least 2 times higher than FA in lightweight SCC, whilst the compressive 
strength remains unchanged. When the fineness of GGC is kept similar to or slightly 
finer than that of FA, the autogenous shrinkage of lightweight SCC made with these 
two materials was about the same, though GGC renders higher compressive strength 
at 28 days.

4.5.6   Drying Shrinkage

The loss of water from hardened concrete to a nonsaturated environment results 
in a volume reduction known as drying shrinkage. Except for the case in which 
shrinkable aggregate is used, normally, shrinkage takes place in cement paste 
and aggregate provides restraint for such movement. As far as the cement paste 
is concerned, its quality, judging from the water/cement ratio and degree of 
hydration, as well as its volume, has a primary effect on the magnitude of drying 
shrinkage.

The ratio of drying shrinkage of concrete containing up to 40% GGC to that of its 
corresponding reference PC concrete, expressed in percentage form, is shown in Figure 
4.13. The water/cement ratios of both GGC concrete and PC concrete specimens were 
kept the same, ranging from about 0.30 to 0.67. The specimens were stored in an 
environment having 50%–65% RH and 20–23°C for different lengths of duration, the 
shortest being 28 days (Wang et al., 2014) and the longest being close to 2 years (Kara 
et al., 2014).

It can be seen from Figure 4.13 that, despite some fluctuations in the results, on the 
whole, the use of GGC as a cement component increases the drying shrinkage of 
concrete. The effect is likely to become more apparent with increasing GGC content 
in the cement. Although the shrinkage measurements are not provided, Dumitru 

Table 4.6 Autogenous shrinkage of lightweight fly ash and ground glass cullet self-
compacting concrete of 0.34 water/cement ratio at 49 days

Type Finenessa Content, %

28-Day 
Compressive 
Strength, MPa

Autogenous 
Shrinkage, μm

Fly ash 74% passing 45 μm 30 37 18

Soda lime GGC 50% passing 45 μm 30 39 48

Soda lime GGC 80% passing 45 μm 30 50 20

GGC, ground glass cullet.
aBased on Shi et al. (2005).
Based on Shi and Wu (2005).
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et al. (2010) also reported that the drying shrinkage of concrete made with 15% and 
25% GGC is higher than that of PC concrete. This is perhaps not surprising as other 
cementitious materials, such as FA, GGBS and silica fume, are known to increase the 
drying shrinkage of concrete (Neville, 1995).

4.6   Permeation

Water, aggressive ions and gases can enter concrete through three distinct mechanisms, 
namely absorption, permeability and diffusion. The ease of transportation of fluids into 
concrete is governed by its porosity in terms of volume, size and interconnectivity of voids, 
which in turn are essentially influenced by the properties of hardened cement paste and 
particle packing. Given that the pozzolanic reaction of GGC densifies the cement paste 
structure, thereby reducing the porosity of concrete, it is expected that the use of GGC as a 
PC replacement can result in an improvement in the permeation of concrete.
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Figure 4.13 Effect of ground glass cullet (GGC) content on the drying shrinkage of concrete.
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4.6.1   Porosity

There are several types of pores with varying size ranges present in hardened cement 
paste, such as gel pores, capillary pores and entrained and entrapped air (air voids). 
These pores have different influences on the various properties of concrete, and only 
the larger pores, such as capillary pores and air voids, affect its permeation properties 
(Aligizaki, 2006).

Table 4.7 presents the amount of permeable voids (accessible to water) in cement paste 
and concrete containing GGC measured at the standard age of 28 days and, in long 
terms, at 91 and 404 days. The porosity measurements were obtained by determining 
the weight of saturated specimens in air, after oven drying and immersion in water for 
a period of time.

At 28 days, the amount of permeable voids of mixes with GGC is similar to that of 
mixes without GGC (Table 4.7). It should be remembered that although the pozzolanic 
reaction is normally a slow process and happens at the later age, it appears that the 
inclusion of GGC up to 60% does not adversely affect the porosity of mixes at the age 
of 28 days.

At a later age, the amount of permeable voids of GGC concrete mixes is comparable 
to (Du and Tan, 2015; Pavoine et al., 2014; Shayan and Xu, 2006) or less than that 
of corresponding reference PC mixes (Kamali and Ghahremaninezhad, 2015, 2016). 
The reduction in permeable voids is likely to be due to pore refinement in hydrated 
cement paste resulting from the pozzolanic reaction of GGC. Similar observations 
are also found in GGC mixes made with coarse recycled concrete aggregate (RCA) 
(Nassar and Soroushian, 2012a). This is perhaps a good achievement in producing a 
more sustainable yet durable concrete, as the inclusion of GGC is shown to reduce 
the negative effect of coarse RCA, that is, its contribution to the porosity of concrete.

It should be noted that the higher amount of permeable voids in concrete containing 
30% GGC (Shayan and Xu, 2006) can be attributed to the bleeding reported as being 
seen during its fresh state, which normally results in a porous structure in hardened 
concrete.

4.6.2   Absorption

As moist curing ceases, most of the pores in concrete are partially saturated, due 
to the loss of internal moisture to the surrounding environment and continuation 
of the hydration process, making the concrete able to absorb any liquids. The 
absorption capacity of concrete can be determined with a simple water absorption 
test, which, in principal, measures the weight increase of a dry sample after water 
immersion.

Figure 4.14(a) and (b) shows the water absorption of concrete containing GGC as a 
cement additive, with the water/cement ratio ranging from 0.38 to 0.64, measured 
after 28 to 91 days moist curing, mostly in accordance with the ASTM C642 (2013) 
method. In general, the changes in the water absorption of concrete due to the inclusion 

astm:C642
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of GGC are considerably small, although the majority of the results tend to suggest 
that the absorption of concrete decreases with increasing GGC content up to 30%, 
regardless of the concrete age (Figure 4.14(a)). Thus, this opens up an opportunity for 
engineers to specify GGC concrete for water-retaining structures such as water dams, 
reservoirs and drains, in which low absorption capacity of concrete is crucial.

Table 4.7 Permeable voids of mixes containing ground glass cullet as cement

References w/c GGC Content, %

Permeable Voids, %

28 days 91 days

(a) Cement Paste

Kamali and 
Ghahremaninezhad (2015)

0.50 0 26.0 30.0

20a 26.5 25.0

20b 27.5 26.0

Kamali and 
Ghahremaninezhad (2016)

0.50 0 23.0 22.5

20a 24.0 15.0

20b 20.5 15.0

(b) Concrete Made With Natural Aggregate

Du and Tan (2015) 0.49 0 11.5 12.2

15 10.5 11.0

30 10.0 10.8

45 9.5 11.8

60 11.7 12.6

Pavoine et al. (2014) 0.40 0 – 13.0

20 – 14.0

0.55 0 – 16.5

20 – 21.5

Shayan and Xu (2006) 0.49 0 13.2 12.2c

20 14.1 13.8c

30d 15.0 16.2c

(c) Concrete Made With 100% Coarse RCA

Nassar and Soroushian 
(2012a)

0.38 0 – 15.5

20 – 13.2

0.50 0 – 15.8

20 – 13.8

GGC, ground glass cullet; RCA, recycled concrete aggregate; w/c, water/cement ratio.
aAluminosilicate glass.
bSoda lime glass.
cBleeding in fresh state.
dMeasured at 404 days.
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In addition, apart from using GGC alone as a PC replacement, the water absorption of 
concrete made with a ternary blended cement with GGC (up to 25% content) and FA 
(up to 30% content) and a quaternary blended cement with GGC (up to 25% content), 
FA (at 10% content) and silica fume (at 10% content) has been investigated by Parghi 
and Alam (2016) and Tuncan et al. (2001). The studies suggest that the combination 
of GGC with FA or a mixture of FA and silica fume offers a slightly better reduction 
in the water absorption of concrete than the use of GGC alone. This is thought to be 
due to better packing of cementitious particles, confirming again that GGC is a viable 
material for use in concrete with low water absorption requirements.

4.6.3   Permeability

Permeability of concrete defines the flow of a liquid or gas into concrete under a 
pressure gradient. It is controlled mainly by the capillary porosity of hardened cement 
paste and the interfaces between matrix and aggregate phases. The effect of GGC on 
the permeability of concrete has been investigated in two different forms, namely 
oxygen permeability and water penetration, and the results are summarised in Table 
4.8. It should be noted that GGC used in these studies is finer than that of corresponding 
reference PC.

In the oxygen permeability test, specimens having 0.30 water/cement ratio were 
subjected to three different constant gas pressures of 17, 25 and 50 kPa (Chaid et al., 
2015). The findings were positive, as the oxygen permeability of concrete containing 
30% GGC is close to zero regardless of the applied gas pressure, whilst that of the 
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reference PC concrete is about 2.25 × 10−16 m2. This suggests that the pozzolanic 
reaction of GGC is able to break the connectivity of the capillary pores, making the 
concrete impermeable to gases. As oxygen gases are responsible for the corrosion 
of reinforcement, this implies that the use of GGC cement in concrete may be more 
favourable in an environment conducive to corrosion.

In the water penetration test of concrete, the depth of penetration of the waterfront is 
measured, after subjecting the test specimen to a fixed water pressure over a period. 
The results of Du and Tan (2015), which were obtained from 28-day moist-cured 
specimens under a water pressure of 0.75 MPa, show that the water penetration depth 
of concrete decreases as GGC content increases up to 60% (Table 4.8). Except for 
concrete containing 60% GGC, the improvement in the permeability of concrete due to 
the inclusion of GGC becomes greater at 90 days. This reduction in water penetration 
of GGC concrete could be attributed to a reduction in the continuity of capillary pores, 
which are the pathways for water transportation, resulting from pozzolanic reaction 
of GGC. Such data tend to suggest that GGC is well suited to use in water-retaining 
structures.

Similar water penetration tests have been carried out (Kara, 2013a) on concrete made 
using GGC as a PC replacement and RCA as a coarse aggregate replacement. The 
depth of water penetration was measured on 28-day moist-cured specimens after 
subjecting them to a water pressure of 5 MPa for 72 h. Table 4.8 suggests that, for 
a fixed water/cement ratio of 0.44 and GGC content of 20%, the depth of water 

Table 4.8 Permeability of ground glass cullet concrete measured in various forms

References w/c GGC Content, % Result

Oxygen Permeability, ×10−16 m2

Chaid et al. (2015) 0.30 0 2.25

30 ≈0

Water Penetration Depth, mm

Du and Tan (2015) 0.49 0 25.5, 21.5a

15 11.5, 6.0a

30 9.0, 3.0a

45 8.0, 4.0a

60 5.5, 7.5a

Kara (2013a) 0.44 0 20

20b 18

20c 20

GGC, ground glass cullet; RCA, recycled concrete aggregate; w/c, water/cement ratio.
aResults at 28 days, 90 days.
bWith 50% coarse RCA.
cWith 100% coarse RCA.
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Table 4.9 Diffusion coefficient of water for concrete containing ground glass cullet and fly 
ash after curing for 14 and 90 days (Schwarz et al., 2008)

Cement w/c

Compressive Strength, MPa
Diffusion Coefficient, 

×10−6 m2/h

14 days 28 days 90 days 14 days 90 days

100% PC 0.40 41 45 54 1.1 0.070

90% 
PC + 10% 
GGC

0.40 38 43 49 1.2 0.100

0.36 39 43 50 1.2 0.015

90% 
PC + 10% 
FA

0.40 34 40 50 40.0 0.065

0.39 39 43 52 1.2 0.010

FA, fly ash, 74% passing 45 μm; GGC, ground glass cullet, 72% passing 45 μm; PC, Portland cement, 95% passing 
45 μm; w/c, water/cement ratio.

penetration of concrete containing 50% and 100% coarse RCA is essentially the same 
as that of the reference normal aggregate concrete. The actual effect of GGC on the 
permeability of RCA concrete is not known, as the results for RCA concrete made 
without GGC are not available. However, given that the results are comparable to 
those of concrete made with 100% PC and 100% natural coarse aggregate (Table 4.8), 
it may be concluded that the expected high permeability of RCA concrete due to RCA 
being a relatively a high absorption material is offset by the pore refinement resulting 
from pozzolanic reaction of GGC.

4.6.4   Diffusion

The transportation of a fluid to concrete under a concentration gradient is referred to as 
diffusion. The effect of GGC on the moisture diffusion of concrete has been determined 
by Schwarz et al. (2008) in accordance with the method developed by Neithalath (2006) 
for concrete made with 0% (reference) and 10% GGC, as well as concrete made with 
10% FA for comparison. Two series of concrete were tested: in the first series, the water/
cement ratio of all concrete was fixed at 0.40, and in the second series, the water/cement 
ratio of both 10% GC concrete and 10% FA concrete was reduced to achieve consistency 
similar to that of the reference concrete. The results for the moisture diffusion coefficient 
of concrete moist cured for 14 and 90 days, together with their compressive strength 
determined at 14, 28 and 90 days, are given in Table 4.9.

For concrete with moist-curing age of 14 days, except for 10% FA concrete with 
0.40 water/cement ratio, the moisture diffusion coefficient of either 10% GGC or 
10% FA concrete, of similar or lower water/cement ratio than reference concrete, is 
1.2 × 10−6 m2/h, which is very close to that of reference concrete at 1.1 × 10−6 m2/h. 
The exceptionally high moisture diffusion coefficient of 40 × 10−6 m2/h observed in 
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10% FA concrete with 0.40 water/cement ratio could be due to the slow pozzolanic 
reaction of FA, which is evident in its relatively low 14-day compressive strength 
compared with other concrete (Table 4.9). Although also a pozzolanic cement, GGC 
does not seem to significantly affect either the compressive strength or the permeation 
of concrete at the early age.

For concrete with moist-curing age of 90 days, the moisture diffusion coefficient 
of all the 0.40 water/cement ratio concrete, regardless of the type of cement used, 
is essentially similar, varying within 0.065 × 10−6 to 0.100 × 10−6 m2/h (Table 4.9). 
On the other hand, both 10% GGC and 10% FA concrete with water/cement ratio 
lower than 0.40 had a lower moisture diffusion coefficient value of 0.015 × 10−6 to 
0.010 × 10−6 m2/h, respectively, which is likely due to their denser hardened cement 
paste structure.

Overall, it would appear that when GGC is used at 10% as PC replacement, the 
diffusion coefficient of the concrete can remain unchanged if its water/cement ratio is 
unadjusted, or the value can be reduced if the water/cement ratio is reduced as a result 
of improvement in consistency. Compared with FA, GGC is found to offer higher 
compressive strength and improved diffusion in concrete at the early age.

4.7   Durability

With the implementation of Eurocode BS EN, 1990:2002+A1, 2005, the indicative 
design working life of building structures is taken as 50 years and that of monumental 
building structures, bridges and other civil engineering structures as 100 years. Thus, 
there is a strong emphasis on ensuring that concrete structures remain robust and 
stable throughout their service life. The longevity and serviceability of a structure 
are governed by its durability properties, which are closely related to the hardened 
cement paste properties. As the pozzolanic reaction of GGC modifies the structure 
and chemistry of cement paste, this section discusses the durability performance of 
concrete containing GGC as PC replacement.

4.7.1   Chloride Ingress

The presence of chloride ions in concrete can destroy the protective passive film 
of the reinforcement and this can lead to its corrosion where oxygen and moisture 
are present. The presence of chloride ions in concrete can be (i) internal due to the 
contamination of constituent materials and the use of a chloride-laden admixture, and 
(ii) external, due to exposure to a chloride-rich environment. The former is generally 
not a concern as the maximum chloride content of concrete is regulated by standards 
such as BS EN 206 (2013). Thus, chloride attack on concrete is predominantly due to 
the ingress of chloride ions from various sources such as seawater, deicing salts and 
industrial processes.
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Commonly, the rapid chloride penetration test (RCPT) is used in accordance with 
ASTM C1202 (2012) to provide an indication of the resistance of concrete to chloride 
ingress. Figure 4.15 shows RCPT results for concrete with water/cement ratio mainly 
varying from 0.40 to 0.50, with GGC content varying over a range up to 60%, and moist 
cured for 28 and 91 days, together with the chloride ion penetrability classes given in 
ASTM C1202 (2012) for comparison purposes. It is evident from Figure 4.15 that the 
inclusion of GGC as PC replacement reduces the charge passed in the concrete at an 
early age of 28 days. The reduction in charge passed is more pronounced, from high 
to moderate chloride ion penetrability, or from moderate to low, when the content of 
GGC is greater than 20% (Figure 4.15). This indicates that concrete made with cement 
containing GGC can be expected to be less susceptible to chloride ion penetration.

Table 4.10 compares the non-steady-state chloride migration coefficient of GGC 
concrete with those of PC concrete and FA concrete, at different curing ages, obtained 
using the NT Build 492 (1999) method. At 7 days, the chloride migration coefficient 
of concrete appears to be influenced by the fineness of both GGC and PC (Table 
4.10), with finer GGC reducing the coefficient value (Du and Tan, 2015), whilst GGC 
of fineness similar to PC showing the opposite (Wang et al., 2009). At 28 days, the 
chloride migration coefficient of GGC concrete is similar to or lower than that of PC 
concrete (Table 4.10). At 90 days, all the results suggest that GGC reduces the chloride 
migration coefficient of concrete and the effect of GGC fineness is less significant. 
An average magnitude reduction of 3 times (range: 1–5 times) can be observed for 
concrete containing up to 20% GGC.

Compared with FA of similar content at 30%, the chloride migration coefficient of 
GGC concrete, measured at 91 days, is about 2 times lower than that of FA concrete 
(Table 4.10).

Overall, the results shown in Figure 4.15 and Table 4.10 reinforce the view that the 
pore refinement of cement structure resulting from the pozzolanic reaction of GGC can 
increase the resistance of concrete to chloride ingress. Thus, given the data available, 
it could be concluded that GGC can be specified for structural concrete exposed to a 
chloride-rich environment.

4.7.2   Carbonation

Carbonation takes place in concrete when carbon dioxide, upon entering the concrete, 
reacts with calcium hydroxide, producing calcium carbonate. The major concern of 
carbonation is that it can cause corrosion of steel reinforcements in concrete, as the 
carbonation reaction lowers the pH of the concrete, which in turn leads to the removal 
of the protective passive film of the reinforcement.

The carbonation resistance data, expressed in terms of the carbonation depth of GGC 
concrete and the corresponding reference PC concrete at equal water/cement ratios 
of 0.50 and 0.55 and subjected to accelerated carbonation at 3%–5% concentration 
of CO2, 20–23°C and 65% RH for 2–4 months, are given in Table 4.11. The results 

astm:C1202
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Table 4.10 Chloride migration coefficient of ground glass cullet concrete measured in the 
non-steady state at different curing ages

References Parameter

GGC 
Content,
%

Dnssm, ×10−12 m2/s

7 days 28 days 91 days

(a) Comparison With PC

Du and Tan (2015) PC, 10 μm diam.
GGC, 2.4 μm diam.
0.49 w/c

0 21 20 20

15 20 8 4

30 17 3 3

45 6 1 1

60 5 2 2

Jain and Neithalath 
(2010)

PC, 13 μm diam.
GGC, 20 μm diam.
0.40 w/c

0 – 10.0 8.5

10 – 10.5 8.0

20 – 11.0 5.0

Kamali and 
Ghahremaninezhad 
(2015)

PC, not available
GGC, 8.4 μm diam.
0.50 w/c

0 – 19 17

10 – 21 10

20 – 10 3

Wang et al. (2009) Gradings of PC and 
GGC are similara

0.48 w/c

0 40 20 19

25 62 22 10

50 90 10 8

Matos and Sousa-
Coutinho (2012)

Gradings of PC and 
GGC are similara

0.50 w/c

0 – 16.2 –

10 – 9.5 –

20 – 7.8 –

(b) Comparison With Fly Ash

Shi and Wu (2005) Fineness not 
available
0.34 w/c

30 (fly 
ash)

– – 7.4b

30 – – 3.5b

GGC, ground glass cullet; PC, Portland cement; w/c, water/cement ratio.
aGradings given in the study.
bAt 56 days.

suggest that the carbonation depth of specimens made with GGC up to 20% content 
was about 2–4 times greater than that of the corresponding PC specimens, suggesting 
that concrete containing GGC has lower carbonation resistance. This is to be expected, 
as GGC consumes some calcium hydroxide in the cement paste system in the process 
of developing the pozzolanic reaction with GGC, consequently making the resultant 
concrete more susceptible to carbonation. This phenomenon also occurs in concrete 
containing FA (Lye et al., 2015), GGBS (Lye et al., 2016) and limestone powder 
(Elgalhud et al., 2017).
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Compared with FA, whose chemical composition, in some respects, is comparable 
to that of GGC, it would appear that for a given PC replacement level, GGC 
concrete is likely to show a higher carbonation effect than FA concrete (Lye et al., 
2015).

4.7.3   Acid Attack

Exposure of concrete to acids can cause dissolution of the hydrated cement paste 
and sometimes the aggregates. Thus, concrete that is prone to acid attack, such as 
exposure to industrial or agriculture effluent, needs to be properly designed and 
protected.

Data on the effect of GGC on the resistance of mortar to acid attack, expressed in terms 
of the change in mass and compressive strength, before and after being subjected to 
12 weeks immersion in 5% sulphuric acid solution (Siad et al., 2016) or five drying 
and wetting cycles in concentrated sulphuric acid solution (Wang, 2011), are given in 
Table 4.12.

Collectively, the results suggest that the acid resistance of mortar increases or 
remains unchanged when PC is replaced by GGC up to 15%. However, beyond 
15% GGC content, the results are contradictory; Siad et al. (2016) showed that 
the acid resistance of mortar increases as GGC content is increased up to 45%, 
but the opposite is observed in Wang (2011) for up to 50%. The reasons for these 
contradictory results are unknown, but given that calcium hydroxide, which is 
vulnerable to acid attack (Neville, 1995), will be consumed by GGC during the 
pozzolanic reaction, the use of GGC as PC replacement is more likely to improve 
the resistance to acid attack.

In a parallel study (Siad et al., 2016), it was found that the use of 10% GGC in 
conjunction with either 10% GGBS or 10% FA results in mortar with acid resistance 
that is on par with that of mortar made with 15% GGC.

Table 4.11 Carbonation depth of concrete made with ground glass cullet

References w/c
Curing, 
days

Exposure 
Conditions

GGC 
Content %

Carbonation 
Depth, mm

Dhir et al. 
(2005a)

0.55 28 3%–4% CO2, 
20°C, 65% RH (for 
9 weeks)

0

15

4

14

Matos and 
Sousa-Coutinho 
(2012)

0.50 n.a. 5% CO2, 23°C, 65% 
RH (for 16 weeks)

0 3

10 5

20 8

GGC, ground glass cullet; RH, relative humidity; w/c, water/cement ratio.
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Table 4.12 Resistance of mortar made with ground glass cullet to acid attack

References Parameter
GGC  
Content, %

Change in 
Massa, %

Change in 
Strengtha, %

Siad et al. 
(2016)

w/c 0.45; moist 
curing 28 days
Test: immersed 
in 5% H2SO4 
solution for 
12 weeks 
(ASTM C267, 
2012)

0 −39 −53

15 −37 −45

30 −28 −40

45 −25 −35

10% GGC + 10% 
GGBS

−33 −50

10% GGC + 10% 
FA

−32 −48

Wang (2011) w/c 0.485; moist 
curing not given
Test: five cycles 
of drying and 
wetting in 
concentrated 
H2SO4 solution

0 −7.9 n.a.

10 −7.8 n.a.

20 −9.2 n.a.

30 −9.2 n.a.

40 −10.0 n.a.

50 −10.2 n.a.

FA, fly ash; GGBS, ground granulated blast furnace slag; GGC, ground glass cullet; w/c, water/cement ratio.
aIn conjunction, GGBS and FA.

4.7.4   Sulphate Attack

Sulphate attack in concrete can result from the use of sulphate-contaminated constituent 
materials or when concrete is in contact with a sulphate-bearing environment such as 
clayey soils and groundwater. Depending on the type of sulphate, such as calcium, 
sodium, potassium and magnesium, the associated damage caused by sulphate attack 
in concrete can vary in its severity.

The results of change in the length of concrete specimens having 0.50 and 0.55 water/
cement ratio and incorporating GGC, silica fume and FA and exposed to sodium sulphate 
solutions are given in Table 4.13. It is evident from Table 4.13 that GGC mortars show 
less expansion than PC mortars, suggesting that the use of GGC increases the sulphate 
resistance of the mixes, even at a level of 10% (Matos and Sousa-Coutinho, 2012, 
2016b). In addition, increasing fineness of GGC, from 400 to 600 m2/kg Blaine fineness, 
resulted in an increase in sulphate resistance of the mix (Carsana et al., 2014).

Comparing the performance of GGC with other pozzolanic cements, it can be seen from 
Table 4.13 that, for a given PC replacement content at 30%, GGC shows higher sulphate 
resistance than FA (Matos and Sousa-Coutinho, 2012, 2016b). For silica fume, the same 
observation is also apparent in the studies conducted by Matos and Sousa-Coutinho 
(2012, 2016b), although the study of Carsana et al. (2014) suggests that GGC can also 
result in better sulphate resistance than silica fume but at a higher content.

astm:C267
astm:2012
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Improvement in sulphate resistance due to the incorporation of GGC with PC as 
well as other pozzolanic cements is to be expected. This is because it reduces two 
cement hydrate products in the hydrated cement paste that are more vulnerable to 
sulphate attack, namely: (i) tricalcium aluminate (C3A) hydrates by reducing the 
content of PC and (ii) calcium hydroxide (Ca(OH)2) through its consumption in the 
pozzolanic reaction. Thus, GGC, like other pozzolanic cements, is also suitable for 
specification by engineers for use in concrete exposed to sulphate attack, such as 
foundations, and it is likely to show higher sulphate resistance than FA and probably 
silica fume also. Surprisingly, the study undertaken by Tang et al. (2005) recorded 
shrinkage in both PC and GGC concrete, which is not what one would expect from 
sulphate attack tests, and in the absence of further data it is difficult to draw any 
sensible conclusion.

It should be mentioned that sulphate resistance of concrete can also be expressed as 
the change in compressive strength or mass of specimens after immersion in sulphate 
solutions. However, such tests can be difficult to analyse owing to the complexity of 
the sulphate reactions involved. Figure 4.16 shows change in compressive strength 
of concrete and mortar specimens containing GGC after continuous immersion in 
4%–8% magnesium sulphate and 4%–5% sodium sulphate solutions for up to 

Table 4.13 Length change of mortar and concrete mixes containing ground glass cullet and 
other pozzolanic cements immersed in sodium sulphate solution

References Parameter
Pozzolanic 
Cement

Change in 
Lengtha, %

Carsana et al. (2014) Mortar, 0.50 w/c; curing duration 
not known; 5% Na2SO4 immersion 
for 8 weeks (ASTM C1012, 2010)

0 +0.017

30% GGCb +0.007

30% GGCc +0.002

10% SF +0.005

30% FAd +0.011

Matos and Sousa-
Coutinho (2012)

Mortar, 0.50 w/c; 28 days curing; 
Na2SO4 immersion for 26 weeks 
(LNEC E462, 2004)

0 +0.220

10% GGC +0.001

10% SF +0.090

Matos and Sousa-
Coutinho (2016b)

Mortar, 0.50 w/c; 28 days curing; 
Na2SO4 immersion for 26 weeks 
(LNEC E462, 2004)

0 +0.161

10% GGC +0.004

10% SF +0.088

Tang et al. (2005) Concrete, 0.55 w/c; 28 days curing; 
5% Na2SO4 immersion for 20 weeks

0 −0.003

15% GGC −0.008

FA, fly ash; GGC, ground glass cullet; SF, silica fume; w/c, water/cement ratio.
aPositive and negative values indicate expansion and shrinkage, respectively.
bGGC 400 m2/kg Blaine fineness.
c600 m2/kg Blaine fineness.
dContaining 7.4% CaO.

astm:C1012
astm:2010
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Figure 4.16 Change in strength of specimens containing ground glass cullet in (a) MgSO4 
and (b) Na2SO4 solutions.
Data taken from Bajad et al. (2011a, 2012a,b), Carsana et al. (2014), Ke et al. (2015), Özkan 
and Yüksel (2008), Patagundi and Prakash (2015) and Priscilla and Naik (2014).

150 days, conducted by various researchers during 2008–15. The results do not show 
a consistent change in relation to GGC content. Indeed, surprisingly in some cases, 
strength gain instead of expected strength loss is reported. Notwithstanding this, 
overall, the results suggest that the use of GGC can improve the resistance of mortar 
and concrete mixes to sulphate attack.

4.7.5   Alkali–Silica Reaction

The chemical reaction between alkalis in cement and reactive silica constituents 
present in aggregate is known as ASR, which produces a gel reaction product that 
swells when it imbibes water. The expansion of the gel is deleterious, as it increases 
the internal pressure in concrete, subsequently resulting in cracking of the concrete 
and finally the loss of integrity of structure.

Commonly, pozzolanic cements such as FA and metakaolin and GGBS are used 
to mitigate ASR expansion, as these materials lower the pH of the mix through the 
consumption of Ca(OH)2 in the pozzolanic reaction.

There are a number of test methods that have been developed to assess ASR in concrete 
by measuring the expansion of specimens subjected to high alkaline conditions. The 
following three are the most commonly used methods, and their test conditions and the 
interpretation of the expansion data are described in Table 4.14.
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(i)  ASTM C1260 (2014), a mortar-bar method that is used to determine the  reactivity 
of an aggregate

(ii)  ASTM C1567 (2013), also a mortar-bar method like ASTM C1260, but used to 
evaluate the ability of pozzolanic cements and GGBS to control ASR expansion

(iii)  BS 812-123 (1999), a concrete prism method, which is used to determine the 
reactivity of an aggregate

Probably the first ASR study of mixes containing GGC as PC replacement was reported 
by a group of researchers from Canada in 2000 (Shao et al., 2000), which investigated 
the effect of the fineness of GGC on ASR expansion (discussed later). Since then, the 
ASR of mortar and concrete containing GGC, predominantly of the soda lime glass 
type, with GGC content up to as high as 60% (Dhir et al., 2005a), has been evaluated 
by different researchers mostly using the three aforementioned test methods.

Collectively, the studies can be separated into two groups based on the types of fine 
aggregate used, that is (i) natural and unreactive aggregate (or assumed as natural 
aggregate when the information is unclear) and (ii) reactive aggregate or glass cullet 
(GC)-sand, as shown in Figures 4.17 and 4.18, respectively. The former group 
investigates the possible expansion resulting from the silica in GGC, whilst the latter 
group examines the effectiveness of GGC to nullify the ASR-induced expansion. It 
should be mentioned that the results presented therein were the expansion readings 
taken at the recommended test duration (varies depending on the test method used), 
although the results at later ages were available in some cases.

Table 4.14 Interpretation of alkali–silica reaction results obtained using various test methods

Test Method

Interpretation of Alkali–Silica Reaction Results

Duration Expansion, %
Description/
Classification Based on

ASTM C1260 
(2014)

14 days <0.10 Innocuous ASTM C1260 
(2014)0.10–0.20 Innocuous or deleterious 

behaviour in field 
performance

>0.20 Potentially deleterious 
expansion

ASTM C1567 
(2013)

14 days >0.10 Potentially deleterious 
expansion

ASTM C1567 
(2013)

BS 812-123 
(1999)

52 weeks ≤0.05 Nonexpansive BRE Digest 
330 (2004)0.05 to ≤0.10 Probably nonexpansive

0.10 to ≤0.20 Possibly expansive

>0.20 Expansive

astm:C1260
astm:C1567
astm:C1260
astm:C1260
astm:C1260
astm:C1567
astm:C1567
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From Figure 4.17, where natural fine aggregate is used, it is evident that GGC is 
nonexpansive as the expansion of GGC specimens is mostly less than that of reference 
PC specimens, with the vast majority of the results showing an expansion (i) less than 
0.10%, which is the innocuous zone using the ASTM C1260 method, (ii) less than 
0.05%, as indicative of nonexpansion using the BS 812-123 method, and (iii) less 
than 0.10%, known as low risk of deleterious expansion using Korean standard KS F 
2546 (Jang et al., 2015). In general, the expansion value decreases as GGC content 
increases.

Two important observations on the effects of the fineness of GGC and the colour of 
soda lime GGC on the expansion of specimens should be noted in Figure 4.17. In 
the fineness study, GGC of three fineness sizes, namely 75–100, 38–75 and less than 
38 μm, were used to replace 30% of PC (Shao et al., 2000). The results showed that the 
expansion of mortar made with the GGC of less than 38 μm is the least. In the colour 
study, whilst Özkan and Yüksel (2008) show that the colour of soda lime GGC (all 
having similar fineness) has no influence on the expansion, Dyer and Dhir (2001a,b) 
suggest that for a given GGC content (all having similar fineness), the expansion of 
specimens containing flint GGC is the highest compared with that of the green and 
amber GGC.

From Figure 4.18, where reactive aggregate or GC-sand is used, it can be seen that 
the expansion of specimens decreases when GGC content increases, suggesting that 
the ability of GGC to nullify the ASR-induced expansion increases with increasing 
content of GGC in the mixes. Its effectiveness is more pronounced at higher content, 
probably at least 30% or more (Figure 4.18).

The influence of fineness of GGC (Afshinnia and Rangaraju, 2015) shown in Figure 
4.18 is coherent with the findings in Figure 4.17, which shows that the expansion of 
mortar made with finer GGC (17-μm average size) is consistently less than that of 
mortar made with coarser GGC (70 μm). It should be noted from Figure 4.18 that even 
when GC is used as a fine aggregate, the inclusion of GGC as a PC replacement still 
effectively suppresses the expansion of mixes to the innocuous zone in the ASTM 
C1260 method or the nonexpansive zone in the BS 812-123 method. This probably 
indicates that the ASR-induced expansion resulting from GC in fine aggregate form 
can be subsided by the same material but in a powder form. Thus, both GC-sand 
and GGC cement can probably be used concurrently in making concrete without the 
concern of ASR-induced expansion.

In addition to the findings shown in Figures 4.17 and 4.18, some studies also 
suggest that the use of GGC in conjunction with FA ranging from 5% to 15% 
(Kim et al., 2015; Parghi and Alam, 2016; Schwarz et al., 2008) could result in an 
expansion less than 0.10% (indicative of innocuous performance) using the ASTM 
C1260 method.

astm:C1260
astm:C1260
astm:C1260
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4.7.6   Freeze–Thaw Attack

The presence of moisture in the capillary pores of concrete can be a concern in 
winter conditions. When water freezes at low temperature, its volume is increased 
by approximately 9%, which creates an expansion force within concrete. The 
cumulative cycles of freezing and thawing experienced by concrete can lead to 
various damages, such as scaling and cracking, and eventually reduce its service life. 
An air-entraining admixture is normally used to increase the freeze–thaw resistance 
of concrete.

The freeze–thaw resistances of air-entrained and non-air-entrained concrete 
containing up to 25% GGC, tested mainly in accordance with ASTM C666 (1992), 
but in one case with CEN/TS 51-draft (1994), are given in Table 4.15. The ASTM 
C666 (1992) contains two different procedures: procedure A, in which specimens are 
both frozen and thawed in water, and procedure B, in which specimens are frozen 
in air and thawed in water. It can be seen from Table 4.15 that the deterioration of 
GGC concrete due to freeze–thaw attack has been examined using several methods, 
commonly measuring the change in the dynamic modulus of elasticity of concrete, 
and the value can also be used to calculate the durability factor (ASTM C666, 1992) 
and change in strength.

Only one case, which happens to be an early study conducted by Polley (1996), shows 
that the freeze–thaw resistance of air-entrained GGC concrete is lower than that of 
PC concrete (Table 4.15). The possible explanation for this observation is that the 
entrained air content of PC concrete is higher than that of GGC concrete, i.e., 8.1% 
in PC concrete compared with 3.4%–7.5% in GGC concrete, although the target 
entrained air content was 6% ± 2%.

All the other studies, conducted since 2000, show that the freeze–thaw resistance 
of both the non-air-entrained and the air-entrained concrete remains unchanged 
or increases when GGC is used (Table 4.15). It should be mentioned that, for air-
entrained concrete, when GGC is used as PC replacement, the dosage of air-entraining 
agent might need to be slightly increased (Laldji and Tagnit-Hamou, 2007) to achieve 
the same target entrained air content as the corresponding PC concrete.

4.7.7   Abrasion

Abrasion is a deterioration of the concrete surface, in the form of progressive loss of 
surface material or thinning, which can occur (i) on concrete pavements and floors 
due to the wear and impact actions of automobiles, (ii) on hydraulic structures due to 
solid particles carried in flowing water (known as erosion) and (iii) by the formation 
of vapour bubbles from fast-moving downstream water (cavitation). Whilst the design 
and composition of concrete can affect its abrasion resistance, proper concrete casting 
practices, especially finishing and curing, are also important factors as they ensure the 
quality of the near-surface zone of concrete.

astm:C666
astm:C666
astm:C666
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Table 4.15 Resistance to freeze–thaw attack of concrete containing GGC

References Parametera Measurement

Resistance to 
Freeze–Thaw 
Attackb

(a) ASTM C666 Procedure A

Abendeh et al. 
(2015a) and 
Abendeh et al. 
(2015b)

0%–15% GGC; 0.50 w/c; AEA not 
given; 28 days curing; from 6°C 
to −16°C and reverse in 2.5 h; 230 
cycles

Weight loss ↑

Compressive 
strength loss

≈

Ultra-pulse 
velocity

≈

Dynamic modulus 
loss

≈

Polley (1996)c 0%–20% GGC; 0.43 w/c; AEA for 
target 6 ± 2% air; 28 days curing; 
from 4°C to −18°C and reverse in 
3 h; 350 cycles

Stiffness loss ↓

Laldji and 
Tagnit-Hamou 
(2007)

0%, 25% GGC; 0.45 w/c; AEA for 
target 5%–8% air; 28 days curing; 
300 cycles

Durability factor ≈

(b) ASTM C666 Procedure B

Al-Akhras 
(2012)

0%–18% GGC; 0.40, 0.60 w/c; 
AEA not given; 90 days curing; 
from 5°C to −18°C and reverse In 
3.6 h; 100–300 cycles

Dynamic modulus 
loss

Durability factor

↑

↑

Nassar and 
Soroushian 
(2012a)d

0, 20% GGC; 0.50 w/c; AEA 
for >5% target air; 42 days curing; 
310 cycles

Weight gaine ↑

Flexural strength 
loss

↑

Tuncan et al. 
(2001)

0%–15% GGC; 0.45 w/c; AEA not 
stated; 28 days curing; from 5°C to 
−18°C in 4 h; 60 cycles

Compressive 
strength loss

↑

Tensile strength 
loss

↑

Dynamic modulus 
loss

↑

(c) CEN/TC 51-draft (1994)

Dhir et al. 
(2005c) and 
Tang et al. 
(2005)

0, 15% GGC; 0.55 w/c; AEA not 
used; 7 days curing; from 20°C 
to −20°C and reverse in 24 h; 56 
cycles

Mass scaling ≈

aAEA, air-entraining agent; GGC, ground glass cullet; w/c, water/cement ratio.
bComparing the resistance to freeze–thaw attack of GGC concrete to Portland cement concrete. ↑ indicates increase; ↓ 
indicates reduction; ≈ indicates no significant change with value difference within ±20%.
cContaining 20% glass cullet as fine aggregate.
dContaining 50% and 100% coarse recycled concrete aggregate.
eWeight gain due to water absorption as a result of cracking.

astm:C666
astm:C666
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The study of the effect of GGC as a PC replacement on the abrasion resistance of concrete is 
limited, which is somewhat to be expected, as in such applications the influence of aggregate 
is more pronounced than that of the cement. Nevertheless, the use of GGC at 15%–37% 
content in concrete has been reported to result in good abrasion resistance, though detailed 
information has not been provided (Corbu et al., 2013; Dumitru et al., 2010).

In one of the two more elaborate studies, the abrasion resistance of GGC concrete was 
determined using the test method proposed by Dhir et al. (1991), in which the abrasion 
depth of specimens is measured after subjecting the surface of test concrete specimens 
to rotating steel abrasive wheels for 15 min (Dhir et al., 2005c). The results suggest 
that, for an equal water/cement ratio at 0.55, the abrasion resistance of 28-day cured 
15% GGC content concrete is essentially similar to that of the reference PC concrete, 
although the 28-day compressive strength of the former concrete is lower than that of 
the latter (Dhir et al., 2005c).

The other abrasion study (Nassar and Soroushian, 2013) was performed on GGC 
and PC concrete containing 0%, 50% and 100% coarse RCA at 0.36 and 0.45 water/
cement ratio, tested in accordance with ASTM C944 (2012), in which the weight loss 
of specimens is measured after they are subjected to rotating cutters for 2 min. At the 
age of 56 days, regardless of water/cement and content of coarse RCA, the results 
show that the abrasion resistance of GGC concrete is generally higher than that of the 
corresponding PC concrete.

Overall, it can be concluded that the use of GGC is not likely to significantly change the 
abrasion resistance of concrete. It should also be mentioned that, as the abrasion resistance 
of concrete is normally associated with its compressive strength, sufficient curing must be 
given to concrete containing GGC because of its slower rate of strength gain.

4.8   Environmental Impact

Glass is a stable material, but nonetheless it is necessary to understand the hazardous 
potential it poses to the environment through leaching of heavy metals from glass. 
Table 4.16 lists the leached element concentrations of thin-film-transistor liquid-
crystal display (TFT-LCD) glass, which was studied by researchers from Taiwan for 
its suitability as a PC replacement. TFT-LCD is a glass material containing mercury 
and lead, commonly used in televisions, flat-panel displays, projectors and other 
electronic products.

Determined in accordance with the toxic characteristic leaching procedure 1311 of 
the US Environmental Protection Agency [US EPA (1992)], the results given in Table 
4.16 suggest that the leached concentrations of arsenic (As), mercury (Hg) and lead 
(Pb) from TFT-LCD glass are well below the corresponding regulatory level of the US 
EPA (2016). Other elements such as cadmium (Cd), chromium (Cr) and selenium (Se) 
are not detected (Table 4.16). TFT-LCD contains small traces of copper (Cu) and zinc 
(Zn), but the levels of these are not regulated.

astm:C944
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Table 4.16 Leached element concentrations of thin-film-transistor liquid-crystal display glass 
obtained using the toxic characteristic leaching procedure

Element

Leached Concentration, mg/L

US EPA Regulatory 
Levela

Lin et al. (2008, 
2009)

Wang and Hou (2011) 
and Wang et al. (2014)

As 5.0 – 0.022

Cd 1.0 N.D. N.D.

Cr 5.0 N.D. N.D.

Cu N.R. 0.25 –

Hg 0.2 – 0.0077

Pb 5.0 N.D. 0.281

Se 1.0 – N.D.

Zn N.R. 0.16 –

N.D., not detected; N.R., not regulated.
aBased on US EPA (2016).

In addition, some work has been undertaken to investigate the lead leaching 
potential of cement clinker (Lairaksa et al., 2013) and mortar (Moncea et al., 2013) 
containing cathode ray tube (CRT) funnel glass as part of the raw feed materials and 
a replacement for PC, respectively. CRT funnel glass, which is rich in lead, used to be 
commonly employed in the production of television and computer monitors before the 
introduction of LCD technology.

Based on the study of five cement clinkers containing 0.1%–0.5% CRT as a raw feed, 
Lairaksa et al. (2013) found that the encapsulation of lead was the highest in cement 
clinker containing 0.1% CRT, and the lead encapsulation ability of cement clinker 
reduces as the C2S proportion reduces.

When CRT funnel glass (containing less than 5% CRT panel glass) was used as a 
cementitious material, Moncea et al. (2013) reported that the cumulative lead released 
after 64 days for mortar made with PC and 28% CRT and mortar made with GGBS 
cement and 28% CRT was 0.24 and 0.51 mg/m2, respectively. It is claimed (Moncea 
et al., 2013) that the lead leaching values were below the limit of 100 mg/m2 stipulated 
in the Dutch Building Material Decree.

4.9   Case Studies

Given that GGC possesses pozzolanic properties, there have been some successful 
field applications yielding positive results in many cases for its use as a cement 
component and in one case as a raw feed for cement clinker production (see  
Table 4.17). As summarised in Table 4.17, the material started to spark the interest 
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Table 4.17 Case studies involving the use of ground glass cullet as clinker raw feed and a cement component in concrete applications

References

Application Details

Main ObservationsLocation Year Use in GGC Content %

Byars et al. (2003, 
2004a)

United Kingdom 2002–04 Precast concrete 
products

20–30 The use of GGC can minimise the 
risk of ASR expansion of concrete 
products containing GC as sand

Byars et al. (2004a) 
and Zhu and Byars 
(2005)

United Kingdom 2002–04 Ready-mixed 
concrete

10–50 Except for concrete made with 50% 
GGC, the compressive strength of 
GGC concrete was generally similar 
to or higher than the reference PC 
concrete at 90 days

Chen et al. (2002) Hong Kong 2000 Clinker – No significant changes in the 
chemical and physical properties of 
clinker containing GGC, as well as 
the exhaust gases generated during 
clinker production

Dumitru et al. (2013) Australia – Concrete pavement 15 Target strength was met at either 
28 or 90 days; the performance of 
concrete was satisfactory

Jang et al. (2014) South Korea – Prestressed high-
strength concrete

10 No significant changes in mechanical 
properties of concrete

Nassar and 
Soroushian (2011), 
Soroushian (2012)

United States 2008–09 Concrete pavement 
and curbs

10–23 The long-term strength, permeability 
and durability of concrete improved 
the most at an optimum 20% GGC 
content

Peyvandi et al. 
(2013)

United States 2012 Exterior flatwork 
and curbs

n.a. Nearly 544 tonnes of concrete made 
with GGC was consumed
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References

Application Details

Main ObservationsLocation Year Use in GGC Content %

Omran and Tagnit-
Hamou (2016) and 
Tagnit-Hamou and 
Bengougam (2012)

Canada 2006–12 Interior and exterior 
structural elements

10–30 The mechanical properties of 
concrete were improved at later 
ages; GGC concrete had better 
permeability and durability 
performance than PC concrete

Shayan and Xu 
(2006)

Australia 2002 Slab 20–30 Target strength was met at 28 days; 
the performance of concrete after 
1 year was satisfactory

Tagnit-Hamou et al. 
(2015)

Canada – Pedestrian bridges 35 GGC was used in conjunction with 
17.5% silica fume in the production 
of ultra-high-performance concrete 
with superior mechanical, ductility 
and durability properties

ASR, alkali–silica reaction; GC, glass cullet; GGC, ground glass cullet; PC, Portland cement.
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of the construction industry as early as the beginning of the 2000s (Chen et al., 
2002), with case studies undertaken in several countries, including Australia, 
Canada, Hong Kong, South Korea, the United Kingdom and the United States  
(Table 4.17).

The main points that have emerged from such field applications as listed in Table 4.17 
are given below:

 •  For its use in cement clinker production (Chen et al., 2002), GGC was added into the 
normal raw feed materials consisting of limestone, silica sand, FA and iron or slag. 
The exhaust gases generated during the production of clinker containing GGC did not 
show significant changes in the concentration of nitrogen monoxide (NO), nitrogen 
dioxide (NO2), carbon monoxide (CO), carbon dioxide (CO2) and sulphur dioxide (SO2) 
pollutants. The sulphur content (SO3) and alkali content of the resultant products varied 
within ±3 times the standard deviation from the past year’s statistical record. Both the 
chemical and the physical properties of cement with GGC addition as a raw feed were 
reported to be essentially similar to those of cement without GGC addition.

 •  When used as a cement component in concrete, GGC content as high as 50% has been 
reported (Byars et al., 2004a), although the common range was between 10% and 30%.

 •  As the pozzolanic reaction is a slow process, many studies have reported that the 
compressive strength and other mechanical properties of GGC concrete were lower than 
those of reference PC concrete initially; it achieved similar or higher values compared with 
the reference PC concrete at later ages (Byars et al., 2004a; Nassar and Soroushian, 2011; 
Soroushian, 2012; Omran and Tagnit-Hamou, 2016; Tagnit-Hamou and Bengougam, 
2012). However, two cases have been reported in which the target strength of concrete 
made with 15%–30% GGC was met without modifying its water/cement ratio (Dumitru 
et al., 2013; Shayan and Xu, 2006).

 •  The densification of cement microstructure due to the pozzolanic reaction of GGC 
resulted in an improvement in sorptivity and chloride resistance of concrete (Nassar 
and Soroushian, 2011; Shayan and Xu, 2006; Soroushian, 2012; Omran and Tagnit-
Hamou, 2016; Tagnit-Hamou and Bengougam, 2012). The use of GGC as a PC 
replacement did not significantly change the abrasion and freeze–thaw resistance 
of concrete (Nassar and Soroushian, 2011; Soroushian, 2012; Tagnit-Hamou and 
Bengougam, 2012).

Like FA and metakaolin, the use of GGC as a cement component can minimise the 
deleterious ASR expansion induced by GC-sand in concrete products (Byars et al., 
2004a).

4.10   Conclusions

Owing to its amorphous and silica-rich nature, finely ground GC possesses pozzolanic 
properties. The influence of GGC as a cement component on the properties of concrete 
has been researched mainly since the beginning of the 2000s, by individual researchers 
and established organisations from all over the world. In general, many findings and 
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results confirm that GGC can be used as a replacement for PC, and the material 
generally enhances the hardened properties of concrete, particularly the compressive 
strength, permeation and durability properties.

Assessment of its cementitious characteristics suggests that GGC has little influence 
on the amount of water required for cement paste for the standard consistency 
test. Cement containing GGC has been confirmed to be sound, and no potential 
soundness problems have been reported. The increase in the initial setting time 
of cement resulting from the use of GGC of the soda lime type is considerably 
insignificant for up to 20% content, beyond which its use extends the initial setting 
time by an average 25 min for up to 50%. The fineness of GGC affects its strength 
activity index. When GGC is ground finer than the corresponding PC of the mix, the 
strength activity index of the resulting cement combination measured at different 
ages can be expected to meet the requirements stipulated in both ASTM and BS EN 
standards for FA.

Although the inclusion of GGC modifies the consistence of concrete, such a change 
is generally within the consistence class and allowable tolerance given in BS EN 
206-1 (2003). Concrete containing GGC has no stability issues but it may show more 
bleeding if the GGC particle size is coarse. For every 10% GGC inclusion, the fresh 
density of concrete decreases by about 0.5% on average. The entrained air content 
of concrete is not adversely affected using GGC up to the 20% level. Comparing 
with FA, GGC is likely to result in shorter initial and final setting times. Both the 
temperature rise and the rate of heat evolution of concrete are reduced when GGC is 
used as a replacement for PC.

The compressive strength of concrete is significantly affected by GGC content 
and its fineness. Although the use of GGC improves the compressive strength of 
concrete at later ages, for a given water/cement ratio, a similar or slightly higher 
compressive strength compared with PC concrete at 28 days can be achieved with 
GGC finer than PC, up to a content of no more than 20% of the total cement used. 
Due to the pozzolanic activity of GGC, the rate of strength gain of GGC concrete 
can be higher than that of PC concrete after 28 days. The tensile strength of concrete 
(both splitting tensile strength and flexural strength) is almost unaffected for a 
GGC content up to 20%, beyond which it decreases as GGC content is increased. 
The relationship between compressive strength and tensile strength of concrete is 
essentially unchanged when GGC is used. The use of GGC can result in a slight 
decrease in the modulus of elasticity. It is postulated that the effect of GGC on the 
creep of concrete is similar to that of FA. The shrinkage of concrete tends to increase 
as the GGC content increases.

When properly designed, the use of GGC as a PC replacement can result in a reduction 
in porosity, making the concrete less permeable to water, gas and aggressive ions. 
Indeed, concrete containing GGC has shown to have higher resistance to chloride and 
sulphate attack. The same is expected in the case of acid attack, though the available 
information is not conclusive. Similar to other pozzolanic cement, the carbonation 
resistance of concrete decreases when GGC is used as a PC replacement. Despite 
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having high silica content, the use of GGC does not give rise to ASR concerns, 
but in fact its inclusion can help to nullify the ASR expansion induced by reactive 
aggregates. The effectiveness of GGC in this regard increases with increasing GGC 
content and particle fineness, and may be independent of its colour. The use of GGC 
is not likely to adversely affect the resistance of concrete to freeze–thaw attack and 
abrasion.

The toxic elements that may leach from GGC, which is rich in aluminium and lead 
oxides, can be expected to be well within the regulatory levels set out by the US EPA. 
The construction industry has used GGC as a raw feed for clinker production and as a 
cement component in concrete production since the beginning of the 2000s.
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Synopsis

This section evaluates the performance of concrete made with glass cullet (GC) sand. 
The grading, particle shape and specific gravity of GC-sand can affect the consistence, 
stability and density of fresh concrete. The strength properties, modulus of elasticity 
and shrinkage of concrete are also affected by the grading of GC-sand. It is shown that 
the material can be used up to 100% without compromising the mechanical properties 
of concrete. The permeation of concrete could be reduced due to the impervious nature 
of GC-sand. The durability of concrete is mostly improved apart from the resistance to 
carbonation, freeze–thaw attack and abrasion. The alkali–silica reaction of GC-sand is 
affected by its type, colour, size and content; and the expansion can be nullified with the 
use of pozzolanic cements. GC is safe for the environment and it has been used in the 
concrete construction industry since the 2000s.

Keywords: Glass cullet, Sand, Concrete, Fresh properties, Strength, Deformation, 
Permeation, Durability, Environmental impact, Case studies.
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5.1   Introduction

Aggregate is one of the three fundamental ingredients, the other two being cement 
and water, in making concrete, which is the most widely used human-made material 
in the construction industry the world over. The annual global production of concrete 
is estimated to be 25 billion tonnes (WBCSD, 2009), and this figure is likely to rise 
due to the rapid expansion of the human population and the continuous improvements 
in social welfare and living standards, particularly in the developing countries. The 
consumption of aggregates in concrete-related usage represents about 45% of the total 
aggregate production (UEPG, 2016), which is forecast to reach 35.1billion tonnes to 
meet the global construction demand by 2020 (Dhir et al., 2016).

The production of concrete relies heavily on the natural sources of aggregate, such as 
sand and gravel deposits and crushed-rock quarries. The excavation of these materials 
intensifies the pressures on the environment. Although a slow transition process, the use 
of aggregates derived from alternative sources, as replacement for natural aggregates, is 
becoming increasingly important in promoting sustainability in the concrete construction 
sector. Commonly, these alternative materials are divided into two groups: (i) recycled 
aggregates, which are the processed natural aggregates recovered from construction, 
demolition and excavation waste, and (ii) secondary aggregates, which are mainly 
sourced from industrial by-products. A notable example of the latter is blast furnace slag, 
which is generated from iron manufacturing. Both recycled and secondary aggregates 
are recognised in BS EN 12620: 2002+A1 (2008) for use in concrete.

Glass cullet (GC), a processed waste glass sourced from industrial and household wastes, is 
considered to have potential for use as a secondary aggregate. When crushed and sieved to 
a particle size similar to that of natural sand, the near-zero water absorption and relatively 
high hardness characteristics of GC can improve the performance and serviceability 
of structural concrete. This is achievable only if the concrete mix is designed properly, 
considering the characteristics of GC, such as its angularity and particle size distribution.

In this chapter, the effects of GC as a replacement for natural sand on both the fresh and the 
hardened properties of concrete, as well as the associated environmental impact and case 
studies, are discussed using the database developed from over 200 publications originating 
from 25 countries, over the period of 1972–2017, with about 95% published since 2000.

5.2   General Information

Owing to its flakiness and elongated shape, the use of GC as a coarse aggregate (of 
size greater than 4 mm) in concrete would be unsuitable (CCANZ, 2011; Dhir et al., 
2006). When processed into a granular form of size less than 4 mm, GC can be used as 
a manufactured sand in the same way as natural sand in making concrete. This section 
provides general information on some of the important properties of concrete made 
with GC-sand, covered in review articles.
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(a)   Fresh Properties

The smooth surface texture and zero water absorption characteristics of GC-sand 
could improve the consistence of concrete (Meyer et al., 2001; Rashad, 2014, 2015), 
but some studies have reported the opposite and related it to the angularity of GC 
particles (Shi and Zheng, 2007; Rashad, 2014; Zheng, 2013). GC-sand concrete has 
lower fresh density than natural sand concrete, attributed to its lower specific gravity 
(Rashad, 2014, 2015; Shi and Zheng, 2007). Prior to its use as a fine aggregate, the 
material should be washed, as the presence of sugar residue (in container glass) can 
extend the setting time of concrete (CWC, 1996).

(b)   Strength and Deformation

The use of GC-sand up to 20% increases the compressive, flexural and splitting tensile 
strengths of concrete (CCANZ, 2011). However, the literature tends to suggest that the 
use of GC-sand could reduce the strength of concrete, and this is thought to be due 
to its smooth surface texture, which results in a weaker bond between GC-sand and 
cement paste (CCAA, 2008; Rashad, 2014, 2015; Shi and Zheng, 2007; Zheng, 2013). 
The resistance of concrete to deformation increases when GC-sand is used (CCAA, 
2008; Rashad, 2014, 2015; Zheng, 2013).

(c)   Permeation and Durability

The use of GC-sand as a natural sand replacement reduces the permeation of 
concrete due to its near-zero water absorption property (Rashad, 2014, 2015). Most 
of the studies agreed that GC-sand could improve the durability of concrete in terms 
of (i) chemical aspects, such as chloride ingress, carbonation, sulphate attack and 
acid attack, and (ii) physical aspects, such as abrasion and exposure to elevated 
temperature (Cree et al., 2013; Meyer et al., 2001; Rashad, 2014, 2015; Richardson, 
2013; Zheng, 2013).

Perhaps the major concern of using GC-sand in concrete is its high silica content, 
which can potentially cause alkali–silica reaction (ASR) and lead to deleterious 
expansion. A review article prepared by Figg (1981) for a conference held in Cape 
Town, South Africa, in 1981, documented laboratory and field studies on the ASR of 
GC concrete in several countries, such as Canada, Germany and the United Kingdom, 
during the 1960s and 1970s. The article concluded that:

 (i)  All types of GC could undergo an expansion reaction with cements, with GC containing 
high boron and/or alkali metal content being the most reactive.

 (ii)  The ASR of GC in concrete is qualitatively different from that of reactive aggregates.

 (iii)  GC could result in deleterious expansions even when low-alkali Portland cement is 
used.
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Some attempts were made to describe the ASR behaviour of mixes containing GC 
in studies undertaken during the 2000s. These include two mathematical models 
developed based on different aspects, namely, fracture mechanics (Bazant et al., 1998, 
2000) and the kinetics of the chemical reactions and water diffusion involved in the 
ASR process (Bazant and Steffens, 2000), as well as the dissolution of GC in an 
alkaline environment and ASR expansion mechanisms of GC concrete (Shi, 2009).

Nevertheless, it has been suggested that the ASR expansion in GC-sand concrete can 
be minimised by several methods, such as:

 •  Use of fly ash (FA) (CCAA, 2008; CCANZ, 2011; Dhir et al., 2006; Rashad, 2014; Shi 
and Zheng, 2007; TriVitro, 2004; Zheng, 2013), ground granulated blast furnace slag 
(GGBS) (Dhir et al., 2006; Kumar and Naik, 2010; Rashad, 2014; Richardson, 2013; 
TriVitro, 2004), metakaolin (Dhir et al., 2006; Meyer, 2003a,b; Meyer et al., 2001; 
Rashad, 2014; Shi and Zheng, 2007) and even finely ground GC itself (Kumar and Naik, 
2010; TriVitro, 2004).

 •  Use of low alkali cement with Na2Oeq less than 0.60% (CWC, 1996; Copland et al., 
2009).

 •  Use of lithium compounds (Kumar and Naik, 2010; Rashad, 2014; Richardson, 2013).

Overall, the literature presents some contradictory views on the influence of GC 
on the properties of concrete, probably due to the differences in the coverage and 
depth of analysis. Notwithstanding that, GC is considered to be a viable material as a 
replacement for natural sand in concrete, although additional care needs be taken to 
prevent the risk of ASR.

5.3   Fresh Properties

Without proper attention given to a freshly mixed concrete, between its manufacturing 
and its final setting, the expected hardened properties of concrete may never be fully 
realised. Although admixtures are used to modify the fresh properties of concrete, 
aggregates can also play a part through their characteristics, such as surface texture 
and shape. This section discusses the effects of using GC-sand as a replacement for 
natural sand on the consistence, stability, density and air content of fresh concrete. 
The initial and final setting times of concrete are not covered, as it is thought that, 
unless contaminated with sugar residue, the use of GC as a natural sand should have 
no influence in this respect.

5.3.1   Consistence

Consistence, which used to be known as workability, is one of the most specified fresh 
concrete properties. It provides a measure of the ease with which a freshly mixed 
concrete can be handled during mixing, transporting, placing, compacting and finally 
finishing, without the loss of its uniformity. Consistence can also give an indication of 
the energy required to compact fresh concrete.
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To evaluate the effect of GC-sand on the consistence of concrete, particular attention 
should be paid to the particle size distribution of both the GC-sand and the corresponding 
reference natural sand used. This is because even for the same material, different particle 
gradings can give rise to different particle packing, void size and distribution and other 
dissimilarities, all of which in turn will affect the properties of concrete. Although 
important, this factor has often been overlooked by researchers when it comes to 
comparing the performance of GC-sand and natural sand. Thus, the effect of GC-sand 
on the consistence of concrete is discussed here based on the following three groups:

 •  Group 1: Gradings of GC-sand and reference natural sand are different.

 •  Group 2: Gradings of GC-sand and/or reference natural sand are unavailable.

 •  Group 3: Gradings of GC-sand and reference natural sand are the same.

The consistence of concrete made with GC-sand and natural sand as per groups 1 and 
2, at equal water/cement ratios, measured in terms of slump, is shown in Figure 5.1.  
Based on the slump of reference concrete, the results shown in Figure 5.1 are separa-
ted into four slump classes, namely, S1 (for 10–40 mm slump), S2 (50–90 mm), S3  
(100–150 mm) and S4 (160–210 mm), in accordance with BS EN 206 (2013). In 
addition, the tolerances for different target slumps given in the same standard are  
also shown in the figure for reference purposes.

The effect of GC-sand on the slump of concrete changes, depending on the slump 
class of the reference natural sand concrete, as described below:

 •  For the S1 slump class (Figure 5.1(a)), the slump of concrete increases as GC content is 
increased.

 •  For the S2 slump class (Figure 5.1(b)), the effect of GC becomes less apparent, and most 
of the results show that the slump of GC concrete fluctuates mostly within the S2 slump 
class. However, concrete containing more than 50% GC-sand tends have a slump value 
beyond the range of the S2 slump class.

 •  For the S3 slump class (Figure 5.1(c)), the inclusion of GC-sand does not significantly 
change the slump of concrete if the initial value is close to the lower limit of the S3 
slump class (at 100 mm). However, the slump of concrete tends to decrease as GC-sand 
content increases if the initial value is near to the upper limit (at 150 mm). Similar to 
the observation seen in Figure 5.1(b), the slump of concrete made with more than 50% 
GC-sand is likely to fall below the lower limit of the S3 class.

 •  For the S4 slump class (Figure 5.1(d)), the results are limited and contradicting, with 
one showing a tendency to increase the slump when GC is used, whilst another shows a 
drastic reduction in slump. The observation in the latter might be expected, as the natural 
sand with a fineness modulus of 2.78 was replaced by a very fine GC-sand with average 
diameter of 12.4 μm (Chen et al., 2006), which could increase the water demand due to 
the increase in surface area.

Thus far, only one group of researchers (Dhir et al., 2006), from the Concrete Technology 
Unit of the University of Dundee in the United Kingdom, has made an effort to study the 
slump of concrete made with GC-sand and natural sand based on an equal particle size 
distribution. In the study, three grading ranges (coarse, medium and fine), with each grading 
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Figure 5.1 Influence of glass cullet (GC) sand on slump of concrete for (a) S1 slump class, 
(b) S2 slump class, (c) S3 slump class and (d) S4 slump class.
Data taken from Abdallah and Fan (2014), Adaway and Wang (2015), Batayneh et al. (2007), 
Chen et al. (2006), Du (2011), Du and Tan (2014), Dumitru et al. (2010), Huang et al. (2015), 
Ismail and Al-Hashmi (2009), Jia et al. (2015), Koh (2015), Limbachiya (2009), Malik et al. 
(2013, 2014), Mardani-Aghabaglou et al. (2015), Morrison (2004), Naik and Wu (2001), Park 
et al. (2004), Perkins (2008), Rajabipour et al. (2012), Samarin (1980), Serpa et al. (2015), 
Taha and Nounu (2008a, 2009), Terro (2006), Topcu and Canbaz (2004), Wang (2009a), Wang 
et al. (2014), Wright (2012), Wright et al. (2014), Zammit (1990) and Zammit et al. (2004).
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range further divided into three curves (lower, medium and upper), were developed by 
combining the grading classifications given in BS 882 (1992) and BS EN 12620: 2002+A1 
(2008). In total, nine grading curves with different fineness moduli, ranging from 0.95 
(very fine) to 4.20 (very coarse), for GC-sand and natural sand were studied.

Except for concrete made with a natural sand of 4.20 fineness modulus for which the result 
was not available, Table 5.1 shows that the slump decreases as the sand grading becomes 
finer (or fineness modulus value becomes smaller) for both GC and natural sand concrete. 
However, for a given grading curve, the use of GC-sand as a replacement for natural sand 
tends to result in a slight reduction in the slump of concrete. In addition, it would appear 
that the type of GC-sand has no significant influence on the slump of concrete.

As the gradings of the two sands are the same, which suggests similar aggregate 
packing is likely to be achieved, the reduction in slump observed in GC-sand concrete 
may be attributed to the aggregate shape. The angular shape of GC-sand increases the 
interlocking effect and thus makes the aggregate skeleton more resistant to movement.

In addition, the effect of GC-sand on the flow diameter of mortar has also been studied, 
but the findings have not been conclusive. When the gradings of both GC-sand and 
natural sand are the same, the flow diameter shows an increase not greater than 20 mm 
for mortar containing up to 100% GC-sand (Penacho et al., 2014; Sikora et al., 2016). 
However, when the gradings of the two materials are different, conflicting trends have 
been observed (Hui and Sun, 2011; Ling and Poon, 2011a,b, 2012a,d, 2013; Takata 
et al., 2004; Yang et al., 2009; Zhao et al., 2013a).

5.3.2   Stability

As the specific gravities of the materials used in making concrete are different, it is 
important to ensure that concrete remains stable, with a homogeneous distribution of 
constituent materials, during its fresh state.

When fine-graded natural sand (55%–100% passing a 0.5-mm sieve based on BS EN 
12620:2002+A1, 2008) was replaced by coarse-graded GC-sand (5%–45% passing a 
0.5-mm sieve) at 50% and 100% contents, the resultant concrete was harsh and showed 
signs of bleeding and segregation (Taha and Nounu, 2008a, 2009). Other studies have 
also reported the bleeding of concrete containing GC-sand, but the effect of the sand 
could not be assessed as (i) its use was in conjunction with crumb rubber particles 
as sand (Chen et al., 2013), (ii) the water/cement ratio of the GC-sand concrete was 
dissimilar to that of the reference concrete (Dumitru et al., 2010) or (iii) the reference 
natural sand concrete was inhomogeneous (Zhao et al., 2013b).

Perhaps the study undertaken by Dhir et al. (2005a) is more useful in evaluating the 
effect of GC-sand on the stability of concrete as the gradings of GC-sand and natural 
sand used were the same. The stability of concrete, in the form of cohesiveness of 
concrete, was assessed in accordance with BS 1881-102 (1983) by the response of 
the slumped concrete (after the completion of slump test) to gentle tapping with a 
tamping bar. Table 5.2 shows the cohesiveness and appearance of concrete containing 
GC-sand and natural sand of different fineness moduli, together with the description 
of cohesiveness given in Dhir et al. (2005a).
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Table 5.1 Effect of glass cullet (GC) sand on the slump of concrete when the gradings  
of GC and natural sand are the same

Reference Glass type
Fineness 

Modulus*
Glass 

Cullet, % Slump, mm

Cui (2005), 
Dhir et al. 

(2004)
Container

4.20
0 Not available

100 10

3.55
0 60

100 40

3.43
0 30

100 35

2.75
0 50

100 50

2.70
0 50

100 40

2.66
0 45

100 50

1.96
0 30

100 20

1.83
0 30

100 5

0.95
0 10

100 0

Dhir et al. 
(2005a)

Natural sand

2.75

0 65
Container (amber) 100 40
Container (green) 100 65
Container (flint) 100 55
Flat (building) 100 40
Flat (automobile) 100 50
Borosilicate 100 60
Mixed 100 50

Tang et al. 
(2005) Container 2.75

0 50
50 45

* Larger value indicates coarser particles.
w/c ratio, water/cement ratio.

It can be seen from Table 5.2 that, as the fineness modulus of sand decreases from 4.20 
(very coarse) to 0.95 (very fine), GC-sand concrete changes from being ‘cohesive’ 
to ‘very cohesive,’ whilst natural sand concrete changes from being ‘not cohesive’ 
to ‘very cohesive.’ As for the appearance of concrete, which was based on visual 
evaluation, both coarse GC-sand and natural sand made the mix harsh, whilst finer 
sands made the mix dry (Table 5.2).
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Overall, it would appear that both GC-sand and natural sand of fineness modulus 
from 2.66 to 2.75 would result in concrete with acceptable cohesiveness and visual 
appearance. The use of GC-sand or natural sand with fineness modulus falling beyond 
that range is likely to affect the stability of the concrete, though this can be overcome 
by adjusting its cement paste content.

5.3.3   Density

The density of concrete depends on the specific gravity of its constituent materials. As 
shown in Section 3.6.6 of Chapter 3, the specific gravity of natural sand is typically 
about 2.60, whilst that of GC varies depending on its chemical composition, with soda 
lime GC at 2.46, alumina silicate at 2.54 and lead glass at 3.04.

Thus, as to be expected, the use of the soda lime and aluminate GC would result in 
a marginal decrease in the density of concrete (Adaway and Wang, 2015; Batayneh 
et al., 2007; Borhan, 2012; Camilleri et al., 2004; De Castro and De Brito, 2013; Dhir 
et al., 2005a; Du, 2011; Du and Tan, 2014; Dumitru et al., 2010; Hui and Sun, 2011; 

Table 5.2 Cohesion and appearance of concrete made with glass cullet (GC) and natural 
sands of different fineness moduli

Fineness Modulus Sand Type Cohesivenessa Appearance

4.20 Natural Not cohesive Harsh

GC Cohesive Very harsh

3.55 Natural Slightly cohesive Slightly harsh

GC Cohesive Harsh

3.43 Natural Slightly cohesive Slightly harsh

GC Cohesive Harsh

2.75 Natural Very cohesive Good

GC Very cohesive Good

2.70 Natural Very cohesive Good

GC Very cohesive Good

2.66 Natural Cohesive Good

GC Very cohesive Good

1.96 Natural Very cohesive Slightly dry

GC Very cohesive Dry

1.83 Natural Very cohesive Slightly dry

GC Very cohesive Dry

0.95 Natural Very cohesive Very dry

GC Very cohesive Very dry

aVery cohesive: gradually slumps further, no shearing. Cohesive: gradually slumps further, some shearing. Little 
cohesive: gradually slumps further, then partial collapse. Not cohesive: slumped concrete shears.
Based on Dhir et al. (2005a).
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Ismail and Al-Hashmi, 2009; Mardani-Aghabaglou et al., 2015; Naik and Wu, 2001; 
Oliveira et al., 2013, 2015; Penacho et al., 2014; Samarin, 1980; Topcu and Canbaz 
(2004); Taha and Nounu, 2008a, 2009; Tan and Du, 2013; Wang and Huang, 2010b; 
Wright, 2012; Wright et al., 2014).

On the other hand, the use of lead GC-sand, which is derived from cathode ray tubes 
(CRTs), has been shown to increase the density of concrete at about 1% for every 10% 
addition of lead GC-sand (Hui and Sun, 2011; Romero, 2013; Romero et al., 2013; 
Zhao et al., 2013a). However, the material might not be suitable for use in concrete 
because of its lead leaching potential (see Section 5.9).

5.3.4   Air Content

The placement of concrete is always followed by compaction to expel the air entrapped 
in the loose concrete during mixing and handling. A fully and properly compacted 
concrete is dense and with few air voids. The presence of air voids in concrete 
reduces its strength and increases its permeation properties, which can facilitate the 
transportation of fluid into the concrete.

Figure 5.2 shows the difference in the air content between GC-sand concrete mixes 
and the corresponding natural sand concrete mixes, made with and without an air-
entraining agent, at equal water/cement ratios. For non-air-entrained concrete, the 
replacement of natural sand by GC-sand of the same grading leads to a slight increase 
in air content (no more than 0.5% on average), which can be considered as within the 
experimental error. A similar observation is also seen when natural sand is replaced by 
GC of different gradings in non-air-entrained concrete. For non-air-entrained mortar, 
the replacement of natural sand by GC-sand of either different or the same grading is 
found to increase the air content (Figure 5.2).

For air-entrained concrete, the air is deliberately introduced into the mix to provide 
resistance to freeze–thaw attack. The results shown in Figure 5.2 suggest that GC-sand 
tends to increase the air content of air-entrained concrete for a given dosage of air-
entraining agent. This might be due to the difference in the gradings of GC-sand and 
natural sand used, but such information was unavailable in the studies.

Considering the sensitivity and accuracy of the air content test, it can be assumed that 
the use of GC-sand as a replacement for natural sand does not significantly affect the 
air content of non-air-entrained and air-entrained concrete mixes.

5.4   Strength Properties

The strength of concrete determines its ability to carry loads and is the most commonly 
specified property of hardened concrete in structural applications. It can be measured 
in various forms, namely, compressive strength, splitting tensile strength and flexural 
strength.
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5.4.1   Compressive Strength

The compressive strength of concrete is affected by its water/cement ratio and 
aggregate properties, as well as the bond between cement paste and aggregate. The 
compressive strength of concrete made with GC-sand content up to 100% of the total 
fine aggregate component has been investigated since 1980, over a wide range of 
water/cement ratios from 0.15 to 1.20, but with 80% of the studies undertaken with a 
water/cement range of 0.35–0.65.

The effect of GC-sand as a replacement for natural sand on the compressive strength 
of concrete has been analysed by comparing the 28-day compressive strength of GC 
concrete with that of the corresponding reference natural sand concrete at equal water/
cement ratios, expressed in percentage. Given that particle packing can affect the 
compressive strength of concrete, the results are separated based on the gradings of 
GC-sand and natural sand, in a manner similar to that adopted previously in Section 
5.3.1, described as follows.
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Figure 5.2 Effects of glass cullet (GC) sand on air content of concrete and mortar.
Data taken from Cui (2005), Dhir et al. (2005a), Du (2011), Du and Tan (2014), Dumitru 
et al. (2010), Naik and Wu (2001), Park et al. (2004), Penacho et al. (2014), Rajabipour et al. 
(2012), Tan and Du (2013), Wright (2012) and Wright et al. (2014).
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(i)   Gradings of GC-Sand and Reference Natural Sand are the 
Same (Figure 5.3(a))

Only a small number of studies fall into this group (Cui, 2005; Dhir et al., 2005a; 
Panchakaria and Hall, 1996; Penacho et al., 2014; Poutos and Nwaubani, 2013; Serpa 
et al., 2015; Sikora et al., 2016; Tang et al., 2005). As shown in Figure 5.3(a), when 
GC is used up to 100% as a natural sand replacement, the change in compressive 
strength of each individual data point fluctuates from −15% to 20%, giving an overall 
average 0.5% increase. Thus, the results suggest that the use of GC-sand as a natural 
sand replacement does not adversely affect the compressive strength of concrete, 
provided that the gradings of the two sands are the same.

(ii)   Gradings of GC-Sand and Reference Natural Sand are  
Different (Figure 5.3(b))

Replacing natural sand with GC-sand of a different grading can result in dissimilar 
aggregate packing that leads to a different strength response when the concrete is loaded. 
In this case, Figure 5.3(b) shows that the change in strength is mostly within the +20% to 
−20% range for concrete containing up to 90% GC-sand, though at 10% and 20% GC-sand 
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Figure 5.3(a) Relative compressive strength of glass cullet sand concrete with respect to 
natural sand concrete, where the sand gradings are the same.
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content, the majority of the data fall on the positive side (indicating increases in strength). 
The spread of data at 100% GC-sand concrete is almost double, ranging from +40% to 
−40%. The overall average of these results is −1%, suggesting that the combination of two 
sands of different gradings is likely to reduce the compressive strength of concrete.

In general, it would appear that, when the gradings of GC-sand and natural sand are 
different, the compressive strength of the concrete may remain essentially unchanged 
up to 20% GC content, beyond which the strength tends to be reduced as the GC-sand 
content is increased up to 100%.

(iii)   Gradings of GC-Sand and/or Reference Natural Sand are 
Unavailable (Figure 5.3(c))

For the studies in which the grading information of either GC-sand or natural sand or 
both is not reported, the laboratory control is considered to be doubtful. It is evident 
from Figure 5.3(c) that a much higher fluctuation is observed in these results than 
in those in Figure 5.3(a) and (b). The data distribution in Figure 5.3(c) also shows 
that the values are predominantly negative (reduction in strength), particularly for 
concrete containing more than 20% GC-sand. The overall average of 12.5% reduction 
in strength shown in Figure 5.3(c) might prove the point that the laboratory control for 
these studies is possibly unsatisfactory.
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Figure 5.3 (b) Relative compressive strength of glass cullet (GC) sand concrete with respect 
to natural sand concrete, where the sand gradings are different.
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Figure 5.3 (c) Relative compressive strength of glass cullet (GC) sand concrete with respect 
to natural sand concrete, where sand gradings are unavailable.
Data of Figures 5.3 (a)–(c) taken from Abdallah and Fan (2014), Abendeh et al. (2015), 
Adaway and Wang (2015), Ali and Al-Tersawy (2012), Anna (2013), Ammash et al. (2009), 
Batayneh et al. (2007), Bhandari and Tajne (2013), Bhandari et al. (2014), Bignozzi and 
Saccani (2012), Borhan (2012), Borhan and Bailey (2014), Camilleri et al. (2004), Chen 
et al. (2006, 2011), Corinaldesi et al. (2016), Cui (2005), De Castro and De Brito (2013), 
Degirmenci et al. (2011), Dhir et al. (2004, 2005a), Du (2011), Du and Tan (2014), Dumitru 
et al. (2013), Ganiron (2013), Guo et al. (2015), Huang et al. (2015), Hui and Sun (2011), 
Ismail and Al-Hashmi (2009), Isler (2012), Jones et al. (2005), Ke et al. (2011), Kim and 
Soh (2002), Koh (2015), Kou and Poon (2009), Kulkarni et al. (2015), Lee (2011), Lee et al. 
(2008), Lim (2014), Limbachiya (2009), Ling and Poon (2011a,b, 2012a,c,d, 2013, 2014d), 
Ling et al. (2011a,b, 2012a,b), Malik et al. (2013, 2014), Mardani-Aghabaglou et al. (2015), 
Maschio et al. (2013), Mavroulidou et al. (2011), Miranda et al. (2014), Mitra et al. (2016), 
Morrison (2004), Naik and Wu (2001), Noruziaan and Buskell (2010), Oliveira et al. (2008), 
Panchakaria and Hall (1996), Park and Lee (2004), Park et al. (2004), Penacho et al. (2014), 
Perkins (2008), Polley (1996), Polley et al. (1998), Poutos and Nwaubani (2013), Rajabipour 
et al. (2012), Ram et al. (2015), Ramana and Samdani (2013), Richardson et al. (2002), 
Romero (2013), Romero et al. (2013), Rose and Saji (2015), Sagoe-Crentsil et al. (2001), 
Samarin (1980), Sangha et al. (2004), Serpa et al. (2015), Sharif et al. (2014), Sharifi et al. 
(2013), Shehata et al. (1996), Shklyan (2009), Sidharthan et al. (2016), Sikora et al. (2016), 
Soutsos et al. (2006), Sua-iam and Makul (2013), Suresh et al. (2015), Taha and Nounu 
(2008a, 2009), Tan and Du (2013), Tang et al. (2005), Terro (2006), Walczak et al. (2015), 
Wang (2009a), Wang and Huang (2010a), Wang et al. (2014, 2015), Wright (2012), Wright 
et al. (2014), Yang et al. (2009), Zammit (1990), Zammit et al. (2004) and Zhao et al. (2013a).
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Apart from these, additional analysis on the variability of the 28-day compressive 
strength of concrete used in developing Figure 5.3 has been carried out, but it 
is limited to the mixes made with 100% Portland cement and of 0.45, 0.50 and 
0.55 water/cement ratio. The numbers of samples for natural sand concrete and 
GC-sand concrete (regardless of GC content) used in this analysis were 13 and 
48, respectively. The results showed that, for natural sand concrete, the mean 
standard deviation and coefficient of variance values were 8.2 MPa (with a range 
of 6.3–10.5 MPa) and 19.7% (with a range of 16.1%–25.1%), respectively. The 
corresponding values for GC-sand concrete were 6.3 MPa (with a range of 4.5–
7.6 MPa) and 17.2% (with a range of 13.8%–20.5%).

The relatively low values of variability found in GC concrete could be associated 
with the inherent quality of the GC-sand material itself. As the original form of 
GC-sand is glass, which is produced under controlled conditions, it would have 
a more consistent quality (less variable) compared with naturally occurring sand. 
Thus, concrete made containing GC-sand is likely to show less variability in its 
strength.

5.4.2   Tensile Strength

Although weak in tension, the tensile strength of concrete is important, as the fracture 
of concrete, caused by compression or other loading, is a result of cracking due to 
tensile failure (Popovics, 1998). Cracks propagate when tensile stresses exceed the 
tensile strength of concrete. This section discusses the effect of GC-sand on the 
splitting tensile strength and flexural strength of concrete.

Splitting Tensile Strength

In the splitting tensile strength test, a load is applied along the length of a 
horizontally placed concrete cylinder, which normally fails by splitting into two 
halves.

Although relatively less reported compared with compressive strength, the splitting 
tensile strength of concrete containing up to 100% GC-sand has been investigated since 
1996 and mostly in the range of 0.38–0.55 water/cement ratio (Ali and Al-Tersawy, 
2012; Ammash et al., 2009; Anna, 2013; Batayneh et al., 2007; Borhan, 2012; Du 
and Tan, 2014; Ke et al., 2011; Kou and Poon, 2009; Kulkarni et al., 2015; Lee et al., 
2008; Ling and Poon, 2012b; Malik et al., 2013; Mardani-Aghabaglou et al., 2015; 
Mavroulidou et al., 2011; Naik and Wu, 2001; Noruziaan and Buskell, 2010; Park 
et al., 2004; Ramana and Samdani, 2013; Romero, 2013; Serpa et al., 2015; Sharif 
et al., 2014; Sharifi et al., 2013; Shehata et al., 1996; Taha and Nounu, 2008a; Tan and 
Du, 2013; Wang, 2009a).
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Using the same method as adopted previously in Section 5.4.1, the tensile strength 
results are separated based on the grading information of GC-sand and natural sand. 
In general, it is found that the spread of data in tensile strength results for each sand 
grading group is similar to that of compressive strength results. This suggests that the 
influence of GC-sand on both the tensile and the compressive strength is essentially 
the same.

Other studies have also reported the splitting tensile strength of GC concrete, but 
because of the lack of natural sand concrete, its effect on the tensile strength of 
concrete could not be assessed (Al-Sibahy and Edwards, 2012a,b; Berry et al., 2011; 
Meyer and Baxter, 1998b; Meyer et al., 2002; Shayan and Xu, 2004).

The relationship between tensile strength and characteristic cube strength of GC 
concrete and its corresponding reference natural sand concrete at equal water/
cement ratio, determined at 28 days, is shown in Figure 5.4. Both the characteristic 
cube strength and the tensile strength have been determined using the following 
equations:

 fck,cube = fm (1 − 1.64v) 

where fck,cube is the characteristic cube compressive strength; fm is the mean cube 
compressive strength;1.64 is the constant for 5% of individual cube strength below the 
design strength;v is the coefficient of variation, taken as 6% for fair laboratory control 
(ACI 301, 2005).

 fct = 0.9fct,sp (based on Eurocode 2, 2004) 

where fct is the tensile strength; fct,sp is the splitting tensile strength (Oliveira et al., 
2013, 2015; Penacho et al., 2014).

The obtained relationship is also compared with that of natural sand concrete given in 
Eurocode 2 (2004) and copper slag (CS) sand concrete (Dhir et al., 2016), as shown 
in Figure 5.4.

It can be seen from Figure 5.4 that the relationship between tensile strength and 
characteristic cube strength of GC-sand concrete is essentially similar to that of 
natural sand concrete. Comparing it with CS-sand, which also has almost zero water 
absorption, the tensile strength of CS-sand concrete is higher than that of GC-sand 
concrete for a given characteristic cube strength.

Figure 5.4 also shows that, when the characteristic cube strength is below 45 MPa, the 
tensile strengths of both GC and natural sand concrete are similar to or slightly lower 
than the estimated tensile strength from Eurocode 2 (2004). When the characteristic 
cube strength is above 45 MPa, the tensile strength of GC-sand and natural sand 
concrete tends to be higher than the estimated value. This observation is more 
significant for CS-sand concrete (Figure 5.4).
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Notwithstanding this, it can be concluded that the use of GC-sand, and probably 
other secondary materials of similar characteristics to GC, does not adversely 
affect the relationship between tensile strength and characteristic cube 
strength and the use of Eurocode 2 (2004) in estimating the tensile strength of  
concrete.

The tensile strength of concrete made with these materials can, for all practical 
purposes, be estimated using Eurocode 2 (2004) without any modification.
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Figure 5.4 Relationship between characteristic cube strength and tensile strength of glass 
cullet (GC) sand concrete.
Data taken from Ali and Al-Tersawy (2012), Ammash et al. (2009), Batayneh et al. (2007), 
Borhan (2012), Du (2011), Du and Tan (2014), Dumitru et al. (2010), Ke et al. (2011), Kou 
and Poon (2009), Kulkarni et al. (2015), Lee et al. (2008), Ling and Poon (2012b), Malik et al. 
(2013), Mardani-Aghabaglou et al. (2015), Mavroulidou et al. (2011), Naik and Wu (2001), 
Noruziaan and Buskell (2010), Park et al. (2004), Ramana and Samdani (2013), Romero 
(2013), Serpa et al. (2015), Sharif et al. (2014), Sharifi et al. (2013), Shehata et al. (1996), 
Taha and Nounu (2008a, 2009), Tan and Du (2013) and Wang (2009a). *Modified from Dhir 
et al. (2016).
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Flexural Strength

The flexural strength of concrete is normally specified for the design of road pavements, 
airport pavements and floor slabs. For the test, a beam is subjected to a third-point 
loading until failure occurs in the tensile region of the specimen.

Again, a similar data separation method, based on sand grading, is used to compare 
the flexural strength of GC-sand concrete with respect to natural sand concrete. The 
data are taken from the literature published since 1996, for GC-sand content up 
to 100%, covering a wide range of water/cement ratio from 0.15 to 0.67. Flexural 
strength results were found to vary similar to the compressive strength results in 
Section 5.4.1, that is:

 (i)  Replacing natural sand with GC-sand of similar grading resulted in no significant change 
in flexural strength.

 (ii)  Replacing natural sand with GC-sand of different grading resulted in a slight reduction in 
flexural strength as an overall effect.

 (iii)  When the grading information of GC-sand and/or natural sand is unavailable, the overall 
flexural strength reduction in GC-sand concrete appears to be the greatest.

Figure 5.5 shows the 28-day characteristic cube strength of GC-sand concrete and 
reference natural sand concrete plotted against their corresponding 28-day flexural 
strength. The characteristic cube strength of concrete was determined using the 
method previously discussed in Section 5.4.2.1.

In developing the trend lines for GC-sand and natural sand concrete in Figure 5.5, 
some of the data were not considered, because of either (i) unusually high flexural 
strength, which is taken as a potential outlier, shown as circled in the figure, or (ii) the 
strength data of the reference natural sand concrete being unavailable (Ling and Poon, 
2014b; Meyer and Baxter, 1998b; Meyer et al., 2002).

The scattered distribution of data points seen in Figure 5.5 is somewhat expected, 
as the flexural strength test is known to be sensitive to the specimen condition. 
Nevertheless, Figure 5.5 shows that the relationship between the characteristic cube 
strength and the flexural strength of GC-sand concrete is close to that of natural sand 
concrete up to about 60 MPa, beyond which, for a given compressive strength, the 
flexural strength of GC-sand concrete tends to be higher than that of natural sand 
concrete.

The same relationship for CS-sand concrete, modified from Dhir et al. (2016), is 
also shown in Figure 5.5 for comparison purposes. It can be seen from Figure 5.5 
that, at a given compressive strength, the flexural strength of CS-sand concrete 
is generally higher than that of GC-sand concrete and natural sand concrete. 
In addition, the relationship between characteristic cube strength and flexural 
strength of concrete proposed by RILEM Technical Committee 162 (2000) is also 
shown in Figure 5.5, and the results suggest that, though conservative, the RILEM 
model can also be used to estimate the flexural strength of concrete containing 
GC-sand.
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5.5   Deformation

In the hardened state, concrete undergoes various types of deformation, which occur due 
to internal factors, such as chemical reaction of cement particles and hydration products, 
and external factors, such as moisture condition, temperature and applied loads. The 
deformation of concrete is important to the design engineer, as it can cause deflections 
and cracking in concrete and losses in prestressed concrete structural elements, leading 
to potential serviceability failures. Deformation normally takes place in hardened cement 
paste, with aggregates in concrete providing restraint against volume changes. The 
following sections discuss the influence of GC-sand on the three primary deformation 
properties of concrete, namely, modulus of elasticity, creep and shrinkage.

y = 0.8213x0.5023

R² = 0.2584

y = 0.5261x0.6135

R² = 0.1926

0

2

4

6

8

10

12

14

16

18

0 20 40 60 80 100 120 140

FL
EX

U
RA

L 
ST

RE
N

G
TH

, 
M

Pa

CHARACTERISTIC CUBE STRENGTH, MPa

Natural Sand Concrete

GC Sand Concrete

Copper Slag Concrete*

RILEM Technical 
Committee 162 (2000)

Potential outlier

Figure 5.5 Relationship between characteristic cube strength and flexural strength of glass 
cullet (GC) sand concrete.
Data taken from Ali and Al-Tersawy (2012), Ammash et al. (2009), Batayneh et al. (2007), 
Degirmenci et al. (2011), Dhir et al. (2005a), Du (2014), Du and Tan (2014), Dumitru et al. 
(2010), Hui and Sun (2011), Ismail and Al-Hashmi (2009), Kim and Soh (2002), Kulkarni 
et al. (2015), Limbachiya (2009), Ling and Poon (2011a,b,c, 2013), Ling et al. (2011a, 2012b, 
2013), Mavroulidou et al. (2011), Park et al. (2004), Ram et al. (2015), Ramana and Samdani 
(2013), Serpa et al. (2015), Sharif et al. (2014), Sharifi et al. (2013), Sikora et al. (2016), 
Soutsos et al. (2006), Taha and Nounu (2008a, 2009), Tan and Du (2013), Tang et al. (2005), 
Walczak et al. (2015), Wang (2009a), Wang and Huang (2010a), Yang et al. (2009) and  
Zhao et al. (2013a). *Modified from Dhir et al. (2016).
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5.5.1   Elastic Modulus

The elastic property of concrete is often expressed as the elastic modulus, which 
is the slope of the stress–strain response of concrete under uniaxial compression. 
Figure 5.6 shows the ratio of the 28-day elastic modulus of GC-sand concrete to that 
of its corresponding reference natural sand concrete, expressed as a percentage. In 
developing Figure 5.6, each data point has been slightly displaced to avoid overlapping. 
For each GC-sand level, a box-and-whisker plot was created to show the distribution 
of data and to identify potential outliers.

In general, the individual average relative elastic modulus at each GC-sand level varies 
between +10% and −5%, giving an overall average of 2% increase. The variation in 
individual average value is likely to be due to the influence of the vast majority of the 
studies in which the gradings of GC-sand and natural sand used are different, giving rise 
to different particle packing and thus behaviour that is somewhat different under loads.

When the grading of the two sands is the same, the results, shown as triangle symbols 
in Figure 5.6, suggest that the elastic modulus of concrete can increase by 10.5% on 
average when 100% GC sand is used (Dhir et al., 2004, 2005a; Wright et al., 2014). 
However, slight reductions in the values at 5%, 10% and 20% GC-sand contents are most 
probably affected by their higher water/cement ratio for consistence similar to reference 
concrete (Serpa et al., 2015). The increase in elastic modulus could be associated with 
the higher stiffness of GC-sand compared with natural sand, which in return provides a 
greater restraining effect under load. Notwithstanding this, it would safe to assume that 
the elastic modulus of GC-sand concrete can be higher than, or at least similar to, that of 
natural sand concrete, providing that the grading of the sand is unchanged.

Figure 5.7 shows the relationship between the characteristic cube strength and the modulus 
of elasticity of GC-sand concrete and its corresponding reference natural sand concrete, 
which is based on the research undertaken by Lye et al. (2017). The relationship is also 
compared with that of (i) concrete made with aggregate of rock types within the range of 
basalt to sandstone adopted in Eurocode 2 (2004) and (ii) normal-weight concrete obtained 
from ACI 318-11 (2011) and (iii) CS-sand concrete, modified from Dhir et al. (2016).

For a given characteristic cube strength, below 70 MPa, the use of near-zero porosity 
materials such as GC-sand and CS-sand results in higher elastic modulus than the 
corresponding concrete made with natural sand. However, this benefit becomes 
somewhat insignificant at a characteristic strength above 70 MPa. Additionally, it can 
be seen from Figure 5.7 that the elastic modulus–compressive strength relationships of 
GC-sand, CS-sand and natural sand concrete are closer to that of ACI 318-11 (2011), 
but different to any of those of natural rock concrete given in Eurocode 2 (2004).

5.5.2   Creep

When a load is applied on a concrete for a longer period, the concrete will deform 
gradually, and this is known as creep. In other words, creep is a time- and load-dependent 
deformation. The influence of GC-sand on the creep of concrete has not been commonly 
investigated. This is perhaps to be expected as the test is both time and cost consuming.
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Figure 5.6 Relative modulus of elasticity of glass cullet (GC) sand concrete with respect to 
corresponding natural sand concrete. w/c, water/cement ratio.
Data taken from Abdallah and Fan (2014), Ali and Al-Tersawy (2012), Al-Sibahy and Edwards 
(2012a), Dhir et al. (2004, 2005a,b), Du and Tan (2014), Dumitru et al. (2010), Ganiron 
(2013), Guo et al. (2015), Hui and Sun (2011), Jia et al. (2015), Kulkarni et al. (2015), Lee 
et al. (2008), Limbachiya (2009), Ling and Poon (2012b,c), Mavroulidou et al. (2011), 
Noruziaan and Buskell (2010), Roskos et al. (2015), Samarin (1980), Serpa et al. (2015), 
Shehata et al. (1996), Taha and Nounu (2008a), Tan and Du (2013), Tang et al. (2005), Wang 
(2009a), Wright et al. (2014) and Zhao et al. (2013a,b).



188 Sustainable Construction Materials: Glass Cullet

Nevertheless, it has been suggested that the creep of concrete is not affected 
significantly by the modulus of elasticity of aggregate for a value greater than 
70 GPa (Neville et al., 1983). As shown previously in Section 3.7.8, the moduli of 
GC-sand and natural sand are close to 70 GPa, thus implying that the use GC-sand 
in concrete is likely to result in a creep strain similar to that of concrete made with 
natural sand.

5.5.3   Shrinkage

Shrinkage of concrete is a time-dependent and load-independent deformation, 
which can occur as soon as concrete is freshly placed and thereafter continues 
throughout its service life. This volume reduction in concrete takes several forms, 
such as plastic shrinkage, autogenous shrinkage, drying shrinkage and carbonation 
shrinkage.
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Figure 5.7 Relationship between characteristic cube strength and modulus of elasticity of 
glass cullet (GC) sand concrete.
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Figure 5.8 shows the relative shrinkage of GC-sand concrete with respect to that of the 
corresponding reference natural sand concrete, as analysed and evaluated by Lye et al. 
(2017) based on 31 studies published during 1972–2015. It should be noted that the generic 
term ‘shrinkage’ is used here, as the test methods adopted in the studies researched did not 
generally distinguished between the type of shrinkage experienced by the test specimens.
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Figure 5.8 Relative shrinkage of glass cullet (GC) sand concrete with respect to 
corresponding natural sand concrete.
Data taken from Boniface (2006), De Castro and De Brito (2013), Dhir et al. (2005a), Du and 
Tan (2014), Dumitru et al. (2010), Huang et al. (2015), Hui and Sun (2011), Limbachiya (2009), 
Ling and Poon (2011a,b, 2012a,b, 2013), Ling et al. (2011a), Oliveira et al. (2013, 2015), Penacho 
et al. (2014), Phillips et al. (1972), Poon and Ling (2010), Sagoe-Crentsil et al. (2001), Sharif et al. 
(2014), Shayan (2002), Shayan and Xu (2006), Tan and Du (2013), Wang and Chen (2010), Wang 
and Huang (2010a), Wang et al. (2014), Wright et al. (2014) and Zhao et al. (2013a,b).
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The polynomial regression obtained from the average shrinkage values at each 
GC-sand content shown in Figure 5.8 suggests that as the GC-sand content increases, 
the relative shrinkage of GC-sand concrete to natural sand concrete decreases at a 
decreasing rate, giving an average shrinkage reduction of 16% when 100% GC-sand is 
used. This benefit is most likely to be associated with the near-zero porosity and water 
absorption properties of GC-sand, which restrict the ease of moisture movement from 
concrete to the surroundings. However, it should be noted that the results obtained by 
Dhir et al. (2005a) show that, on average, replacing natural sand with GC of similar 
grading may not significantly influence the shrinkage of concrete.

Although based on limited data, the preliminary findings of Lye et al. (2017) suggest 
that the shrinkage of concrete made with GC-sand may be underestimated using 
Eurocode 2 (2004).

5.6   Permeation

Permeation of concrete plays an important role in determining the durability 
of structures, as it can affect the ingress of harmful liquids and gases, which may 
deteriorate the performance of concrete, for example, ingress of chlorides resulting 
in corrosion of reinforcement. There are three main transport mechanisms whereby 
a fluid can enter concrete, namely, absorption, permeability and diffusion. The ease 
with which fluids can enter concrete ultimately depends on the porosity of (i) cement 
paste, (ii) aggregate and (iii) the interface between the two, as well as, of course, the 
interconnectivity of the pores.

5.6.1   Porosity

Measurements of permeable porosity of concrete, with water/cement ratio varying 
within a narrow range of 0.40–0.58, made with different GC-sand replacements are 
presented in Table 5.3. Though showing some variable trends, the overall impression 
from the limited data available appears to be that the use of GC-sand up to a 100% 
replacement level is unlikely to significantly change the porosity of concrete. In this 
context, it is interesting to note that the GC-sand used, in all cases, was coarser than 
the natural sand, with the modulus of fineness in the ratio of approximately 2:1.

5.6.2   Absorption

As concrete is a porous material, a liquid can be absorbed into empty or partially 
saturated pores through capillarity suction. The effect of GC-sand on the absorption 
of concrete has been examined by many researchers since 2005, using the three 
commonly known methods, namely, sorptivity, initial surface absorption and water 
absorption. The results of each individual test are discussed below.
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Table 5.3 Volume of permeable voids in concrete containing glass cullet (GC)

References

Fineness Modulus of 
Sand

w/c
GC Content, 
%

Permeable Voids, 
%GC Natural

(a) 28 Days Curing

Shayan and Xu 
(2006)

3.25a

1.67b
NA 0.49 0 13.2

50 14.2

Miranda et al. 
(2014)

3.88 1.64 0.50 0 9.2

5 8.0

10 8.5

20 13.8

0.55 0 11.0

5 8.5

10 8.5

20 8.2

0.58 0 14.5

5 9.9

10 9.5

20 9.3

(b) 90 Days Curing

Ling and Poon 
(2011a)

4.67c

3.82d
1.94 0.40 0 19.0

100 17.8

Ling et al. 
(2011a,b)

4.19 1.92 0.40 0 19.0

25 20.0

50 20.5

75 19.5

100 19.0

w/c, water/cement ratio.
aFor 0.60–2.36 mm.
bFor 0.15–0.30 mm.
cFor 2.35–5 mm.
dFor 0–2.36 mm.
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(a)   Sorptivity

The sorptivity test determines the rate of uptake of water by a partially submerged 
unsaturated specimen. Table 5.4 compares the sorptivity of concrete containing 
GC-sand with that of natural sand, reported by Mardani-Aghabaglou et al. (2015) 
and Rajabipour et al. (2012), where in each case the fineness moduli of the two sands 
were kept similar. Although subjected to different conditioning prior to testing, it can 
be seen from Table 5.4 that the sorptivity value of concrete is reduced or remains 
essentially unchanged when GC-sand is used up to 100%.

The results of other studies, by and large, suggest that the use of GC-sand would tend 
to reduce the sorptivity of concrete (De Castro and De Brito, 2013; Oliveira et al., 
2008, 2013, 2015). However, the actual results may be affected by the dissimilarity 
in porosity arising from differences in the gradings of the sands used, differences in 
water/cement ratio of the mixes or the combination of the two.

(b)   Initial Surface Absorption

The initial surface absorption test (ISAT) measures the rate of flow of water into 
concrete under a constant head. Figure 5.9 shows the effect of GC-sand on the initial 
surface absorption at 10 min (ISAT-10) of concrete samples having water/cement 
ratios of 0.52, 0.57 and 0.67, tested by Limbachiya (2009) in accordance with BS 
1881-208 (1996). In the study, natural sand was replaced directly by GC-sand up to 
50% content and the proportions of the aggregates were adjusted to maintain the yield 
of mix. The gradings of the two sands used were not provided.

Table 5.4 Sorptivity of concrete made with glass cullet (GC) sand having fineness modulus 
similar to that of natural sand

References Experimental Variable GC Content, %
Sorptivity, 
×10−4 mm/s0.5

Mardani-
Aghabaglou 
et al. (2015)

0.45 w/c; Conditions: Cured at 
20 ± 2°C and 95% RH for 28 days 
and then dried at 105°C

0 0.58

15 0.58

30 0.57

45 0.56

60 0.55

Rajabipour et al. 
(2012)

0.48 w/c; Conditions: stored at 
50°C and 80% RH for 3 days and 
at 23°C for 20 days

0

100

15.8

10.0

w/c, water/cement ratio.
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It can be seen from Figure 5.9 that regardless of the water/cement ratio of concrete, 
there is no significant change in the ISAT-10 value of concrete containing up to 20% 
GC-sand, beyond which the value was found to increase linearly as GC-sand content 
is increased, up to 50%. The increase in ISAT-10 value is most likely to be associated 
with the harshness and lack of cohesiveness observed in the fresh state of concrete 
containing more than 20% GC-sand during testing.

The most likely and viable conclusion that can be drawn from these tests is that the 
use of GC-sand as a direct replacement for natural sand in concrete cannot be adopted 
on a like-for-like basis without considering the characteristics of GC-sand, such as its 
angularity and particle size distribution, in designing the test mixes.

On the other hand, Dhir et al. (2005a) also measured the ISAT of concrete containing 
100% GC-sand and natural sand of similar fineness modulus, ranging from 0.95 
(very fine) to 4.20 (very coarse), using the BS 1881-208 (1996) test method with 
measurements taken at 10, 30 and 60 min. The replacement with GC-sand was made 
on a volume basis. Whilst the ISAT values were found to decrease with increasing 
fineness of both the sands, the ISAT value of GC-sand concrete was always lower than 
that of natural sand concrete for a given fineness modulus (Dhir et al., 2015). This is 
most likely to be a correct effect, and it sends the right message that GC-sand must be 
carefully manufactured, taking full account of the resulting fineness and particle size 
distribution of the sand produced.
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Figure 5.9 Initial surface absorption test at 10 min (ISAT-10) of glass cullet (GC) concrete at 
different water/cement ratios (w/c).
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(c)   Water Absorption

The water absorption test measures the weight gain of an oven-dried specimen after its 
immersion in water for a period. Perhaps due to the relatively easy experimental setup 
compared with the former two tests, many studies have tended to opt for this test in 
assessing the effect of GC-sand on the absorption of concrete. For a more meaningful 
comparison, only the results of studies (i) in which the water/cement ratios of the 
GC-sand and natural sand concrete mixes were kept the same and (ii) that contain 
more than one GC replacement level have been used to develop Figure 5.10.
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Figure 5.10 Influence of glass cullet sand on water absorption of concrete. The results show 
(a) a reduction, (b) no significant change and (c) an increase, when glass cullet sand is used.
Data taken from Abdallah and Fan (2014), Mardani-Aghabaglou et al. (2015), Lee et al. 
(2013), Ling and Poon (2011a, 2014a,b), Malik et al. (2013, 2014), Maschio et al. (2013), 
Mirandra et al. (2014), Sharif et al. (2014) and Taha and Nounu (2008a).
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It can be seen from Figure 5.10 that:

 •  The water absorption of concrete decreases when GC-sand content is increased. This is 
supported by the majority of the results (Figure 5.10(a)).

 •  The water absorption of concrete remains relatively unchanged when GC-sand content is 
increased (Figure 5.10(b)).

 •  The water absorption of GC-sand concrete is higher than that of natural sand concrete, 
as shown by only two set of results (Figure 5.10(c)), which can be considered either to 
be within experimental error (for the one with up to 100% GC-sand content) or as an 
isolated case (for the one with up to 20% GC-sand).

Thus, in general, the results obtained from water absorption tests are coherent with 
the findings observed in the sorptivity test and ISAT, which show that the near-zero 
water absorption characteristics of GC-sand would help to reduce the absorption of 
property of concrete. This suggests that GC-sand could also be specified for use in 
water-retaining structures, but due care must be exercised in developing the correct 
procedure for the manufacture of GC-sand.

5.6.5   Permeability

The transportation of a fluid through concrete under a pressure gradient is known as 
permeability. The effects of GC-sand on the permeability of concrete to (i) gases, 
measured in the form of oxygen permeability, and (ii) water, measured in the form 
of water permeability, water penetration and penetration ratio, are given in Table 5.5. 
Although in some instances the oxygen permeability of GC-sand concrete appears 
to be higher than that of natural sand concrete (e.g., Cota et al., 2015), overall, for 
a constant water/cement ratio, the oxygen permeability of concrete can generally be 
expected to reduce when natural sand is replaced by GC-sand up to 100% content.

Similarly, the water permeability on controlled low-strength materials (Wang, 2009b; 
Wang and Chen, 2010) and rendering mortar (Oliveira et al., 2015; Penacho et al., 
2014) containing GC-sand up to 100% content has been evaluated using Chinese 
standard CNS 3763 (2009) and European standard EN 1015-21 (2002), respectively. 
In most cases, the water permeability of GC-sand mixes is lower than that of the 
corresponding reference natural sand mixes.

Overall, given that GC is an impervious material, all things being equal, its use as a fine 
aggregate in concrete should reduce both the air and the water permeability of concrete.

5.6.6   Diffusion

Diffusion of a fluid through concrete takes place when there is a difference in ion 
concentration on the two sides of the concrete. Although the relevant studies are 
not available, it is believed that the diffusion of concrete should decrease or remain 
unchanged when GC-sand is used, because of its characteristic.
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5.7   Durability - Chemical Attack

The deterioration of concrete in terms of chemical attack can result from various 
sources such as seawater, carbon dioxide or deicing salts, as well as the constituent 
materials of concrete themselves such as reactive aggregate. The mechanism of this 
type of degradation in concrete mainly involves the transport of fluid and dissolution of 
hydration products, leading to the formation of detrimental compounds or disturbance 
of the passive film of reinforcement.

Table 5.5 Permeability of glass cullet (GC) sand concrete expressed in different forms

References Experimental Variable GC Content, % Measurement

(a) Oxygen Permeability, ×10−16 m2

Oliveira et al. 
(2008)

0.60 w/c; 28 days moist curing; 
based on proposed method by 
Gomes et al. (2002)

0 2.10

25 2.55

50 2.80

100 1.70

Cota et al. (2015) 0.42 w/c; cured at 50°C for 
6 h followed by 28 days moist 
curing; proposed method by 
Cabrera and Lynsdale (1988)

0 7.9a

7.5 10.0a

15 13.2a

(b) Water Permeability, ×10−18 m2

Oliveira et al. 
(2008)

0.60 w/c; 28 days moist curing; 
proposed method by Gomes 
et al. (2002)

0 5.2

25 6.5

50 6.8

100 4.1

(c) Water Penetration, mm

Mardani-
Aghabaglou et al. 
(2015)

0.45 w/c; 28 days moist curing; 
EN 12390-8 (2009)

0 19.5

15 18.5

30 18.0

45 17.5

60 16.0

(d) Permeability Ratio

Wang and Huang 
(2010a)

0.28 w/c; 28 days moist curing; 
CNS 3763 (2001)

0 0.24

10 0.22

20 0.20

30 0.14

aAverage results of concrete containing 0%–15% metakaolin. Unit: ×10−5 m2.
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5.7.1   Chloride Ingress

The rapid chloride penetration test (RCPT), as described in ASTM C1202 (2012), is 
a popular test used to determine the chloride resistance of concrete by measuring the 
penetrability of chloride ions through a 50 mm diameter x 100 mm long specimen 
under a potential difference of 60 V for a duration of 6 h.

Figure 5.11 shows the results of the RCPT for concrete made with different types 
of GC-sand up to 100% content, together with the five chloride ion penetrability 
categories provided in ASTM C1202 (2012). Except for Chen et al. (2006), the water/
cement ratio of the specimens in all the studies was no more than 0.55, which is 
within the requirements for the exposure classes XD1 and XD2 for chloride-induced 
corrosion other than from seawater given in BS EN 206 (2013).

It can be seen from Figure 5.11 that the chloride ion penetrability in concrete generally 
decreases, suggesting increase in chloride resistance, as the GC-sand content increases, 
up to 100%. This improvement is visible in all GC specimens, regardless of:

 (i)  Glass type: soda lime GC, aluminosilicate GC and lead GC.

 (ii)  Colour of GC: amber, green, clear and mixed.

 (iii)  Age of the concrete: 28 and 90 days.

 (vi)  Use of pozzolanic cement: FA and GGBS.

In addition, Dumitru et al. (2010) determined the chloride penetration of GC concrete 
using the NT Build 443 (1995) method. Natural sand was replaced by 30%, 45% and 
60% GC-sand in concrete, with a slight reduction in water/cement ratio to maintain its 
consistence. After immersion in chloride solution for 35 days, the chloride diffusion 
coefficient was found to reduce slightly from 1.74 × 10−11 m2/s for natural sand 
concrete to 1.32–1.53 × 10−11 m2/s for GC-sand concrete.

In summary, although pozzolanic cement, rather than sand, is commonly used to 
increase the chloride resistance of concrete, the improvement in chloride resistance 
seen with GC-sand concrete suggests that GC-sand is an ideal material for use in 
concrete exposed to chlorides.

5.7.2   Carbonation

Carbonation is a chemical reaction between atmospheric carbon dioxide and calcium 
hydroxide in cement paste, which can lower the pH of the concrete and subsequently 
destroy the passive oxide film of steel reinforcement. Depassivation of steel makes the 
reinforcement more prone to corrosion.

The effect of GC-sand on the carbonation resistance of concrete subjected to accelerated 
carbonation has been assessed by a few studies using different methods: the LNEC E 
391 (1993) method in De Castro and De Brito (2013), the Dhir et al. (1985) method in 
Dhir et al. (2005a) and the BRE Digest 405 (1995) method in Ling and Poon (2012b). 
The carbonation and compressive strength results, expressed in relative forms, together 
with the experimental variables in each study, are given in Table 5.6.

astm:C1202
astm:C1202
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Figure 5.11 Rapid chloride penetration test results of concrete containing glass cullet (GC) sand. FA, fly ash; GGBS, ground granulated blast 
furnace slag.
Data taken from Mardani-Aghabaglou et al. (2015), Chen et al., 2006, Du, 2011, Du and Tan, 2014, Kou and Poon, 2009, Tan and Du, 2013, Wang, 
2009a, Wang et al., 2014, Wright, 2012 and Wright et al., 2014.
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Except for the data of De Castro and De Brito (2013) for 10% and 20% GC-sand 
content, it can be seen from Table 5.6 that, for a given water/cement ratio, the use 
of GC-sand increases the carbonation depth in concrete, suggesting a reduction in 
carbonation resistance. The available data do not suggest a clear relationship between 
the GC content and the relative change in carbonation depth.

The possible explanation for the reduction in carbonation resistance when GC-sand is used 
is that some of the calcium hydroxide in the concrete is consumed by the fine GC particles 
for pozzolanic reaction. This is possibly supported by the level of strength increase from 28 
to 90 days for concrete containing GC-sand being greater than that of natural sand concrete 
(Table 5.6). Thus, lower calcium hydroxide in GC-sand concrete suggests that it is easier 
for carbonation to take place. Further research is required to substantiate this explanation.

5.7.3   Acid Attack

Acid attack causes decomposition of hydration products, particularly calcium 
hydroxide, and eventually affects the integrity of concrete. As far as aggregate is 
concerned, calcareous aggregates are known to be susceptible to acid attack, whilst 
siliceous aggregates are acid resistant (Alexander and Mindess, 2005).

Table 5.6 Carbonation resistance of concrete containing glass cullet (GC) sand subjected to 
accelerated carbonation

References Experimental Variable GC, %

Relative Change

Strengtha, % Carb. Depthb, %

De Castro 
and De Brito 
(2013)

0.55 w/c; curing and 
exposure condition not 
given; measurement taken 
at the age of 91 days

0 – 0

5 – +10

10c – 0

20d – +7

Dhir et al. 
(2005a)

0.61 w/c; 28-day-cured 
specimens; 3%–4% CO2; 
20°C; 65% RH for 63 days

0

50

+6

+19

0

+100

Ling and Poon 
(2012b)

0.48 w/c; 28-day-cured 
specimens; 4% CO2; 25°C; 
60% RH for 90 days

0 +5.0 0

25e +7.5 +33

50e +8.0 +50

75e +6.0 +38

100e +6.5 +56

RH, relative humidity.
aRelative compressive strength at 28 days with respect to that at 90 days. The higher the value, the higher the increase in 
strength.
bRelative carbonation (Carb.) depth of GC concrete with respect to that of natural sand concrete. Positive value indicates 
increase in carbonation depth.
c0.57 water/cement ratio (w/c).
d0.58 w/c.
eAverage of treated and untreated GC samples.
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The acid resistance of GC-sand mortar has been investigated by Ling and Poon 
(2011a) and Ling et al. (2011a,b) by immersing 28-day-cured specimens in 3% 
sulphuric acid solution in accordance with ASTM C267-01 (2006). The water/
cement ratio of the mortar mix was 0.4 and it contained 10% metakaolin as a Portland 
cement replacement and up to 100% GC-sand as a natural sand replacement. 
As shown in Figure 5.12, after 12 weeks of acid immersion, the weight loss in 
GC-sand specimens was less than that of the natural sand specimens, indicating an 
improvement in acid resistance when GC-sand is used. The results of Ling et al. 
(2011a,b) suggest that the acid resistance of concrete generally increases as the 
GC-sand content is increased.

5.7.4   Sulphate Attack

Certain cement hydration products are vulnerable to sulphate attack. Depending 
on the type of sulphate, the reaction can form either expansive products that cause 
cracking in concrete or products with little cementing value that disintegrate cement 
paste.

The effect of GC-sand as a natural sand replacement on sulphate resistance is commonly 
studied in the form of loss of weight of mortar specimens subjected to cyclic drying 
and wetting in sulphate solution, the results of which are shown plotted in Figure 5.13. 
Except for Du (2011) and Tan and Du (2013), in which the measurement was made on 
28- day cured specimens in accordance with ASTM C267-01 (2006), all other studies 
performed the test on 3 or 7-day cured specimens using the ASTM C1012 (2013) 
method. The water/cement ratio of the mixes ranged from 0.28 to 0.55.
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Figure 5.12 Weight loss of glass cullet (GC) sand specimens subjected to sulphuric acid 
solution.
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Figure 5.13 shows that the sulphate resistance of GC-sand mortar is similar to or better 
than that of the corresponding reference natural sand mortar. This is to be expected, 
as sulphates attack only the hydration products; thus aggregates have little influence 
in this respect, though they can affect the permeation of mixes owing to aggregate 
packing. It should be mentioned that Du (2011) and Tan and Du (2013) also examined 
the effect of GC-sand colour (green, amber, clear and mixed) on the sulphate resistance 
of concrete, and the results suggest that the weight loss of specimens was comparable 
regardless of the colour of GC-sand used.

Other types of sulphate-resistance tests, such as change in length (Dhir et al., 2005a; 
Tang et al., 2005) and change in compressive and flexural strengths (Du, 2011; Tan 
and Du, 2013), of GC-sand concrete specimens after sulphate exposure have also been 
performed. However, the expected results of expansion and loss in strength were not 
observed in either GC-sand or natural sand concrete specimens, and instead shrinkage 
and gain in strength were recorded.
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Du (2011); Tan and Du (2013)*: 10 wet-and-dry cycles
Huang et al. (2015): 5 cycles
Wang (2009): 5 cycles
Wang and Huang (2010): 8 cycles
Wang et al. (2014): 5 cycles

* Average results of green, amber, clear and mixed colour GC sand mixes.

Figure 5.13 Weight loss of glass cullet (GC) sand specimens subjected to different cycles of 
wet-and-dry sulphate attack. w/c, water/cement ratio.
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5.7.5   Alkali–Silica Reaction

The ASR occurs when the siliceous minerals in certain types of aggregate react 
with the alkali pore fluid in the cement matrix to form alkali–silicate gels, which 
can swell and expand in the presence of moisture, leading to cracking and 
disintegration of concrete. The use of GC-sand, especially of the soda lime type, 
often raises a concern over ASR, as it contains a reactive form of silica and also 
a potential source of alkali (Dhir et al., 2003). In this section, the effects of the 
type, colour, aggregate size and content of GC-sand on ASR, as well as the effect 
of pozzolanic cements in minimising the ASR expansion induced by GC-sand, are 
discussed.

Types of Glass Cullet

The alkali–silica reactivity of GC-sand made of different types of glass, namely soda 
lime (normally used as container glass and flat glass), borosilicate (typically Pyrex 
glass), fused glass and lead-silicate (used in tableware), have been compared, and the 
results are given in Table 5.7. Of all the types of glass tested, fused glass and lead-
silicate glass are the most reactive, followed by borosilicate glass, and soda lime glass 
has been consistently shown to be least reactive. This suggests that soda lime glass, 
which is abundantly available, is relatively more suitable for use as a sand component 
in concrete compared with other types of glass.

Colours of Glass Cullet

Colourant additives are used to impart specific colours to the glass. For soda lime 
GC, especially those derived from container glass, the main colour types are green, 
amber and clear, as well as mixed colours (which is a mixture of green, amber 
and/or clear). The ASR expansion of mortar specimens tested in accordance with 
ASTM C1260 (2014), RILEM TC 106-AAR (2000) and JIS A 1146 (2000), and 
concrete specimens in accordance with BS 812-123 (1999), made with different 
colour types of GC-sand as a replacement for natural sand for up to 100% is given 
in Table 5.8.

Table 5.7 Effect of type of glass cullet sand on alkali–silica reaction

References Standard Testing Age Expansion

Dhir et al. (2005a) BS 812-123 78 weeks Borosilicate > soda lime

Jin et al. (2000) ASTM C1260 14 days Fused silicaa > borosilicate > soda 
lime

Saccani and 
Bignozzi (2010)

ASTM C1260 14 days Lead silicate > borosilicate > soda 
lime

aContaining 99.97% SiO2.

astm:C1260
astm:C1260
astm:C1260
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Table 5.8 Effect of colour of glass cullet sand on alkali–silica reaction

Reference
GC

Content, %
Expansion, %

Highest                     Lowest

(a) ASTM C1260 

Byars et al (2004a) 100 0.050 0.040 -0.040

Du (2011), Tan and 
Du (2013)

25 0.049 0.038 0.0320.038

50 0.065 0.022 0.020
0.020

75 0.128 0.012 0.009
0. 009

100 0.137 0.010 0.0050.010
Jin et al. (2000) 10 0.410 0.280 0.100
Liu (2011) 10 0.060 0.050 -

Park and Lee (2004)
30 0.370 0.180
50 0.480 0.210

100 0.650 0.250

Saccani and Bignozzi 
(2010)

Sagoe-Crentsil et al. 
(2001)

10 0.120 0.105 -
25 0.119 0.100 -
35 0.150 0.090 -

100 0.170 0.025 0.020

Topcu et al. (2008)

25 0.450 0.390 0.350
50 0.600 0.550 0.510
75 0.750 0.620 0.600

100 0.830 0.740 0.730
(b) ASTM C1293

Yuksel et al. (2013)

10 0.018 0.012 -
20 0.022 0.015 -
40 0.023 0.020 -
50 0.024 0.021 -

(c) RILEM AAR-2
Vegt et al. (2004) 100 0.450 0.029 0.024

Yuksel et al. (2013) 25, 50, 75, 
100

0
- -0

0
(d) BS 812-123

Dhir et al. (2008)
50 0.070 0.065 0.050

100 0.060 0.045 -0.060
(e) JIS A 1146
Yamada et al. (2004) 25 0.880 0.820 0.080

Note:
Clear Green Amber Mixed
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It appears that no clear trend was observed in describing the effect of the colour of 
GC-sand on the ASR expansion. However, many results tend to show that the ASR 
expansion of specimens containing clear GC-sand is the highest, whilst that of specimens 
containing green GC-sand is the least. Indeed, it has been suggested that the alkali–silica 
reactivity of green GC-sand is affected by its Cr2O3 content, which is used in making 
green container glass, as the ASR expansion was found to decrease with increasing 
Cr2O3 content in green GC-sand (Jin et al., 2000; Meyer and Baxter, 1998b).

Glass Cullet Aggregate Size

The effects of container GC of different colours on ASR expansion at various aggregate 
sizes, ranging from 6 to 0.04 mm, has been assessed to investigate the pessimum size 
at which the expansion is maximum. As shown in Figure 5.14, regardless of the colour, 
the pessimum size of GC-sand is generally in between 1 and 3 mm, and the expansion 
decreases as the GC aggregate size decreases. In addition, it has also been found that 
concrete or mortar made with very fine GC-sand, with size less than 0.15 mm, has an 
expansion less than that of a reference made with natural aggregate, indicating the 
possible occurrence of a pozzolanic reaction of very fine GC-sand, which is able to 
control the ASR expansion (Byars et al., 2004c; Dhir et al., 2005a; Jin et al., 2000; 
Meyer, 2001, 2003a; Zhu and Byars, 2005). This is line with the findings observed 
in Chapter 5 on the ASR expansion of mixes containing ground GC as a cement 
component.
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Figure 5.14 Pessimum size of glass cullet (GC) sand in the alkali–silica reaction.
Data taken from Byars et al. (2004a), Dhir et al. (2005a), Idir et al. (2009, 2010), Jin et al. 
(2000), Lee et al. (2011), Meyer (2003a, 2003b), Meyer and Baxter (1998a, 1998b), Meyer 
et al. (1996b, 1996b, 1998), Rajabipour et al. (2010), Yamada and Ishiyama (2005), Yamada 
et al. (2004), Yuksel et al. (2013) and Zhu and Byars (2005).
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Content of Glass Cullet Sand

The effect of GC-sand (mostly soda lime) as a replacement for natural sand, up to 100%, 
on the ASR expansion has been assessed by many researchers, commonly using the 
ASTM C1260 (2014) method (see Figure 5.15), as well as other methods, such as BS 
812-123 (1999), RILEM TC 106-AAR (2000), ASTM C1293-8 (2015), ASTM C227 
(2010) and ASTM C1567 (2013) (Figure 5.16). It should be mentioned that the results 
presented therein were based on the recommended test duration of each test method 
(e.g., 14 days in ASTM C1260 and 52 weeks in BS 812-123), though there are studies 
that continued the test beyond the recommended duration. For reference, the guidance 
for interpretation of the expansion results of each method is also shown in the figures.

It can be seen from Figures 5.16 and 5.17 that, regardless of the test method used, the 
expansion of mortar or concrete increases with increasing GC-sand content, although 
a few results showed the opposite (Abdallah and Fan, 2014; Chen et al., 2006; Ismail 
and Al-Hashmi, 2009; Sagoe-Crentsil et al., 2001). In general, when GC-sand is used 
for no more than about 40% as a replacement for natural sand, the induced ASR 
expansion is considered to be innocuous or acceptable, depending on the test method 
used. At 100% GC content, the expansion is deleterious.

Effect of Pozzolanic Cements

It is widely recognised that the potential risk of ASR expansion induced by GC fine 
aggregate can be minimised with the use of pozzolanic cements, though the effectiveness 
of lithium compound additives has also been explored (Meyer and Baxter, 1998b; Meyer 
et al., 1996a; Taha and Nounu, 2008a,b). Figure 5.17 shows the ASR expansion of 
mortar made with GC-sand, up to 100%, as a replacement for natural sand, and different 
types of pozzolanic cements as a replacement for Portland cement, which is determined 
in accordance with the ASTM C1260 (2014) method. The tested pozzolanic cements 
include those covered in BS EN 197-1 (2011), such as FA (5%–60%), metakaolin (5%–
30%), GGBS (25% and 60%), as well as ground GC itself (20%–30%).

It is evident from Figure 5.17 that pozzolanic cements can be used to minimise/
nullify the ASR expansion of mortar induced by GC-sand, even at 100% GC-sand 
content. The effect of pozzolanic cements in minimising the expansion becomes 
more pronounced as their content increases. Depending on its type, the effectiveness 
level of each pozzolanic cement at which the expansion is considered as innocuous is 
different; for FA this is likely to be at least 25%; for metakaolin, 10%; for GGBS, 60% 
and for ground GC itself, 20%–30%. Similar findings were also observed (Dhir et al., 
2005a, 2009; Taha and Nounu, 2009) when tested using BS 812-123 (1999) methods.

5.8   Durability - Physical Attack

Physical attack on concrete causes either (i) cracking and spalling such as that due to 
freeze–thaw cycles and exposure to high temperature or (ii) thinning of the concrete 
surface due to abrasion.

astm:C1260
astm:C1293
astm:C227
astm:C1567
astm:C1260
astm:C1260
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Figure 5.15 Influence of glass cullet (GC) sand content on the alkali–silica reaction expansion tested using the ASTM C1260 method.
Data taken from Abdallah and Fan (2014), Dhir and Tang (2008), Du (2011), Du and Tan (2014), Hudec and Ghamari (2000), Ismail and Al-Hashmi 
(2009), Kozlova et al. (2003), Kou and Poon (2009), Lam et al. (2007), Lee et al. (2011), Limbachiya (2009), Limbachiya et al. (2012), Liu (2011), 
Naik and Wu (2001), Park and Lee (2004), Park et al. (2004), Romero et al. (2013), Saccani and Bignozzi (2010), Shayan and Xu (2004), Tan and 
Du (2013), Topcu et al. (2008) and Zhu and Byars (2004).
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Figure 5.16 Influence of glass cullet sand content on the alkali–silica reaction expansion tested using other methods.
Data taken from Dhir et al. (2005a, 2009), Maier and Durham (2012), Phillips et al. (1972), Serpa et al. (2013), Taha and Nounu (2008b, 2009) and 
Yuksel et al. (2013).
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Figure 5.17 Effect of pozzolanic cement to minimise/ nullify the alkali–silica reaction expansion of glass cullet sand using the ASTM C1260 
(2014) method. GGBS, ground granulated blast furnace slag; GGC, ground glass cullet; SF, silica fume.
Data taken from Du and Tan (2013, 2014), Hui and Sun (2011), Kou and Poon (2009), Lam et al. (2007), Lee et al. (2011), Ling and Poon (2011a,b, 
2012c, 2013, 2014a,c), Ling et al. (2011a,b), Maier and Durham (2012), Naik and Wu (2001), Sagoe-Crentsil et al. (2001), Topcu et al. (2008) and 
Zhao et al. (2013a, 2013b).
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5.8.1   Freeze–Thaw Attack

Water expands by 9% when it turns into ice. This volume increase can be detrimental 
to saturated concrete when the expansive pressure generated during freezing of 
water exceeds the tensile strength of the concrete. The freeze–thaw resistance of air-
entrained and non-air-entrained concrete containing up to 50% GC-sand, subjected to 
various freeze–thaw exposures in accordance with ASTM C666 (2015) and CEN/TC 
51-draft (1994) test procedures, is given in Table 5.9.

The results, measured as change in performance of concrete in several ways, suggest 
that the use of GC-sand up to 20% content does not significantly influence the freeze–
thaw resistance of air-entrained and non-air-entrained concrete (Abendeh et al., 2015; 
Romero, 2013). However, at 50% GC-sand content, it would appear that GC-sand 
concrete has lower resistance to freeze–thaw attack than natural sand concrete (Dhir 
et al., 2005a). Given the limited information, further tests would be necessary to 
substantiate any conclusion.

5.8.2   Abrasion

The abrasion resistance of concrete is affected by the quality of hardened cement 
paste, properties of aggregates and surface treatment. Figure 5.18 shows the 
abrasion resistance of GC-sand concrete and mortar, measured using various 
standard methods, such as: (i) the BS 6717 (2001) method in Ling and Poon 
(2011a) and Ling et al. (2013), (ii) ASTM C944 (1999) in Rajabipour et al. (2012), 
(iii) DIN 52108 (2002) in Serpa et al. (2015) and (iv) a self-developed method 
by Dhir et al. (1991) in Tang et al. (2005). Except for Serpa et al. (2015) and  
Dumitru et al. (2010), in which the water/cement ratio of GC-sand concrete mixes 
was adjusted to keep their consistence similar to that of normal sand concrete 
mixes, all other studies kept the water/cement ratio of GC-sand concrete mixes, 
which varied from 0.40 to 0.61, the same as that of their corresponding reference 
natural sand concrete mixes.

The following main points can be observed from Figure 5.18:

 •  For a given water/cement ratio, the abrasion resistance of mortar/concrete mixes 
containing GC-sand, up to 100%, is lower than that of the corresponding reference mixes 
(Ling and Poon, 2011a; Ling et al. (2011a,b); Rajabipour et al., 2012; Tang et al., 2005). 
It is claimed that the observed reduction in abrasion resistance is likely to be due to 
weaker bonding between GC-sand and cement paste (Rajabipour et al., 2012).

 •  Similar results were also observed in the Dumitru et al. (2010) study, although the water/
cement ratio of the concrete with up to 60% GC-sand was slightly lower than that of the 
reference concrete.

 •  One study (Serpa et al., 2015), however, although having a higher water/cement ratio, 
shows that the abrasion resistance of concrete remains essentially unchanged with the use 
of GC-sand up to 20% content.

astm:C666
astm:C944
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Table 5.9 Resistance to freeze–thaw attack of glass cullet sand concrete

References Experimental Variablesa Measurement

Resistance to 
Freeze–Thaw 
Attackb

(a) ASTM C666 Procedure A (2015)

Abendeh et al. 
(2015)

0%–20% GC; 0.50 w/c; 
non-air-entrained; 28 days 
curing; from −16 to 6°C and 
reverse in 2.5 h; 230 cycles

Weight loss ↑

Compressive strength loss ≈

Ultra-pulse velocity ≈

Resonance frequency ≈

Romero (2013) 0%–20% GC; 0.47 w/c; air-
entrained; 210 days curing in 
19°C and 50°C; from −18°C 
to 4°C and reverse in 2.75 h; 
300 cycles

Weight loss

Durability factor

≈
≈

(b) CEN/TC 51-Draft (1994)

Dhir et al. 
(2005a)

0% and 50% GC; 0.61 w/c; 
non-air-entrained; 7 days 
curing; from −20°C to 20°C 
and reverse in 24 h; 56 
cycles

Mass scaling ↓

aGC, glass cullet; w/c, water/cement ratio.
bComparing the resistance to freeze–thaw attack of ground GC concrete to natural sand concrete: ↑ indicates increase; ↓ 
indicates decrease; ≈ indicates no significant change with value difference within ±20%.
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0.1 1 10
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* Measurement taken as mass loss

Figure 5.18 Abrasion resistance of mixes made with glass cullet (GC) sand.
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Overall, it would appear that the angularity and high stiffness of GC-sand do not 
increase the abrasion resistance of concrete. Notwithstanding this, the available data 
show that where concrete is likely to be exposed to traffic wear, GC-sand can be used 
up to about 20% as a natural sand replacement without compromising its abrasion 
resistance.

5.8.3   Exposure to Elevated Temperature

When concrete is exposed to elevated temperature, changes in its hardened properties 
occur due to the loss of water, decomposition of hydration products, buildup of thermal 
stresses and several other factors that can affect its structural integrity. Studies have 
been undertaken to evaluate the effects of GC-sand on the mechanical properties of 
mortar (Guo et al., 2015) and concrete (Ling and Poon, 2012c,d; Ling et al., 2012a; 
Terro, 2006), with water/cement ratios of the test mixes ranging from 0.35 to 0.48 and 
the test specimens subjected to elevated temperatures up to 800°C. In relative terms 
(ratio of high temperature to room temperature), the loss of compressive strength and 
the modulus of elasticity in GC-sand concrete mixes were either similar to or less than 
those of natural sand mixes.

In addition, at high temperatures, the use of GC-sand has been shown to generally 
improve the performance of structural fibre-reinforced concrete (Borhan and Bailey, 
2014) and structural lightweight concrete (Al-Sibahy and Edwards, 2012a,b).

5.9   Environmental Impact

The major environmental problem associated with the use of GC-sand is the potential 
leaching of heavy metals that may be released from the concrete. This is of particular 
concern when the GC contains high levels of lead, barium and other heavy metals. 
Table 5.10 gives the experimental variables and main observations of leaching studies 
of concrete and mortar and of concrete mixes having water/cement ratio ranging from 
0.38 to 0.60 and containing up to 100% GC-sand. The toxicity characteristic leaching 
procedure, method 1311, developed by the US Environmental Protection Agency (US 
EPA, 1992), which is used to identify potentially hazardous materials, has been most 
commonly adopted for the assessment of GC. Other methods such as the synthetic 
precipitation leaching procedure, method 1312 (US EPA, 1994), and leaching test by 
BS EN 12457 Part 1–4 (2002) have also been used.

The majority of the leaching tests were performed on concrete and mortar mixes 
made with CRT GC-sand, and only two studies were on mortar containing soda lime 
GC-sand (Ling and Poon, 2012a, 2013). This is because CRT, which is derived from 
television sets and computer monitors, has a high lead content in the funnel and neck 
components and high barium content in the panel component, whereas soda lime 
glass, which is abundantly available, does not normally contain appreciable amounts 
of toxic metals (refer to Section 3.5.1).



Table 5.10 Leaching studies of concrete and mortar containing glass cullet sand

References Experimental Variables Main Observations

Kim et al. 
(2009)

GC: CRT, 0.149–0.42 mm
Mortar: 0% and 10% GC, 0.4 w/c, 7 days curing
Addition: two types of biopolymer solutions
Method: modified TCLP

The use of biopolymer solutions 
reduced the leached concentration 
of lead

Ling and Poon 
(2011b) and 
Ling and Poon 
(2012b)

GC: acid-treated CRT funnel, <5 mm
Mortar: 0%–100% GC, 25% fly ash, 0.45 w/c, 
28 days curing
Method: TCLP

The leaching of lead was below 
the detection limit of 0.06 mg/L

Ling and Poon 
(2012a)

GC: acid-treated and untreated CRT funnel, soda 
lime glass, <5 mm
Mortar: 0%–100% GC, 25% fly ash, 0.45 w/c, 
28 days curing
Method: TCLP

Except for untreated CRT GC, 
the leaching of lead from mixes 
containing treated CRT GC and 
soda lime GC was well within the 
permissible limit of 5 mg/L

Ling and Poon 
(2012b)

GC: acid-treated and untreated CRT funnel, 
<5 mm
Concrete: 0%–100% GC, 15% fly ash, 0.48 w/c, 
28 days curing
Method: TCLP

The leaching of barium was low 
for all concrete; only untreated 
CRT GC concrete had lead 
concentrations that exceeded the 
permissible limit

Ling and Poon 
(2013)

GC: acid-treated CRT funnel, different sizes, 
soda lime glass, <5 mm
Mortar: 0% and 100% GC, 25% fly ash, 0.45 
w/c, 28 days curing
Method: TCLP

The leaching of lead increased 
with decreasing particle size, but 
all within the permissible limit

Maschio et al. 
(2013)

GC: mixture of CRT, <500 μm
Concrete: 20% GC, 0.44 w/c, 28 days curing
Method: TCLP

The leaching of barium and lead 
was below the permissible limits

Morrison 
(2004)

GC: CRT, <5 mm
Concrete: 40% GC, 0.6 w/c, 35% fly ash, 50% 
GGBS, curing age not given
Method: BS EN 12457 (2002) Part 1–4

The use of fly ash and GGBS 
reduced the leaching of barium 
and lead to an acceptable level

Romero 
(2013) and 
Romero et al. 
(2013)

GC: CRT, <5 mm
Mortar: 10%–30% GC, 0.47 and 0.49 w/c, 
28 days curing
Addition: biopolymer solution
Method: SPLP

Mortar containing biopolymer 
solution showed the lowest 
leached concentrations of lead

Sua-iam and 
Makul (2013)

GC: CRT funnel, 0.69 fineness modulus
Concrete: 0%–40% GC, 0.38 w/c, 14 days 
curing
Addition: limestone powder
Method: TCLP

The leaching of lead of all 
concretes was below the 
permissible limit, although 
concrete containing limestone 
powder showed slightly higher 
lead concentration

Zhao et al. 
(2013a)

GC: untreated CRT funnel, <5 mm
Mortar: 0%–75% GC, 25% fly ash, 25% 
GGBS, 0.45 w/c, 28 days curing
Method: TCLP

The leaching of lead exceeded the 
permissible limit

CRT, cathode ray tube; GC, glass cullet; GGBS, ground granulated blast furnace slag; SPLP, synthetic precipitation leaching 
procedure; TCLP, toxicity characteristic leaching procedure; w/c, water/cement ratio.
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The results of Maschio et al. (2013) and Sua-iam and Makul (2013) suggest 
that the leached concentrations of lead and barium from mixes containing CRT 
GC-sand were below the US EPA regulatory limits of 5 and 100 mg/L, respectively. 
However, the results of Ling and Poon (2012a,b) and Zhao et al. (2013a) reported 
the opposite. These conflicting findings may be due to the size of the CRT used. 
In the former studies, the CRT used was very fine, with fineness modulus values 
of 0.72 (Maschio et al., 2013) and 0.69 (Sua-iam and Makul, 2013). In the latter 
cases, the CRT was crushed to the size less than 5 mm (Ling and Poon, 2012a,b; 
Zhao et al., 2013a).

Nevertheless, attempts have been made to reduce the leaching of lead and barium from 
mixes made with CRT GC-sand to an acceptable level. These include:

 (i)  Immersing crushed CRT in 5% nitric acid for 3 h (Ling and Poon, 2011b,a, 2012b,d, 2013).

 (ii)  Adding biopolymer solutions to concrete and mortar mixes, such as a mixture of xanthan 
and guar gum (Kim et al., 2009) or boric acid and guar gum (Kim et al., 2009; Romero, 
2013; Romero et al., 2013).

 (iii)  Using FA and GGBS as Portland cement replacement (Morrison, 2004).

On the other hand, for the soda lime GC, its leached lead concentration is within the 
US EPA regulatory limit of 5.0 mg/L (Ling and Poon, 2012a, 2013). Thus, unless 
contaminated, the use of soda lime GC-sand in concrete is not likely to release any 
harmful elements to a threatening level.

5.10   Case Studies

Although the laboratory findings have been encouraging, case studies with GC-sand 
are needed to share the experiences of the use of the material in real conditions. The 
case studies involving the use of GC-sand in concrete and concrete-related applications 
are briefly described below, though a more detailed assessment of case study findings 
is presented in Chapter 10. It should be mentioned that most of the studies were 
undertaken during 2000–06, after which no further work has been reported.

From the reported case studies, the following main points can be observed:

 •  All the projects from the United Kingdom were of a collaborative nature, between the 
Waste and Resources Action Programme, which is a UK-based government body aimed 
at reducing waste, and the industry. Most of the field trials were conducted on concrete-
related products containing GC-sand, such as semidry cast blocks, wet-pressing kerbs, 
glass aggregate exposed concrete products, paint-grade blocks and masonry-grade 
blocks. No ASR expansion was observed in the work undertaken (Bell, 2006; Byars 
et al., 2004a,b).

 •  The performance of mortar products containing GC-sand was generally reported to be 
similar to that of reference mortar containing silica sand, although its consistencce was 
affected in a few cases (Boniface, 2006).
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 •  The use of GC-sand as a replacement for natural sand up to 75% in conjunction with 
ground glass cullet as a Portland cement replacement up to 30% in making concrete has 
been undertaken, and the compressive strength and other hardened concrete properties 
were found to be satisfactory (Byars et al., 2004a; Shayan and Xu, 2006).

 •  For concrete pavement applications, Polley et al. (1998) claimed that the abrasion 
resistance of GC-sand concrete was good, but Dumitru et al. (2013) reported otherwise. 
In the former case, GC-sand concrete also showed good durability during the exposure 
of the test specimens to three winters.

5.11   Conclusions

When GC is crushed and sieved to the size of fine aggregate, conforming to standards 
such as BS EN 12620:2002+A1 (2008), it can be used as an alternative to natural sand 
in making concrete. However, when evaluating the effect of GC on the performance of 
concrete, the biggest omission seen in the studies currently reported in the literature is 
that little effort has been made to ensure that the particle size distribution of GC-sand is 
the same as that of the reference natural sand. Thus, the changes in the performance of 
concrete in many cases may have been be due to the differences in aggregate packing 
rather than the properties of the material itself. Since the grading of GC-sand used in the 
current literature tends to be coarse (see Section 3.6.2), if this factor and the angularity 
of GC-sand were considered in the design of the test mixes, one would expect to produce 
a concrete with better performance than what the current studies let one believe.

In the fresh state, the use of GC-sand as a replacement for natural sand tends to reduce 
the consistence of concrete, which is due to its angular shape. Like natural sand, the 
stability of concrete is affected by the particle size distribution of GC-sand, and sand 
with a fineness modulus of 2.66–2.75 is found to produce concrete with acceptable 
cohesiveness and visual appearance. Depending on the type of GC-sand used, its 
inclusion could result in a marginal change in the density of concrete. The air content 
of mixes is not significantly affected when GC sand is used.

For the strength and deformation properties of concrete, the influence of the particle 
size distribution of GC-sand can be significant. It is evident that the compressive 
strength of concrete remains essentially unaffected when GC of (i) similar and (ii) 
different grading compared with natural sand is used, although the former tends to 
show a slight improvement. However, concrete made with GC-sand has less variability 
in its compressive strength compared with concrete made with natural sand. The same 
procedures that are used for natural sand concrete can be adopted in estimating the 
tensile and flexural strength of GC-sand concrete based on its characteristic cube 
strength. Concrete made with GC-sand tends to show higher modulus of elasticity 
and lower shrinkage strain than concrete made with natural sand, especially when the 
two materials have similar grading. Although no information is available, the use of 
GC-sand should result in creep strain similar to that of natural sand concrete.
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Given that water absorption and porosity of GC-sand are almost zero, all things 
being equal, its use as a fine aggregate in concrete would reduce the permeation 
properties of concrete. The improvement in permeation also suggests that the 
use of GC-sand should not adversely affect the durability of concrete. Except 
for carbonation, the durability of GC-sand concrete in terms of its resistance to 
chloride ingress, acid attack and sulphate attack is similar to or better than that of 
natural sand concrete. The ASR of GC-sand is shown to be affected by the glass 
type, GC aggregate size and its content. It has been shown that soda lime GC is the 
least reactive glass type, green among the soda lime GC colours tends to show the 
least expansion, the pessimum size of GC-sand is between 1 and 3 mm regardless 
of its colour and the expansion increases with increasing GC-sand content. 
Although ASR expansion can be a concern, a great deal of literature suggests 
that the expansion can be nullified with the use of FA, ground blast furnace slag, 
metakaolin and even GC itself in a ground form. In terms of the resistance to 
physical attack, the available information in the literature suggests that GC-sand 
can be used up to about 20% without compromising the resistance to freeze–thaw 
attack and abrasion. The inclusion of GC-sand could maintain or improve the 
performance of concrete exposed to elevated temperature.

When high-lead-bearing or high-barium-bearing glass is used as sand in concrete, 
some successful attempts have been made to reduce the leaching of heavy metals to 
nonhazardous limits. The use of GC-sand of the soda lime type in concrete is not likely 
to cause environmental concern. Case studies undertaken with GC-sand in concrete, 
mortar and concrete-related applications generally suggest that GC-sand is a viable 
material for use in concrete/mortar mixes as a natural sand replacement.
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Use of Glass Cullet as  
Filler Aggregate 6
Main Headings

 •  Fresh properties
 •  Strength properties
 •  Deformation
 •  Permeation
 •  Durability

Synopsis

The performance of glass cullet (GC) filler as a fine aggregate replacement in concrete 
and as a filler component in self-compacting concrete (SCC) is examined in this chapter. 
The fresh properties of concrete and SCC are largely unaffected when GC filler is used, 
except for consistence, in which high contents of GC filler can lead to a reduction. At a 
fixed water/cement ratio, the use of GC filler tends to increase the compressive strength 
of concrete and SCC. The pozzolanic effect of GC filler can be beneficial to the long-
term strength. Although limited, other data show that the impact of GC filler on flexural 
strength, elastic modulus and shrinkage is generally positive. The use of GC filler as a 
fine aggregate in concrete or a filler component in SCC results in either an improvement 
or no significant change in the permeation and durability properties, except for the 
resistance to carbonation, which could be affected if the pozzolanic effect of the GC filler 
is pronounced. The use of GC filler at low content is not likely to give rise to alkali–silica 
reaction concern. No relevant information has been found on the environmental impact 
or in case studies related to the use of GC filler.

Keywords: Glass cullet, Filler, Concrete, Self-compacting concrete, Fresh properties, 
Strength, Deformation, Permeation, Durability.
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6.1   Introduction

Aggregates occupy about 75% of the total volume of concrete. More than acting as a 
low-cost bulk inert filler, aggregates are now also considered to play a major role in 
the development of concrete properties, in both the fresh state, such as consistence 
and stability, and the hardened state, such as strength and volume stability associated 
with load-dependent and load-independent deformation that concrete experiences 
during its lifetime. In addition, as they are relatively harder, more durable and less 
porous than hardened cement paste, both the permeation and the long-term durability 
of concrete can be affected greatly by the characteristics of the aggregate used.

The aggregate used in concrete has to be graded so that the end product is dense, 
solid and homogeneous, which can ensure satisfactory performance. In terms of size, 
aggregates, in accordance with BS EN 12620:2002+A1 (2008), can be classified in 
three categories, namely, coarse aggregate, fine aggregate and filler aggregate. Coarse 
aggregate has particles greater than 4 mm, whilst fine aggregate has particles less than 
or equal to 4 mm. Filler aggregate, the focus of this chapter, has a size fraction that 
mostly passes a 0.063-mm sieve (BS EN 12620:2002+A1, 2008).

The role of filler aggregate in concrete is different to that of coarse and fine aggregates. 
The material can be used in small quantities, to control the tendency of concrete to 
bleed in the fresh state (Alexander and Mindess, 2005). In self-compacting concrete 
(SCC), fillers are commonly used in the mix design owing to the increased fines content 
requirement of the mix to achieve the required rheological properties (Gaimster and 
Dixon, 2003; Concrete Society, 2005).

The assessment of glass cullet (GC) used as a filler in concrete applications, 
undertaken in this chapter, covers broadly all types of concrete mixes, but in the 
main, (i) normal concrete mixes, in which a small proportion of filler may be used as 
a component of fine aggregate, cement, or both, and (ii) SCC mixes, in which a filler 
is usually used in large proportions to produce concrete with special rheological 
properties in the fresh state.

6.2   Fresh Properties
6.2.1   Consistence (Workability)

Consistence (workability) determines the ease with which a freshly mixed mortar or 
concrete can be handled without losing its homogeneity. The usual measurements 
are the flow test for mortar, slump test for concrete and slump flow test (along with 
V-funnel, L-box and J-ring tests) for SCC. The effects of GC filler on the consistence 
of mortar, concrete and SCC have been studied, as a fine aggregate replacement up to 
20% or a filler replacement up to 100% in SCC and mortar mixes. The experimental 
details and findings of the studies undertaken by the various researchers are given in 
Table 6.1.
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Table 6.1 Effect of glass cullet filler as a fine aggregate and a filler replacement on the 
consistence of mortar, concrete and self-compacting concrete

References Main Points Emerging

(a) Mortar

Karamberi and 
Moutsatsou 
(2005)

Soda lime GC; size: n.a.; content: 100% filler replacement; w/c: n.a. 
(similar water content)
The flow of mortar remained unchanged

(b) Concrete

Dhir et al. (2005) Soda lime GC; size: <63 μm; content: 0%–20% as fine aggregate 
component; w/c: 0.51
The slump of concrete was reduced when GC filler was used

Dhir et al. (2005); 
Tang et al. (2005)

Soda lime GC; size: <63 μm; content: 0% and 5% as fine aggregate 
component; w/c: 0.65
The slump of concrete remained unchanged

Klevbo (1998) Experimental details not given
GC filler improved the slump of concrete

Korjakins et al. 
(2009)

Borosilicate GC; size: <70 μm; content: 0%–30% as fine aggregate 
component; w/c: 0.57 (0.62 at 30% GC content)
The water content of concrete with 30% GC filler was increased to 
achieve slump similar to that of reference concrete

Persson (2000) GC type unknown; size: n.a.; content: 21–275 kg/m3; w/c: 0.37–0.80
The slump of GC filler concrete was between 80 and 115 mm (note: 
data for the corresponding reference concretes were unavailable)

(c) SCC

Anagnostopoulos 
et al. (2009)

GC type unknown; size: n.a.; content: 100% as limestone filler; w/c: 
0.50 and 0.55
The slump flow of GC-filler SCC was similar to that of reference SCC, 
but with a higher water content and lower admixture dosage

Bignozzi et al. 
(2009)

Soda lime GC; size: <70 μm; content: 100% as limestone filler; w/c: 
0.53
The slump flow of GC-filler SCC was similar to that of reference SCC, 
but the admixture dosage was slightly increased

Georgiadis et al. 
(2007)

GC type unknown; size: n.a.; content: 100% as limestone filler; w/c: 
0.48–0.60
The slump flow of GC-filler SCC was similar to that of reference SCC, 
but with a higher water content and lower admixture dosage

Matos et al. 
(2016)

Soda lime GC; size: <90 μm; content: 50% as limestone filler; w/c: 0.41
The slump flow of GC-filler SCC was similar to that of reference SCC

Shakhmenko et al. 
(2010)

Borosilicate GC; size: <70 μm and <30 μm; content: 100% as dolomite 
filler; w/c: 0.46–0.50
The slump flow of GC-filler SCC was similar to that of reference SCC, 
but with a higher water content

GC, glass cullet; n.a., not available; SCC, self-compacting concrete; w/c, water/cement ratio.
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When GC was used as a filler aggregate, at 5% fine aggregate content, the slump of 
concrete was found to remain unchanged (Dhir et al., 2005; Tang et al., 2005); at 
higher filler contents, up to 30%, the slump of concrete showed a noticeable reduction 
(Dhir et al., 2005) and the water content of such concrete mixes had to be increased to 
achieve slump similar to that of the reference concrete (Korjakins et al., 2009). In only 
one case GC filler was observed to increase the consistence of concrete, but detailed 
information on the mix composition has not been made available (Klevbo, 1998).

When used as a filler aggregate, at the same water content, the flow of mortar mixes 
made with GC filler has been reported to be similar to that of the reference mortar 
(Karamberi and Moutsatsou, 2005). However, in the case of SCC, the admixture 
dosage and/or water content used tends to be considerably higher to maintain the 
slump flow when limestone filler is fully replaced by GC filler (Anagnostopoulos 
et al., 2009; Bignozzi et al., 2009; Georgiadis et al., 2007; Shakhmenko et al., 2010).

Overall, although the available results are showing varying effects, in one sense it 
would appear that the use of GC filler, at the 5% content level with respect to fine 
aggregate content, does not adversely affect the consistence of the mix. However, its 
use as a filler aggregate tends to reduce the consistence of mortar and that of SCC, but 
this effect can be overcome by using a water-reducing admixture.

6.2.2   Stability

A freshly mixed concrete is deemed to be unstable if it shows signs of excessive 
bleeding, usually observed as an upward migration and accumulation of water at the 
concrete surface, and/or segregation, separation of coarse and fine aggregates or that 
of aggregate and cement paste. Although important, the stability of concrete is not 
measured with any specific type of test method, either in the laboratory or in the field, 
apart from SCC, for which its segregation can be tested in accordance with BS EN 
12350-11 (2010).

The research data on the bleeding of concrete containing GC filler are limited, but 
given that bleeding is affected by the fines content of a mix, the use of GC filler as fine 
aggregate replacement is most likely to reduce the risk of a concrete mix experiencing 
bleeding in its fresh state. Through visual inspection, no segregation issues have been 
observed in SCC containing GC filler that was used as a full replacement for limestone 
filler (Bignozzi et al., 2009; Matos et al., 2016). In addition, the use of GC filler 
was found to improve the stability of concrete at the same consistence level (Klevbo, 
1998).

6.2.3   Fresh Density

When fully compacted, the density of fresh concrete varies with the specific gravity 
and content of its constituent materials. As shown previously in Chapter 3, the average 
specific gravity of soda lime GC is about 2.46, which is slightly lighter than the natural 
fine aggregates normally used in concrete construction. The changes in fresh density 
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in concrete made with GC filler as a fine aggregate replacement of up to 20% (Dhir 
et al., 2005; Tang et al., 2005), or mortar and SCC made with GC filler as a full filler 
aggregate replacement (Bostrom, 2002; Karamberi and Moutsatsou, 2005), have been 
shown to be in the ±40 kg/m3 range, which is within acceptable fluctuations of density 
measurement of normal concrete mixes in practice.

6.2.4   Air Content

The presence of air is undesirable in most concretes, apart from air-entrained concrete, 
into which air is introduced intentionally, using an air-entraining chemical admixture, 
to increase its resistance to freeze–thaw attack. Typically, the air content of normal 
concrete is less than 1.5%, whilst that of air-entrained concrete is about 5%–7%.

For the same water/cement ratio, the air content of mortar (Karamberi and Moutsatsou, 
2005) and SCC (Bostrom, 2002; Persson, 2004; Anagnostopoulos et al., 2009) 
containing GC filler as a replacement for filler aggregate, made with or without an 
air-entraining agent, is close to that of the corresponding reference mixes. However, 
it should be mentioned that, in all these cases, the aggregate contents and/or air-
entraining agent dosage was not kept constant between the two set mixes.

6.2.5   Plastic Shrinkage

Before hardening, concrete may experience plastic shrinkage, if the rate of 
evaporation at the surface exceeds the bleeding rate, which can lead to cracking. 
A limited amount of testing has been undertaken to examine the plastic shrinkage 
properties of normal concrete and SCC, both made with and without GC filler. The 
shrinkage measurements in this case were taken during the 24-h period that followed 
after four hours of the casting of the test mixes (Persson, 2000). Part of results are 
tabulated in Table 6.2, but they cannot be compared, as the mix proportions and types 

Table 6.2 Plastic shrinkage of normal concrete and self-compacting concrete containing glass 
cullet filler

Concrete Type Filler Type

Content, kg/m3

w/c
24-h Plastic 
Shrinkage, μmCement Filler

Normal concrete No filler 430 0 0.38 −0.23

Glass cullet 340 21 0.52 −0.10

Self-compacting 
concrete

Limestone 400 150 0.39 −0.27

Glass cullet 450 80 0.38 −0.30

330 190 0.55 −0.47

251 275 0.8 −0.23

w/c, water/cement ratio.
Based on Persson (2000).
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and sizes of aggregates and cement used in each mix were different and may suggest 
different bleeding characteristics. Notwithstanding this, no abnormalities in the plastic 
shrinkage behaviour of concrete were observed, and the 24-h plastic shrinkage value 
of all the concrete specimens made with or without GC filler were broadly the same.

6.3   Strength
6.3.1   Compressive Strength

Compressive strength is one of the most commonly specified properties of hardened 
concrete. Except for road pavements, concrete structures are normally designed based 
on its compressive strength, and the tensile stresses are resisted by rein forcement 
of concrete. The compressive strength is also used widely to correlate with other 
mechanical properties and durability of concrete, as well as concrete quality during 
manufacturing. In this section, the effect of GC filler on the compressive strength of 
concrete is discussed in terms of its use both in normal concrete and in SCC.

Glass Cullet Filler Use in Normal Concrete

(a)   Effect of Glass Cullet Filler Content on Compressive Strength

Results on the effect of using GC filler up to 30% replacement of fine aggregate, obtained 
in two separate studies (Dhir et al., 2005; Korjakins et al., 2009), are shown plotted in 
Figure 6.1. Although the strength results are not conclusive, some trends are visible:

 (i)  Five percent is the most effective filler use, with the relative improvement in strength 
decreasing with age.

 (ii)  The effectiveness of filler content decreases at higher contents, with the lowest performance 
being recorded at the dose of 30%.

In addition, the research reported by Korjakins et al. (2010, 2011) has shown that 
increasing the grinding time by an additional 15 and 60 min, respectively, could 
improve the performance of GC filler. However, this would need to be weighed against 
energy consumption cost.

(b)   Effect of Glass Cullet Filler on Strength Development With Age

It is evident in Chapters 3 and 4 that finely ground GC with fineness close to or 
higher than that of a typical Portland cement exhibits pozzolanic properties. This 
is because the chemical composition of glass is high in SiO2 content and contains 
small quantities of major constituents of Portland cement such as CaO, Al2O3 and 
Fe2O3. Even though used in a filler size range that is coarser than Portland cement 
particles, GC filler has shown to improve the long-term compressive strength of 
concrete when used at 5% as a fine aggregate replacement, at a water/cement ratio 
of 0.65 (Dhir et al., 2005), as illustrated in Figure 6.2. The results suggest that the 
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pozzolanic properties of GC filler become pronounced as early as 28 days. The 
improvement in long-term concrete strength due to the use of GC filler has also 
been observed by Klevbo (1998), where strength development in concrete was 
monitored for up to 1 year.

(c)   Effect of Glass Cullet Filler on Water/Cement Ratio–Compressive Strength 
Relationship

The relationship between compressive strength and the water/cement ratio of concrete 
offers engineers guidance on designing concrete mixes. This relationship has been 
developed by Dhir et al. (2005) for concrete made with and without 5% GC filler, 
for water/cement ratio ranging from 0.40 to 0.72, using CEM I 42.5 cement and 
uncrushed aggregate of 20-mm maximum size and having a target slump of 60 mm. 
The results are plotted in Figure 6.3. For a given water/cement ratio, the 7-day strengths 
of concrete made with or without 5% GC filler are essentially similar. At 28 days, 
owing to the pozzolanic effect, the compressive strength of concrete made with 5% 
GC filler is higher than that of concrete made without GC filler, showing an average 
increase of 10%. This effect continues and becomes more significant at ages beyond 
28 days, suggesting that with GC filler, a target strength of concrete can be achieved 
with reduced cement contents, thereby potentially offering some scope for improving 
the carbon footprint of concrete.

Glass Cullet Filler Aggregate Use in Self-Compacting Concrete

The 28-day compressive strength results for SCC containing GC filler aggregate in 
place of limestone and dolomite filler aggregates are given in Table 6.3, with data 
separated in terms of (a) equal water/cement ratio and (b) equal consistence, with 
respect to reference SCC. The filler aggregate content, calculated as the percentage 
of the total fine aggregate (sum of fine aggregate and filler aggregate), in all the SCC 
mixes was in the range from 5% to 25%.

At equal water/cement ratio, the use of GC filler aggregate as a full or partial 
replacement of limestone filler aggregate at a content less than 8.5% of the total fine 
aggregate was found to result in an increase in compressive strength (Table 6.3). The 
improvement in strength might be associated with the pozzolanic effect of GC filler 
aggregate, as shown previously.

At equal consistence, the use of additional water, with corresponding increase in water/
cement ratio, to maintain constant consistence with ground GC filler, as to be expected, 
resulted in a reduction in the strength of concrete of up to 6% (Anagnostopoulos et al., 
2009, see Table 6.3). However, it has been shown that grinding of GC filler aggregate 
for an additional 60 min could increase the strength of SCC, despite having a slightly 
higher water/cement ratio than the reference SCC (Shakhmenko et al., 2010). The 
data of Georgiadis et al. (2007) also suggest higher compressive strength in SCC 
containing GC filler aggregate, but these are considered to be outliers, as no special 
modification was made to the material.
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Overall, the ideal content of GC filler aggregate in SCC is about 8.5%, at which it 
does not affect the water demand of the concrete to achieve a required consistence 
and at the same time enhances the strength gain. Higher GC filler aggregate content, 
however, can result in an increase in the water demand of SCC, thus reducing its 
compressive strength.

6.3.2   Tensile Strength

The tensile strength of concrete is normally determined using indirect methods and 
expressed in the forms of splitting tensile strength and flexural strength.
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Figure 6.3 Relationship between compressive strength and water/cement ratio of concrete 
containing glass cullet filler as fine aggregate at different ages.
Based on Dhir et al. (2005).
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Table 6.3 Effect of glass cullet filler as replacement for limestone/dolomite filler on the 
compressive strength of self-compacting concrete

References Filler Aggregatea w/c

28-Day 
Strength, 
MPa

Strength 
Difference 
With Respect to 
Reference, %

(a) At Equal Water/Cement Ratio

Bignozzi et al. (2009) 5% LS 0.53 35.1 0

5% GC 0.53 41.4 +17.9

Matos et al. (2016) 19% LS 0.41 61.1 0

8.5% LS°+°8.5% GC 0.41 63.0 +3.1

(b) At Equal Consistence

Anagnostopoulos et al. 
(2009)

10% LS 0.50 55.0 0

10% GC 0.51 53.2 3.3

13% LS 0.55 42.0 0

13% GC 0.56 39.5 −6.0

Georgiadis et al. (2007) 10% LS 0.48 54.0 0

10% GC 0.51 49.0 −9.3

13% LS 0.52 37.1 0

13% GC 0.59 38.3 +3.2

Shakhmenko et al. 
(2010)

25% DL 0.46 67.9 0

25% GC 0.50 60.2 −11.3

25% GCb 0.48 75.4 +11.0

DL, dolomite filler; GC, glass cullet; LS, limestone filler; w/c, water/cement ratio.
aPercentage of sum of (fine aggregate + filler aggregate).
bAdditional grinding for 60 min.

Information on the splitting tensile strength of concrete containing GC filler aggregate 
is limited. The only available data suggest that the splitting tensile strength of SCC 
made with GC filler aggregate is lower than that of SCC made with limestone filler 
aggregate (Georgiadis et al., 2007). However, the comparison could be unfair, since 
the former has a higher water/cement ratio.

Similar to splitting tensile strength, information on the effect of GC filler on the flexural 
strength of concrete is thin. However, the available data, as given in Table 6.4, are positive. 
They show that, for a given water/cement ratio, the use of GC filler either as a 5% fine 
aggregate replacement in concrete or as a full filler aggregate replacement in SCC results 
in an increase in flexural strength. This might open some scope for the material to be 
used in pavement concrete applications where the flexural strength is a design factor.
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6.4   Deformation Properties

Three deformation properties of concrete that are closely related to deflections and 
cracking in structure, namely, elastic modulus, creep and shrinkage, are discussed in 
this section.

6.4.1   Elastic Modulus

The elastic modulus of concrete is much affected by the stiffness of its aggregates and 
hardened cement paste, as well as their volume fractions. It can be determined from 
the secant slope of a stress–strain curve of concrete when subjected to a stress equal to 
one-third of its strength (BS EN 12350-13, 2013).

The limited information available on elastic modulus results for concrete containing 
GC filler suggests that, for a given water/cement ratio, the use of GC filler as 5% 
fine aggregate replacement in concrete (Tang et al., 2005) or as 50% limestone 
filler replacement in SCC (Matos et al., 2016) results in an increase in the elastic 
modulus. The opposite effect is reported in the study undertaken by Georgiadis et al. 
(2007), in which GC filler was used as 100% replacement of limestone filler in SCC. 
However, this is to be expected, as the water content of SCC containing GC filler 
was increased to keep its flow properties similar to those of reference SCC, thus 
resulting in higher water/cement ratio and more porous cement paste structure.

From the available data, the compressive strength of concrete containing GC filler has 
been plotted against its elastic modulus, both determined at 28 days, in Figure 6.4,  
together with the compressive strength–elastic modulus relationship for basalt, 
quartzite, limestone and sandstone concrete obtained from Eurocode 2 (2004). 
However, the information on the type of coarse aggregate used in these concretes was 

Table 6.4 Flexural strength of concrete and self-compacting concrete containing glass cullet 
filler aggregate

References w/c Content

Flexural Strength, MPa

28 days 90 or 180 days

(a) As Fine Aggregate Replacement

Dhir et al. (2005) 0.65 0% GC filler 4.1 4.7a

0.65 5% GC filler 5.0 5.3a

(b) As Filler Aggregate Replacement

Bignozzi and 
Sandrolini (2004)

0.53 17% LS filler 12.0 12.5b

0.53 17% GC filler 15.0 15.5b

GC, glass cullet; LS, limestone; w/c, water/cement ratio.
aAt 180 days.
bAt 90 days.
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not clear and the limited data for concrete made with or without GC filler could not 
suggest whether they follow any of the trend lines. Notwithstanding this, the results 
are somewhat coherent with those observed by Lye et al. (2016) for natural aggregate 
concrete, in that the data tended to fall within the sandstone and limestone concrete 
trend lines when the strength was less than 60 MPa.

6.4.2   Creep

The increase in strain of concrete under a sustained load over time is known as creep. 
The research on the creep of concrete made with GC filler is limited; thus rigorous 
experimental investigations on this subject would not be possible. Notwithstanding 
that, owing to its void-filling effect as a very fine material, the use of GC filler as a 
partial replacement for fine aggregate may lead to a small reduction in the creep of 
concrete.

6.4.3   Shrinkage

Concrete undergoes different forms of load-independent deformation throughout its 
service life, the major cause being the loss of internal moisture to the surrounding 
environment, commonly known as drying shrinkage. The shrinkage development 
of concrete mixes made with and without 5% GC filler as a replacement for fine 
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aggregate, with a water/cement ratio of 0.65, and stored at 20 ± 2°C and 55 ± 5% 
relative humidity (RH) for 20 weeks is presented in Figure 6.5. It is evident that, at a 
given age, the shrinkage of concrete incorporating GC filler is lower than that of the 
reference concrete made without GC filler. The shrinkage values for both concretes 
become almost constant after exposure to drying conditions for 8 weeks.

Limited testing has been undertaken on the shrinkage of SCC containing GC filler, 
having different water/cement ratios and filler contents and subjected to 20°C and 
60% RH storage conditions (Persson, 2000). The shrinkage measurements up to 
120 days are shown plotted in Figure 6.6. Whilst the effect of water/cement ratio on 
the shrinkage of concrete is clearly visible, with shrinkage increasing with water/
cement ratio, no clear trend is shown for the filler effect. Notwithstanding this, it can 
be seen that, in each case, the shrinkage values become almost stable after 60 days, 
which is similar to that observed in Figure 6.5 for normal concrete.

6.5   Permeation

Concrete is a porous material, and thus it allows the ingress of fluids and gases from the 
surrounding environment. Commonly, the permeation properties of concrete involve 
three distinct transport mechanisms, namely, absorption, permeability and diffusion 
(Jackson and Dhir, 1996). The research undertaken on the permeation properties of 
concrete containing GC filler has been limited, and the available information deals 
with only the first two transport mechanisms.
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6.5.1   Absorption

The effect of GC filler on absorption, in the form of sorptivity, has been determined in 
accordance with RILEM TC 116 (1999) for SCC containing GC filler as a replacement 
for limestone filler (Anagnostopoulos et al., 2009; Matos et al., 2016). The test 
parameters and sorptivity results are given in Table 6.5. It is evident that the use of GC 
filler as a partial or full replacement of limestone filler in SCC did not adversely affect 
its sorptivity, despite the fact that the GC filler used was coarser (Matos et al., 2016) 
or the mixes had slightly higher water/cement ratio (Anagnostopoulos et al., 2009).

Table 6.5 Sorptivity of self-compacting concrete containing glass cullet filler

References Duration w/c Filler Sorptivity, g/cm2

Anagnostopoulos 
et al. (2009)a

Curing: 28 days
Testing: 24 h

0.55 100% LS 0.5133

0.56 100% GC 0.5180

0.50 100% LS 0.4133

0.51 100% GC 0.4533

Matos et al. 
(2016)b

Curing: 2 months
Testing: 4.5 h

0.41 100% LS 0.0031

0.41 50% LS + 50% GC 0.0026

GC, glass cullet; LS, limestone; w/c, water/cement ratio.
aThe size of fillers was unavailable.
bGC filler was coarser than LS filler.
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Similarly, in another study (Shamenko et al., 2014), it has been shown that replacing 
quartz powder with a combination of GC filler and silica fume in high-performance 
concrete does not result in a significant change in its sorptivity profile, monitored for 
about 15 days.

6.5.2   Permeability

Oxygen permeability testing has been undertaken on SCC containing GC filler 
as 50% replacement for limestone filler, cured for 90 days at 20°C and 100% RH 
and then stored for 28 days under laboratory conditions at 20°C and 55%–65% RH 
(Matos et al., 2016). Although the details of the results are not available, it was 
claimed that oxygen was unable to penetrate through both concretes made with and 
without GC filler.

The effect of GC filler fineness, using additional grinding time from 0 to 60 min, on 
the water permeability of concrete has been studied by Korjakins et al. (2011). The 
specimens were treated in water under a pressure of 0.5 MPa for 72 h, and the depth 
of water penetration was determined by splitting the test specimens. The relationship 
between the water penetration depth and the 28-day compressive strength for concrete 
made with GC filler with different grinding times (i.e., fineness) is shown in Figure 6.7.  
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As to be expected, increasing the grinding time of GC filler leads to a reduction in 
water penetration depth and an increase in compressive strength of concrete. However, 
the improvement in both properties, due to the increase in the fineness of GC filler, 
possibly becomes less pronounced after grinding for 45 min, even though the trend 
line does not bring this out (Figure 6.7).

6.6   Durability

The anticipated design life of a concrete structure is related to its durability. Concrete 
needs to be durable and strong to resist chemical attack, in the form of chloride ingress, 
carbonation, sulphate and acid attacks and alkali–silica reaction (ASR), and physical 
attack, in the form of cracking, freeze–thaw attack, and abrasion.

6.6.1   Chloride Ingress

Chloride ingress is a concern to engineers in structural concrete primarily because it 
destroys the protective passivity layer of embedded steels, subsequently leading to 
corrosion. The mix proportions and chloride migration coefficient of SCC containing 
GC filler are given in Table 6.6. It would appear that, at a constant water/cement 
ratio, replacing half of the content of limestone filler with GC filler results in about 
60% reduction in chloride migration coefficient (Matos et al., 2016). It should be of 
interest to note that the fineness of the GC filler used in this case was coarser than that 
of limestone filler. In another study (Persson, 2004), the chloride migration coefficient 
of SCC made with GC filler was essentially similar to that of SCC made with fly ash, 
although the mix proportions of the mixes were grossly different. Overall, the limited 
test data available suggest that the use of GC filler could improve, or at the minimum 
maintain, the original chloride ingress resistance of concrete.

Table 6.6 Chloride migration coefficient of self-compacting concrete containing glass  
cullet filler

References w/c C:FAa:CA
Filler/Total Fine 
Aggregatea Ratio D, ×10−12 m2/s

Matos et al. (2016) 0.41 1:2.4:2.1 18.5% LS 9.58

0.41 9.25% LS + 9.25% GC 3.72

Persson (2004) 0.38 1:2.72:1.07 4.4% fly ash 6.0

0.37 1:2.45:1.32 5.5% GC 5.0

C, cement; CA, coarse aggregate; D, chloride migration coefficient; FA, fine aggregate; GC, glass cullet; LS, limestone; 
w/c, water/cement ratio.
aIncluding filler.
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6.6.2   Carbonation

In addition to chloride-induced corrosion, carbonation is another major cause of 
corrosion of reinforced concrete. The reaction of carbon dioxide with calcium 
hydroxide produced during cement hydration lowers the pH of concrete and can destroy 
the protective passivity layer of the steel reinforcement. The research undertaken on 
the effect of GC filler on carbonation is limited, and the available information obtained 
from the accelerated carbonation test, as given in Table 6.7, appears to be contradictory.

When GC filler was used to replace 50% of limestone filler in SCC, in which the filler/
total fine aggregate ratio was 18.5%, the carbonation depth of SCC was increased by 
about 2-fold (Matos et al., 2016). However, when GC filler was used to replace 5% of 
fine aggregate in concrete, the carbonation depth of the concrete made with GC filler 
was about half of that of concrete made without GC filler (Tang et al., 2005).

These conflicting results are probably associated with the pozzolanic reactivity of GC 
filler. In the study of Matos et al. (2016), the compressive strength of GC-filler SCC at 
83 days was 11.65 MPa higher than that at 28 days, indicating that some of the calcium 
hydroxide in the hardened concrete might have been consumed for the pozzolanic 
reaction induced by the GC filler. In the study of Tang et al. (2005), the compressive 
strength of GC-filler concrete showed only about 5 MPa increase in strength at 
180 days, suggesting that the pozzolanic reaction of the GC filler in this case was not 
similarly significant.

6.6.3   Sulphate Attack

The reaction of sulphates that may be present in groundwater and soils or within the 
concrete constituents with the hydrated cement paste leads to the formation of expansive 
chemical products and subsequently the deterioration of concrete. The sulphate resistance 
of concrete is governed by its permeability properties and the chemical composition of 
the hydrated cement paste (which is affected by the type of cement used).

Table 6.7 Effect of glass cullet filler on carbonation of concrete

References Conditions w/c
Filler/Total Fine 
Aggregatea Ratio

Carbonation 
Depth, mm

Matos et al. 
(2016)

28 days in a 5% CO2, 
60% RH and 23°C 
chamber

0.41 18.5% LS 0.93

0.41 9.25% LS+9.25% GC 1.82

Tang et al. 
(2005)

63 days in a 3%–4% 
CO2, 65% RH and 
20°C chamber

0.65 No filler 16.0

0.65 5% GC as FA 8.5

FA, fine aggregate; GC, glass cullet; LS, limestone; RH, relative humidity; w/c, water/cement ratio.
aIncluding filler.
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The effect of GC filler on the sulphate resistance of concrete has been assessed by 
Tang et al. (2005), in which the length change of concrete prisms made with and 
without 5% GC filler as a natural sand replacement, exposed to 5% sodium sulphate 
solution for up to 20 weeks, was determined in accordance with BRE Digest 363 
Part 1 (2003a) and Part 2 (2003b). The water/cement ratio of the two concretes was 
kept at 0.65.

Although the test specimens were expected to expand from sulphate attack, 
they were found to display shrinkage instead. The reasons leading to this were 
unclear, but the results suggested that GC filler concrete had more shrinkage (less 
expansion) compared with reference concrete. It was concluded (Tang et al., 2005) 
that the use of GC filler increases the sulphate resistance of concrete owing to the 
improvement in particle packing of the concrete, making the concrete less permeable  
to sulphates.

6.6.4   Acid Attack

In general, the acid resistance of concrete is considered weak, owing to its high-
alkaline nature. Information on the effect of GC filler on the resistance of concrete to 
acid attack has been limited. When used as a fine aggregate replacement, GC filler is 
not likely to cause any significant change in the resistance of concrete to acid attack. 
However, in the case of SCC, the use of GC filler may offer some advantages over 
limestone filler in this regard, as the latter material is calcareous, which is known to be 
vulnerable to acid attack (Neville, 1995).

6.6.5   Alkali–Silica Reaction

Owing to the high silica content of GC filler, no doubt its use in concrete can always 
lead to concerns over ASR, which causes expansion and subsequently cracking in 
concrete. The ASR expansion of concrete made with nonreactive and active natural 
aggregates in which GC filler (soda lime type, different colours) was used as a fine 
aggregate replacement at 20% has been assessed by a single group of researchers 
in the United Kingdom (Dhir et al., 2005, 2009), carried out in accordance with the 
method defined in BS 812-123 (1999).

The types of aggregate used and the alkali content, in terms of sodium oxide 
equivalents, of the test concrete mixes are given in Table 6.8, and the corresponding 
ASR measurement results at 52 weeks and 3 years are shown in Figure 6.8. It 
should be mentioned that the minimum measurement period is 52 weeks, and the 
test should continue if the expansion between 39 and 52 weeks is greater than 
0.01% of the initial measurement. For reference, the guidance for interpretation 
of the results at 52 weeks given in BRE Digest 330 (2004) is also shown in  
Figure 6.8.
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Table 6.8 Details of concrete mixes used for the alkali–silica reaction test

Aggregate Type Series
Cement 
Content, kg/m3 Na2Oeq, kg/m3

Low-Reactivity Aggregate

Natural aggregate (1), (11), (21), (22) 697 7.0

High-Reactivity Aggregate

North Yorkshire
limestone coarse
aggregate and Thames
Valley chert sand

(2), (12) 400 4.8

(3), (13) 426 5.1

(4), (14) 452 5.4

Trent Valley coarse and fine 
aggregate

(5), (15) 390 4.2

(6), (16) 400 4.8

(7), (17) 452 5.4

Scottish Borders greywacke 
coarse and fine aggregate

(8), (19) 327 3.6

(9), (19) 400 4.8

(10), (20) 503 6.0

Figure 6.8 Effect of glass cullet (GC) filler on alkali–silica reaction expansion of concrete.
Data taken from Dhir et al. (2003) and Dhir et al. (2005, 2009).
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It can be seen from Figure 6.8 that, for concrete made with low-reactivity natural 
aggregates, the 52-week ASR expansion of concrete containing 20% GC filler, 
regardless of its colour, is lower than that of reference concrete (without GC filler), 
although both concretes are considered as ‘nonexpansive.’ However, after 3 years, the 
length change of both concrete suggests that they are ‘possibly expansive,’ and the 
expansion of concrete made with either green or clear GC filler is higher than that of 
the reference.

For concrete made with high-reactivity aggregate, as to be expected, its ASR expansion 
increases with increasing alkali content. It has been found that the expansion 
of concrete containing 20% GC filler is similar to or lower than that of reference 
concrete at 52 weeks, but the reverse is observed at 3 years. There is no distinguishable 
difference between the ASR expansion of concrete made with green GC filler and that 
made with clear GC filler. In a few cases, in which the alkali content of concrete made 
with or without GC filler is high (greater than 5.4 kg/m3 Na2Oeq), the expansion results 
suggest the concrete is ‘expansive.’

Overall, it would appear that the use of 20% GC filler as a fine aggregate replacement 
in concrete results in a reduction in expansion of concrete at early ages, but a higher 
expansion than that of reference concrete at later ages. This observation is independent 
of the colours of GC filler and is the same for concrete made with both low- and high-
reactivity aggregate. Notwithstanding this, it should be noted that the content of the 
GC filler used in this case could be too high, which might affect the overall aggregate 
packing and subsequently the hardened properties of concrete. Indeed, it has been 
claimed that the optimum level of GC filler for use as a fine aggregate replacement 
is 5%, at which the compressive strength and ASR expansion of the concrete are 
acceptable (Tang et al., 2005).

6.6.6   Freeze–Thaw Resistance

A saturated concrete can be damaged when exposed to repeated cycles of freeze–thaw, 
which can led to expansion (formation of ice) and cracking of concrete. The freeze–
thaw resistance of non-air-entrained concrete made with and without 5% GC filler 
has been assessed by Tang et al. (2005) in accordance with the method described in 
CEN/TC 51 (1994). The test specimens were immersed in water and subjected to a 
temperature cycle of −20°C to 20°C in 24 h 56 times. The freeze–thaw resistance of 
the concrete was expressed in terms of the quantity of scaled material per unit area of 
the test surface, as shown in Figure 6.9.

After 56 freeze–thaw cycles, the cumulative scaling of concrete made with 5% GC 
filler as a replacement for fine aggregate was less than 0.01 kg/m2, whilst that of the 
reference concrete was 0.03 kg/m2. This clearly suggests that the use of GC filler 
increases the freeze–thaw resistance of concrete. A similar finding has also been 
observed by Klevbo (1998).
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6.6.7   Abrasion

Abrasion resistance is particularly important for concrete used in pavements, owing to 
surface wearing from moving vehicles, and hydraulic structures, owing to the action 
of solid particles in water. In a study on the abrasion resistance of concrete containing 
5% GC filler (Tang et al., 2005), the concrete specimens were subjected to rotating 
steel abrasive wheels under pressure for 15 min, in accordance with the test method 
described in Dhir et al. (1991). It was found that the abrasion depth of GC filler 
concrete was three times smaller than that of the reference concrete, suggesting that 
the use of GC filler improves the abrasion resistance of concrete.

6.7   Environmental Impact and Case Studies

Information on the environmental impact of concrete containing GC filler has been 
limited. However, given that GC filler originates from glass, which is an inert material, its 
use in concrete as part of the constituents should not give rise to environmental concerns 
in terms of releasing heavy metals, provided that it has been properly processed.

Similarly, case studies associated with the use of GC filler in concrete are lacking. Perhaps 
this is an area worth considering in the future, to enrich the relevant laboratory findings and 
facilitate industrial applications, particularly how to achieve optimum blending when GC 
filler is mixed with fine aggregate during the production of concrete on sites.
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6.8   Conclusions

This chapter assesses the performance of GC filler as a fine aggregate replacement, up 
to 20%, in normal concrete and as a partial or full replacement for filler aggregate, 
mainly limestone, in SCC. In general, the use of GC in a filler aggregate form in concrete 
applications, especially in SCC, has not been commonly studied, compared with its use 
in a ground form as a cement component (Chapter 4) or fine aggregate form (Chapter 5).

When GC filler is used as a replacement for fine aggregate, the consistence of concrete 
remains unchanged at 5% GC filler content, beyond which it decreases as GC filler 
content increases up to 30%. No stability issue has been observed when GC filler is 
used, although it is thought that its small particle size might help to reduce excessive 
bleeding in concrete. The inclusion of GC filler is not likely to result in significant 
change in the density, air content or plastic shrinkage of concrete.

In the hardened state, the compressive strength of concrete is found to increase or 
remain almost unchanged when GC filler is used as a fine aggregate replacement up 
to 20%. The use of GC filler has shown to improve the long-term strength of concrete, 
suggesting that the material possesses pozzolanic properties. At a given water/cement 
ratio, the compressive strength of concrete made with GC filler at 28 days and later is 
higher than that of concrete made without GC filler. Information on the effect of GC 
filler on the tensile strength of concrete has been limited, though the available data 
suggest its positive impact on flexural strength.

At a fixed water/cement ratio, the use of GC filler results in an improvement in the 
deformation properties of concrete, in the form of elastic modulus and shrinkage. 
Although information is lacking, concrete containing GC filler is likely to creep less, 
owing to its void-filling effect.

Increasing the fineness of GC filler by increasing the grinding time could be beneficial 
to both the permeability and the compressive strength of concrete, but this method 
needs to be weighed against the energy consumption and cost.

In terms of durability, the use of 5% GC filler as a fine aggregate replacement is found 
to have a positive effect on the resistance of concrete to carbonation, sulphate attack, 
freeze–thaw attack and abrasion. No information was available for its performance 
on the resistance to chloride ingress and acid attack, but it can be safely assumed that 
these properties are likely to be improved or unaffected when GC filler is used. As far 
as ASR is concerned, the use of 20% GC filler results in a reduction in expansion at 
early ages, but a higher expansion than that of reference concrete at later ages. The 
effect of the colour of GC filler on the ASR expansion of concrete is unclear. It has 
been suggested that the use of 5% GC filler results in an acceptable ASR expansion.

When GC filler is used as a filler component in SCC, it is found that its inclusion tends 
to decrease the slump flow of SCC. This negative effect of GC filler on the consistence 
of concrete might be overcome with the use of a water-reducing admixture. No adverse 
effect has been found on the stability, density, air content or plastic shrinkage of SCC 
when GC filler is used.
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The use of GC filler at a content no greater than 8.5% (of total content of fine 
aggregate + filler aggregate) results in an increase in the compressive strength of SCC. 
Higher content of GC filler can compromise the compressive strength if the water 
content used is increased to maintain the consistence of SCC. At a fixed water/cement 
ratio, the use of GC filler increases the flexural strength of SCC. Information on the 
effect of GC filler on the deformation properties of SCC is thin, although it would be 
expected that these properties are not likely to be significantly affected.

Similarly, research on the permeation and durability of SCC has been limited. 
However, where the information is available, it has been shown that the use GC filler 
in SCC does not adversely affect the sorptivity, oxygen permeability or resistance to 
chloride ingress. However, its inclusion reduces the resistance to carbonation, which 
is likely due to its pozzolanic effect.

The environmental impact and case studies associated with the use of GC filler in 
concrete applications are badly lacking. Notwithstanding this, it can be safely 
assumed that the material is inert and not likely to release heavy metals, unless it is 
contaminated. Case studies on this subject are needed to enrich the relevant laboratory 
findings and facilitate industrial applications.
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Use of Glass Cullet in Geotechnical 
Applications 7
Main Headings

 •  Characteristics of glass cullet
 •  Geotechnical properties
 •  Durability
 •  Environmental impact
 •  Guidance on using glass cullet

Synopsis

This chapter assesses the performance of glass in geotechnical applications, dealing with 
the material characteristics, geotechnical properties, durability, environmental impact, 
case studies and guidance relating to the use of this material. Glass cullet (GC) tends to 
be used in the coarse sand-to-medium gravel size range and its grading does not change 
significantly after compaction. The material is almost impermeable and is slightly lighter 
than natural sand and gravel. The compaction characteristics and permeability of GC are 
similar to those of natural material. Depending on the size, the frictional angle of GC 
is about 40–50 degrees. GC is inert and safe to use provided that its debris content is 
low. GC has been successfully used as a full and partial replacement for sand and gravel 
in various geotechnical applications such as trench backfill, structural fill and artificial 
beach/dune fill.

Keywords: Glass cullet, Geotechnical properties, Geotechnical applications, Environmental 
impact, Case studies.
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7.1   Introduction

Glass cullet (GC), a processed waste glass, can be used as a part of the raw materials 
in making new glass. This process is known as closed-loop recycling and is normally 
practiced in the glass manufacturing industry as it reduces the energy consumption 
required for melting virgin materials. However, such a practice is often limited 
for several reasons, such as the presence of non-glass materials, commingling 
of different glass types and mixing of glass colours. Thus, the development of 
alternative markets for GC is necessary in dealing with this valuable source of 
construction material.

GC has been used in geotechnical engineering fields since about the 1980s. Much of 
the early research done in the United States in the 1990s suggested its suitability for 
use in various applications, including granular layers in road construction, drainage 
media and structural fills (Dames and Moore, 1993; Nash et al., 1995a,b; TxDOT, 
1999). Thereafter, further developments have progressed to materialise a greater 
potential use of GC in geotechnical applications (Cosentino et al., 1995; PennDOT, 
2002; DECC, 2007a). In general, GC may be used at as high as 100% content in the 
replacement of natural granular materials, for example, pipe bedding and non-load-
bearing applications, or as a fill in the construction of embankments. However, in 
applications in which a structural load is to be supported, the use of GC is limited to 
a maximum level of about 30%, though a higher content is probably achievable with 
careful planning and proper design.

To provide a holistic view of the use of GC as a granular material in geotechnical 
fields, this chapter presents a systematic analysis and evaluation of the relevant 
published global information dealing with its material characteristics and properties in 
the context of engineering performance, durability, environmental impact, case studies 
and guidance relating to this use.

7.2   General Information

Geotechnical-related research on using GC as a granular material dates back to 1984, 
and has covered a spectrum of work on characterising and measuring the engineering 
properties of GC for its use in various geotechnical applications. However, the vast 
majority of this research has been undertaken in the United States and Australia since 
2007. Depending on its intended use, GC can be crushed into any size, ranging from 
dust to medium gravel, though larger-sized GC is likely to cause aggregate packing 
issues due to its flaky and elongated shape. GC used in research before the year 
2000 had a maximum size greater than 19 mm, but after 2000, its maximum size has 
generally been no more than 9.5 mm (Amlashi et al., 2015). The GC used has tended 
to be well graded, with a uniformity coefficient (Cu) greater than 4.4.
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The maximum dry density (MDD) of GC, determined by both standard and modified 
compaction methods, has ranged between 15 and 17 kN/m3 and from 18.0 to 19.5 kN/
m3, respectively (Lee, 2007; Nash et al., 1995a ; Ooi et al., 2008; Soil and Environment 
Engineers, 1998). It has been found that an increase in compaction effort (as in the 
modified compaction test) resulted in an insignificant change in both its optimum 
moisture content (OMC) and its MDD.

GC exhibits a high drained angle of internal friction (φ′), ranging between about 48 
and 63 degrees for confining pressures of less than about 100 kPa. A small reduction 
in φ′ was observed as confining pressure was increased (Amlashi et al., 2015). The 
angle of internal friction of GC can be affected by its grading; for well-graded GC, 
its values are in the range of 37–43 degrees, whilst for uniformly graded GC, this 
can be between 31 and 36 degrees (Ooi et al., 2008). Clean GC is not cohesive, but it 
may exhibit some degree of cohesion if debris and contamination, such as labels, are 
present (TRB, 2013).

The California bearing ratio (CBR) of GC, with a size similar to that of coarse sand 
or fine gravel (maximum size of 9.5 mm), is in the range of 40%–80%, which is 
comparable to that of a typical compacted granular material (Amlashi et al., 2015; 
Ooi et al., 2008; Soil and Environment Engineers, 1998). However, the CBR value of 
GC in the form of poorly graded gravel or sand can be very low and no more than 5% 
(TRB, 2013).

Typically, the permeability of GC ranges from 1 × 10−2 to about 9 × 10−6 m/s depending 
on its particle size and degree of packing (Amlashi et al., 2015; Lee, 2007; Nash et al., 
1995a,b; Soil and Environmental Engineers, 2008). It has been noted that an increase 
in the largest size of GC has no significant effect on its permeability (Nash et al., 
1995a ; Amlashi et al., 2015).

Overall, the engineering properties of GC are comparable to those of natural granular 
material, and provided the particle size and distribution are properly considered, GC 
can be used in many geotechnical applications without compromising the technical 
performance.

7.3   Geotechnical Characteristics of Glass Cullet

One of the most important aspects of using a material in geotechnical engineering is its 
initial characterisation, such as particle shape, particle size and distribution, specific 
gravity and consistence. This gives the engineer an initial impression of its suitability 
for the envisaged applications. If the material is marginal or unsuitable in its current 
state, the initial characterisation may give an indication of possible options that may 
be explored to ensure the safe use and compliance of the material with regulatory 
requirements.
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7.3.1   Particle Size Distribution

‘Soil’ in geotechnical engineering terms describes a material ranging in a size 
from less than 0.002 mm (clay) to greater than 200 mm (boulder). Between the 
two extremes lie materials, in an ascending order, described as silt, sand, gravel 
and cobbles. Each of these terms is associated with a particular size range given in 
soil classification systems, such as those based on AASHTO M145-91 (2012) and 
Eurocode 7 (BS EN 1997-2, 2007). The size fractions of soils up to gravel in these 
two systems are given in Table 7.1, as they are more relevant to the study of GC in 
geotechnical applications.

The particle size distribution of a soil describes the range and proportion of various 
sizes of particles, and is typically represented by a graph of cumulative percentage 
passing a set of sieve sizes. Figure 7.1 shows examples of the particle size distribution 
of uniformly graded, gap-graded and well-graded soils. Two nondimensional 
coefficients, namely the Cu and the coefficient of curvature (Cc), as defined below, are 
commonly used to compare the distribution curves of soils. For well-graded granular 
soil, its coefficients Cu and Cc are greater than 4 and between 1 and 3, respectively:

 
Coefficient of Uniformity, Cu =

D60

D10  

 
Cofficient of Curvature, Cc =

(D30)
2

(D60 × D10) 

where D60, D30 and D10 correspond to particle sizes passing at 60%, 30% and 10%, 
respectively.

Particle Size Distribution of Glass Cullet

The particle size distributions of over 30 GC samples reported from 1993 to 2013 are 
shown in Figure 7.2, in which the shaded area represents about 80% of the total data. 
The bulk of the material has a maximum size between 6 and 13 mm and the overall 
grading lies in the sand and gravel range. In most cases, approximately 2%–7% of the 
GC is finer than 0.075 mm, with 80% having a D50 value between 0.2 and 8.5 mm with 

Table 7.1 Description of soils in terms of size

Soil Type

Range (mm)

AASHTO (2004) Eurocode 7 (2007)

Gravel 2–76.2 2–63

Sand 2–0.075 2–0.063

Silt 0.002–0.075 0.002–0.063

Clay ≤0.002 ≤0.002
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Figure 7.1 Particle size distribution of various soils. Soil A, uniformly graded, where a 
majority of the particles lie in a narrow range of sizes; soil B, gap graded, where a certain size 
fraction is missing; soil C, well graded, where a large range of particle sizes is present in good 
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Figure 7.2 Particle size distribution of glass cullet.
Data taken from Arulrajah et al. (2013), Arnold et al. (2008), Basari (2012), Dames and Moore 
(1993), Cosentino et al. (1995), Eberemu et al. (2013), Finkle and Ksaibati (2007), Grubb 
et al. (2006b), Henry and Morin (1997), Mavroulidou and Ahmed (2011), Mikami et al. 
(2009), Nash et al. (1995b), PennDOT (2001a), Piratheepan et al. (2013), SCE Recycling 
(2013) and Wartman et al. (2004a).
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a mean of 2.6 mm. On average, the Cu of the material is 6.5, with each sample normally 
having a Cu value greater than 4, although in a few cases a value of less than 3 was noted 
(Basari, 2012; Dames and Moore, 1993). The Cc values for particle size distribution of 
the GC samples confirm that they had a broader range of particles in the main; the mean 
value is about 1.57, with less than 10% of the data falling outside the range of 1–3.

It appears that it is possible to produce GC to a range of particle size distributions 
that may be uniformly graded, well graded or any size range less than about 15 mm, 
comprising silt, silty sand, sand and gravel. Larger GC particles may be produced 
but they are more likely to be flat or elongated. Thus, they are not suitable for use as 
they would have poor compaction properties and, consequently, affect the strength, 
permeability and other engineering properties of soils.

Particle Size Distribution of Glass Cullet Mixed With Other Materials

A number of researchers have explored the use of GC to modify the engineering properties 
of other materials such as kaolin clay (PennDOT, 2001b), kaolin and bentonite mix 
(Malasavage et al., 2007), natural sandy gravel (PennDOT, 2001b), river dredged material 
(Grubb et al., 2006a,b), crushed limestone (Nash et al., 1995b) and both quarry fines and 
quarry screenings (PennDOT, 2001b). The host materials to which GC has been added 
can be divided into two groups: fines, in which a significant proportion of the soil is finer 
than 0.075 mm (such as silts and clays), and granular materials, in which a significant 
proportion is larger than 0.075 mm (sand and gravel). In the case of the former, the addition 
of GC simply adds to the coarser fraction, extending the range of sizes of the soil.

The effect of adding GC to coarse-grained materials on particle size distribution is 
given in Table 7.2. In general, when the particle size of the host soil is not too dissimilar 
to that of GC, the effect of adding GC is minimal. However, when the particle sizes of 
the two materials are different, the addition of GC would fill the missing size fraction 
of the host soil, thus amending the particle size distribution of the resulting soil.

The changes in the Cu and Cc of sand and gravel materials due to the use of GC, up to 
50% content, are shown in Figures 7.3 and 7.4, respectively. The results in Figure 7.3 
suggest that as the GC content increases, Cu tends to decrease. This is expected as the 
Cu of GC ranges from 4.5 to 10, whilst that of the host soils is in the range of 5–88. On 
the other hand, the Cc of the soils does not show significant change when GC is used 
(Figure 7.4), and bulk of the results lie in the range 1–3, indicating that the resulting 
material is well graded.

7.3.2   Effect of Compaction on Particle Size Distribution

Compaction is a process of improving the packing of a material by applying a compaction 
effort. In a laboratory, this may be done by packing material into a fixed-size mould and 
applying compaction either by dropping a weight at a given height or by applying vibration 
and compaction force for a given period. In general, there are two types of compaction 
tests, namely standard compaction and modified compaction. The latter test equates to 
application of about 4.5 times the energy per unit volume compared with the former test.
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Table 7.2 Particle size distribution of mixes containing glass cullet (GC) and other materials

Reference Materials Effect on Particle Size Distribution

Ali and 
Arulrajah 
(2012)

Host: recycled concrete aggregate
GC (%): 10, 15, 20, 30, 40, 50

Minimal effect as both materials have 
similar particle size distributions

Ali et al. 
(2011a)

Host: crushed rock
GC (%): 10, 15, 20, 30, 40, 50

Minimal effect as both materials have 
similar particle size distributions

Eberemu 
et al. (2013)

Host: laterite (60% finer than 
0.075 mm)
GC (%): 5, 10, 15, 20

The addition of 20% GC reduces the 
percentage passing at 0.075 mm to 
50%

Grubb et al. 
(2006a,b)

Host: river dredged material (about 
93% finer than 0.075 mm)
GC (%): 20, 40, 50, 60, 80

Reduction in the fraction smaller 
than 0.075 mm; at 80% GC content, 
particles passing 0.075 mm were 
reduced to 15%

Malasavage 
et al. (2007)

Host: kaolinite:bentonite (3:1) 
mixture (100% finer than 0.075 mm)
GC (%): 20, 40, 50, 60, 80

Linear increase in percentage passing 
0.075 mm as GC content increases

Nash et al. 
(1995b)

Host: crushed limestone (gravel)
GC (%): 5, 10, 20, 50

Reduction in the fraction larger than 
4.75 mm

PennDOT 
(2001b)

Host: kaolin (clayey silt), King 
of Prussia soil (sandy gravel), 
quarry fines (sandy silt) and quarry 
screenings (sand and gravel)
GC (%): 10, 20, 35, 50

Negligible effect on sandy gravel, but 
increase in the sand fraction of sandy 
silt and clayey silt
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Figure 7.3 Coefficient of uniformity of sand- and gravel-sized materials containing glass cullet.
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As compaction energy is applied to GC, some breakage of glass particles may be 
expected. The effect of particle breakage of GC due to compaction energy has been 
assessed by comparing its particle size distribution curves before and after compaction 
(Dames and Moore, 1993; PennDOT, 2001a; Disfani et al., 2011b; Ali and Arulrajah, 
2012). In general, the results suggest that there is a typical 2.5%–3.5% increase in 
fines, mainly in the sand-size fraction; and most of the breakage was in the coarser 
fraction (gravel size) of the material. More breakage was observed in the samples 
prepared using modified compaction.

Overall, there was little change in either the Cu or the Cc value, except for in two cases 
(PennDOT, 2001a; Wartman et al., 2004a), in which the breakage of GC particles was 
up to about 10%. Notwithstanding this, in cases in which the structural performance 
or the permeability of a soil is critical, the effect of breakage of the GC should be 
carefully examined.

7.3.3   Shape

BS EN ISO 14688-1 (2002) gives six descriptive terms for the shape of particles, 
namely, very angular, angular, subangular, subrounded, rounded and well rounded. 
Since GC is produced by crushing and processing of waste glass, the shape of GC 
is expected to be angular (Dames and Moore, 1993; So et al., 2015). However, since 
glass is brittle, its sharp edges might break due to particle attrition, resulting in a 
change in shape from angular to subrounded.
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Figure 7.4 Coefficient of curvature of sand- and gravel-sized materials containing glass cullet.
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7.3.4   Flakiness Index

A particle is defined as flaky if the smallest dimension (i.e., thickness) is less than 
0.6 times the mean size of the other two dimensions. Flakiness index measures the 
percentage of flaky particles present in a sample (BS 812-105.1, 1989). The flakiness 
index of an aggregate is normally examined for its use in concrete and asphalt mixes, 
in which a high content of flaky particles can affect the workability of the mixes. 
Since flakiness index is not applicable to aggregates of less than 6.3 mm and GC is 
more suited to be used as a fine aggregate, the flakiness index of GC is unlikely to be 
a concern.

7.3.5   Specific Gravity

Specific gravity is defined as the ratio of the density of the solid part of a material 
to the density of water at 20°C. Typically, the specific gravity of soils is in the range 
2.60 to about 2.80. The specific gravity of GC samples used in geotechnical studies 
has been found to range from 1.96 to 2.54, with most values between 2.48 and 2.50 
(Figure 7.5). The variation in the value is probably due to the presence of debris or 
organic matter in the GC samples. Notwithstanding this, excluding the two extreme 
data points, the mean specific gravity of GC is about 2.49, which is 6% lower than that 
of quartzite sand (2.65).
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Figure 7.5 Specific gravity of glass cullet samples used in geotechnical studies.
Data taken from Arulrajah et al. (2013, 2014), Ali et al. (2011a,b), Amlashi et al., 
2015, Basari (2012), Cosentino et al. (1995), CWC (1996a), Dames and Moore (1993), 
Disfani et al. (2011a), Eberemu et al. (2013), Grubb et al. (2007), Hagerty et al. (1993), 
Kang et al. (2009), Kunishima et al. (2000), Li et al. (2013), Malasavage et al. (2007), 
Mavroulidou and Ahmed (2011), PennDOT (2001a, 2002, 2006), Shin and Sonntag (1994) 
and Wartman et al. (2004a,b).
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7.3.6   Water Absorption

The water absorption of an aggregate can be used as a screening test for its freeze–thaw 
resistance. Aggregates with water absorption less than 0.5% are generally considered 
to be resistant to freeze–thaw action in practice, though in BS EN 13242:2002+A1 
(2007) this value is set to be no greater than 2%.

As glass is an impermeable material, its water absorption values are very low, ranging 
from 0.2% to 1% (ARRB, 2010; Arulrajah et al., 2013; Ooi et al., 2008), although a 
value close to 0% may be more appropriate. The presence of debris or organic content 
in GC may result in higher water absorption value.

7.3.7   Los Angeles Abrasion Value

The Los Angeles abrasion test measures the resistance of an aggregate to abrasion, 
which can be considered as a durability test. This test is essentially applicable to 
coarse aggregate used in road pavement. Depending on the intended use, typical 
acceptable Los Angeles values of aggregate are in the range of 30%–50% (Highways 
Agency, 2016; INDOT, 2012), though this limit may be as high as 60% (SCDOT, 
2011). Materials with lower Los Angeles values are normally used in the upper layers 
of a road pavement owing to the high stress level.

Figure 7.6 shows the Los Angeles abrasion test results for GC samples used in 
geotechnical studies. Most of the values fall within the range of 24%–42%, except for 
one, which is at 52%. Although GC appears to have an acceptable Los Angeles value, 
as mentioned previously, the material is not suitable for use in a coarse form owing to 
the potential flakiness and elongation issues.
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Figure 7.6 Los Angeles abrasion values for glass cullet samples used in geotechnical studies.
Data taken from Ali and Arulrajah (2012), Ali et al. (2011a,b), Arulrajah et al. (2013, 2014), 
Disfani et al. (2011a,b, 2012), Henry and Morin (1997), PennDOT (2001a,b) and Wartman 
et al. (2004a).
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7.3.8   Soundness

The soundness test is a measure of the resistance of both coarse and fine aggregates 
to weathering by immersing the aggregates in either sodium sulphate or magnesium 
sulphate solution for a specific period of time (ASTM C88, 2013). In the case of the 
sodium sulphate soundness test, the minimum acceptable soundness value is 12%; 
for magnesium sulphate, this may be 18% (Prowell et al., 2005). The soundness test 
is commonly regarded as a proxy for the freeze–thaw resistance test. The results of 
soundness tests for GC, using a sodium sulphate solution, have been not greater than 
7.5% (SCE Recycling, 2013; Wartman, 2004a), which is well within the acceptable 
limits, indicating that the material has good freeze–thaw resistance.

7.3.9   pH

The pH of a soil can be affected by its mineralogy and solubility as well as the presence 
of organic content. Standards such as ASTM D4972 (2001) and BS 1377-3 (1990) 
provide specific guidance on measuring the pH of soil. Although glass is considered 
to be an inert material, the sodium component of soda lime GC may leach from the 
glass and elevate its alkalinity. Limited information on the pH of GC suggests that its 
pH may be as high as about 10 (Disfani et al., 2011a,b, 2012). The pH of GC should be 
checked from a leachate point of view, particularly if it is used as a fill material adjacent 
to galvanised steel or steel structures in earthworks. In the United Kingdom, the pH of 
fill materials in such an application is limited to within 5–10 (Highways Agency, 2016).

7.3.10   Organic Content

High organic matter in soils makes them more susceptible to settlement under loading 
and may also result in a reduction in strength. Unless properly cleaned during the 
manufacturing process, GC will inevitably contain some organic matter arising from 
paper and food residues. The organic content of GC has been reported to be as low as 
0.5% (Ali and Arulrajah, 2012) to as high as 3.1% (Grubb et al., 2008a), and typically 
it is less than about 1.3% (Ali and Arulrajah, 2012; Ali et al., 2011a,b; Arulrajah et al., 
2013, 2014; Disfani et al., 2011a,b, 2012).

It appears that the organic content of GC is less than that of the most productive 
agricultural soils, which have a typical value ranging from 3% to 6%. In many states 
in the United States, the maximum values of organic matter in road subgrade and 
backfills are limited to 2%–7% (Huang et al., 2009). Thus, the utilisation of GC in 
such applications would be acceptable.

7.3.11   Atterberg Limits

In terms of soil characterisation for geotechnical purposes, the liquid limit (LL), i.e., the 
moisture content at which a soil changes from liquid to plastic, and the plastic limit (PL), 
i.e., from plastic to semisolid, are the key indices. They may be used as a rough proxy for 
the strength of a soil, as the change from LL to PL can give rise to an ∼100-fold increase 
in strength. The difference in these limits is known as the plastic index (PI = LL − PL).

astm:C88
astm:D4972
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Figure 7.7 Change in liquid limit of cohesive soils with glass cullet content.
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Figure 7.8 Change in plastic limit of cohesive soils with glass cullet content.

A number of researchers (Basari, 2012; Eberemu et al., 2013; Fauzi et al., 2016; 
Grubb et al., 2006b; Malasavage et al., 2007) have used up to 80% GC to modify the 
engineering properties of cohesive soils. The changes in LL, PL and PI of soils due to 
the use of GC are shown in Figures 7.7–7.9, respectively. In general, an increase in GC 
content results in a 10%–20% reduction in LL, PL and PI.

The significance of these changes can be seen in a Casagrande chart plotted in 
Figure 7.10, in which the results for the maximum GC used in the relevant studies 
are shown. It can be seen that the addition of GC tends to reduce the plasticity of 
soils. Soils treated with GC are a little coarser and have higher permeability, and 
for a given moisture content and density, their strength may be higher than that of 
untreated soils. It should be mentioned that the response of the soils observed in 
Figure 7.10 is similar to that when lime is added.
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7.4   Mechanical Properties
7.4.1   Compaction

Compaction is a densification process of packing soil particles together to improve 
the engineering properties of the soil, particularly strength and bearing capacity. 
The degree of packing of soil particles is dependent on the soil type (such as clay, 
silty and sand), the range of particle sizes, the water content and the amount of 
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compaction effort applied. The compaction test results are normally presented in 
terms of the dry density and moisture content relationship, which suggests the 
maximum amount of dry solid material that can be packed into a given volume 
(known as MDD) and the moisture content (known as OMC) at which this can be 
achieved for a given compaction effort.

The MDD and OMC of GC with a maximum size of 6 or 19 mm, obtained using 
both the standard and the modified compaction tests, are shown in Figure 7.11. The 
results show that the average MDD of GC using the modified compaction method is 
about 9.5% greater than that achieved using the standard compaction method. The 
OMC of GC is in the range of about 5%–13% for both the standard and the modified 
compaction tests.

The effects of GC on the MDD and OMC of either fine-grained or coarse-grained 
host material are shown in Figures 7.12 and 7.13, respectively. For coarse-grained 
(granular) soils, the addition of GC up to 100% content does not show any significant 
change in the MDD. The OMC of granular host soils remains almost unchanged up to 
35%, beyond which it decreases as GC content increases. However, this reduction in 
OMC is considered to be small.

For fine-grained soils, the MDD increases as GC content increases, and this effect 
becomes more pronounced when the GC content is greater than 35%. The addition 
of GC can result in a significant reduction on the OMC of fine-grained soils; in some 
cases, this reduction can be greater than 50% when more than 40% GC is added 
(Figure 7.13).
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7.4.2   California Bearing Ratio

The CBR test was developed in the 1920s to assess the strength of road pavement 
construction materials, namely, subgrade, subbase and base course. It is a simple test 
that can be conducted on samples prepared in the laboratory and the field. CBR values 
have been used to determine the thickness of pavement layers universally in most road 
design methods.

Investigations into the determination of the CBR of GC can be divided into two 
groups: (i) GC only and (ii) a mixture of GC and soils (both fine and coarse 
grained). The relationship between CBR and MDD for GC specimens of maximum 
size 3–19 mm, prepared using both standard and modified compaction methods, is 
shown in Figure 7.14. The minimum CBR requirements for capping, subbase and 
base course layers given by the US Army (1994a) are also shown in the figure for 
comparison.

It can be seen that specimens prepared using the modified compaction tend to 
have a higher CBR compared with those prepared using the standard compaction 
technique. This is to be expected, as the compaction effort used in modified 
compaction is about 4.5 times that of standard compaction, resulting in a greater 
MDD and thus higher CBR values. Overall, it appears from Figure 7.14 that the 
CBR of GC can range from as low as 10% (at MDD of 15.5 kN/m3) to as high as 
75% (at MDD of 19.5 kN/m3). Given that the MDD of GC normally fluctuates 
within 16–18 kN/m3 (Figure 7.11), the CBR of GC is likely to be in the range 
of 20%–40%. Thus the material is suitable for use in capping and subbase layer 
construction.
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Figure 7.14 Relationship of California bearing ratio and maximum dry density of glass 
cullet.
Data taken from Disfani et al. (2011a,b, 2012), SCE Recycling (2013) and So et al. (2015).
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7.4.3   Stress–Strain Behaviour

In general, the stress–strain behaviour of soils may be grouped into two categories, 
namely, (i) dense sand and overconsolidated clays and (ii) loose sand and normally 
consolidated clays. Materials in the former category tend to dilate, whilst those in the 
latter tend to compress as the soils start to shear during loading to peak stress.

The limited data on strain to failure for GC (PennDOT, 2001a) suggest that a relatively 
loosely compacted GC (at 90% MDD) required strains of 11%–18% to reach peak 
strength. This behaviour is close to that of soils comprising loose and normally 
consolidated material, which can deform up to 20% or more to reach peak strength. 
The effect of blending up to 50% GC with crushed rock and crushed recycled concrete 
aggregate on strain to failure has been assessed by Dames and Moore (1993) and  
Ali and Arulrajah (2012), respectively. The results from these investigations, as given 
in Table 7.3, suggest that the strain to failure of well-compacted specimens containing 
GC is generally less than about 5%. This might indicate that the stress–strain behaviour 
of GC is not too dissimilar to that of granular materials.

7.4.4   Shear Strength

The shear strength of a soil is the maximum stress a soil can resist without shear 
failure. It has two components, cohesion and friction (internal friction angle), and both 
can be measured in terms of (i) total stress conditions, where no volume change is 
permitted, or (ii) effective stress conditions, where volume change can occur through 
the drainage of water within the test soil.

Table 7.3 Strain to failure of materials comprising glass cullet

Reference Material
Density 
(kN/m3)

Confining 
Pressure (kPa)

Strain to 
Failure (%)

Dames 
and Moore 
(1993)

Crushed rock 95% MDD 5
10
20

2.0
2.0
2.7

GC 15% and crushed 
rock 85%
Maximum size 6.3 mm

95% MDD 5
10
20

2.8
4.5
5.0

GC 15% and crushed 
rock 85%
Maximum size 19 mm

95% MDD 5
10
20

3.0
2.5
4.5

GC 50% and crushed 
rock 50%
Maximum size 19 mm

95% MDD 5
10
20

2.5
5.0
5.5

Ali and 
Arulrajah 
(2012)

GC 10% and recycled 
crushed concrete 90%

MDD 50
100
200

1.6
2.0
2.5

GC, glass cullet; MDD, maximum dry density.
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Shear Strength of Glass Cullet

Since GC is a granular material, its shear strength is measured in terms of effective 
angle of friction (ϕ′), which can be determined using either a direct shear test in 
accordance with ASTM D3080 (2011), BS 1377-7 (1990) or BS 1377-8 (1990) or 
a triaxial test in accordance with ASTM D2166 (2016), ASTM D2850 (2015), BS 
1377-7 (1990) and BS 1377-8 (1990).

The angle of friction of a granular soil can be affected by particle shape and dry 
density, void ratio and confining pressure. For example, the ϕ′ of angular sand may be 
as low as 30 degrees in a loose state, but greater than 45 degrees in a dense state. The 
ϕ′ of rounded sand is at least 10% lower than that of angular sand.

The shear strength of GC has been investigated by a number of researchers under 
different test conditions. This has resulted in a large range of ϕ′ values, which can be 
divided into two groups based on the maximum aggregate size of the GC used, that is, (i) 
up to 6.3 mm, shown in Figure 7.15, and (ii) between 9 and 20 mm, shown in Figure 7.16. 
In the former group, the reported ϕ′ values of GC prepared at densities ranging from 12.8 
to 18.4 kN/m3 are spread over a wide range of 34–68 degrees, but mostly within the range 
of 40–48 degrees. In the latter group, the ϕ′ values of GC vary from 44 to 62 degrees, 
showing a near-normal distribution with a mean of about 50 degrees, and nearly 70% of 
the results are in the range from 46 to 54 degrees.

The void ratio is the ratio of volume of voids to volume of solids. Typically, well-
graded sand and gravel may have a void ratio that varies from about 0.75 for poorly 
compacted soil with low dry density to 0.25 for well-compacted soil with high dry 
density. The information available on the relationship between angle of friction and 

0

1

2

3

4

5

6

34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70

FR
EQ

U
EN

C
Y 

O
F 

D
A
TA

ANGLE OF FRICTION, Degree

Figure 7.15 Angle of friction for glass cullet with a maximum size of 6.3 mm.
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void ratio for GC is limited. Notwithstanding this, the relationship may be established 
between angle of friction and dry density (Figure 7.17), since the density of a soil is 
related to its voids volume. It appears that there is a general increasing trend in angle 
of friction of GC when its density increases from about 16.75 to 18.3 kN/m3.

It was also found that the angle of friction of GC tended to decrease as the confining 
pressure increased from 30 to 300 kPa (Disfani et al., 2011a, 2011b, 2012; Wartman 
et al., 2004a). This observation is somewhat similar to that reported for cohesionless 
soils (Lamb and Whitman, 1979).
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Figure 7.16 Angle of friction for glass cullet with a maximum size of 9–20 mm.
Data taken from Disfani et al. (2011a), PennDOT (2001a), Piratheepan et al. (2013) and So 
et al. (2015).
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Figure 7.18 Effect of glass cullet on cohesion of host material.

Shear Strength of Soils Containing Glass Cullet

GC has been used to modify the properties of other materials such as gravelly 
sand and crushed rock (Dames and Moore, 1993), kaolin, sandy silt and silty 
sand (PennDOT, 2001b), dredged materials (Grubb et al., 2006b), natural sand 
(Mavroulidou and Ahmed, 2011), sand (Basari, 2012) and laterite (Eberemu 
et al., 2013). The effects of GC on both cohesion and angle of friction have been 
expressed in relative terms with respect to the host material (the reference), as 
shown in Figures 7.18 and 7.19, respectively. In general, the addition of GC to 
these soils results in a reduction in cohesion. However, if the host material has 
low plasticity, such as quarry fines, as to be expected, GC has little effect on its 
cohesion (Figure 7.18). Depending on the angle of friction of the host material 
and the quantity of GC added, Figure 7.19 shows that the use of GC (i) increases 
the angle of friction of kaolin, laterite, silty sand and sandy silt, (ii) decreases the 
angle of friction of quarry fines and (iii) has no significant effect on the angle of 
friction of sand or a mixture of sand and gravel.

The information on the shear strength of GC tested in unconsolidated undrained 
condition has been limited. One study, however, undertaken by Grubb at al. (2006a,b), 
suggests that the use of 20%–80% GC in dredged materials resulted in 80% reduction 
in cohesion and 70% increase in angle of friction.
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Figure 7.19 Effect of glass cullet on angle of friction of host material.

7.4.5   Soil Modulus

The often-used term ‘modulus’ may be defined in many ways, such as tangent, secant, 
chord, shear, cyclic, bulk, load or unload modulus, all of which can be determined 
from different parts of the stress–strain curve of a soil. Under a monotonic loading, 
perhaps the most pertinent measure is secant modulus, which is the slope of a straight 
line joining the origin to a point between 0.33 and 0.50 peak stress as recommended 
by Lamb and Whitman (1979). Modulus of soil is used for estimating the initial 
settlement of a soil when subjected to a load. Typically, a firm, becoming stiff, clay 
can have a modulus value that ranges from about 20 to >100 MPa; for loose sand and 
dense sand, the corresponding ranges are 10–30 and 30–70 MPa.

Figure 7.20 shows the relationship between confining pressure and secant modulus, at 
one-third of the peak strength, of GC samples for different sizes: <4.76, <9.7, <20 (as 
received) and 2.4–20.0 mm. It can be seen that the secant modulus of GC increases, 
at a decreasing rate, as the confining pressure increases up to 480 kPa. A similar trend 
is also observed in the relationship between confining pressure and initial tangent 
modulus for recycled concrete aggregate mix containing 10% GC (Ali and Arulrajah, 
2012) and crushed-rock mixes containing 50% GC (Dames and Moore, 1993).



278 Sustainable Construction Materials: Glass Cullet

7.4.6   Resilient Modulus

The resilient modulus (MR) is a measure of the elastic deformation of a soil under 
repeated or cyclic loading. In the limited research undertaken, the effects of adding 
15% and 50% GC, with a maximum size of 6.35 and 19 mm, on the MR of crushed rock 
has been evaluated using a modified AASHTO T294 (1994) test procedure (Dames and 
Moore, 1993). As the CBR test is easier and cheaper compared with the MR test, the 
MR values of crushed-rock mixes containing GC are plotted against the corresponding 
CBR values in Figure 7.21, together with the commonly used relationship between the 
two established by Powell et al. (1984).

The use of GC with maximum sizes of 6.35 and 19 mm, for a content up to 50%, led 
to a reduction in the MR of crushed rock, with an average MR value about 15% lower 
than that of the reference with 100% crushed rock (Figure 7.21). Notwithstanding 
this, it has been claimed that the MR value of mixes containing up to 50% GC was still 
considered to be appropriate for use in a typical road pavement design (Dames and 
Moore, 1993).

In addition, the results shown in Figure 7.21 also suggest that the CBR and MR 
relationship developed by Powell et al. (1984) does not fit well for 100% crushed-rock 
mixes and crushed-rock mixes containing GC. Perhaps further work in this area is 
required.
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7.4.7   Permeability

Soil is a three-phase material comprising solids (soil particles), air and water, the last 
occupying the void space between the particles. The ease with which water can flow 
through a soil is described as its permeability. The permeability of a soil is normally 
expressed as the coefficient of permeability (or hydraulic conductivity), which is 
defined as the quantity of flow through a unit area of soil under a unit pressure gradient.

Figure 7.22 shows the permeability of GC and soils containing up to 80% GC, together 
with the relevant types of permeability test and the typical permeability values and 
classifications. The permeability of GC, determined using the constant head test in 
accordance with ASTM D2434-68 (2006), has been found to range from 1.0 × 10−3 to 
1.0 × 10−7 m/s, having an average value of 1.4 × 10−3 m/s. Compared with other types of 
soil, the permeability of GC is similar to that of coarse sand and fine sand/coarse silt, 
though it tends to behave like the former (Figure 7.22). In general, the permeability 
of GC is somewhere between high and medium, which suggests that it would provide 
good drainage properties and get rid of the potential buildup of excessive pore water 
pressure when used as a fill material.

When adding GC at up to 60% content to other coarse-grained and fine-grained soils, 
although it appears that the permeability of the resulting soils might be a few orders of 
magnitude away from that of the reference soils (without GC), the permeability behaviour 
and classification of the resulting soils remain essentially unchanged (Figure 7.22).
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7.4.8   Thermal Conductivity

The thermal conductivity of a material is defined as the amount of heat that can 
be transmitted per unit temperature gradient through unit thickness of a material, 
measured perpendicular to the source of heat. Conductivity can be measured using 
the steady-state method (ASTM C518, 2015) or transient-state method (ASTM 
Standard D5334, 2008), depending on the type of application. Apart from the 
inherent characteristics of a material, both the dry density and the degree of 
saturation are perhaps the most important factors affecting thermal conductivity, 
since the former relates to the packing of particles, which affects heat transfer 
through conduction, and the latter relates to heat transfer through convection. 
Thus, the thermal conductivity of a material increases as both its dry density and 
the degree of saturation increase.

The thermal conductivity of intact glass is about 1 W/mK. In the case of GC, its heat 
conductivity relies on particle-to-particle contact and any water present between the 
particles. Table 7.4 presents the thermal conductivity of GC at different moisture 
contents and that of other granular materials and geothermal grout. The results suggest 
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Figure 7.22 Permeability of glass cullet (GC) and soils containing GC.
Data taken from Ali and Arulrajah (2012), Ali et al. (2011a), Arulrajah et al. (2014), Bo and 
Arulrajah (2011), CWC, 1996b, Disfani et al. (2011a), Eberemu et al. (2013), Grubb et al. 
(2006b), Kunishima et al. (2000), Malasavage et al. (2007), Mikami et al. (2009), Nash et al. 
(1995b), PennDOT (2002), PennDOT (2006), Reddy (1999), So et al. (2015) and Wartman 
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that the thermal conductivity of compacted GC with an approximate 6%–10% moisture 
content is about a quarter to a third of that of intact glass. The thermal conductivity 
of GC is marginally greater than that of dry sand but significantly smaller than that 
of saturated sand. It is reasonable to surmise that the thermal conductivity of GC is 
essentially similar to that of natural sand; thus the material may be potentially suitable 
for use as a replacement for sand in thermal grout. However, further exploration of this 
area would be needed.

7.5   Durability

Soils comprising various proportions of clays, silts, sands and gravels are used 
as foundation materials for most construction (buildings, roads, etc.) and at 
times are used to form structures such as embankments, levees and dams. These 
constructions are required to remain structurally sound over their design life, 
which is largely dependent on the durability of the soils. In this section, the 
durability of GC is assessed in terms of its performance under repeated loading 
and frost susceptibility.

Table 7.4 Thermal conductivity of glass cullet (GC), natural granular materials and 
geothermal grout

Material
Aggregate 
Size

Thermal 
Conductivity, 
W/mK Reference

GC (moisture 10.7%) 6.4 mm 0.315 Dames and 
Moore (1993)GC (moisture 6.5%) 6.4 mm 0.26

GC mixed with sand and gravel 
50:50 (moisture 7.4%)

6.4 mm 0.463

Sand and gravel n.a. 0.638

Sand—dry Fine to coarse 0.15–0.27 Hamdhan and 
Clarke (2010)Sand—saturated Fine to coarse 2.75–3.72

Sand and gravel n.a. 0.77a British 
Geological 
Survey (2011)

Saturated sand n.a. 2.50a

Silt n.a. 1.67a

Geothermal grout n.a. 0.68–1.69 cetco.com

Geothermal grout—sand/cement n.a. 1.5–2.3 Allan (1997)

Geothermal grout—sand/cement/
blast furnace slag or fly ash

n.a. 2.2–2.4

aTypical values.
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7.5.1   Repeated Loading

Soils in the upper layers of road pavements, adjacent to machine foundations, or in 
embankments of roads and railways are likely to be subjected to dynamic loading. 
Most materials exhibit a critical threshold stress level (i.e., ratio of applied stress/
strength at which settlement increases significantly).

There is limited information on the critical threshold value of GC under dynamic 
loading. However, it is important to note that the particle size distribution of 
GC before and after compaction showed little degradation (Ali and Arulrajah, 
2012; Dames and Moore, 1993; PennDOT, 2001a; Wartman et al., 2004a). Thus, 
assuming that GC behaves in a manner similar to that of a granular soil, the 
working strength of GC under repeated loading is likely to be less than about 
50% of the strength used under static loading. This is a rough estimation and it 
is strongly recommended that cyclic load tests be conducted to ascertain the true 
value of threshold stress for GC.

7.5.2   Frost Susceptibility

The frost susceptibility of soils can be tested in accordance with BS812-124 (2009) 
or ASTM D5918 (2013). It should be noted that neither of these tests gives an 
exact measure of heave owing to the differences in freezing regimes adopted under 
laboratory and natural climatic conditions. Therefore the results of these tests should 
be treated merely as an indication of the degree of frost susceptibility and loss of 
strength upon thawing.

Having said that, in general, a greater rate of frost heave suggests a greater 
susceptibility to frost action. Highly to very highly frost-susceptible soils have 
an average velocity of frost heave between 4 and 40 mm/day for materials with 
30%–80% fraction less than 0.02 mm (US Army Corps of Engineers, 1984b). 
These soils generally comprise fine sand, silt and clayey silt with permeability 
in the approximate range of 1 × 10−7–1 × 10−5 m/s. High-plasticity clays (with 
low permeability) and free-draining soils, such as sands and gravels, are less 
susceptible to frost action. The simplest guidance provided by Lichtberger (2005) 
suggests that soils with a percentage passing a 0.063-mm sieve greater than 15% 
are not likely to be frost susceptible. However, if the coefficient of uniformity 
(Cu = D60/D10) is greater than 15 and the percentage passing a 0.063-mm sieve is 
between 5% and 15%, the soils are considered to have an intermediate sensitivity 
to frost attack.

Results available on the frost susceptibility of GC are limited. However, given that GC 
is found to have (i) an average Cu value of 6.5 and usually not in the range of fine sand 
to clayey silt (Section 7.3.1), (ii) permeability mass loss not greater than 7.5% in the 
soundness test using sodium sulphate (Section 7.3.8) and (iii) permeability behaviour 
similar to that of coarse sand (Section 7.4.7), it is safe to assume that GC is not likely 
to be susceptible to freeze–thaw action.

astm:D5918
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7.6   Environmental Impact

As it is derived from glass recovered from municipal waste, GC is likely to have 
both organic and nonorganic contaminants arising from the remnants of materials 
stored in glass containers, as well as both ferrous and nonferrous metals used in 
packaging. These are sometimes referred to as debris and their presence in GC 
can be as high as 15% (CWC, 1996b). As noted by Chesner et al. (1998), clean 
and uncontaminated GC is likely to present consistent engineering properties. It 
is thus important to limit the amount of debris for practical purposes. For most 
geotechnical applications, the maximum debris level in GC has been capped at 5% 
(Chesner et al., 1998).

The environmental assessment of GC has been undertaken by several researchers in 
Australia (Disfani et al., 2012; Imteaz et al., 2012) and the United States (Wartman, 
2004a; Cosentino et al., 1995) to examine its total and leachate concentrations of 
metal and nonmetal constituents and organic compounds. The findings emerging from 
the studies are given in Table 7.5.

Table 7.5 Environmental assessment of glass cullet (GC)

Reference Findings

(a) Metals

Disfani et al. (2012) Tests on the total and leachate concentrations of arsenic, 
barium, beryllium, cadmium, chromium, copper, lead, 
mercury, nickel, selenium, silver and zinc in GC samples 
showed that the material was not hazardous.

Wartman (2004a) Traces of barium, chromium, lead and mercury present in GC 
samples might be due to contamination or ingredients used in 
glassmaking, but the concentrations were below the US EPA 
drinking water standard and hazardous waste limits.

Imteaz et al. (2012) The concentrations of lead, copper and zinc in GC samples 
were below the threshold limits specified in EPA Victoria, but 
the iron concentration in an acid-washed sample was above  
the limit.

(b) Nonmetals

Disfani et al. (2012) The contents of benzene, monocyclic aromatic hydrocarbons, 
polycyclic aromatic hydrocarbons, benzo(a)pyrene and PAHs 
(total) and their leached concentrations in acidic and alkaline 
solutions were below the EPA Victoria threshold values.

(c) Organic Compounds

Cosentino et al. (1995) The biological oxygen demand, total Kjeldahl nitrogen and 
total phosphorus concentrations of GC might be high due to 
organic contamination.
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Table 7.6 Case studies on the utilisation of glass cullet (GC)

Application Reference Location Work Undertaken and Findings

Trench backfill DECC (2007a, 
2007b)

Australia Two field trials with GC as 25%, 50% 
and 100% natural sand replacement 
were performed. The material was easy 
to handle and compact. There were no 
problems with odour, skin contact or dust.

Northwest 
EcoBuilding 
Guild (2014b)

USA GC was used as a 100% replacement for 
sand and gravel. The material complied 
with all the standard requirements and was 
proved to be cost effective.

In general, the results suggest that the metal contents in GC and the released 
concentrations from GC were below the threshold specified by the Environmental 
Protection Agency (EPA) in Victoria, Australia, and the United States. Traces of barium, 
chromium, lead and mercury have been detected in GC samples; most probably this 
was due to contamination, though this might also attributed to the ingredients used in 
glassmaking (Wartman, 2004a). In only one case, the iron concentration in an acid-
washed GC sample was found to exceed the threshold limit, but the source of the iron 
was unclear (Imteaz et al., 2012).

Nonmetallic compounds, such as benzene, monocyclic aromatic hydrocarbons, 
poly cyclic aromatic hydrocarbons (PAHs), benzo(a)pyrene and PAHs (total), 
which are used in the manufacture of plastics, wood preservatives, insecticides, 
dyes, detergents and various other chemicals, might be present in GC. The total 
contents of these nonmetallic compounds and their leached concentrations in acidic 
and alkaline solutions were less than 0.1 mg/kg and 0.001 mg/L, respectively, and 
below the EPA Victoria threshold values (Disfani et al., 2012). The concentrations 
of organic compounds in GC, measured in the forms of biological oxygen demand, 
total Kjeldahl nitrogen and total phosphorus, could be high if it is contaminated 
(Cosentino et al., 1995).

7.7   Case Studies

Case studies involving the use of GC in various geotechnical applications are given 
in Table 7.6. The majority of the projects were undertaken in the United States 
in the 2000s and 2010s, and the suitability of GC for use as artificial beach/dune 
fill material (Makowski and Rusenko, 2007; Makowski et al., 2007, 2011, 2013) 
or in conjunction with dredged materials for the construction of embankments  
(Grubb et al., 2006a,b, 2008a,b) was investigated thoroughly. In the former case, 
it was found that the geotechnical properties of GC were compatible with beach 
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Application Reference Location Work Undertaken and Findings

Structural fill Northwest 
EcoBuilding 
Guild (2014a)

USA GC was used for the construction of the 
base of a sidewalk; the material presented 
no problems in terms of technical 
performance and safety.

Embankment Grubb et al. 
(2006a,b, 
2008a,b)

USA Three trial embankments made with 
blends of dredged materials and GC at 
20%, 50% and 80% were constructed. The 
use of GC increased the dry density and 
workability of dredged material. The cone 
penetrometer test (CPT) values of the 
blends were between 1 and 2 MPa. After 
1 year, the CPT values were increased 
by two- to threefold. The nuclear density 
gauge was suitable for use to predict the 
field moisture content of the blends.

Bedding 
and jointing 
materials

Paving Expert 
(2017)

UK GC of maximum size 8 and 1.6 mm was 
used as bedding and jointing materials, 
respectively, in a trial for paving blocks 
and concrete paving slabs. Overall trial 
showed that potential for such application 
was promising but further work on the 
grading of GC and health and safety issues 
was required.

Artificial 
beach/dune fill

Makowski 
and Rusenko 
(2007), 
Makowski et al. 
(2007, 2011)

USA The geotechnical properties of GC 
were compatible with beach sand. The 
biological and abiotic analyses suggested 
that GC is safe and inert.

Makowski et al. 
(2013)

USA The use of GC as dune fill did not affect 
the growth of dune vegetation.

Soil 
improvement

Onitsuka et al. 
(2001)

Japan Foamed waste glass was used as 
lightweight fill materials in slope 
restoration, subgrade or subbase 
construction and lime-bound materials.

Moqsud and 
Hayashi (2007)

Japan Blend of foamed waste glass and sand was 
used to improve the geoenvironmental 
conditions of a contaminated tidal flat.

Table 7.6 Continued

sand and GC was biologically safe for marine applications. In the latter case, the 
dry density and workability of dredged materials were improved with the inclusion 
of GC, and the cone tip resistance of the resulting mixes was increased by two- to 
threefold after one year.



286 Sustainable Construction Materials: Glass Cullet

Table 7.7 Characterisation and geotechnical properties of glass cullet

Property Value Range [Average] (Size of Data)

Particle shape Angular to rounded

Percentage passing 0.075 mm Up to 5 (28)

Particle size
 D10 (mm)

0.11–2.10 (28)

 D15 (mm) 0.19–4.80 (28)

 D30 (mm) 0.14–6.91 (28)

 D50 (mm) 0.20–12.0 (28)

 D60 (mm) 0.22–13.1 (28)

 D85 (mm) 2.20–30 (28)

 Dmax (mm) 3.50–40a (28)

Coefficient of uniformity, Cu 2.59–10.24 (28)

Coefficient of curvature, Cc 0.64–3.9 (28)

Specific gravity 2.14–2.52b [2.48] (28)

In addition, GC has been successfully used as a replacement for sand and fine 
gravel in small-scale trials in trench backfill applications in Australia (DECC, 
2007a, 2007b) and as bedding and jointing materials in the United Kingdom 
(Paving Expert, 2017). Of added interest, foamed waste glass has been used as 
lightweight fill materials in a number of projects in Japan (Onitsuka et al., 2001; 
Moqsud and Hayashi, 2007).

Although not running in field trials, GC has shown some promising laboratory 
results for use in a granular form as a sand blanket layer in railway track foundations 
(Ghataora, 2001) and a beach nourishment material (Edge et al., 2002), and in a ground 
form as a cementitious material in mine fill applications (Archibald et al., 1995, 1999; 
Peyronnard and Benzaazoua, 2012).

7.8   Guidance on Using Glass Cullet

This section provides a general guide on using GC as a granular material in 
various potential geotechnical applications. The geotechnical characteristics and 
important engineering properties of GC, as discussed in the previous sections, 
are summarised in Table 7.7. The data shown cover the range of values found 
in the literature, together with the average and the size of the data. In brief, the 
geotechnical characteristics and engineering properties of GC are, by and large, 
comparable to those of natural sand.
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Property Value Range [Average] (Size of Data)

Standard compaction
 MDD (kN/m3)
 OMC (%)

14.7–18.0 [16.5] (26)

4.7–13.6 [9.9] (24)

Modified compaction
 MDD (kN/m3)
 OMC (%)

17.0–19.6 [17.9] (34)

5.2–11.2 [9.1] (34)

Permeability (m/s) 1.0 × 10−3 to 1.0 × 10−6 [4.2 × 10−4] (40)

Shear strength: cohesion (kPa) 0

Max size 6.3 mm, angle of friction, φ (°) 35–68 [47] (24)

Max size 20 mm, angle of friction, φ (°) 44–62 [50] (14)

Coefficient of volume compressibility (m2/MN) No data available

Coefficient of consolidation, Cv (m2/year) σ3 = 400 kPa; Cv = 457.6 (1)
σ3 = 800 kPa; Cv = 2825.6 (1)

Secant modulus at 33% of peak load (MPa)

For confining pressure (kPa) of
 30–100

3–10, increase with pressure (12)

 100 to 250 10–15, increase with pressure (7)

 250 to 500 18.5 (2)

Resilient modulus (MPa) 277 (1)

MDD, maximum dry density; OMC, optimum moisture content.
aResults based on bulk of the data. Maximum size as small as 0.4 mm (Basari, 2012) and greater than 100 mm (Mikami 
et al., 2009) has been recorded.
bLower and higher values of specific gravity may be recorded if the glass cullet is contaminated.

Table 7.7 Continued

A flow chart starting from the initial consideration of the possible application of GC, to a 
detailed assessment against requirements and to the final decision on material selection, 
is suggested in Figure 7.23. It is worth noting that if GC has to be modified, for example, 
through cleaning to remove debris or crushing to adjust particle size distribution, it 
is important to repeatedly examine the end product to ensure its compliance with the 
required standards, as the quality of the material may vary with time.

In a granular form similar to the size of natural fine aggregate, and provided that it is 
clean and has low debris content, GC is an ideal candidate for use in various geotechnical 
applications, such as (i) non-load-bearing and load-bearing fills for the construction of 
embankments and retaining walls and (ii) bedding and trench backfill for pipes and 
drainage medium. The technical performance requirements of these applications that 
need to be considered when GC is used are listed in Table 7.8. Among these, the particle 
size distribution of GC should be given utmost attention as it is a common factor affecting 
the compaction, strength, settlement and permeability of soils.
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Full or partial replacement of
sand to medium gravel range or
modification of in situ or other
low cost material

MATERIAL
REQUIREMENTS

Performance
Structural
Environmental

Can glass cullet be used as
an alternative material?

Is glass cullet of
suitable quality?

Performance
Structural
Environmental

Assess suitability
of glass cullet

Can it be modified in a
cost effective manner?

Compliance with
performance, structural and
environmental standards

Complies with relevant requirements
and is cost effective

Modify
glass cullet

USE GLASS CULLET

Consider other
materials

Is glass cullet available in
the required quantities?

Yes

No

Yes

Yes

No

Does not comply
with requirements

Yes

No

Yes

Figure 7.23 Flow chart for assessing suitability of glass cullet for any particular application.

7.9   Conclusions

This chapter assesses the performance of GC in geotechnical fields, including an initial 
characterisation of its geotechnical properties, followed by its mechanical and durability 
properties, as well as the associated environmental impact, case studies and guidance on 
using the material in the relevant field. The specific conclusions are provided below.

GC can be produced in a range of particle sizes, generally with the maximum particles 
not exceeding about 20 mm. It should be noted that the shape of larger-sized GC is 
likely to be flaky and elongated, which can give rise to aggregate packing issues. Most 
of the studies relevant to the geotechnical field show that GC is normally used as a fine 
sand to medium gravel, with a maximum size of about 15 mm and percentage passing 
a 0.06-mm sieve of less than 5%. The particle size distribution of the material tends 
to be uniformly or well graded, and its coefficient of uniformity is in the range from 
3 to ∼10, giving a mean value of 6.7. The change in particle size distribution of GC 
resulting from particle breakage due to compaction energy is insignificant, but this 
effect needs to be considered if the structural performance or the permeability of soil 
is critical.
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Table 7.8 Technical performance requirements for various geotechnical applications of glass cullet

Application
Engineering 
Problem

Characterisation Engineering Properties Durability

PSD MDD OMC Gs w c φ mv Cv Es MR K Frost-Sus

Non-load-
bearing fill

Stability x x

Load-bearing 
fill

Static load x x x x x x x

Dynamic loading x x x x x

Settlement x x x x x x x

Embankment Slope stability x x x x x x

Bearing capacity x x x x x x x

Pipe bedding Settlement x x x

Trench backfill Bearing capability x x x x x

Settlement x x

Retaining wall 
backfill

Permeability x x x

Drainage Permeability x x x x x

‘x’ indicates that GC needs to be tested for the requirement. c, cohesion; Cv, coefficient of consolidation; Es, secant modulus; Frost-Sus, frost susceptibility; GC, glass cullet; Gs, specific 
gravity; K, permeability; MDD, maximum dry density; MR, resilient modulus; mv, coefficient of volume compressibility; OMC, optimum moisture content; PSD, particle size distribution; w, 
moisture content; φ, friction angle.
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The average specific gravity of GC is about 2.49, which is about 6% lower than that of 
natural sand and gravel. Glass is an impermeable material, and the water absorption of 
GC is close to zero. The soundness value of GC is less than 7.5%, suggesting that the 
material is resistant to freeze–thaw attack. The organic content in GC is affected by the 
quality of the cleaning process; on average, its content is about 1.3%.

The MDD and OMC of GC are 17 ± 2 kN/m3 and 9% ± 4%, respectively, regardless of its 
maximum size. These values are not too dissimilar to those of soil of similar aggregate size 
and compaction energy used. When GC is added to a coarse-grained (granular) soil, there 
is little change in either the MDD or the OMC of the mixture. However, if the host soil 
is fine grained, the use of GC can result in an increase in MDD and a reduction in OMC.

The friction angle of GC ranges from 34 to over 60 degrees, though the reported data 
have been mostly within the range of 40–50 degrees. The friction angle of GC can be 
affected by its voids content and confining pressure. When GC is added to fine-grained 
soils, it results in a reduction in the PI and the friction angle of the soil and a reduction 
in its cohesion. This effect is, however, insignificant in coarse-grained soils.

At 0.33 of peak strength, the secant modulus of GC decreases, at a decreasing rate, as 
confining pressure increases. The use of GC as a replacement for crushed rock at up to 
50% reduces its MR, though the value is still within an acceptable range. The CBR of 
GC is in the range of 20%–40%.

The permeability of GC is in the range from 1.0 × 10−3 to 1.0 × 10−7 m/s, having an 
average value of 1.4 × 10−3 m/s, which is comparable to that of coarse sand and fine 
sand/coarse silt. The thermal conductivity of GC is marginally greater than that of 
dry sand but significantly smaller than that of saturated sand. Although the available 
information on the durability of GC is limited, the material is assumed to have no 
critical issue under repeated loading and frost attack.

The results of total and leachate concentrations of metal and nonmetal constituents 
and organic compounds suggest that the material is safe and inert, but its debris or 
contaminant content should be kept to the minimum. In a granular form, GC has 
been used as a trench backfill, structural fill, artificial beach/dune fill and bedding 
and jointing materials in different field trials of various scales in Australia, the United 
Kingdom and the United States.
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Use of Glass Cullet in Road 
Pavement Applications 8
Main Headings

 •  Unbound applications
 •  Hydraulically bound applications
 •  Bituminous bound applications
 •  Environmental impact
 •  Case studies

Synopsis

This chapter assesses the appropriateness and performance of glass cullet (GC) as an aggregate 
in road pavement, dealing with its use in unbound, hydraulically bound and bituminous 
bound applications. The California bearing ratio of GC has been found to be comparable to 
that of natural aggregate. In hydraulically bound applications, GC fine aggregate is shown 
to be compatible with other waste materials for use in subbase and base, such as steel slag, 
ladle furnace slag and foundry sand. The performance of GC in concrete rigid pavement was 
generally satisfactory. It is shown that the Marshall method can be adopted when designing 
bituminous mixtures made with GC in coarse, fine and filler aggregate size fractions. The 
use of GC at up to 10% does not adversely affect the stiffness modulus, rutting resistance 
or moisture damage resistance of bituminous mixtures. Antistripping agent is effective in 
improving the performance of mixtures containing GC. The material does not have a negative 
environmental impact. Case studies with GC in road pavement applications are also included.

Keywords: Glass cullet, Unbound applications, Hydraulically bound applications, 
Bituminous bound applications, Environmental impact, Case studies.
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8.1   Introduction

In general, road pavements are made of a series of layers of granular materials, each 
having a unique structural function. The construction begins with the subgrade, which 
acts as a stable foundation to the entire pavement. Next is the capping layer, which is 
included where subgrade is weak. This is followed by the subbase and base course (or 
base as known in the United States), to distribute the load transmitted from the upper 
surfacing layers, namely, the binder course and wearing course. The wearing course 
provides a smooth but adequate skid resistance for good vehicle riding quality, whilst 
the binder course helps to distribute the load applied onto the wearing course.

In road pavement construction, the use of aggregate is high, as it constitutes the 
main component in forming each layer of the pavement, except for the subgrade, 
which normally consists of local soil or nearby excavated materials. Indeed, of the 
total 2.6 billion tonnes of aggregate production in Europe in 2013, 20% was used in 
road-related work (European Aggregates Association, 2016). Although recycled and 
secondary aggregates (RSAs), such as recycled concrete aggregate, derived from 
construction and demolition waste, and blast furnace slag, a by-product of iron and 
steel making, are permitted in most standards (e.g., BS EN 13043, 2002; BS EN 
13242:2002 + A1, 2007), much more is needed to get RSA materials adopted in the 
standard specifications and accordingly processed for their use in road pavement works. 
As the broadly based technical requirements of an aggregate for use in the various layers 
of road pavement can vary greatly from subgrade to surface layers, this should work in 
favour of increasing the use of RSA materials in road pavement construction. Such a 
development should help to promote sustainability within the construction sector. This 
chapter deals with the potential use of glass cullet (GC) derived from soda lime glass as 
a replacement for natural aggregate, in the form of unbound, hydraulically bound and 
bituminous bound materials, in road pavement construction.

8.2   General Information

An overview of the effect of GC aggregate on the technical performance of unbound, 
hydraulically bound and bituminous bound mixes is summarised in Table 8.1. This 
includes studies from established organisations such as the Transportation Research 
Board, National Center for Asphalt Technology, National Virginia Transportation 
Research Council and Wisconsin Transportation Information Center, in the United 
States, as well as work that has been produced by the two groups of individual 
researchers from Japan and the United Kingdom. The overall impression is that the 
use of GC aggregate, at about 10%–20% as a replacement for natural aggregate, is not 
likely to adversely affect the technical performance of unbound, hydraulically bound 
and bituminous bound mixes. The literature also tends to suggest that, other than the 
wearing course, GC aggregate is suitable for use in the construction of all pavement 
layers, as well as in pavements with low traffic conditions.
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Some of the main points emerging from this overview are given below:

(a)   In Unbound Mixes

Owing to the breakage of GC aggregate under load, it has been recommended that the 
material should be mixed with other high-quality materials for use in base and subbase 
layers, and the compatibility of the mixtures should also be assessed. However, GC 
aggregate can be used safely under low load-bearing conditions such as pedestrian 
pavements and walkways (Jamshidi et al., 2016).

(b)   In Hydraulically Bound Mixes

When GC aggregate is used in hydraulically bound mixes, two main issues are 
commonly reported, i.e., reduction in consistence (workability) and risk of alkali–
silica reaction (ASR) expansion (Jamshidi et al., 2016; Transportation Research 
Board, 2013). The former issue is due to the angularity of the material, which results 
in more aggregate interlocking. A higher amount of high-range water-reducing 
admixture is needed to maintain an adequate consistence of the mix. The latter issue is 

Table 8.1 Overview of the use of glass cullet (GC) in unbound, hydraulically and bituminous 
bound applications

Reference Main Findings

(a) Individual Researchers

Huang et al. (2007), UK GC aggregate in bituminous mixtures of lower content and 
smaller size generally resulted in satisfactory performance.

Jamshidi et al. (2016), Japan GC aggregate can be used in hydraulically and 
bituminous bound mixes, but some technical issues 
remain to be addressed. The material can be used in 
unbound applications for low traffic conditions.

(b) Established Organisations in the United States

Halstead (1993) for Virginia 
Transportation Research Council

GC aggregate can be used in unbound and bituminous 
bound applications.

Kandhal (1992) for National 
Center for Asphalt Technology

The use of GC aggregate in bituminous mix could give 
rise to stripping potential.

Transportation Research Board 
(2013)

GC aggregate has been used in road pavement 
applications in the USA for many years, but there are 
some technical issues remaining to be addressed.

Wisconsin Transportation 
Information Center (1999)

Use in hydraulically and bituminous bound mixes does 
not exhibit improvement in performance.
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a detrimental reaction between the silica of GC aggregate and the alkaline solution of 
concrete, which results in an expansive gel in the presence of moisture. However, fly 
ash and ground granulated blast furnace slag (GGBS) have been proved to be effective 
in mitigating ASR expansion induced by GC aggregate in concrete.

(c)   In Bituminous Mixes

The main concern of the use of GC aggregate in bituminous bound mixes is perhaps 
the susceptibility to moisture damage in the form of stripping, which involves the 
loss of adhesion between the GC aggregate and the asphalt (Halstead, 1993; Kandhal, 
1992; Transportation Research Board, 2013; Wisconsin Transportation Information 
Center, 1999). It has been suggested that the inclusion of hydrated lime in bituminous 
mixes containing GC aggregate can retain its stripping resistance (Huang et al., 2007; 
Jamshidi et al., 2016).

8.3   Unbound Applications

Except for the uppermost layer of a road pavement, aggregate can be used in 
an unbound form without bitumen or Portland cement (as a binder) in any layer 
underneath, i.e., subgrade, capping layer, subbase and base course. The geotechnical 
properties and durability of GC aggregate, which have been previously discussed 
in Chapter 7, can be useful in studying the effect of GC aggregate as an unbound 
material in road pavements. As for this section, the analysis focuses on the 
California bearing ratio (CBR) value, which is one of the parameters used in road 
pavement design.

The CBR test is an empirical measure, used to determine indirectly the strength and 
stiffness of subgrade, subbase and base materials. In principle, the test compares the 
load required to cause a penetration into the test soil with that of the standard material 
of well-graded crushed stone, and the results are expressed in terms of percentage. The 
higher the CBR value, the higher the strength of a soil. For further details on the CBR 
tests, the reader is advised to refer to AASHTO T193 (2013), ASTM D1883 (2016) 
and BS 1377-9 (1990).

The CBR values of GC aggregate in two different forms, i.e., sand size fractions and 
a mixture of gravel and sand size fractions, are shown in Figure 8.1, together with 
those of different types of natural soils (O’Flaherty, 2002). It can be seen that, for 
a given compaction effort, the CBR value of GC gravel and sand mix is higher than 
that of GC-sand. In addition, the former material is more sensitive to the compaction 
effort, as it shows greater improvement in CBR value than the latter material when 
the compaction is changed from standard effort to modified effort. It appears that 
the CBR value of the sample with GC gravel and sand mix is not affected by the 
possible presence of flaky or elongated coarse aggregate, which can give rise to poor 
compaction and subsequently low load-bearing capability.

astm:D1883
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Compared with other natural soils, the CBR values of GC-sand with standard and 
modified compaction at 20% and 44%, respectively, are within those of well to very 
well compacted sand. For GC gravel and sand mix, its CBR with standard compaction 
(30%) is within that of very well compacted sand, whilst its CBR with modified 
compaction (74%) is close to that of coarse crushed gravel.

Overall, the CBR of GC aggregate is comparable to that of natural soil of similar 
size fractions, indicating that GC aggregate is a viable material for use in road 
pavement construction. For example, in the Design Manual for Roads and Bridges 
in the United Kingdom (Highway Agency, 1995), the CBR of subgrade is used 
to determine the suitable thickness of the capping layer. A capping layer is not 
required for rigid and rigid composite pavements when the CBR of the subgrade is 
greater than 15%. However, for a subgrade with CBR less than 15%, the lower the 
CBR value, the larger the thickness of the capping layer (Table 8.2). As shown in 
Figure 8.1, the CBR of GC aggregate is generally greater than 15%, therefore its use 
as subgrade can eliminate the need for a capping layer, leading to a reduction in the 
total thickness of the pavement. On the other hand, if the subgrade consists of weak 
native soil, GC aggregate can be used as the capping material, which is required to 
have a minimum CBR of 15%, as specified by the Highway Agency (1995).

0 20 40 60 80 100 120

CALIFORNIA BEARING RATIO, %

Coarse crushed gravel

Well-graded sandy gravel

Well to very well compacted sand

Fine/ slightly compacted sand

Standard Modified
GC sand:

ModifiedStandard 
compaction

GC gravel and sand:

Figure 8.1 California bearing ratio values of glass cullet (GC) and typical sand and gravel.
Data taken from Arulrajah et al. (2013, 2014) and Disfani et al. (2011).

Table 8.2 Capping thickness for subgrade with various California 
bearing ratios (CBR) (Highway Agency, 1995)

CBR Capping Thickness, mm

≤2 600

2–5 350

5–15 150a

>15 No capping

aNo capping for flexible and flexible composite, but subbase should increase to 225 mm.
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8.4   Hydraulically Bound Applications
8.4.1   Hydraulically Bound Mixtures

In the constructions of capping layer, subbase and base course, hydraulic binders such 
as Portland cement, fly ash, GGBS, lime and gypsum are sometimes added to the 
aggregate mixtures to improve their mechanical properties in terms of load-bearing 
capacity, stiffness and stability. The resulting materials, known as hydraulically bound 
mixtures, also offer other benefits, including reducing pavement thickness, enhancing 
long-term performance and saving construction cost.

The research on the use of GC aggregate in hydraulically bound mixtures, though 
limited in scope, has shown that its use in conjunction with other waste materials, 
namely steel slag, ladle furnace slag, foundry sand and fly ash, in Portland cement-
bound mixtures is potentially feasible as subbase and base course materials (Pasetto 
and Baldo, 2016). In this study, six aggregate mixtures were produced with 4% 
Portland cement and different proportions of the waste materials, in which GC 
aggregate having a maximum aggregate size of 3 mm was used at 10% and 20%. The 
mechanical properties of these mixtures were not too dissimilar, and on average, the 
unconfined compressive strength, indirect tensile strength and dynamic elastic modulus 
at 7 days were about 7 MPa, 0.7 MPa and 11.5 GPa, respectively. A slight increase in 
the values was reported when measured at 28 and 90 days. Overall, although further 
work may still be required, the preliminary data seem to suggest that GC aggregate 
as well as other waste materials can be used as a replacement for natural materials in 
hydraulically bound mixtures.

8.4.2   Concrete Slab

Apart from hydraulically bound mixtures, hydraulic binders, mainly Portland cement 
or its combination with GGBS and fly ash, are also used in the construction of rigid 
pavements, where the top layer is a concrete slab. The concrete slab is either plain 
or reinforced, as well as being made with or without transverse joints. Typically, 
the concrete mixes used in rigid pavements have the following special technical 
requirements:

 •  Low consistence which is sufficient to allow proper casting.

 •  Fast setting and hardening times, as well as high early strength development.

 •  Good skid resistance under all weather conditions.

Table 8.3 summarises the results of fresh and hardened properties of pavement 
concrete containing GC fine aggregate from laboratory investigations undertaken 
by Dumitru et al. (2010) and Polley et al. (1998), in which the mixes were 
intended for use in concrete slabs of rigid pavement in field trials. The relevant 
studies on rigid pavement concrete are limited, since the material is part of a larger 
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family of concrete, and readers are advised to refer to Chapter 4, which deals 
with the effects of the use of GC fine aggregate on the performance of concrete. 
In general, these two studies have shown that the use of GC fine aggregate as a 
partial replacement for natural fine aggregate in rigid pavement concrete results 
in satisfactory performance, but some areas require further attention, as discussed 
below.

Although prepared to sand size fractions, the particle size distribution (PSD) of the 
GC fine aggregate used in these studies did not cover the full range of fine aggregate 
sizes normally used in practice, i.e., between 0.063 and 4 mm. The material used 
was either (i) lacking in fines, in the study undertaken by Dumitru et al. (2010), 
where the PSD was between 0.3 and 3 mm, or (ii) lacking in coarser size fractions, 
in the study of Polley et al. (1998), where the maximum aggregate size was less 
than 1.5 mm. It would appear that, in these two studies, GC fine aggregate was used 
as a natural fine aggregate replacement without retaining the PSD of the natural 
fine aggregate, which in this case affected the aggregate packing of concrete, with 
consequent results:

 •  Fresh concrete showed adverse effects in the form of reduced slump and harshness, 
leading to an increase in the water demand of the mix, as observed by Polley et al. (1998). 
In another study undertaken by Dumitru et al. (2010), the bleeding and air content of 
mixes were found to slightly increase. In addition, the initial and final setting times were 
both prolonged by about 2 h, though the material was reported not to contain detectable 
sugar or organic impurities.

Table 8.3 Effect of glass cullet fine aggregate on the properties of concrete used in rigid 
pavement

Property

Main Observations

Dumitru et al. (2010) Polley et al. (1998)

GC fine 
aggregate

Container glass, with a PSD between 
0.3 and 3 mm; used up to 60% 
content

Container glass, with maximum 
aggregate size less than 1.5 mm; 
used up to 25% content

Fresh 
properties

Slump was unaffected, but bleeding 
was slightly increased and setting 
times were prolonged

Higher water demand for a given 
consistence.

Mechanical 
properties

No significant change in strength, 
but better shrinkage resistance was 
observed

The variation in compressive 
strength ranged from 25% strength 
loss to 5% strength gain

Durability Resistance to chloride remained 
unchanged, but resistance to abrasion 
was reduced; ASR expansion could 
be mitigated with the use of fly ash

Acceptable resistance to freeze–
thaw attack; ASR expansion could 
be mitigated with the use of fly 
ash

ASR, alkali–silica reaction; GC, glass cullet; PSD, particle size distribution.
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 •  Compressive, tensile and flexural strength of concrete was not affected up to 60% 
GC-sand replacement of natural sand (Dumitru et al., 2010). However, in the study 
of Polley et al. (1998), the inclusion of GC was found to reduce compressive strength 
because of the increase in the water content in the mix for a given cement content. The 
presence of contaminants in unwashed GC fine aggregate was also considered to be a 
factor in this. The strength reduction was attributed partially to the weak bond between 
the cement paste and the GC fine aggregate. Owing to the relatively high stiffness of the 
material, concrete containing GC fine aggregate showed higher resistance to shrinkage 
deformation than the reference natural fine aggregate concrete (Dumitru et al., 2010).

 •  The deterioration processes normally experienced in pavement concrete, such as chloride 
ingress, freeze–thaw attack and abrasion, in general appeared not to be affected by the 
use of GC fine aggregate (Dumitru et al., 2010; Polley et al., 1998). However, at 60% 
sand content, abrasion resistance was adversely affected. Both studies showed that the 
use of fly ash at 20%–40% content as a cement component is effective in mitigating the 
ASR expansion resulting from the use of fine GC aggregate.

8.5   Bituminous Bound Applications
8.5.1   Marshall Mix Design

The Marshall mix design is perhaps the most commonly used empirical method, 
others being the Hveem method and the Gyratory Testing Machine method, in the 
laboratory for optimising the bitumen content of hot-mix bituminous mixtures and in 
the field for controlling the quality of hot-mix bituminous mixtures. The method was 
first developed by Bruce Marshall of the Mississippi State Highway Department in 
the United States in the 1930s (Transportation Research Board, 2011), and since then 
the method has been developed further and is now commonly used worldwide and 
adopted by many standards that are recognised internationally, such as ASTM D6927 
(2015) and BS EN 12697-34 (2012).

In the Marshall test, briefly, a series of hot-mix bituminous mixtures with different 
bitumen contents is prepared by compacting them in cylindrical mounds using a standard 
drop hammer. The optimum bitumen content of the mixtures is selected based on the 
specific requirements of the Marshall design parameters, namely, stability, flow, air voids 
content, voids in the mineral aggregate (VMA) and voids filled with bitumen (VFB).

Using the Marshall method, hot-mix bituminous mixtures containing up to 20% 
GC aggregate in various sizes as (i) coarse aggregate with maximum size less than 
12.7 mm, (ii) fine aggregate with maximum size less than 4.75 mm and (iii) filler 
with maximum particle size less than 75 μm have been undertaken by a number of 
researchers. Figures 8.2–8.6 show the test results of the Marshall design parameters of 
GC aggregate mixtures with the same optimum bitumen content as the corresponding 
reference natural aggregate mixture, which is about 5.5% on average. The compaction 
level used was not clearly indicated in some studies; however, where available it 
was noted that the specimens had been compacted with 50 and 75 blows to simulate 
medium and heavy traffic conditions, respectively.

astm:D6927
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Figure 8.2 Marshall stability of mixes containing glass cullet (GC) with maximum aggregate size (a) less than 12.7 mm as coarse aggregate, (b) less 
than 4.75 mm as fine aggregate and (c) less than 63 μm as filler.
Data taken from Androjic and Dimter (2016), Arabani (2011), Arabani and Kamboozia (2013), Arabani et al. (2012), Behbahani et al. (2016), 
Ghasemi and Marandi (2013), Hughes (1990), Issa (2016), Jony et al. (2011), Raad (1992) and Wu et al. (2005).
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Figure 8.3 Marshall flow of mixes containing glass cullet (GC) with maximum aggregate size (a) less than 12.7 mm as coarse aggregate, (b) less 
than 4.75 mm as fine aggregate and (c) less than 63 μm as filler.
Data taken from Androjic and Dimter (2016), Arabani (2011), Arabani and Kamboozia (2013), Arabani et al. (2012), Behbahani et al. (2016), 
Ghasemi and Marandi (2013), Hughes (1990), Issa (2016), Jony et al. (2011) and Raad (1992).
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Figure 8.4 Air voids of mixes containing glass cullet (GC) with maximum aggregate size (a) less than 12.7 mm as coarse aggregate, (b) less than 
4.75 mm as fine aggregate and (c) less than 63 μm as filler.
Data taken from Androkjic and Dimter (2016), Anochie-Boareng and George (2016), Arabani (2011), Arabani et al. (2012), Behbahani et al. (2016), 
Ghasemi and Marandi (2013), Hughes (1990), Issa (2016), Jony et al. (2011), Raad (1992) and Wu et al. (2005).
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Figure 8.5 Voids in the mineral aggregate of mixes containing glass cullet (GC) with maximum aggregate size (a) less than 12.7 mm as coarse 
aggregate, (b) less than 4.75 mm as fine aggregate and (c) less than 63 μm as filler.
Data taken from Androjic and Dimter (2016), Anochie-Boareng and George (2016), Arabani (2011), Arabani et al. (2012), Behbahani et al. (2016), 
Ghasemi and Marandi (2013), Hughes (1990), Jony et al. (2011) and Raad (1992).
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Figure 8.6 Voids filled with bitumen of mixes containing glass cullet (GC) with maximum aggregate size (a) less than 12.7 mm as coarse aggregate, 
(b) less than 4.75 mm as fine aggregate and (c) less than 63 μm as filler.
Data taken from Androjic and Dimter (2016), Anochie-Boareng and George (2016), Arabani (2011), Arabani et al. (2012), Behbahani et al. (2016), 
Ghasemi and Marandi (2013), Hughes (1990), Jony et al. (2011) and Raad (1992).
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To evaluate the performance of the hot-mix bituminous mixtures containing GC 
aggregate, the requirements of the Marshall design parameters under medium and 
heavy traffic conditions specified by the Asphalt Institute (1997) are shown in Figures 
8.2–8.6 for comparison. The following main points can be observed from these figures:

 1.  Marshall Stability: This is a measure to evaluate the strength of hot-mix bituminous 
mixtures and is a function of interaggregate friction and the viscosity of bitumen. The 
results shown in Figure 8.2(a and b) suggest that the use of GC as coarse aggregate 
and fine aggregate, up to 20%, does not significantly affect the Marshall stability of the 
mixture. Therefore, satisfying the minimum Marshall stability depends on the initial value 
of the reference mixtures made without GC aggregate. The Marshall stability values of 
all the mixtures made with GC as coarse aggregate and fine aggregate met the specified 
requirements, apart from two series of mixtures (see Figure 8.2(a)), in which the initial 
value was close to or below the minimum value of 8 kN for heavy traffic conditions. On 
the other hand, when GC was used as a filler aggregate up to 10%, the material tended to 
increase the Marshall stability of the mixture.

 2.  Marshall Flow: The Marshall flow is a measure of elastic plus plastic deformation of 
a mixture during the stability test. High flow values imply that the bitumen content of a 
mixture is excessive. In general, the Marshall flow values of hot-mix bitumen mixtures 
remain essentially unchanged when GC coarse aggregate and fine aggregate are used, 
and all are within the specification limits for medium and heavy traffic conditions 
(Figure 8.3(a and b)). A similar observation is also made for the mixtures containing GC 
filler, though in one case the flow value decreased significantly with the use of GC filler 
at 7% and 10% (Figure 8.3(c)).

 3.  Air Voids: All hot-mix bitumen mixtures contain a small amount of air voids, which are 
trapped within the bitumen and between aggregates during compaction. The air voids 
content of hot-mix bitumen mixtures is normally designed to 4% by volume, with an 
allowable range of 3%–5%. The air voids content of a mixture is affected by its bitumen 
content, PSD and aggregate packing as well as the quality of compaction. Figure 8.4 
shows that, except for the two series of mixtures made with GC coarse aggregate, the 
air voids contents of mixtures made with GC coarse aggregate, fine aggregate and filler 
aggregate fluctuated within the limits of 3%–5%, or slightly exceeded the upper limit. As 
the PSD of the total aggregate was not kept constant when GC aggregate was added to 
the mixtures in most studies, such variations in the air voids contents are to be expected. 
However, the low air voids content of mixtures containing GC coarse aggregate, as well as 
of the corresponding reference natural aggregate mixture (Figure 8.4(a)), might indicate 
that their bitumen content was excessive.

 4.  Voids in the Mineral Aggregate: The total voids between aggregate particles is known as 
VMA, which is the sum of air voids content and effective bitumen content (the portion that 
is not absorbed by aggregates). This parameter indicates the space available for bitumen to 
coat each aggregate with an adequate bitumen film thickness. The minimum VMA specified 
by the Asphalt Institute (1997) varies depending on both the nominal maximum aggregate 
size and the designed air voids of mixtures. The minimum VMA requirement for mixtures 
with 19-mm aggregate size and 4% air voids is selected as an example in this case, as shown 
in Figure 8.5. In general, the VMA values of all the mixtures made with GC aggregate are 
above this minimum value. However, for its use as filler aggregate at more than 5%, the 
increase in the VMA of GC filler aggregate mixtures seems to be too high (Figure 8.5(c)) 
and could be uneconomical, as this demands higher bitumen content.
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 5.  Voids Filled with Bitumen: The space present between aggregate particles and filled with 
bitumen is referred to VFB and is a function of VMA, air content and the effective binder 
content. This VFB value is used to describe the richness of the bitumen in a mixture. Except for 
the case in which the initial VFB of the reference natural aggregate mixture is high, the results 
in Figure 8.6 suggest that the VFB of mixtures containing GC coarse, fine and filler aggregates, 
up to 5%, is within the specified requirements for medium and heavy traffic conditions. It 
should be mentioned that owing to the impermeable characteristics of GC material, which is 
less likely to absorb bitumen, in practice, the use of GC aggregate can lead to an increase in 
both the effective bitumen content for a given bitumen and the VFB of the mixture.

Overall, GC can be used in the form of coarse, fine and filler aggregate, as a replacement 
for natural aggregate in hot-mix bituminous mixtures designed using the Marshall 
method. The Marshall design parameters are mostly unaffected when the material 
is used at 5% as coarse aggregate, 20% as fine aggregate and 5% as filler aggregate. 
However, it should be mentioned that the use of GC in coarse size fractions may prove 
problematic, as the material tends to be flaky and elongated, which can adversely 
affect the Marshall properties (Androjic and Dimter, 2016; Jasim et al., 2014). In 
addition, the PSD of the combined aggregate mix needs to remain unchanged when 
GC aggregate is used in order not to significantly affect the aggregate particle packing 
as well as the void-related properties.

8.5.2   Stiffness Modulus

The stiffness modulus measures the elastic response of a granular material under 
an applied load. In the field of road pavements, this property can be determined by 
several methods, amongst which the indirect tensile stiffness modulus test, which 
is a nondestructive method, has been commonly used to test hot-mix bituminous 
mixtures containing GC fine aggregate. In such studies, the replacement of natural 
fine aggregate by GC fine aggregate was commonly kept up to 20% content, except 
in one case in which the GC content was 100% (Airey et al., 2004). Some of these 
mixtures contained antistripping agent (Airey et al., 2004; Arabani, 2011; Behbahani 
et al., 2014; Shafabakhsh and Sajed, 2014). Table 8.4 summarises the parameters and 
results of the tests that were conducted at temperatures ranging from 5°C to 55°C.

In general, the results suggest that, for a given test temperature, the use of GC fine aggregate, 
up to about 10% and without the addition of antistripping agent, does not adversely affect 
the stiffness modulus of the mixtures. In some cases, although the air voids content of the 
GC fine aggregate mixture is about 0.5%–1.0% lower than that of the reference mixture, 
the expected higher stiffness modulus due to denser aggregate packing does not seem to 
emerge. However, when an antistripping agent was added to these mixtures, the stiffness 
modulus tended to improve, to where the modulus value could be similar to or higher than 
that of the reference mixtures made without antistripping agent.

In addition, although the stiffness modulus of both mixtures made with and without 
GC fine aggregate decreases as temperature increases, the response to the change in 
temperature of both mixtures is not the same. There is an indication that the reduction 
in stiffness modulus of mixtures made with GC fine aggregate is less than that of 
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mixtures made without GC fine aggregate, but such effect is not consistent across all 
the studies. Further work in this area is therefore needed to understand the temperature 
effect on the stiffness modulus of hot-mix bituminous mixtures containing GC fine 
aggregate to varying proportions.

8.5.3   Rutting Resistance

Rutting, or permanent deformation, is one of the primary failure mechanisms in bitumi-
nous bound road pavements. It is an accumulation of small unrecovered strains, which 
are caused by repeated traffic load through consolidation, lateral movement of the upper 
portion of the pavement layer or the combination of both (Kandhal and Cooley, 2003).  
The effect of GC fine aggregate on the rutting resistance of hot-mix bituminous mixtures 

Table 8.4 Effect of glass cullet fine aggregate on stiffness modulus of hot-mix bituminous 
mixtures

Reference GC, %

Test 
Temp., 
°C

Antistripping 
Agenta, % Air Voids

Effect on 
Stiffness 
Modulus

AFGC (2011) 0–5 – – – No significant 
effect

Airey et al. (2004) 0, 100 20 0, 0.3 Lower than 
reference

No significant 
effect

Arabani (2011) 0–20 5, 25, 40 3–5 Comparable 
to/lower 
than 
reference

Increase in 
value at higher 
GC content

Behbahani et al. 
(2015)

0, 10 5, 25, 40 0–4.5 – Value increases 
as antistripping 
is increased

Hughes (1990)b 0–15 22.2 – Lower than 
reference

No significant 
effect

Sivasubramaniam 
(2011)

0–5 15, 25, 
55

– Comparable 
to/lower 
than 
reference

No significant 
effect/increase 
in value

Shafabakhsh and 
Sajed (2014)

0–20 5, 25, 40 Used, but 
content 
unknown

– Increase in 
value at higher 
GC content

GC, glass cullet; reference, reference mixtures made without GC; Temp, temperature.
aAdded to mixtures made with fine GC aggregate, except for Shafabakhsh and Sajed (2014), in which antistripping agent 
was added to reference mixture.
bGC is used as coarse aggregate.
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Table 8.5 Rutting resistance of hot-mix bituminous mixtures made with glass cullet (GC) fine 
aggregate

Reference GC, % Test Method Main Observation

(a) Deformation Strain

Airey et al. (2004) 0, 100 Confined repeated-
load axial test at 40°C, 
DD 185 (1994)

Final strain of GC mixture made 
with and without antistripping 
agenta is higher than that of the 
reference

Behbahani et al. 
(2015)

0, 10 Static creep test, 
FHWA (2001)

Final strain of GC mixtures is 
higher than that of the reference, 
but it reduces as the antistripping 
agentb content increases

(b) Rut Depth and Rut Rate

Fitzsimons and 
Gibney (2004)

0–20 Wheel tracking test at 
60°C, PrEN 12697-22 
(1999)

Rut depth and rut rate of GC 
mixtures with up to 10% GC 
below the limit

Lanchance-
Tremblay et al. 
(2014, 2016)

0–20 Wheel tracking test 
at 60°C, LC26-410 
(2001)

Rut depth of GC mixtures 
exceeded the limit

(c) Dynamic Stability

Wu et al. (2005) 0–20 Dynamic stability test 
at 60°C, JTG E20-
T0719 (1993)

Dynamic stability is essentially 
unchanged at 5% GC inclusion

a0.3% antistripping agent.
b0%–4.5% antistripping agent.

has been evaluated in the form of deformation strain, rut depth and rut rate and dynamic 
stability under a static or dynamic load. A description of the work undertaken and the 
main observations of the results are summarised in Table 8.5. The emerging findings are 
as follows:

 •  The deformation strain of GC fine aggregate mixture made without antistripping agent 
is higher than that of reference mixture (Airey et al., 2004; Behbahani et al., 2014). 
The addition of an antistripping agent to GC fine aggregate mixtures has been shown to 
improve its rutting resistance, but its effectiveness depends on the amount used. Based 
on the available studies, it appears that the use of antistripping agent, in an amount of at 
least 2.5%, in GC fine aggregate mixtures could result in higher rutting resistance than 
the reference mixture.

 •  In the wheel tracking test, the results of Fitzsimons and Gibney (2004) show that the rut 
rate and rut depth of mixtures containing up to 10% GC fine aggregate correspondingly 
meet the maximum values of 5 mm/h and 7 mm specified in the highway specifications in 
the United Kingdom. On the other hand, the work undertaken by Lanchance-Tremblay 
et al. (2016) shows that the rut depth of mixtures containing 10% and 20% GC fine 
aggregate exceeds the limit of 10% specified in the highway specifications in Canada.
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 •  The dynamic modulus of a mixture is essentially unchanged at 5% GC fine aggregate 
inclusion, beyond which the modulus value decreases as GC fine aggregate increases, up 
to 20% (Wu et al., 2005).

Collectively, the results tend to suggest that the rutting resistance of hot-mix 
bituminous mixture is not adversely affected with the use of GC fine aggregate up to 
about 10%, beyond which the rutting resistance decreases as the GC fine aggregate 
content increases. The addition of antistripping agent, for more than 2.5%, can be 
effective to enhance the rutting resistance of mixtures containing GC fine aggregate.

8.5.4   Moisture Damage Resistance

Moisture damage resistance of hot-mix bituminous mixtures is associated with two 
interrelated mechanisms:

 (i)  The first is the loss of cohesion, which involves the softening and weakening 
of the binding strength of bitumen. As this is essentially concerned with the 
binder’s performance, little information about it can be found in the literature 
studying the use of glass in bituminous mixtures, and therefore for further 
information on this the readers are advised to refer to Hicks (1991).

 (ii)  The second mechanism is the loss of adhesion in the form of stripping due to 
the physical separation of bitumen and aggregate. Hot-mix bituminous mixtures 
containing GC aggregate are prone to stripping because the material is smooth 
and of an impermeable nature. This causes the bitumen to adhere less firmly to 
the GC particles in the mix. The high affinity of GC for water because of it high 
silica content (Hicks, 1991) is the other factor in the poor performance of the 
material in hot-mix bituminous mixtures.

The effect of GC aggregate on the moisture damage resistance of hot-mix bituminous 
mixtures made with or without antistripping agent has been investigated by many 
researchers, using several test methods. Most of these studies involved immersion 
mechanical tests, which measure the change in a mechanical property of a mixture 
after subjecting it to water immersion at a high temperature within the range of 
40°C–60°C. Both indirect tensile strength and Marshall stability tests have commonly 
been adopted in such studies. A detailed description of the work undertaken in this area 
and the main findings are presented in Table 8.6. The information has been separated 
based on GC aggregate maximum size, with coarse aggregate of maximum size of 
12.7 mm and fine aggregate of maximum size of 4.75 mm.

It would appear from Table 8.6 that all the investigations conducted before the year 
2000 have been on the use of GC coarse aggregate in hot-mix bituminous mixtures, 
and after the year 2000, the maximum size of the GC aggregates used was changed to 
4.75 mm. This is perhaps a useful change as GC aggregate at coarse size fractions would 
be prone to being flaky and elongated, which can be expected to give rise to breakage 
of the material and poor aggregate compaction (Malisch et al., 1975; Larsen, 1989).  
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Table 8.6 Moisture damage resistance of hot-mix bituminous mixtures made with glass cullet 
(GC) coarse and fine aggregates

Reference GC, % Antistripping Agent Test Method Findings

(a) GC Coarse Aggregate With Maximum Size of 12.7 mm

Hughes (1990) 0–15 1.0% hydrated lime Indirect tensile 
strength test

Little or no effect 
on moisture 
resistance

Malisch et al. 
(1970)

100 Proprietary 
antistripping agent; 
slow setting cationic 
emulsion

Static 
stripping test

No stripping when 
antistripping agent 
is added

Malisch et al. 
(1975)

100 1%–4% commercial 
antistripping agents; 
0.9%–5.4% hydrated 
lime; 6.5% limestone 
dust

Compressive 
strength test at 
60°C

Hydrated lime is 
the most effective 
antistripping agent 
in improving the 
moisture resistance

Maupin (1998) 0–20 Chemical additive; 
hydrated lime

Indirect tensile 
strength test at 
60°C

Both antistripping 
agents increase the 
moisture resistance

Nash et al. 
(1995)

5 0.5% commercial 
antistripping agents; 
0.5% hydrated lime

Asphalt 
stripping test

Commercial 
antistripping 
agent shows better 
performance

Raad (1992) 15 0.25% commercial 
antistripping agent

Coating and 
stripping 
test at 25°C; 
Marshall 
stability test at 
60°C

No sign of stripping 
or loss of stability

(b) GC Fine Aggregate With Maximum Size of 4.75 mm

Airey et al. 
(2004)

100 0% and 0.3% 
antistripping agent

Stiffness 
modulus test 
at 60°C

Moisture resistance 
of GC mixtures is 
less than that of 
reference

Anochie-
Boateng and 
George (2016)

0, 15 3% hydrated lime Modified 
Lottman 
indirect 
tension test at 
60°C

Moisture resistance 
is unchanged

Behbahani et al. 
(2014)

0, 10 0%–4.5% Zycosoil Modified 
Lottman 
indirect 
tension test at 
60°C

Moisture resistance 
is increased with the 
use of antistripping 
agent

Continued
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For both coarse and fine GC aggregates, most of the studies investigating the stripping 
effect of the GC aggregate have been limited to the use of the material up to 20%, 
with a few cases in which the GC aggregates fully replace natural aggregate (Airey 
et al., 2004; Malisch et al., 1970, 1975). Hydrated lime has been the most commonly 
used antistripping agent in these investigations, followed by the synthetic type of 
antistripping agents. Other materials such as limestone dust, nanotechnology Zycosoil, 
slow setting cationic emulsion and coconut oil ethanolamine have also been tested as 
antistripping agents.

Overall, the information summarised in Table 8.6 suggests that, though its moisture 
damage resistance is reduced (Lanchance-Tremblay et al., 2015; Wu et al., 2005) 
without the addition of antistripping agent, it is possible to use GC fine aggregate 
up to 10% in hot-mix bituminous mixtures and still comply with the local standard 
requirements. When antistripping agent is used, the moisture damage resistance of 
mixtures made with GC coarse and fine aggregates is generally improved. Depending 
on the type and amount of antistripping agent applied, the moisture damage resistance 
of mixtures could be similar to or higher than that of mixtures made with natural 
aggregate (Anochie-Boateng and George, 2016; Behbahani et al., 2015; Hughes, 
1990; Maupin, 1998; Su and Chen, 2002).

Reference GC, % Antistripping Agent Test Method Findings

Fitzsimons and 
Gibney (2004)

0–20 – Stiffness test 
at a cycle of 
60°C, 5°C and 
20°C

Moisture resistance 
is slightly reduced

Lanchance-
Tremblay et al. 
(2016)

0, 10 – Marshall 
stability test at 
60°C

Low moisture 
resistance but meets 
the minimum local 
requirement

Su and Chen 
(2002)

0–15 0%–3% hydrated 
lime

Stability test Moisture resistance 
increases as lime 
increases

Wu et al. (2005) 0–20 – Stability test, 
freeze–thaw 
splitting 
test, water-
immersed 
rutting test at 
45°C

Low moisture 
resistance but 
mixtures with up to 
10% GC meet the 
local requirement

10 0.4% coconut oil 
ethanolamine, 2% 
hydrated lime

Stability test, 
freeze–thaw 
splitting test

Both antistripping 
agents increase the 
moisture resistance

Table 8.6 Continued
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It is not possible to compare the effectiveness of antistripping agents in improving 
the moisture damage resistance of mixtures made with GC, as other than hydrated 
lime, the type of antistripping agent used is different in each individual study. 
Notwithstanding this, hydrated lime appears to be effective in increasing the 
moisture damage resistance of bituminous mixtures made with GC aggregates in 
most of the studies examined (Anochie-Boateng and George, 2016; Hughes, 1990; 
Malisch et al., 1975; Maupin, 1998; Su and Chen, 2002). Although the effect of 
hydrated lime can vary with type of bitumen used, based on the available data, the 
use of hydrated lime as an antistripping agent, at least at 1%, is most likely to result 
in GC aggregate bituminous mixtures with satisfactory performance in comparison 
with natural aggregate bituminous mixtures.

8.6   Environmental Impact

GC can be derived from different sources of waste glass, amongst which the soda lime 
type, such as container glass and flat glass, is the most abundant and is the obvious 
choice for developing for use as an aggregate in the construction industry. Although 
soda lime glass is a safe material, to be sure, for health and safety reasons it is still 
required to be tested for its environmental impact to ensure its use does not bring any 
harm to nature and/or human life.

The environmental assessment of the use of soda lime GC as a fine aggregate in the 
unbound base layer of a pavement has been undertaken by Arulrajah et al. (2016) and 
Imteaz et al. (2012). The chemical composition of GC has been determined for a range 
of toxic elements, namely, arsenic, barium, cadmium, chromium, copper, mercury, 
molybdenum, nickel, lead, selenium, silver and zinc. The results showed that the toxic 
elements present in soda lime GC were well below the regulatory limits, with many 
elements being less than 5 mg/kg. The material can be classified as ‘Category C’ waste, 
which is the least hazardous type based on the waste classification specified by the 
Environment Protection Agency Victoria in Australia (EPA Victoria, 2007). Moreover, 
the leaching characteristics of soda lime GC were determined using both acidic and 
alkaline solutions in accordance with Australian standard leaching procedure (AS 
4439.3, 1997) and it has been found that the amounts of the heavy metals released from 
GC in both buffer solutions were below the threshold of hazardous waste specified by 
EPA Victoria (2007).

Although the research on the environmental impact of soda lime GC aggregate in 
hydraulically and bituminous bound applications has been limited, given the benign 
nature of the material, it is very likely that similar positive results would be obtained 
for the material in such applications. Thus, it could be argued that no further testing 
of the material for environmental impact is required, but to be sure, environmental 
protection authorities the world over are most likely to demand further proof that the 
material is benign and perfectly safe to use.
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8.7   Case Studies

Most of the case studies undertaken during the period of 1970–2016 that deal with 
the use of GC aggregate in both coarse and fine size fractions in road pavements, as 
an unbound, hydraulically bound and bituminous bound material, are summarised in 
Table 8.7. Most of these field applications have been undertaken in the United States, 
mainly in the unbound and bituminous forms, followed by Australia. There have also 
been a few case studies using GC aggregate in road pavement applications in Canada, 
the United Kingdom and Taiwan. The material was probably first used in practice in 
bituminous bound application as early as the 1970s and 1980s (Malisch et al., 1975; 
Larsen, 1989); during the 1990s there was an increase in the interest in its use as 
an unbound aggregate. On the other hand, the use of GC aggregate in hydraulically 

Table 8.7 Case studies using glass cullet (GC) in various road pavement applications

Reference Country

GC

ApplicationSize, mm Content, %

(a) Unbound Applications

Arulrajah et al. 
(2013)

Australia <4.75 15, 30 Base for footpath

HDR Engineering 
(1997)

USA (Coarse) Mostly 10 Base and subbase for 
road

Krivit (1999) USA <12.7 Up to 100 Base and subgrade for 
car park and road

Reindl (2003) USA n.a. n.a. Base for sidewalk

Senadheera et al. 
(2005)

USA n.a. 0–15 Base for road

TxDOT (1999) USA <15 10, 20 Base for road

Wisconsin 
Transportation 
Information Center 
(1999)

USA n.a. n.a. Base for road

(b) Hydraulically Bound Applications

Polley et al. (1998) USA <4 10, 20 Concrete slab

Dumitru et al. 
(2013), Song et al. 
(2016)

Australia 0.3–3 45 Concrete slab

Wood et al. (2011) Australia (Fine) n.a. Concrete slab

Continued
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bound applications began to emerge only in the 2000s. A more detailed discussion of 
these case studies involving the use of GC aggregate in road pavement applications is 
provided Section 10.3.4; however, for completeness of this chapter, some of the main 
points are given below:

 •  In unbound applications, GC aggregate can be used at up to 30% as a base material in 
the construction of pavement. Although information regarding the aggregate size used is 
generally lacking, it suggests that GC has tended to be used in coarse size fractions in 
the case studies reported in Table 8.7. No adverse effect of the use of GC aggregate in 
unbound form has been reported.

 •  In hydraulically bound applications, GC has been used as a replacement for natural 
fine aggregate in the construction of concrete slabs in rigid pavements. The response 
is generally positive, with satisfactory long-term performance of concrete recorded 
in terms of compressive strength, water absorption and resistance to chloride ingress, 
freeze–thaw attack and abrasion. No sign of ASR was found in concrete slab containing 
GC fine aggregate (Dumitru et al., 2013; Song et al., 2016); however, the time duration 
for which the data have been reported is 5 years, which is too short for the ASR symptoms 
to become visible in every situation.

 •  In bituminous bound applications, earlier case studies suggest that GC was normally used 
as a coarse aggregate, with maximum size up to 25 mm, and it tended to result in many 
technical problems such as loss of adhesion, lower skid resistance and breakage of the 
material (Malisch et al., 1975; Larsen, 1989). However, in recent years, the material has 
been used as a fine aggregate with maximum size less than 4 mm, with no adverse effect 
on the technical performance of bituminous mixtures being reported (City of Armadale, 
2010; Emersleban and Meyer, 2012, 2014; Su and Chen, 2002).

Reference Country

GC

ApplicationSize, mm Content, %

(c) Bituminous Bound Applications

City of Armadale 
(2010)

Australia <2.36 n.a. Car park

Emersleban and 
Meyer (2012, 2014)

USA (Fine) 100 Roads of light-to-heavy 
traffic conditions

Malisch et al. (1975) 
and Larsen (1989)

Canada, 
USA

<9.5 to <25 20–70 Roads of light-to-heavy 
traffic conditions

Maupin (1997) USA n.a. 15 Residential roads

Nicholls and Lay 
(2002)

UK <20 30 Binder course and base 
course

Su and Chen (2002) Taiwan <4.75 10 Surface course

Wood et al. (2011) Australia n.a. n.a. Road

Table 8.7 Continued
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8.8   Conclusions

This chapter examines the potential for the use of GC as a replacement for natural 
aggregate, in unbound, hydraulically bound and bituminous bound forms, in the 
construction of road pavements. In general, the use of GC aggregate in these 
applications is technically feasible but requires some modification to the mix design 
to prevent any undue risk.

The CBR of GC is essentially comparable to that of natural gravel and sand. At 
a standard compaction effort, the CBR value of GC in a sand form and a mix 
of gravel and sand form is 20% and 30%, respectively, in comparison to the 
10%–50% CBR value for natural sand. The corresponding values at modified 
compaction effort for GC are 44% and 74%. The results suggest that GC can 
be used in subgrade as a replacement for in situ soil, potentially allowing for a 
reduction in the thickness of pavements, as well as in the capping layer as a granular  
material.

Although limited data are available, GC fine aggregate has been compatible with steel 
slag, ladle furnace slag, foundry sand and fly ash, in producing Portland cement bound 
mixtures for use in the construction of subbase and base course. The resulting mixtures 
were reported to give satisfactory unconfined compressive strength, indirect tensile 
strength and dynamic elastic modulus. In concrete slab applications, the use of GC 
fine aggregate, because of particle packing, has been reported to affect the consistence, 
compressive strength, and abrasion resistance of concrete, but nonetheless the overall 
performance remained acceptable.

In bituminous bound applications, GC can be used in the form of coarse, fine and 
filler aggregate, as a replacement for natural aggregate, in hot-mix bituminous 
mixtures designed using the Marshall method. GC fine aggregate can reduce the 
stiffness modulus, rutting resistance and moisture damage resistance of hot-mix 
bituminous mixtures, though its inclusion at up to 10% generally gives an acceptable 
performance. The addition of antistripping agent has been shown to enhance the 
engineering performance of mixtures made with GC aggregate. In the case of 
moisture damage resistance, the use of hydrated lime at at least 1.0% is generally 
found to be effective to make GC aggregate bituminous mixtures less susceptible to 
stripping.

The environmental assessment of GC aggregate has shown that the material is safe 
to use, with the amounts of toxic elements present in GC, as well as their released 
concentrations, being below the regulatory limits for hazardous waste specified 
by EPA Victoria (2007). As an aggregate component, GC has been used in road 
pavement constructions mainly in the United States and Australia. The use of GC, in 
both fine and coarse size fractions, as unbound and hydraulically bound material has 
been shown to be satisfactory; it is well suited to fine aggregate bituminous bound 
applications.
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Use of Glass Cullet in Ceramics  
and Other Applications 9
Main Headings

 •  Glass cullet in ceramics
 •  Glass cullet as aesthetic finishing material
 •  Glass cullet as filtration medium
 •  Glass cullet as epoxy composite
 •  Glass cullet as blast abrasive
 •  Glass cullet as paint filler
 •  Glass cullet in elastomeric roof coating
 •  Other applications

Synopsis

This chapter deals with the use of glass cullet as a new material in alternative markets, 
other than the previously covered concrete, geotechnical and road pavement applications. 
The results of several experimental investigations have been compiled and analysed on 
the use of waste glass in the manufacture of ceramic-based products, namely, glass-
ceramics, foam glass-ceramics, ceramic bricks and tiles, porcelain products and glazing 
material. Other applications of waste glass have also been identified and succinctly 
addressed in this chapter, such as the production of aesthetic finishing materials, filtration 
medium, epoxy resins, glass fibres, blast abrasive, paint filler, elastomeric roof coatings, 
amongst others.

Keywords: Glass cullet, Waste glass, Sustainability, Ceramics, Aesthetic finishing 
material, Filtration medium, Epoxy, Glass fibres, Blast abrasive, Paint filler, Roof coating.
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9.1   Introduction

To increase the potential uses of glass cullet (GC), alternative markets, other than 
concrete, geotechnical and road pavement applications, need to be developed 
and exploited. From the literature review, several other applications using GC 
as a raw material have been identified, of which the use of GC in ceramic-based 
applications has been given emphasis in experimental investigations and with 
very promising results. The scope of this chapter is to highlight the several other 
secondary and alternative applications in existence for GC. Although these are 
extremely interesting applications, a succinct appraisal of the successful use 
of waste glass will be made throughout this chapter, in line with the approach 
adopted in the previous chapters.

9.2   Glass Cullet Use in Ceramics
9.2.1   Glass-Ceramics

Glass-ceramics are polycrystalline materials, based on inorganic silicates 
embedded in a glass matrix and arranged by the controlled crystallisation of 
appropriate glass compositions. This crystallisation is achieved by subjecting the 
parent glass to carefully regulated heat treatments at specific temperatures, with 
the aim of optimising the nucleation rate and growth rate of crystals, for specific 
periods of time. Depending on the production procedure, desired application and 
raw materials, the resulting glass-ceramic can be a high-strength material, with 
zero porosity and high temperature stability, among several other positive features 
(Chinnam et al., 2013).

Since the manufacture of glass-ceramics requires energy-intensive heat treatments, 
the production process is generally expensive and with significant environmental 
impacts. For this reason, various routes for the production of glass-ceramics that allow 
incorporating waste glass have been devised over time, with the purpose of reducing 
the costs of production (Rawlings et al., 2006):

 •  Conventional (two-stage) method: Glass is devitrified in a two-stage heat treatment 
to induce a high nucleation rate and a high crystal growth rate. After having obtained 
a high nucleation rate, prompted by an initial low-temperature heat treatment, the 
glass forms high-density nuclei throughout its interior. In the second stage, the glass 
is subjected to a higher-temperature heat treatment to promote the nuclei’s growth at a 
reasonable rate.

 •  Modified conventional (single-stage) method: Where there is a significant similarity 
of the curves for nucleation rate and growth rate, then it is possible to subject glass to a 
single-stage heat treatment. This rate curve overlap is possible by optimising the glass 
composition.
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 •  Petrurgic method: Some glass-ceramics are produced by subjecting the original 
glass to very slow and controlled cooling from its molten state, without the need of an 
intermediate temperature. With this method, the nucleation and crystal growth can both 
occur during the cooling stage.

 •  Powder method: In this process, the glass needs to be ground to a very fine state, which 
is then shaped by cold compaction followed by a high-temperature treatment to sinter 
the compacted material. This method is used only if there are obvious advantages, since 
a high sintering temperature is required and the final product’s performance is similar to 
that obtained by other methods.

Table 9.1 presents the details of some of the most relevant studies found on the use of 
GC derived from different types of waste glass in the production of glass-ceramics.

Bulk Density

The results presented in Table 9.2, summarising the findings of several studies 
undertaken to determine the effects of incorporating GC and other waste materials 
on the bulk or apparent density of glass-ceramics, suggest that an increase in the 
GC content normally results in a greater densification of glass-ceramics. Of the few 
exceptions to this are the results of Hanpongpun et al. (2007), indicating that the 
bulk density of glass-ceramics decreases with increasing GC, probably due to the 
corresponding reduction in zinc waste content, which has higher specific gravity.

A similar phenomenon may have also occurred in the study of Bernardo et al. (2012), 
in which, despite a slight reduction in density, the incorporation of GC induced 
greater crystallisation with subsequent decrease in porosity and enhanced mechanical 
performance of the product.

For the same sintering temperature, as the sintering time increases, the density of the 
glass-ceramics containing waste glass also tends to increase (Lu et al., 2016a; Ponsot 
et al., 2014). The results of Lu et al. (2016a) suggest that exposing the material to a 
rapid heating rate contributes to greater densification and mechanical performance 
of glass-ceramics. However, it causes a drop in the degree of crystallinity due to 
the reduction in surface nucleating sites. Furthermore, as the sintering temperature 
increases, the bulk density of the ceramic tends to increase with it, whereas the 
opposite can be observed in terms of the glass-ceramic’s porosity (Fan and Li, 2013, 
2014; Zhang et al., 2011; Zhang and Liu, 2013; Furlani et al., 2010).

Titanium dioxide (TiO2) is normally used as a nucleation agent in glass-ceramics. Yang 
et al. (2015) incorporated increasing amounts of TiO2 in mixes with 50% soda lime–
silicate glass and 50% stainless steel glass. Although the addition of TiO2 resulted 
in large bulk crystals, with increasing TiO2 content, short rod-like crystals were also 
observed, which demonstrated improved phase separation and nucleation. Thus, it was 
concluded that TiO2 can be considered as an effective nucleation agent as it increased 
both the quantity and the uniformity of the crystal nuclei.
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Porosity and Water Absorption

From an overall perspective, the results in Table 9.3, which presents a summary of 
the results of several studies on the influence of GC on the permeability of glass-
ceramics, it can be concluded that the incorporation of GC lowers the porosity and 
water absorption of the product. The results of Bernardo et al. (2012) suggest that 
the incorporation of borosilicate GC may result in lower porosity than when using 
soda lime–silicate GC. In the study of Hanpongpun et al. (2007), in which GC of 
different colours was used (i.e., clear and brown), suggesting slightly different 
chemical compositions between the two, it was observed that this is unlikely to 
affect the porosity and water absorption properties of glass-ceramics. Nevertheless, 

Table 9.1 Use of various types of glass cullet in glass-ceramics

Reference

Glass Cullet

Other MaterialsType Content, %

Bernardo 
et al. (2012)

Soda lime–
silicate, 
borosilicate

25, 50 Fly ash, mixed boron waste, electric arc 
furnace slag from Fe–Ni production

Fan and Li 
(2013, 2014)

LCD 70 30% calcium fluoride sludge, 30% 
basic oxygen furnace slag, addition of 
5%–20% MgO, 10% and 20% Al2O3

Furlani et al. 
(2010)

Energy-saving 
lamps

10–40 Steel slag

Furlani et al. 
(2011)

Container  
glass

24–36 36%–54% incinerated paper sludge, 
10%–40% red/yellow clay or kaolin

Hanpongpun 
et al. (2007)

Container  
and flat glass

40–80 Zinc hydrometallurgy waste

Ljatifi et al. 
(2015)

Container  
glass

30 56% electrofurnace slag, 7% dust and 
7% converter slag from ferronickel 
smelting plant

Lu et al. 
(2016a)

Soda 
lime–silicate

70 30% fly ash and addition of 5%–25% 
magnesia

Ponsot et al. 
(2014)

CRT 64 36% nepheline glass

Yang et al. 
(2015)

Soda 
lime–silicate

50 50% stainless steel slag and addition of 
3%–9% TiO2

Zhang and 
Liu (2013)

Flat glass 100 Addition of 12%–25% kaolin as a 
crystallisation promoter

Zhang et al. 
(2011)

Flat glass 80–90 Kaolin, talc, BaCO3, ZnO

CRT, cathode ray tube; LCD, liquid crystal display.
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it should be noted that not only do the compositions of all glass-ceramics change 
between research studies, but the GC types and other waste materials are different 
as well, making it difficult to reach specific conclusions concerning the effects of 
GC type and content.

In some studies, in which magnesium oxide (MgO) was used as a modifying agent, the 
porosity of glass-ceramics decreased when a content of 5%–10% MgO was used, but 
started to increase afterwards (Fan and Li, 2013, 2014; Lu et al., 2016a). It was also 
observed that the addition of magnesium oxide in conjunction with aluminium oxide 
resulted in even greater porosity (Fan and Li, 2014).

Table 9.2 Potential variations in the density of glass-ceramics made with glass cullet and 
other waste materials

Reference Results

Bernardo 
et al. (2012)

The apparent density of glass-ceramics made with borosilicate was higher 
than when soda lime–silicate GC was used. The apparent density decreased 
with increasing GC content.

Fan and Li 
(2013, 2014)

The addition of 5%–10% MgO enhanced the sinterability of LCD GC, 
which resulted in a higher degree of densification of the glass-ceramic. 
However, further increase in MgO content resulted in lower apparent 
densities. The addition of Al2O3 hindered the viscous sintering, which led 
to a decrease in apparent density.

Furlani et al. 
(2010)

The bulk density increased with increasing GC content. At 1040°C, the 
density of specimens containing 10% and 40% GC was 2.38 and 2.76 g/
cm3, respectively.

Furlani et al. 
(2011)

The apparent density of glass-ceramics made with GC from containers 
increased and decreased with increasing kaolin and yellow clay content, 
respectively. No significant changes were noted when red clay was 
introduced.

Hanpongpun 
et al. (2007)

The bulk density decreased with increasing GC content. The incorporation 
of amber GC caused slightly lower density values.

Ljatifi et al. 
(2015)

The use of 30% GC from container bottles allowed production of  
glass-ceramics with a maximum density of 3.16 g/cm3.

Lu et al. 
(2016a)

The glass-ceramics reached a maximum density of 1.96 g/cm3 when 70% 
GC was used with 5% MgO and it decreased thereon.

Ponsot et al. 
(2014)

Apart from the increased density when CRT was used, it also decreased the 
optimum sintering temperature.

Zhang and 
Liu (2013)

The density of GC ceramics increased with increasing kaolin-based 
crystallisation promoter content.

Zhang et al. 
(2011)

The density of glass-ceramics peaked for a crystallisation promotor content 
of 12%–15% and GC content of 85%–88%, at 950°C.

CRT, cathode ray tube; GC, glass cullet; LCD, liquid crystal display.
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In contrast to the results of the other studies described in Table 9.1, those obtained 
by Furlani et al. (2011) showed that the water absorption of glass-ceramics 
increased notably with the inclusion of GC. This is perhaps because GC was used in 
conjunction with incinerated paper sludge to replace both red/yellow clay and kaolin 
(but with a greater emphasis on the paper sludge content) and resulted in higher 
porosity. However, this difference in porosity was offset as the firing temperature 
increased.

Shrinkage

The shrinkage and water absorption of glass-ceramics are physical parameters that are 
used to draw the sintering curves, thereby leading to the optimisation of firing cycles 
and thus the production of materials with the required properties. The shrinkage of 
glass-ceramics made with mercury-free neon lamp GC, incinerated paper sludge and 
red/yellow quartzitic clay or high-grade kaolin was evaluated by Furlani et al. (2011). 
The results of shrinkage as a function of the sintering temperature showed that all 
compositions displayed a flat trend up to 1080°C, beyond which the shrinkage started 

Table 9.3 Water absorption and porosity of glass-ceramics made with glass cullet and other 
waste materials

Reference Results

Bernardo 
et al. (2012)

The porosity decreased with increasing GC content. Borosilicate GC-based 
glass-ceramics exhibited lower porosity than when soda lime–silicate GC 
was used.

Fan and Li 
(2013, 2014)

The water absorption and open porosity were lowest when 5% MgO 
content was used and decreased even further with increasing sintering 
temperature.

Furlani et al. 
(2010)

An increasing GC content decreased water absorption, the magnitude of 
which was greater for increasing temperatures. The use of 30%–40% GC 
as steel slag replacement resulted in glass-ceramics with water absorption 
values below 1% at 1100°C.

Furlani et al. 
(2011)

An increasing GC content resulted in higher water absorption in 
comparison with mixes with greater red/yellow clay or kaolin content, but 
was offset by increasing sintering temperatures.

Hanpongpun 
et al. (2007)

The water absorption and apparent porosity remained unchanged regardless 
of the GC content and its colour.

Lu et al. 
(2016a)

Higher MgO contents increased porosity, in which the pores changed from 
a spherical shape to interconnected irregularity.

Ponsot et al. 
(2014)

Although the addition of GC from CRT resulted in higher density, it also 
caused slightly higher porosity.

Zhang and 
Liu (2013)

Despite the increased density with increasing kaolin-based crystallisation 
promoter, the water absorption also increased.

CRT, cathode ray tube; GC, glass cullet.
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to increase up to 1140°C, and its magnitude was greater for specimens containing a 
greater amount of GC. Glass-ceramics containing 24% and 28% GC mostly displayed 
shrinkage values of less than 10% regardless of the sintering temperature. The results 
of Rozenstrauha et al. (2013), however, showed that the addition of 20% GC resulted 
in a shrinkage value of 18.1%, whereas that of glass-ceramics containing 10% GC 
was 19.6%.

Compressive and Flexural Strengths

The compressive and flexural strengths of glass ceramics containing GC mixed with 
other waste materials have been assessed in several studies, the results of which are 
given in Table 9.4. Owing to the differences in mix design, chemical composition of 
the materials, firing temperature and other parameters used in each study, the data are 
discussed according to the relative results obtained within each study.

Table 9.4 Compressive and flexural strengths of glass-ceramics made with glass cullet and 
other waste materials

Reference Results

Bernardo et al. 
(2012)

The flexural strength increased from 34 to 65 MPa when the soda  
lime–silicate GC content increased from 25% to 50%. It increased from 78 
to 96 MPa for the same contents of borosilicate GC.

Fan and Li 
(2013, 2014)

The flexural strength was highest when 5%–10% MgO content was used 
and increased even further at higher sintering temperature.

Furlani et al. 
(2010)

The flexural strength increased with increasing GC content. At 1040°C, 
the flexural strength values of specimens containing 10% and 40% GC 
were 18 and 62 MPa, respectively.

Furlani et al. 
(2011)

The integration of 20%–30% red/yellow clay or kaolin peaked the flexural 
strength (for 32%–28% GC content), which started to decrease thereafter.

Hanpongpun 
et al. (2007)

Increasing the GC content resulted in lower flexural strengths. Brown GC 
caused slightly lower flexural strength values than clear GC.

Lu et al. 
(2016a)

For the same GC content, the flexural strength peaked at 10% MgO 
content and increased further as the sintering time and rate increased.

Ponsot et al. 
(2014)

Compared to other nepheline glass-ceramics, when 64% CRT was used, 
the flexural strength decreased.

Yang et al. 
(2015)

The addition of 7% TiO2 caused a significant increase in flexural strength 
(i.e., from around 50 MPa to almost 150 MPa).

Zhang and Liu 
(2013)

The compressive and flexural strengths peaked when 15% kaolin-based 
crystallisation promoter was used alongside the GC (247 and 119 MPa, 
respectively), but decreased afterwards.

Zhang et al. 
(2011)

At a sintering temperature of 950°C, the compressive and flexural 
strengths peaked at a crystallisation promoter content of 12%–15%, which 
also corresponds to the maximum density values.

CRT, cathode ray tube; GC, glass cullet.
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Concerning the effects of incorporating different GC types and contents, the results of 
some investigations (Bernardo et al., 2012; Furlani et al. (2010); Rozenstrauha et al., 
2013) showed that the flexural strength of glass-ceramics may increase with increasing 
GC content and more so if the particle size of the GC decreases (Lu et al., 2014). However, 
the opposite has been observed in other studies (Furlani et al., 2011; Hanpongpun et al., 
2007). This inconsistency may be due to the other types of waste materials also used, the 
variation in which makes a comparison viable only on a case-to-case basis. Nevertheless, 
owing to the enhanced densification prompted by the incorporation of GC, as shown 
previously, the use of GC is likely to increase the flexural strength of glass-ceramics (Fan 
and Li, 2013, 2014; Zhang et al., 2011; Zhang and Liu, 2013).

Nevertheless, Bernardo et al. (2012) observed that the flexural strength of glass-
ceramics made with borosilicate GC was consistently higher than that of specimens 
made with soda lime GC. The colour of soda lime GC may have some influence on 
flexural strength due to the slight variations in chemical composition, which may 
affect the crystallisation of the material (Hanpongpun et al., 2007).

Regarding the influence of incorporating clay or kaolin alongside GC from container 
glass, Furlani et al. (2011) observed that glass-ceramics made with increasing amounts 
of red/yellow quartzitic clay or high-grade kaolin result in an increase in flexural 
strength. Zhang and Liu (2013) and Zhang et al. (2011) observed similar results after 
incorporating 12%–15% kaolin, which acted as a crystallisation promoter.

The addition of 5%–10% MgO in glass ceramics made with 70% GC from crushed 
liquid crystal display (LCD) and 30% calcium fluoride sludge (Fan and Li, 2013) 
yielded the highest flexural strength, but it decreased for higher MgO content. The 
same authors, in a later study (Fan and Li, 2014), noticed further increases in the 
flexural strength of glass-ceramics when 30% LCD and 70% slag with a MgO content 
of 20% were used. Lu et al. (2016a) also observed peak flexural strength values after 
incorporating 5%–10% MgO. The enhanced mechanical performance prompted by the 
incorporation of MgO is closely related to the porosity, crystallinity and crystal shape 
anisotropy of the sintered glass-ceramics (Lu et al., 2016a). However, it was found that 
the combined use of MgO with Al2O3 decreases the flexural strength of glass-ceramics 
as the latter component hinders the viscous sintering (Fan and Li, 2014).

Other Properties

Vickers hardness is frequently measured to determine the resistance to deformation, 
densification and fracture of ceramics. Generally, it has been reported that the 
incorporation of GC results in an increase in Vickers hardness (Zhang and Liu, 2013; 
Zhang et al., 2011; Furlani et al., 2010) and may increase further with the addition of 
clay and kaolin (Furlani et al., 2011).

When assessing the leachability of glass-ceramics made with waste glass from crushed 
energy-saving lamps, Furlani et al. (2010) observed that the leached heavy metals 
concentrations of the resultant products were very low and decreased with increasing 
GC content. The authors explained that the low leachability is mainly due to the 
material’s microstructure, which consisted of a polycrystalline framework surrounded 
by a vitreous phase.
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9.2.2   Foam Glass-Ceramics

Foam glass-ceramics possess a wide variety of interesting properties, including 
reasonable compressive strength despite their extremely low density, chemical 
resistance and incombustibility, among other features (Binner, 2005; Scarinci et al., 
2005). These materials are known to have diverse applications, such as catalyst 
support for gas or liquid metal filtration, mineral casting, electromagnetic radiation 
absorber, thermal and acoustic insulation, membranes in combustion technology 
and lightweight load-bearing structures (Chinnam et al., 2013; Chakartnarodom and 
Ineure, 2014; Petrella et al., 2010; Benhaoua et al., 2015; Sommariva and Weinberger, 
2015; Kazmina et al., 2015).

The production of foam glass-ceramics is similar to that normally applied for dense 
glass-ceramics, but the former requires the incorporation of a foaming agent (mostly 
carbon-based substances), which is initially mixed together with the glass prior to any 
heat treatment. To potentiate and maintain the effervescence effect, the reaction or 
decomposition of the foaming agent should occur close to the softening temperature 
of the glass (Scarinci et al., 2005; Rawlings et al., 2006). The performance of the final 
foam glass-ceramic products mainly depends on the foaming agents, the initial size of 
the glass particles and the heat treatment schedule (Scarinci et al., 2005).

Even though GC has been considered as the most suitable starting material for the 
process (Colombo et al., 2003), this material is also known to partially crystallise 
during the heating process, which interferes with the foaming process, giving 
undesirable effects. Although this crystallisation enhances the mechanical properties 
of the final product, it also limits the expansion prompted by the foaming agent, 
resulting in a material with a lower than expected porosity (Chinnam et al., 2013). 
Greater crystallisation has been observed when GC is mixed with the foaming agent 
and other glasses that are easier to crystallise (Tulyaganov et al., 2006; Bernardo et al., 
2009; Fernandes et al., 2009).

Table 9.5 presents the mix constituents used in producing foam glass-ceramics 
containing GC in experimental studies. GC, which was obtained from different types 
of materials, contributed to the total amount or a great portion of glassy material. 
Silica-rich materials, such as fly ash, ground granulated blast furnace slag (GGBS) 
and clay, were used to make up the total glass material. Several types of foaming 
agents were used, e.g., calcium carbonate (CaCO3), silicon carbide (SiC), aluminium 
nitride (AlN) and manganese dioxide (MnO2), giving varying degrees of success.

Density

Table 9.6 presents the findings from research on the density of foam glass-ceramics made 
with different types and amounts of GC. The use of GC generally results in foam glass-
ceramics with significantly low density. Although the effectiveness of different types of 
GC on the density of foam glass-ceramics is uncertain, since few comparative studies have 
been found, GC from crushed cathode ray tubes (CRTs) appears to result in lower density 
compared with soda lime–silicate GC (Benzerga et al., 2015). However, the density 
variation from incorporating GC of different types becomes negligible in comparison 



Table 9.5 Type and content of glass cullet and other materials used in foam glass-ceramics

Reference Glass Content, %a Other Materials

Apkar’yan et al. 
(2015)

Lamps, 
containers and 
window glass

73–91 9%–27% ceramic filler; 3% sawdust 
as organic additive; 5% coke as 
foaming agent

Ayadi et al. 
(2011)

Soda 
lime–silicate

100 1% CaCO3 as foaming agent

Benzerga et al. 
(2015)

CRT and soda 
lime–silicate 
glass

0–100 Carbon (C), silicon carbide (SiC) 
and aluminium nitride (AlN) as 
foaming agents

Chakartnarodom 
and Ineure 
(2014)

Soda lime–
silicate glass

40–80 20%–60% fly ash/rice husk ash; 
CaCO3 as foaming agent

Ding et al. 
(2015)

E-glass 45–65 35%–55% GGBS; CaCO3 as 
foaming agent

Fernandes et al. 
(2009)

Flat glass 50–90 10%–50% fly ash; CaCO3 and 
CaMg(CO3)2 as foaming agents

Francis et al. 
(2013)

– 70 30% GGBS; 1%–10% SiC as 
foaming agent

Gong et al. 
(2016)

Container glass 100 3%–20% dried porcine bones as 
foaming agent

Konig et al. 
(2015)

CRT 100 0.5%–1.5% activated charcoal and 
1.8%–9% MnO2 as foaming agents

Llaudis et al. 
(2009)

Flat glass 100 Si3N4 as foaming agent and MnO2 
as foaming promoter

Marangoni et al. 
(2014b)

Soda 
lime–silicate

40–60 40%–60% basalt scoria

Petersen et al. 
(2014)

CRT 100 2%–22% soda ash (Na2CO3) as 
foaming agent

Petersen et al. 
(2015)

CRT 100 7% MnO2 as foaming agent

She et al. (2014) LCD and window 
glass

70–80 and 
20–30

1%–3% SiC

Taurino et al. 
(2014)

Borosilicate glass 
from washing 
machines

100 SiC

Wang et al. 
(2016)

Soda 
lime–silicate

100 0.5%–5% KNO3 as foaming 
promoter; 0.5% SiC as foaming 
agent

Zilli et al. (2015) Soda 
lime–silicate

70–95 5%–30% sewage sludge from 
ceramic tile factory; 6%–12% 
graphite as foaming agent

CRT, cathode ray tube; GC, glass cullet; GGBS, ground granulated blast furnace slag; LCD, liquid crystal display.
aAmounts correspond to the total amount of glass material and exclude foaming agents/promoters.
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Table 9.6 Density of foam glass-ceramics made with glass cullet and other waste materials

Reference Density

Apkar’yan et al. 
(2015)

The density of foam glass-ceramics varied between 0.20 and 0.29 g/cm3 
and reached minimum density for a clay content of 9%.

Ayadi et al. 
(2011)

The apparent density decreased from 1.05 to 0.25 g/cm3 when the 
sintering temperature increased from 750°C to 900°C.

Benzerga et al. 
(2015)

The apparent density decreased with increasing CRT content to a 
minimum of 0.34 g/cm3 when 70% CRT and 30% SLS were used. The 
use of AlN allowed the lowest density values (0.35 g/cm3), followed by 
SiC (0.49 g/cm3) and C (0.85 g/cm3).

Chakartnarodom 
and Ineure 
(2014)

The density increased with increasing GC content and increased further 
if mixed with fly ash rather than rice husk ash.

Ding et al. 
(2015)

The bulk density decreased with increasing GC content.

Fernandes et al. 
(2009)

The apparent density was lowest for 1%–2% CaCO3 or CaMg(CO3)2 
(0.36–0.41 g/cm3) and for temperature around 850°C.

Francis et al. 
(2013)

A combination of sintering temperature of 1000°C and 4%–6% SiC 
content allowed a minimum density of 0.76 g/cm3.

Konig et al. 
(2015)

The apparent density decreased with decreasing GC particle size and 
deceased further with increasing amount of MnO2. A minimum apparent 
density of 0.14 g/cm3 was obtained after combining GC with average 
particle size below 15 μm, 1% charcoal and 5.4% MnO2.

Llaudis et al. 
(2009)

For a fixed Si3N4 content of 3.5%, as the amount of MnO2 increased, the 
bulk density of the foam glass-ceramics decreased (as low as 0.2 g/cm3).

Marangoni et al. 
(2014)

The apparent and bulk densities of foam glass-ceramics decreased with 
increasing GC content.

Petersen et al. 
(2014)

A minimum density of 0·28 g/cm3 was obtained when the glass powder 
was foamed with 6–14 wt.% Na2CO3.

Taurino et al. 
(2014)

The apparent density decreased with increasing sintering temperature. 
Exposure to 800°C resulted in 0.88 g/cm3, whilst 850°C–900°C resulted 
in densities around 0.50 g/cm3.

Wang et al. 
(2016)

The addition of KNO3 as foaming promoter greatly improved the 
foaming process and reduced the bulk density. Samples sintered at 
950°C showed a bulk density around 0.15 g/cm3.

CRT, cathode ray tube; GC, glass cullet; SLS, soda lime–silicate.

with the effect of the foaming agent. Benzerga et al. (2015) observed that the use of AlN 
and carbon-based foaming agents, for the same content, resulted in foam glass-ceramics 
with density values of 0.35 and 0.85 g/cm3, respectively. However, little difference was 
noticed in the density of foam glass-ceramics made with either CaCO3 or CaMg(CO3)2 as 
a foaming agent (Fernandes et al., 2009).
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Owing to the emissions of carbon dioxide, carbon monoxide and sulphur oxide 
from the sintering process of foam glass-ceramics containing carbon-based 
foaming agents, the use of silicon nitride (Si3N4) (Llaudis et al., 2009), manganese 
oxide (MnO2) (Llaudis et al., 2009; Konig et al., 2015; Petersen et al., 2015) and 
potassium nitrate (KNO3) (Wang et al., 2016) as foaming agents and/or promoters 
has begun to attract research attention. The combined use of Si3N4 and MnO2 
(Llaudis et al., 2009) may lead to an exponential decrease in the bulk density of 
foam glass-ceramics. This is due to the oxidation of Si3N4, caused by MnO2, and 
consequently the formation of N2 gas. When either of those two foaming agents 
is used alone, the density of the end products shows a linear reduction (Llaudis 
et al., 2009). In the study undertaken by Konig et al. (2015), MnO2 was used in 
conjunction with a very small amount of charcoal. The results showed that the 
moderate foaming effect of the charcoal was greatly improved by the addition of 
MnO2, giving foam glass-ceramics with an apparent density as low as 0.131 g/cm3. 
It has been suggested that the release of O2 during the decomposition of MnO2 
starts in the same sintering temperature range for GC from crushed CRTs (Petersen 
et al., 2015). The growth of foam glass-ceramics is thus caused by increasing O2 
pressure, and when the gas pressure exceeds the forces of surface tension and 
viscosity, the pore wall stretches and the pore expands.

Instead of using a foaming agent, Marangoni et al. (2014b) produced self-foaming 
glass-ceramics by using basalt scoria containing high iron oxide content, which 
reduces with increasing temperature, consequently releasing O2. Despite reasonably 
low bulk and apparent density being achieved, the results suggest that the foaming 
mechanisms in self-foaming glass-ceramics are not as effective compared with those 
induced by a foaming agent.

The density of foam glass-ceramics was found to decrease substantially with 
decreasing average particle size of GC (Ketov, 2001). Foam glass-ceramics made with 
400-μm-sized GC particles exhibited a density around 0.53 g/cm3, which decreased 
further to around 0.13 g/cm3 when GC with an average particle size of 10 μm was used. 
Similar observations made by Brusatin et al. (2004) showed that, when using soda 
lime–silicate-based GC and SiC as foaming agent in producing foam glass-ceramics, 
the pore diameter decreased and homogeneity increased as the initial glass powder 
size decreased from 300 to 38 μm.

Porosity and Water Absorption

The porosity and water absorption of foam glass-ceramics, which are inversely 
proportional to their density, appear to slightly decrease with increasing GC content 
(Table 9.7). However, the type and amount of the foaming agent used have a greater 
influence on the degree of foaming of the glass-ceramics and, consequently, on 
their porosity and water absorption, compared with GC. In the work undertaken by 
Francis et al. (2013), for a given firing temperature, the water absorption of foam 
glass-ceramics made with 70% GC with 30% GGBS was found to increase with SiC 
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Table 9.7 Porosity and water absorption of foam glass-ceramics made with glass cullet and 
other waste materials

Reference Porosity and Water Absorption

Chakartnarodom 
and Ineure 
(2014)

The water absorption was lowest when 60% GC from crushed windows 
was combined with 40% fly ash.

Ding et al. 
(2015)

The water absorption increased with increasing GC content.

Francis et al. 
(2013)

Foamed glass-ceramics containing 4%–6% SiC content showed a 
maximum water absorption of 75% after being exposed to a sintering 
temperature of 1000°C.

Konig et al. 
(2015)

A maximum open porosity of around 90% was obtained after sintering 
CRT GC to a temperature of 840°C, containing 1% charcoal and 5% 
MnO2 as foaming agents.

Llaudis et al. 
(2009)

For a fixed Si3N4 content of 3.5%, as the amount of MnO2 increased, the 
water absorption of the foam glass-ceramics increased up to 23.2%.

Marangoni et al. 
(2014b)

The total porosity increased with increasing GC content and was directly 
proportional to the bulk and apparent density.

Petersen et al. 
(2015)

The water absorption increased with increasing hold time and exposure 
to higher temperatures. The closed porosity, which varied between 6% 
and 97%, decreased with increasing treatment time and temperature.

Taurino et al. 
(2014)

The total porosity, which followed an inversely proportional relationship 
to density, increased with sintering temperature.

Zilli et al.  
(2015)

Increasing exposure time to increasing sintering temperatures resulted in 
increasing porosity. However, for a temperature of 900°C, an exposure 
of 15 min led to the same porosity levels as when samples were exposed 
for 120 min.

CRT, cathode ray tube; GC, glass cullet.

as a foaming agent for a content up to around 5%, beyond which it decreased. It was 
explained that the reduction in water absorption caused by higher SiC content was 
due to the presence of a higher amount of SiO2, which resulted in the formation of 
a glassy phase and incomplete oxidation of SiC. In another study (Llaudis et al., 
2009), for the same 3.5% content of Si3N4, as the MnO2/Si3N4 molar ratio increased 
from 0 to 6, the water absorption of the foam glass-ceramics increased from less 
than 0.1% to 23.2%.

In the study of Petersen et al. (2015), the addition of 7% MnO2 to GC from crushed 
CRTs enabled the production of foam glass-ceramics with porosity levels in the range 
of 79%–92% with different degrees of closed porosity (6%–97%), which decreased 
with increasing treatment temperature and time.
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Compressive and Flexural Strengths

Table 9.8 presents descriptions of the findings that emerged from research on the 
compressive and flexural strength of foam glass-ceramics containing GC. It is clear 
that the influence of GC on these properties depends on the nature of the additional 
glassy material. The results of experimental studies in which soda lime–silicate-based 
GC was used (Apkar’yan et al., 2015; Chakartnarodom and Ineure, 2014; Gong et al., 
2016; Marangoni et al., 2014b) showed that compressive strength decreased with 
increasing GC content. The opposite was observed with increasing red clay (Apkar’yan 
et al., 2015) or basalt scoria content (Marangoni et al., 2014b), which was a result of 
greater densification. It was observed that the strength properties may also improve 
in the increasing presence of GC when combined with fly ash (Chakartnarodom and 
Ineure, 2014) or porcine bone ash (Gong et al., 2016). The mechanical performance 
of foam glass-ceramics may also improve by reducing the average particle size of the 
GC, which results in a decrease in pore diameter and a more homogeneous distribution 
of pores (Brusatin et al., 2004).

At a given foaming agent content, the strength properties of foam glass-ceramics 
are related to the degree of foaming, and low-strength values correspond to the 
optimum foaming and thus a material with minimum density and maximum 
porosity. Francis et al. (2013) observed that, for a sintering temperature of 900°C, 

Table 9.8 Compressive and flexural strengths of foam glass-ceramics made with glass cullet 
and other waste materials

Reference Compressive and Flexural Strength

Apkar’yan et al. 
(2015)

The use of GC from crushed lamps, containers and window glass with 
red clay gave compressive strength values in the range of 0.82–2.5 MPa, 
which increased with increasing clay content.

Chakartnarodom 
and Ineure 
(2014)

The compressive strength increased with increasing GC content and 
increased further when mixed with fly ash compared with rice husk ash.

Gong et al. 
(2016)

The flexural strength decreased with increasing porcine bone content 
(3% gave 29.7 MPa and 20% gave 16.7 MPa).

Llaudis et al. 
(2009)

The compressive strength, which was directly proportional to the bulk 
density, decreased from 44 to 0.5 MPa when the MnO2/Si3N4 molar ratio 
increased from 0 to 6, for a fixed 3.5% Si3N4 content.

Marangoni et al. 
(2014b)

Increasing GC content from 40% to 60% led to a decrease in 
compressive strength from 15 to 2 MPa, which corresponded to decreases 
in density.

Zilli et al. 
(2015)

The compressive strength decreased with increasing sintering 
temperatures. Samples with 90% GC and 10% sewage sludge and 10% 
graphite showed compressive strength between 12.5 and 6.4 MPa after 
increasing the sintering temperature from 800°C to 950°C.

GC, glass cullet.
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the compressive strength of foam glass-ceramics increased with increasing SiC 
content, but the opposite was perceived at 1000°C. The effect of SiC content on 
the strength properties of foam glass-ceramics made with GC from crushed CRTs 
has been assessed (Guo et al., 2010), and it was found that minimum compressive 
and flexural strengths of 11 and 5 MPa, respectively, were achieved at 5% SiC 
content.

Thermal Conductivity

The effect of GC on the thermal conductivity of foam glass-ceramics has been tested 
and the main findings emerging from the studies are described in Table 9.9. It has 
been found that the use of GC can result in foam glass-ceramics having significantly 
low thermal conductivity values, some of which are comparable to commercially 
available materials that are routinely used for insulation of buildings (e.g., expanded 
polystyrene, polyurethane foam, wood fibre and cork boards). However, foam 
glass-ceramics have the distinct advantage of being noncombustible and exhibiting 
excellent dimensional stability for a wide range of temperatures (Foamglas, 2016). 
In a field trial undertaken using foam glass-ceramics as insulating material in a 
detached house, it was shown that the thermal loss of a foam-glass-ceramics-
insulated house can be reduced by around 60% compared with that of an uninsulated 
house (Ayadi et al., 2011).

It has been previously observed that an increase in sintering temperatures increases the 
total porosity but will decrease the closed porosity of foam glass-ceramics (Petersen 
et al., 2015). However, since the degree of closed porosity has no influence on the 
overall thermal conductivity of the material, it does not pose a problem in terms of 
insulation.

Table 9.9 Thermal conductivity of foam glass-ceramics made with glass cullet and other 
waste materials

Reference Thermal Conductivity

Apkar’yan 
et al. (2015)

The thermal conductivity of glass-ceramics, which was directly proportional 
to its density, varied between 67 and 87 mW/(m°K) for density values of 
0.20 and 0.28 g/cm3.

Konig et al. 
(2015)

The thermal conductivity of foam samples varied between 42 and 50 mW/
(m°K) for a density range between 0.130 and 0.175 g/cm3.

Petersen et al. 
(2015)

The thermal conductivity of specimens with density values between 0.25 
and 0.40 g/cm3 varied between 53 and 66 mW/(m°K).

Zilli et al. 
(2015)

Increasing sintering temperatures resulted in lower thermal conductivity. 
Samples made with 90% GC and 10% sewage sludge resulted in a thermal 
conductivity of 101 mW/(m°K) after being exposed to a temperature of 
950°C for 30 min.

GC, glass cullet.
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In the work of Konig et al. (2015), which produced foam glass-ceramics with 
very low thermal conductivity using crushed CRTs, it was found that the optimum 
concentrations of activated charcoal and MnO2 for maximum degree of foaming were 
between 0.5%–1% and 5.4%–7.2%, respectively. Within these concentration ranges, 
a small variation in density and open porosity was observed. The authors also stated 
that the foaming process was very sensitive to the sintering temperature and foaming 
time, the optima of which were 800°C and 5 min, respectively.

9.2.3   Bricks

Physical Properties of Unfired Clay Bodies

The physical properties of fresh unfired clay bodies, which are discussed in this 
section, are important because several physical changes take place before the firing 
process and these have significant influence on the quality and properties of the end 
product. The information available on the fresh properties of bricks manufactured with 
GC was found reported in a single study (Dondi et al., 2009). Clay bricks were made 
with carbonate-rich and fine-grained clay and two different types of GC, from end-of-
life PC monitors and TV sets (glass from the screen and CRTs), at 2% and 5% levels. 
The results of the physical properties of the unfired clay bodies are given in Table 9.10, 
each of which is discussed below.

(i)   Working Moisture
This property corresponds to the amount of water required to achieve the desired 
consistence during the brick forming process and influences the drying shrinkage of 
bricks at the later drying process. The results in Table 9.10 show that the working 
moisture content, assessed in accordance with ASTM C324 (1992), remained almost 
unchanged with the incorporation of 2% and 5% screen glass and CRT.

Table 9.10 Effects of different glass cullet types on the physical properties of unfired clay 
bricks

Property Control

Screen Glass CRT

2% 5% 2% 5%

Working moisture, % 33.3 33.7 33.4 33.9 32.3

Pfefferkorn index, % 43.9 44.8 42.2 50.6 46.8

Shrinkage weight loss, % 35 37 32 37 32

Drying sensitivity index 0.37 0.44 0.46 0.37 0.43

Hygroscopicity, wt.% 1.57 1.52 1.72 1.61 1.5

Dry flexural strength, N/mm2 6.4 5.5 4.3 6.4 4.7

CRT, cathode ray tube.
Based on Dondi et al. (2009).

astm:C324
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(ii)   Pfefferkorn Plasticity Index
Fresh clay bodies may exhibit different degrees of plasticity, which vary according to 
the subsequent forming process. The plasticity of clay materials, which is influenced by 
the particle size distribution, fineness and moisture content, among other factors, may 
be measured and characterised by stress–strain relationships, the Atterberg method, 
the Pfefferkorn test and other methods. The Pfefferkorn plasticity index test results, as 
given in Table 9.10, do not show significant changes when GC from crushed screens 
was incorporated into the clay bodies, but a slight increase was observed when GC from 
crushed CRTs was used, which corresponds to higher shear resistance (Dondi et al., 2009).

(iii)   Weight Loss with Shrinkage
The results in Table 9.10 suggest that the incorporation of 2% and 5% GC from 
crushed screens and CRTs into clay bodies has limited influence on weight loss with 
shrinkage.

(iv)   Drying Behaviour
Prior to firing the bricks at high temperatures, excess moisture must be removed completely 
to avoid cracking, owing to the pressure induced by trapped water. The drying behaviour 
of clay bodies can be assessed by means of the Adamel apparatus, which is graphically 
represented by the Bigot curve, drying sensitivity index and drying shrinkage. The drying 
sensitivity index, which determines the tendency of drying of clay bodies or the easiness of 
drying, is calculated as the weight loss against the drying shrinkage strain. It is preferable 
to have clay bodies with a low drying sensitivity index, as they can be safely dried and 
are unlikely to crack. The results in Table 9.10 suggest that the incorporation of GC may 
increase the drying sensitivity index of unfired clay bricks.

(v)   Dry Flexural Strength
During the production of bricks, dried clay bodies are inevitably subjected to forces 
during handling and from the weight of other clay bodies placed above them when 
set in the kiln, and thus they must exhibit considerable strength to withstand those 
loads. The dry flexural strength of clay bodies is influenced by the particle size of 
clay materials, mineral composition, porosity, drying temperature and rate. In the 
study of Dondi et al. (2009), the dry flexural strength of clay bodies was measured in 
accordance with ASTM C674 (1994). It was found that the inclusion of 2% and 5% 
GC from crushed screens and CRTs caused a decrease in the dry flexural strength of 
unfired clay bodies (Table 9.10).

(vi)   Hygroscopicity
Hygroscopicity is the ability of a material to absorb moisture from the air and is 
of importance in brick manufacturing as, after the drying process, clay bodies may 
absorb the air’s moisture, though it is insufficient to turn the bodies to plastic. It can 
be seen from Table 9.10 that the use of 2% and 5% GC from crushed screens and CRT 
GC has little influence on the hygroscopicity of clay bodies.

astm:C674
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Deformation of Clay Bodies Before and After Firing

Bricks usually undergo two types of shrinkage during the production cycle, namely, 
drying shrinkage and firing shrinkage. Drying shrinkage is caused by evaporation 
during the drying process of unfired bricks. Firing shrinkage is caused by the fusion 
and chemical reactions of the mixture during the firing process. Examples of factors 
contributing to shrinkage include the type of clay, amount of water added and firing 
temperature. Shrinkage affects the designed brick size and makes the clay bodies prone 
to cracking, leading to poorer performance of the resulting brick. The effects of using 
GC, at up to 45% content, on the drying shrinkage (Dondi et al., 2009; Loryuenyong 
et al., 2009), firing shrinkage (Dondi et al., 2009; Lin, 2007a; Loryuenyong et al., 
2009; Rahman et al., 2015; Phonphuak et al., 2016) and under-load firing shrinkage 
(Smith, 2004a,b; Harrison, 2005) of bricks have been analysed.

(i)   Drying Shrinkage
The results shown in Figure 9.1, which presents the relative drying shrinkage of unfired 
clay bodies, suggest that drying shrinkage decreases with increasing GC content. At 
higher GC contents, the drying shrinkage appears to be more stabilised compared with 
that of the control samples without GC (Loryuenyong et al., 2009). However, further 
research in this area is required to ascertain this. Furthermore, in the study of Dondi 
et al. (2009), the results suggest that GC from both crushed CRTs and screens exerts 
similar effects on the drying shrinkage of unfired bodies.

(ii)   Firing Shrinkage
Figure 9.2 presents the shrinkage values of bricks containing GC fired at different 
temperatures from various studies (Dondi et al., 2009; Loryuenyong et al., 2009; 
Lin, 2007a; Phonphuak et al., 2016; Rahman et al., 2015). Most of the results 
suggest that increasing incorporation of GC may lead to slightly greater shrinkage 

y = e-0.019x

R² = 0.916

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30 40 50

RE
LA

TI
VE

 D
RY

IN
G

 S
H

RI
N

KA
G

E

GC CONTENT, %

Dondi et al. (2009) - CRT
Dondi et al. (2009) - LCD
Loryuenyong et al. (2009) - Structural glass walls

Figure 9.1 Relative drying shrinkage of unfired clay bricks made with increasing GC content. 
CRT, cathode ray tube; GC, glass cullet; LCD, liquid crystal display.
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of the brick after firing. An increase of almost 3% in shrinkage was observed in 
bricks containing 40% GC compared with that of control specimens fired at 
800°C (Lin, 2007a). Nevertheless, the shrinkage of bricks containing up to 10% 
GC is comparable to that of conventional bricks (Dondi et al., 2009; Lin, 2007a; 
Phonphuak et al., 2016; Rahman et al., 2015). Even though the firing shrinkage 
increases significantly with increasing firing temperatures, the absolute increase 
in shrinkage with increasing GC content appears to be the same regardless of the 
temperature. Furthermore, according to the CNS 382 R2002 (2007) criteria apud 
Lin (2007a), the firing shrinkage limit for good-quality bricks is below 8%, and this 
is met by almost all GC bricks.

(iii)   Firing Shrinkage Under Load
In some studies (Smith, 2004a,b; Harrison, 2005), the authors evaluated the 
deformation of brick specimens containing GC as a fluxing agent under a load 
during firing. Powdered glass was added as a fluxing agent during the firing 
process to seal smaller capillaries, thereby resulting in lower water absorption 
(Smith, 2004b).

The testing consisted of loading briquettes, which were cut from dried unfired bricks, 
into a kiln, to simulate the typical loading of a brick at the bottom of a 16-brick-high 
setting pattern on a kiln car. According to the authors, the purpose of the test was 
to assess the sintering and densification process in the form of a linear change in 
height of the stack of briquettes. The under-load firing shrinkage curves of bricks 
made with GC and various types of clays, such as Etruria marl (EM) (Smith, 2004a,b), 
carboniferous shale (CS) (Smith, 2004b) and Quaternary glacial lacustrine clay (QGLC)  
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(Smith, 2004b), have been reported. The results of bricks containing 5% and 10% 
ground mixed-coloured container GC showed expansions similar to those of the 
controls when heated up to 800°C. The contraction of clay bodies containing 5% and 
10% GC also demonstrated a pattern similar to that of the controls at temperatures 
between 850°C and 1200°C. It was explained that, as the incorporation of 10% GC 
could result in equivalent linear shrinkage at a lower firing temperature (compared 
with the normal top firing temperature), it is feasible to produce end products made 
with GC with desirable physical properties using less energy.

Similar findings were reported in the study by Harrison (2005), in which brick 
samples were prepared from buff clay (fire clay) and red clay (EM) with the addition 
of 5% and 10% GC with particle size less than 150 μm. The results showed that the 
incorporation of GC as a fluxing agent achieved the desired shrinkage more quickly 
at lower firing temperatures. This indicates the potential savings of both firing time 
and firing temperature with the use of GC, thereby increasing the production rate and 
reducing production costs.

Physical Properties of Fired Clay Bodies

(i)   Porosity and Water Absorption
Bricks normally contain some degree of porosity, which is influenced by the properties 
of the constituent clay materials, their particle size, the degree of compaction and the 
heat treatment procedure. Although porosity in bricks is an undesirable yet unavoidable 
characteristic, which increases water absorption and reduces mechanical performance, 
high-porosity bricks are manufactured for thermal insulation purposes.

Table 9.11 summarises the results of the apparent porosity of clay bricks containing 
up to 45% GC and fired at various temperatures ranging from 900°C to 1200°C. In 
the study of Dondi et al. (2009), in which 2% and 5% GC from crushed screens and 
CRTs were used, no significant changes were observed in the porosity regardless of 
the firing temperature. In contrast, Loryuenyong et al. (2009) evaluated bricks made 
with GC (up to 45% content from structural glass walls) and noticed a decrease in 
porosity, which can also be seen in Figure 9.3 in terms of water absorption. However, 
unexpectedly high porosity and water absorption were observed at 45% GC content, 
which was due to an increased number of open pores as a result of an outflow of glass 
particles from the brick’s surface (Loryuenyong et al., 2009).

The influence of GC on the water absorption of bricks, expressed in relative terms, 
with respect to those made without GC, is shown in Figure 9.3. Taken together, the 
studies cover several parameters, such as the type of GC used, its content (in this case, 
results were only for the range of 0%–45%) and the firing temperature (from 800 to 
1200°C). In general, the results show that the water absorption of bricks decreases 
with increasing GC content. However, the water absorption values of bricks made 
with lower GC levels tended to be very similar to those of the control bricks. The tests 
carried out by Dondi et al. (2009), in accordance with ASTM C373 (1994), showed 
that the water absorption values of clay bricks containing 2% and 5% GC from crushed 

astm:C373
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Table 9.11 Effects of glass cullet on the apparent porosity of clay bricks at various firing temperatures

Reference

Brick Apparent Porosity, %

Type GC, %

Firing Temperature, °C

900 950 1000 1100 1200

Dondi et al. (2009) Control 0 30.4 31.0 30.1 – –

Screen glass 2 31.5 31.4 29.8 – –

5 31.3 30.6 29.6 – –

CRT 2 31.2 31.9 30.5 – –

5 29.7 30.6 29.2 – –

Loryuenyong et al. (2009) Structural glass walls 15 – – – 4.5 –

30 – – – 4.0 –

45 – – – 24.0 –

CRT, cathode ray tube; GC, glass cullet.
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screens and CRTs were similar to those of the reference bricks regardless of the firing 
temperature. In some cases, the water absorption of the bricks remained the same or 
slightly increased when 5% GC was incorporated, but the value decreased at 10% GC 
content (Smith, 2004a).

The influence of incorporating higher GC content, such as up to 40% (Lin, 2007a) and 
45% (Loryuenyong et al., 2009), has been explored. Both studies exhibited similar 
reduction in water absorption for GC content up to 30%, but, thereafter, different 
results were observed. Whilst the values reported by Lin (2007a) continued to 
decrease, those determined by Loryuenyong et al. (2009) (GC obtained from crushed 
structural glass walls) were shown to increase by more than two times those of the 
control sample. It was explained that the increased water absorption of those clay 
bricks was a result of GC flowing out from the brick specimens’ surface, which left 
open pores. Notwithstanding this, further research is needed to ascertain the optimum 
GC level without adversely affecting the performance of bricks.

According to Lin (2007a), as per the requirements of Chinese National Standard CNS 
1127-R3042 (1999), the water absorption of first-, second- and third-class bricks must 
be less than 15%, between 15% and 19% and above 23%, respectively. This might 
suggest that it is possible to produce higher-class clay bricks containing 30%–40% 
GC, fired at a lower firing temperature. It has been shown that bricks containing up to 
40% GC and fired at 800°C showed the same water absorption as control bricks made 
without GC fired at 1000°C (Lin, 2007a).

Figure 9.3 Water absorption of bricks containing increasing GC content. CS, carboniferous 
shale; EM, Etruria marl; GC, glass cullet; QGLC, Quaternary glacial lacustrine clay.
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According to BS-EN-771-1 (2011), the water absorption of class A engineering bricks 
and DPC 1 (damp proof course) and class B engineering bricks and DPC 2, conforming 
with EN-772-7 (1998), must be below 4.5% and 7.0%, respectively.

Smith (2004b) produced bricks made with three different types of clay (EM, CS, 
QGLC) containing 0%, 5% and 10% mixed-colour container GC. The water absorption 
of these bricks, obtained from a 24-h cold water soaking, as shown in Figure 9.3, 
decreased with increasing mixed-colour container GC content and even further with 
increasing firing temperature. It was explained that the reduction of water absorption 
indicated a high degree of fluxing of the GC, resulting in a reduction of porosity. In 
Figures 9.4–9.6, a comparison is made between the water absorption values of bricks 
(Smith, 2004a,b) made with EM, CS and QGLC, respectively, determined using 24-h 
cold water and 5-h boiling water immersion tests. In contrast to the bricks made with 
QGLC, the water absorption values of bricks made with EM and CS clay, containing 
5% and 10% GC, fired at the right firing temperature met the BS-EN-771-1 (2011)  
requirements, when measured according to EN-772-7 (1998) (boiling water immersion 
method). Therefore, it appears that the use of GC as a fluxing agent may help to 
achieve the same water absorption requirements at a firing temperature lower than that 
of clay bricks made without GC.

The effects of incorporating 5% and 10% GC on the water absorption of clay 
bricks made with fire clay (buff clay) and EM (red clay), at a firing temperature 
of 1060°C–1140°C, have been explored (Harrison, 2005). The GC used was of 
the soda lime–silicate glass type and had a maximum particle size of 150 μm. The 
water absorption results determined using the cold water immersion method as 
per BS-EN-771-1 (2011) are shown in Figure 9.7. Similar to the previous findings 
(Figures 9.4–9.6), the incorporation of GC decreased the water absorption of clay 
bricks made with fire clay and EM clay, the effect of which increased with the 
firing temperature.

Figure 9.4 Effect of GC on water absorption of clay bricks made with Etruria marl at 
different firing temperatures. (a) 24-h cold water immersion test. (b) 5-h boiling water 
immersion test. GC, glass cullet; L, laboratory firing; W, works firing.
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Figure 9.5 Effect of GC on the water absorption of clay bricks made with carboniferous 
shale at different firing temperatures. (a) 24-h cold water immersion test. (b) 5-h boiling water 
immersion test. GC, glass cullet; L, laboratory firing; W, works firing.

Figure 9.6 Effect of GC on the water absorption of clay bricks made with Quaternary glacial 
lacustrine clay at different firing temperatures. (a) 24-h cold water immersion test. (b) 5-h 
boiling water immersion test. GC, glass cullet; L, laboratory firing.

(ii)   Density
In addition to the specific gravity of the constituent materials, the bulk density of 
clay bodies, which are porous, is influenced by their total porosity. Bricks with high 
bulk density and low porosity are expected to have reasonably good mechanical and 
durability-related performance.

Figure 9.8 presents the effects of GC from various sources on the bulk density of clay 
bricks, fired at different temperatures. The results suggest that the use of GC increases 
the bulk density of clay bricks, especially at higher GC content. This effect is more 
prominent with increasing firing temperatures (Lin, 2007a; Loryuenyong et al., 2009; 
Phonphuak et al., 2016).
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For comparison, the typical bulk density of bricks, as suggested by Lin (2007a), 
is in the range of 1.8–2.0 g/cm3, and by Loryuenyong et al. (2009), in the range of 
1.8–2.3 g/cm3, both shaded in Figure 9.8. This shows that, to achieve the typical bulk 
density range, clay bricks may be produced by either increasing the firing temperature 
or using higher GC content. Since the former consumes greater energy usage and thus 
generates higher CO2 emissions, the use of GC is a preferred option as it offers a more 
sustainable route.

It was found that the relative increase in bulk density is independent of the type of 
GC used, whether crushed LCD (Lin, 2007a), CRT (Dondi et al., 2009) or soda 
lime–silicate glass (Phonphuak et al., 2016). However, the results of Loryuenyong 
et al. (2009) showed that, when GC from crushed structural walls was used, the 

Figure 9.7 Water absorption of clay bricks made with GC fired at different temperatures. (a) 
Fire clay (buff clay). (b) Etruria marl. GC, glass cullet.
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bulk density of clay bricks increased with increasing GC content up to 30%, beyond 
which it decreased but was within the typical bulk density range. In the same study, 
Loryuenyong et al. (2009) also showed that GC was more effective in increasing the 
bulk density of clay bricks than rice husks.

Mechanical Properties of Fired Clay Bodies

(i)   Compressive Strength
According to BS-EN-771-1 (2011), although there are no strength classes for clay bricks, 
the mean compressive strength of the product must be declared by the manufacturer 
and classified as category I, in which the probability of failing to achieve the declared 
strength does not exceed 5%, or category II, in which the level of confidence placed on 
category I does not apply. There are, however, strength classes for engineering bricks, 
referenced in the UK National Annex to BS-EN-771-1 (2011). These classes were 
based on the now withdrawn standard BS-3921 (1985), which specified minimum 
compressive strength values of 50 and 70 MPa for class B and A engineering bricks, 
respectively, but increased those values to 75 and 125 MPa, respectively.

In view of the potential mechanical performance enhancement with increasing use of 
waste glass and with the subsequent opportunity of reducing the firing temperature, 
several authors have analysed the effect of GC content on the compressive strength of 
clay bricks, the results of which can be seen in Figure 9.9. It covers different types of GC, 
incorporation levels up to 45%, firing temperatures in the range of 800°C–1140°C and 
various clay materials. Overall, the results tend to suggest that an increase in GC content 
leads to an increasing compressive strength. Furthermore, based on the BS-EN-771-1 
(2011) requirements for class A and B engineering bricks, it is clear that, compared with 
most control specimens, which did not belong to any of those classes, the incorporation 
of a small amount of GC is able to gain sufficient strength for structural purposes. The 
incorporation of GC may allow the production of clay bricks with compressive strength 
values similar to those of control bricks, but at a lower firing temperature.

Clay bricks with up to 40% GC (Lin, 2007a) showed no major change in compressive 
strength at a firing temperature of 800°C, but the mechanical performance increased 
at higher firing temperatures of 900°C and 1000°C. Lin (2007a) also observed that the 
compressive strength of all clay bricks containing up to 40% GC met the minimum 
strength requirements of first-class and second-class bricks, i.e., 15 and 10 MPa, 
respectively, according to Chinese National Standard CNS 382-R2002 (2007).

Only a few cases in which higher incorporation levels led to a strength decrease 
were observed. Loryuenyong et al. (2009), after having fired ball clay bricks to a 
temperature of 1100°C with GC from crushed structural glass walls, observed a decline 
in performance when more than 15% GC (up to 45%) was used. The authors explained 
this as a result of GC oozing out from the bricks’ surface. Nevertheless, according 
to ASTM C902 (2015), the resulting bricks met the minimum required compressive 
strength of a paving brick subjected to light traffic, which is 17.2–20.7 MPa (2500–
3000 psi) in a less severe environment.

astm:C902
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Figure 9.10 presents the compressive strength of clay bricks containing 0%, 5% 
and 10% mixed-colour container GC (soda lime–silicate glass), made with three 
different types of clay (EM, CS and QGLC), fired at different temperatures (Smith, 
2004b). Regardless of the firing temperature and type of clay used, all bricks 
exhibited an increase in compressive strength with higher incorporation of GC. 
Figure 9.11, which presents the same analysis for the results reported by Harrison 
(2005), shows the same trend. Bricks made with EM showed the highest compressive 
strength values compared with CS and QGLC (Harrison, 2005; Smith, 2004b). 
After incorporation of 10% GC, at a relatively low firing temperature of 1040°C, 
the compressive strength of the resultant bricks increased by over 60%, meeting the 
strength requirement for class A engineering bricks (Smith, 2004b). Bricks made 
with CS clay and 10% GC fired at a temperature of 1040°C were class B engineering 
bricks, whereas the control made without GC did not belong to any class. Similar 
findings were also reported by Harrison (2005) for bricks made with fire clay (buff 
clay) and EM (red clay).

Figure 9.9 Effect of GC on the compressive strength of clay bricks. CS, carboniferous shale; 
EM, Etruria marl; FC, fire clay; GC, glass cullet; QGLC, Quaternary glacial lacustrine clay.
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(ii)   Flexural Strength
The results on the flexural strength of clay bricks containing GC from crushed CRTs 
and screen panels (Dondi et al., 2009) and structural glass walls (Loryuenyong et al., 
2009), manufactured at different firing temperatures, are presented in Table 9.12. The 
results obtained by Dondi et al. (2009) showed that the use of 2% and 5% GC from 
crushed CRTs and screen panels did not present any significant change in the flexural 
strength of clay bricks, fired at temperatures of 800–1000°C.

The flexural strength of clay bricks, evaluated by Loryuenyong et al. (2009), fired at 
1100°C and made with GC from structural glass walls that were crushed to a particle 
size of less than 1 mm, increased when 15% GC was used, but thereafter it decreased 
up to 45% GC content.

Figure 9.10 Effect of increasing temperature on clay bricks made with different types of clay 
and glass cullet contents.
Adapted from Smith (2004b).

Figure 9.11 Effect of increasing temperature on clay bricks made with different types of clay 
and glass cullet contents.
Adapted from Harrison (2005).
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9.2.4   Tiles

Tiles can be manufactured from a wide range of materials, such as ceramic, natural 
stone, metal and glass, and are commonly used for covering and cladding of roofs, 
floors and walls. Depending on the application, tiles require specific properties, for 
example, roof tiles must have good freeze–thaw resistance, floor tiles should possess 
good abrasion resistance and wall tiles should be good at waterproofing. Given the 
compatibility of glass in the manufacturing process of tiles, several experimental 
studies have been undertaken on the use of GC in the production of tiles (Akristos, 
2005; Anderson, 2008; Zhu et al., 2003; Coventry et al., 1999; CWC, 1999; Dondi 
et al., 2009; Hwang et al., 2006; Lin, 2007b; Matteucci et al., 2002; Raimondo et al., 
2007; Youssef et al., 1998).

Physical Properties of Unfired Tiles

Only one study was found to investigate the effect of incorporating GC from crushed 
PC display screens and CRTs from TV sets on the physical properties of unfired roof 
tiles (green bodies) made with low-carbonate and coarse-grained clay (Dondi et al., 
2009). The results on the physical properties of tiles made with GC, presented in 
Table 9.13, show trends similar to those observed in bricks made with GC given in 
Table 9.10.

The working moisture for extrusion of tiles, determined in accordance with ASTM 
C324 (1992), showed no significant change when 2% and 5% GC from crushed 
screens or CRTs were used (Dondi et al., 2009). A similar trend was also reported 
in tiles made with 5% and 10% soda lime–silicate glass from crushed containers and 
float glass (Matteucci et al., 2002) and screen glass or CRT (Raimondo et al., 2007) as 
partial replacement for sodium feldspar.

The results of the Pfefferkorn plasticity index test (Table 9.13), which was carried 
out in accordance with Van der Velden (1979), show that the index decreased with 
increasing content of crushed screen or CRT GC at 2% and 5% levels. The authors 
observed that, for a given water content, the shear resistance of extruded bodies 
containing GC was higher than that of the control specimens.

Table 9.12 Flexural strength of clay bricks made with glass cullet

Reference GC Type GC, % Clay Type Temp., °C Results

Dondi et al. 
(2009)

CRT, 
screen 
panels

2, 5 Carbonate-
rich and 
fine-grained 
clay

800, 900 
and 1000

No significant change 
in flexural strength 
with GC inclusion

Loryuenyong 
et al. (2009)

Structural 
glass walls

0–45 Ball clay 1100 Strength increased at 
15% GC and decreased 
thereafter up to 45%

CRT, cathode ray tube; GC, glass cullet.

astm:C324
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As presented in Table 9.13, the results of the drying shrinkage of unfired tiles suggest 
that the inclusion of both types of GC causes a slight increase in drying shrinkage. This 
is probably due to the greater moisture loss of GC specimens, which was reflected by 
greater weight loss. In addition, the drying sensitivity index also suggests that CG 
specimens are more sensitive to the drying process.

The results of Table 9.13 show that the incorporation of GC from crushed PC display 
screen panels and CRTs from TV sets tends to slightly reduce the hygroscopicity of 
unfired bodies. It should be noted that high hygroscopicity could result in considerable 
expansion due to reabsorption of moisture.

As roofing tiles are thin, it is important for unfired bodies to have sufficient 
dry flexural strength to avoid damage throughout the firing process. The results 
obtained by Dondi et al. (2009) suggest that the incorporation of a small amount of 
GC can result in unfired bodies with slightly lower flexural strength than that of the 
reference, and thus additional care needs to be taken when handling dried bodies 
containing GC. However, the opposite was observed in the results of Matteucci 
et al. (2002).

Physical Properties of Fired Tiles

The porosity of tiles, which is directly related to moisture absorption, must be kept 
to a minimum to prevent the growth of unwanted organisms and thus deterioration 
of both performance and aesthetic value. The effect of increasing GC inclusion on 
the porosity, water absorption and bulk density of tiles, fired at temperature ranging 
from 900 to 1220°C, has been studied (Dondi et al., 2009; Hwang et al., 2006; Lin, 
2007a; Matteucci et al., 2002; Youssef et al., 1998; Raimondo et al., 2007; Kim 
et al., 2016; Lin et al., 2015). A description of the work undertaken involving the 

Table 9.13 Effect of glass cullet on the physical properties of unfired roof tiles

Physical Properties Control

Screen Glass CRT

2% 5% 2% 5%

Working moisture, wt.% 23.5 23.1 23.6 24.9 24.8

Pfefferkorn index, wt.% 40.6 32.4 31.3 32.6 30.3

Drying shrinkage, cm/m 6.1 6.1 6.5 6.8 6.6

Weight loss with shrinkage, % 48 50 44 50 53

Drying sensitivity index 0.33 0.34 0.40 0.50 0.50

Hygroscopicity, wt.% 1.94 1.88 1.64 2.01 1.57

Dry flexural strength, N/mm2 8.9 9.1 7.0 6.8 7.0

CRT, cathode ray tube.
Values sourced from Dondi et al. (2009).
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use of GC in tiles is presented in Table 9.14, covering the materials used, the firing 
temperature and time, and the types of tiles manufactured. It appears that the effects 
of GC incorporation can be separated into two main groups, based on the content 
of GC used, i.e., up to 10% by weight (Dondi et al., 2009; Matteucci et al., 2002; 
Raimondo et al., 2007) and up to 50% by weight (Lin, 2007a; Youssef et al., 1998; 
Kim et al., 2016; Lin et al., 2015).

Figure 9.12 presents the water absorption of ceramic tiles made with GC content 
up to 10%. The results suggest that the inclusion of low levels of GC has marginal 
influence on the water absorption, though, in some cases, it results in a reduction. 
However, when part of the sodium feldspar was replaced with GC from screen glass, 
the resulting ceramic tiles exhibited an increase in water absorption (Raimondo et al., 
2007). As this finding contradicted the majority of studies, further testing would have 
to be carried out to ascertain whether the specific chemical composition of the GC 
used has an influence on the porosity of ceramic tiles.

Table 9.14 Experimental campaigns on the use of glass cullet in glass-ceramics

Reference GC Type
GC, 
%

Other 
Materials Tile

Firing 
Temp., °C

Sintering 
Time, h

Dondi et al. 
(2009)

TV CRT and 
PC display 
screen panel

0–5 Low-
carbonate 
and coarse-
grained clay

Roofing 
tiles

900–1000 4

Hwang et al. 
(2006)

Mixed-colour 
container

0–50 Bentonite 
clay

Ceramic 
tiles

800–1100 2

Lin (2007b) TFT-LCD 0–50 White clay Ceramic 
tiles

900–1200 6

Matteucci 
et al. (2002)

Container 
and float

0–10 Ball clay Porcelain 
stoneware 
tiles

1120–1200 1

Raimondo 
et al. (2007)

CRT and TV/
PC screen 
display

0–10 Ball clay Porcelain 
stoneware 
tiles

1180–1220 1

Youssef et al. 
(1998)

Soda 
lime–silicate

0–50 Mixes of 
Bahria, 
Aswan and 
Sinai clay

Wall and 
flooring 
tiles

950–1100 1, 2, 3

Kim et al. 
(2016)

LCD 0–40 Clay, quartz, 
feldspar

Ceramic 
tiles

1000–1150 1

Lin et al. 
(2015)

Solar panel 0–40 White clay Ceramic 
tiles

800–1100 2

CRT, cathode ray tube; GC, glass cullet; TFT-LCD, thin-film transistor–liquid crystal display.
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Figure 9.12 Water absorption of ceramic tiles made with GC. CG, container glass; CRT, 
cathode ray tube; FG, float glass; GC, glass cullet; SG, screen glass.

The water absorption and porosity of ceramic tiles decreased with increasing 
firing temperature up to 1220°C, regardless of the GC content for up to 10% GC. 
However, Hwang et al. (2006) observed a significant increase in water absorption 
and porosity of ceramic tiles fired at 1100°C, when GC was used up to 10%, but 
the values decreased at higher GC contents. The authors explained that this could 
be due to an expanding behaviour as a result of the formation of gas bubbles in 
the ceramic tiles.

In contrast to what is observed in Figure 9.12 for ceramic tiles containing small 
amounts of GC, Figure 9.13 clearly shows that the incorporation of greater amounts of 
GC leads to a reduction in water absorption and porosity, the effect of which becomes 
more significant with increasing firing temperature.

Youssef et al. (1998) also evaluated the effect of sintering time on the water 
absorption and porosity of ceramic tiles at a given firing temperature. The 
purpose of maintaining the materials at a constant firing temperature is to allow 
ample time for various reactions to take place during the vitrification process. It 



359Use of Glass Cullet in Ceramics and Other Applications

Figure 9.13 Water absorption of ceramic tiles made with GC. GC, glass cullet; LCD, liquid 
crystal display; SLS, soda lime–silicate; SP, solar panel.

was found that, at a given temperature, an increase in sintering time decreased 
both the apparent porosity and the water absorption. This decrease was greater 
for control tiles in comparison with that of tiles containing 40% and 50% soda 
lime–silicate GC.

Contradictory findings have been observed with regard to the effect of incorporating 
up to 10% GC on the bulk density of ceramic tiles, as shown in Figure 9.14. The 
majority of the results obtained by Dondi et al. (2009) and Matteucci et al. (2002) 
show that the bulk density of ceramic tiles remains unchanged or increased slightly 
when GC is used; however, those of Raimondo et al. (2007) suggest the opposite.

However, when GC is used at an even greater content, Figure 9.15 shows that ceramic tiles 
containing up to 50% GC exhibit a slightly higher bulk density than reference ceramics 
tiles. This can be associated with the reduction in water absorption and porosity. However, 
Kim et al. (2016) observed a decrease in the bulk density of ceramic tiles when up to 40% 
GC from crushed LCD was incorporated. This is probably due to the difference in the 
densities of the materials, as LCD glass, which had a density of 2.45 g/cm3, was used to 
replace feldspar, which had a density varying between 2.55 and 2.76 g/cm3.

The Vickers hardness of GC-containing ceramic tiles obtained by Lin (2007b) 
and Lin et al. (2015) is shown in Figure 9.16. In general, the incorporation of 
GC leads to an increase in the hardness of the resulting material, regardless of 
the type of GC used. However, in only one case, the Vickers hardness of ceramic 
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Figure 9.14 Bulk density of ceramic tiles made with GC. CG, container glass; CRT, cathode 
ray tube; FG, float glass; GC, glass cullet; SG, screen glass.
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tiles was found to decrease with the incorporation of 40% GC from crushed solar 
panels (Lin et al., 2015). This might be treated as an experimental error since it 
did not correlate well with the corresponding findings on water absorption and 
porosity.

The results for the relative mass loss due to abrasion of GC-containing ceramic tiles, 
reported in two studies (Lin, 2007b; Lin et al., 2015), appear to be contradictory, 
as shown in Figure 9.17. The 2015 study suggests that the abrasion resistance of 
ceramic tiles increases with increasing GC (from crushed solar panels) content. The 
2007 study showed that the incorporation of GC from crushed LCD led to a decrease 
in the resistance to abrasion for replacement levels between 10% and 40% at firing 
temperatures in the range of 1000–1100°C. However, the resistance to abrasion of 
ceramic tiles increased when either 50% GC content was used or firing was done at a 
higher sintering temperature of 1200°C.

The influence of using GC from crushed soda lime–silicate glass (Bourtsalas et al., 
2015a,b; Faria and Holanda, 2016) and screen glass (Galan-Arboledas et al., 2016) 
on the properties of glass-ceramic tiles has been explored. The results showed that the 
use of GC as a replacement for fine incinerated bottom ash at up to 30% (Bourtsalas 
et al., 2015a,b), and clay at 5% (Faria and Holanda, 2016) and 10% (Galan-Arboledas 
et al., 2016), enhanced the densification process, subsequently leading to a decrease in 
porosity and water absorption.

Shrinkage is another factor that influences the quality of ceramic tiles. This factor 
is affected by firing temperature and, normally, an increase in the firing temperature 
leads to an increase in shrinkage. Figures 9.18 and 9.19 present the effect of 
incorporating GC on the firing shrinkage of ceramic tiles. At lower GC level 

Figure 9.16 Vickers hardness of ceramic tiles made with GC. GC, glass cullet; LCD, liquid 
crystal display; SP, solar panel.
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Figure 9.17 Relative abrasion mass loss of GC-containing ceramic tiles. GC, glass cullet; 
LCD, liquid crystal display; SP, solar panel.
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Figure 9.18 Shrinkage of ceramic tiles with GC. CG, container glass; CRT, cathode ray tube; 
FG, float glass; GC, glass cullet; SG, screen glass.
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(Figure 9.18), ceramic tiles generally show a slight increase in firing shrinkage, 
although there were some contradictory results (Raimondo et al., 2007). It is noted 
that replacing the raw materials with GC from crushed CRTs consistently resulted 
in a slightly higher shrinkage in tiles compared with replacement by glass from 
crushed PC display screen panels, but the explanation for this is not available 
(Dondi et al., 2009).

The increase in firing shrinkage was notably greater at higher GC levels and sintering 
temperatures. As shown in Figure 9.19, the firing shrinkage remained mostly unaffected 
by the incorporation of GC from crushed LCD screens at sintering temperature 
of 900°C. However, the firing shrinkage of tiles began to increase as sintering 
temperature increased from 900 to 1200°C (Lin, 2007b). Thus, the combination of 
these two factors must be closely controlled to minimise the shrinkage of tiles during 
the sintering process.

However, Hwang et al. (2006) showed an opposite trend, i.e., the increasing GC levels 
caused greater shrinkage at 800°C, but the value was unchanged or even lower for 
higher sintering temperatures.

Mechanical Performance of Fired Tiles

Tiles, such as those used in flooring, must possess adequate mechanical performance, 
as they are subjected to loading. However, the strength of tiles should not be 
considered as the dominant decision-making criterion for the mix design of all tiles, 
as the durability-related performance of tiles, such as those used in roofing and walls, 
is equally important.

Research on the compressive strength of wall and flooring tiles made with mixes of 
Bahria, Aswan and Sinai clay and soda lime–silicate GC at replacement levels up to 
50%, manufactured at a range of firing temperatures from 950 to 1100°C at constant 
3-h sintering time, was conducted by Youssef et al. (1998). The results suggest that 
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Figure 9.19 Shrinkage of ceramic tiles with GC. GC, glass cullet; LCD, liquid crystal display.
Adapted from Lin (2007b).
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the compressive strength of the resultant tiles increased with increasing GC content, 
and, at a given GC content, the improvement in strength is greater at higher firing 
temperatures (Figure 9.20). Ceramic tiles fired at 1100°C showed a peak compressive 
strength of almost 90 MPa at 30% GC inclusion, beyond which it decreased, but was 
still maintained at 50%–80% higher than that of the reference tiles.

In the experimental research of Anderson (2008), although no control tiles (without 
GC) were produced, the mean flexural strength of tiles made with GC was 1360 N, 
exceeding the minimum requirement of 600 N, given in BS-EN-1304 (2013).

The results obtained by Dondi et al. (2009) for the production of tiles containing 
relatively low replacement levels of 2% and 5% GC from crushed PC display screen 
panels and CRT from old TV sets showed that the flexural strength was marginally 
affected by the incorporation of GC.

Lin (2007b) observed that, when GC was used at up to 50%, the flexural strength 
of the resultant tiles fluctuated within a narrow range of around 2 MPa. However, at 
1200°C, all GC-containing tiles exhibited similar or higher flexural strength values 
compared with the control specimens. A peak flexural strength was observed at 
the 30%–40% GC level, which corresponded to an increase of 30% relative to the 
control tiles.

Figure 9.21 presents the flexural strength of ceramic tiles containing up to 10% soda 
lime–silicate glass from containers and float glass as a partial replacement for sodium 
feldspar. Tiles sintered in a temperature range of 1120–1140°C showed similar flexural 
strength regardless of the GC content. However, at higher sintering temperatures 
(1160–1180°C), the flexural strength of GC-containing tiles is slightly lower than that 
of the reference. This trend was observed in both types of GC, which is only natural 
since they exhibit similar chemical compositions.
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Figure 9.20 Compressive strength of GC-containing ceramic tiles. GC, glass cullet; SLS, soda 
lime–silicate.
Adapted from Youssef et al. (1998).
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Figure 9.22 presents the flexural strength of ceramic tiles made with 5% and 10% GC 
from crushed TV and PC screen panels and from CRTs. At a sintering temperature of 
1180°C, the incorporation of CRT glass had little influence on the flexural strength of 
ceramic tiles, whilst screen glass caused a clear reduction. However, at 1200°C, the 
opposite was observed, but with a smaller difference in strength relative to the control. 
At a sintering temperature of 1220°C, the flexural strength of all tiles decreased and 
more so for CRT-containing specimens. The mixture of 5% CRT and 5% SG resulted 
in flexural strength values similar to those of the controls.

The flexural strength of glass-ceramic tiles containing GC from crushed soda lime–
silicate glass (Cetin et al., 2015; Lu et al., 2016a,b; Marangoni et al., 2014a; Ponsot 
et al., 2015a) and borosilicate glass (Cetin et al., 2015; Marangoni et al., 2014a) was 
found to vary from 35 to almost 100 MPa.
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Figure 9.21 Flexural strength of ceramic tiles made with GC. CG, container glass; FG, float 
glass; GC, glass cullet.
Adapted from Matteucci et al. (2002).

Figure 9.22 Flexural strength of ceramic tiles made with glass cullet. CRT, cathode ray tube; 
SG, screen glass.
Adapted from Raimondo et al. (2007).
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Heavy Metal Leachability

The results for leaching behaviour of roof tiles containing 5% GC from crushed 
PC display screen panels and CRTs from old TV sets, assessed using the toxic 
characteristic leaching procedure, showed that the released concentrations of lead, 
barium and strontium in the leachates were considerably low.

Significant immobilisation of lead was also observed by Raimondo et al. (2007). Ceramic 
tiles containing up to 10% GC from crushed screen glass showed similar concentrations 
of released lead in the leachate compared with control tiles. Tiles containing 10% CRT, 
however, showed slightly higher concentration of released lead (0.37 and 0.71 mg/kg for 
5% and 10% CRT, respectively) as CRTs have a high lead content.

In addition, the introduction of soda lime–silicate glass in glass-ceramic tiles 
containing incinerated bottom ashes (Bourtsalas et al., 2015b) or municipal solid 
waste ashes (Ponsot et al., 2015a) resulted in reductions in the leached heavy metals 
concentrations. This is probably due to the ability to encapsulate heavy metals 
resulting from the enhanced liquid-phase sintering of the other glass material when 
GC is used.

9.2.5   Porcelain

Porcelain is a ceramic material, which is made by heating kaolin and other constituent 
materials (i.e., clays, feldspar or flint, and silica) in a kiln to very high temperatures, 
varying between 1200°C and 1400°C. The strength, toughness and porosity of 
porcelain are affected by the degree of vitrification and the formation of mullite within 
the clay body. Owing to a combination of low porosity, normally observed in glass, 
and the ability to retain its shape when heated, normally observed in clay, porcelain 
exhibits reasonably good mechanical and durability-related performance (Shashidhar 
and Reed, 1990).

Several experimental studies have been conducted on the production of porcelain 
made with different types of glass, such as CRTs (Andreola et al., 2008) and LCDs 
(Kim et al., 2015), but mostly soda lime–silicate glass from containers or flat glass 
(Rambaldi et al., 2007; Wannagon et al., 2012; Bragança and Bergmann, 2005; Carus 
and Bragança, 2013; Tarvornpanich et al., 2005; Jackson et al., 2004; Tucci, 2004; 
Yürüyen and Toplan, 2009; Luz and Ribeiro, 2007), as a partial replacement for 
feldspar (fluxing agent) at up to 35% (summarised in Table 9.15). Fluxing agent is 
added to promote the vitrification process of clay bodies at lower firing temperatures. 
There has been great interest in using waste glass as a fluxing agent, owing to the 
similarities in chemical composition between GC and feldspar.

Andreola et al. (2008) evaluated the effect of incorporating up to 35% GC from 
crushed CRTs as a replacement for Na–feldspar in the production of porcelain tiles. 
The results showed that the incorporation of the low-viscosity CRT glass offered an 
opportunity to reduce the amount of feldspar since it had a positive effect on the quartz 
dissolution and the formation of the liquid phase. GC from crushed CRTs, in small 
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Table 9.15 Use of glass cullet in the production of porcelain

Reference

Glass

Main Physical TestsType
Content, 
%

Particle 
Size, μm

Optimum 
Content, 
%

Andreola 
et al. (2008)

CRT 0–35 <63 5 Porosity, bulk density, 
water absorption, 
shrinkage, Young’s and 
shear moduli, Poisson 
ratio

Bragança and 
Bergmann 
(2005)

Soda lime–
silicate

25 <45 25 Bulk density, water 
absorption, shrinkage, 
fracture toughness and 
flexural strength

Carus and 
Bragança 
(2013)

Soda lime–
silicate

10 <32 10 Water absorption, bulk 
density, shrinkage, 
flexural strength, slip 
casting characteristics

Kim et al. 
(2015)

LCD 0–25 <50 25 Water absorption, bulk 
density, shrinkage, 
XRD

Luz and 
Ribeiro 
(2007)

Soda lime–
silicate

0–20 <425 5 Porosity, bulk density, 
water absorption, 
flexural strength, 
abrasion resistance

Rambaldi 
et al. (2007)

Soda lime–
silicate

6 <100 6 Bulk density, water 
absorption, shrinkage, 
pyroplastic deformation

Tarvornpanich 
et al. (2005)

Soda lime–
silicate

0–25 <186 6.25 Bulk density, water, 
absorption, shrinkage, 
densification behaviour

Tucci (2004) Soda lime–
silicate

0–20 <45 10 Porosity, water 
absorption, shrinkage, 
Young’s modulus, 
flexural strength

Wannagon 
et al. (2012)

Soda lime–
silicate

0–20 <150 20 Porosity, bulk density, 
water absorption, 
shrinkage, flexural 
strength

Yürüyen and 
Toplan (2009)

Soda lime–
silicate

10–25 – 10 Bulk density, sintering 
kinetic

CRT, cathode ray tube; LCD, liquid crystal display; XRD, X-ray diffraction.
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amounts (up to 5%, by weight), can be used as a replacement for conventional fluxing 
agents, as it improves the densification process (lower final open and total porosity 
and higher apparent density were observed) and mechanical performance (slightly 
improved in Young’s and shear moduli). However, a replacement level between 5% 
and 35% can result in negative effects, as the glass would react with the other raw 
materials, modifying their microstructure, causing the formation of a new crystalline 
phase (barian orthoclase).

Bragança and Bergmann (2005), who studied the influence of replacing feldspar (25% 
by weight) with soda lime–silicate GC on the properties of porcelain bodies found 
that the GC acted as a very effective flux and produced a similar crystalline structure, 
although a slight decline in mechanical performance was observed.

In another study (Carus and Bragança, 2013), the effect of incorporating soda lime–
silicate glass as a replacement for feldspar on the properties of porcelain made of a 
mixture of calcined bone (50%), kaolin (25%) and feldspar (25%) was evaluated. 
Compared with feldspar, the use of waste glass as a fluxing agent may require lower 
firing temperatures. The mechanical strength and thermal expansion of porcelain 
remained unchanged when GC was used as fluxing agent, and the final appearance 
had a superior whiteness, as the glass did not contain ferrous oxides.

Kim et al. (2015) produced porcelain bodies with waste glass from crushed LCD 
used as a replacement for feldspar. At a sintering temperature of 1100°C, the 
increasing incorporation of GC resulted in a decrease in water absorption to a 
point that it became comparable to that of the control porcelain, which was fired 
at a temperature of 1200°C. A similar trend was observed in terms of the thermal 
expansion coefficient. It should also be noted that the increasing incorporation of 
LCD led to an increase in the glass phase, but a reduction in the mullite and quartz 
phases.

Luz and Ribeiro (2007) evaluated the effect of the partial replacement of feldspar and 
quartz with soda lime–silicate glass powder, from the cutting and washing process of 
glass pieces. Again, the results suggested that glass powder was an effective fluxing 
agent. Its incorporation accelerated the densification process and resulted in an end 
product with lower open porosity and water absorption, but higher shrinkage values 
and high closed porosity. Replacing a small amount of feldspar with 5% glass powder 
showed good mechanical performance and Weibull’s modulus.

Rambaldi et al. (2007) replaced part of the potassium and sodium feldspathic sands 
with soda lime–silicate glass powder in the production of whiteware bodies. The 
results showed that the incorporation of glass powder up to 6%, by weight, could 
produce porcelain bodies with properties, mineralogical composition and firing 
behaviour similar to those of traditional porcelain.

Tarvornpanich et al. (2005) produced porcelain bodies containing 0%–25%, by 
weight, of nepheline syenite, a rock that consists largely of nepheline and alkali 
feldspar, which was replaced by soda lime–silicate GC. The results showed that 
the batch containing 6.25% GC, fired at 1100°C, had the best physical properties, 
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giving near 0% water absorption and bulk density of 2.40 g/cm3. The performance of 
glass-containing porcelains was comparable to that of commercial porcelains fired 
at 1200°C, suggesting that the use of GC in the production of porcelain bodies had 
the benefits of reducing material cost and lowering firing temperatures. In another 
study (Jackson et al., 2004), in which soda lime–silicate glass was also used as a 
replacement for nepheline syenite, it was found that GC could act as an extremely 
strong flux, as only around 9% GC was required to achieve performance similar 
to that of porcelain made with 15% mineral flux. However, using GC as the sole 
flux generated an unacceptably short firing range, whereas a mixture of GC and 
mineral flux allowed a greater window in terms of attaining the maximum density 
and minimum water absorption.

Tucci (2004) analysed the effect of replacing up to 20% of sodium feldspar with 
soda lime–silicate glass on the properties of porcelain. The authors observed that the 
optimum replacement level was 10% GC, at which a considerable decrease in firing 
temperature and improved mechanical performance were observed. Similar findings 
were made by Wannagon et al. (2012) in the production of porcelain bodies containing 
glaze sludge and by Yürüyen and Toplan (2009) in the production of porcelain 
containing 25% fly ash and 50% kaolin in addition to the potassium feldspar and 
waste glass.

9.2.6   Glaze

A glaze is a finishing coating layer melted and fused permanently with the surface 
of clay through a crystalline structure during firing. Aluminium is an important 
constituent in the glaze mix, as it acts as a stabiliser, allowing the glaze to attach firmly 
to the ceramic substrate. Engobe is an interlayer that sometimes is applied first on a 
substrate under the glaze layer in most ceramic tiles, to increase the substrate’s opacity 
and attenuate physical–chemical differences, increase the compatibility between the 
substrate and the glaze and reduce defects on the ceramic material’s surface (Dal Bo 
et al., 2014). Depending on the glaze content and the desired finishing, the surface 
finish of glaze can be glossy or matte, and it can be transparent, opaque, white or 
coloured. Different types of glazes and engobes can be produced by varying the 
proportions of the constituents, such as alumina and silica, e.g., increasing the alumina 
and decreasing the silica produces a matte glaze.

Andreola et al. (2005, 2007b) carried out an experimental investigation on the 
feasibility of incorporating CRT glass into ceramic glaze formulations, as a 
substitute for ‘ceramic frits,’ in the production of pigmented, silk-screened and 
flame-hardened glazes, which are used for floor tile coatings. The aesthetic and 
chemical characterisations of the ceramic tiles glazed with CRT glass were similar 
to those of the control specimens. A life-cycle assessment on the use of CRT glass 
in a ceramic glaze formulation that was carried out and compared with that of 
commercial frit (Andreola et al., 2007a) suggested that CRT reduces the overall 
environmental impact of the glazing process.
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In the study of Hreglich et al. (2001), crushed glass from CRTs, up to 35% content by 
weight, was used in the production of a matte ceramic glaze. The results showed that the 
chemical composition of the resulting glaze was quite similar to that of conventional 
glazes commonly used for wall and floor tiles. In addition, after the thermal treatment, 
the surface of the tiles exhibited a high-quality, warm and silk-like appearance, similar 
to that of commercial products.

Dal Bo et al. (2014) also evaluated the influence of replacing the ceramic frit with 
recycled glass in the production of ceramic engobes. A response surface methodology 
was used to model the engobe properties according to the content of raw materials 
in the mix design. The results showed that the linear shrinkage of ceramic engobes 
increased with increasing recycled glass content. It was also found that a high content 
of feldspar and glass in the engobe mix design led to a reduction in water absorption 
owing to the higher sintering degree of the raw materials.

Caki et al. (2013) used waste glass as partial replacement for sodium and potassium 
feldspar in the production of ceramic glazes. An increase in GC content led to an 
increase in the thermal expansion coefficient and a slight change in colour of the final 
glaze. However, the use of waste glass without colourant additions resulted in cracked 
surfaces. It has been suggested (Ponsot et al., 2015b) that the colour, as well as the 
shrinkage and viscous flow of the glaze, can be adjusted with the addition of zircon 
and recycled borosilicate glass.

Siikamäki (2004) carried out a comparative analysis between the performance of 
glazes of earthenware containing 86%–96% CRT and a commercial glaze (containing 
lead oxide as flux). Three different types of CRT, obtained from colour TV panel 
glass, colour PC panel and a mixture of the two, were tested in the study. Two series 
of glazes, i.e., clear and coloured, were prepared and chemical durability and glossy 
surface quality were measured in the former, whilst colouring effect was measured 
in the latter. Although the CRT glazes exhibited good alkaline resistance, the control 
glaze showed a glossier surface than the CRT glazes, as it contained lead oxide (from 
flux), which is an essential component to produce glossy surfaces. Furthermore, the 
evaluation of the colouring properties of the coloured glazes, which were made into 
seven different colour families (light red, brownish red, brown, turquoise, lilac, bluish 
velvet and black), showed that the performance of the three CRT glazes were similar. 
However, it was also pointed out that the brightness of the colour hues in the CRT 
glazes was decreased owing to the absence of lead oxide.

Siikamäki and Hupa (2001) replaced feldspar with CRT glass at three different 
contents (4.5%, 9% and 14.5%, by weight) as glaze raw material for tableware. The 
firing behaviour and colouring properties of glazes containing three different contents 
of colour PC panel were also evaluated. The results showed that the replacement of 
feldspar with coloured CRT glass could produce glazes that were fully comparable to 
the reference samples. In addition, the results of the leaching tests carried out on the 
glaze containing 14.5% CRT glass showed that the released concentrations of lead, 
barium and cadmium were well below the maximum allowable limits. Although not 
regulated, the leachability of barium from CRT glaze should be tested, owing to the 
potential presence of barium oxide.
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The experimental results of glazes produced with E-fibreglass indicated that the 
thermal expansion coefficients of those glazes were lower than that of the substrate, 
which gives a convenient mass–glaze concordance (Capatina et al., 2012). Also, 
scanning electron microscope images of the support–glaze interface indicated a well-
defined interface and the presence of an intermediate phase between the glaze and the 
substrate.

Dima et al. (2012) evaluated the possibility of using waste glass as a substitute for 
‘ceramic frits’ in the manufacture of glazes for various ceramic products. The results 
showed clear increases in the thermal expansion coefficients of glazes in the temperature 
range of 20°C–300°C. For this reason, the authors pointed out that the incorporation 
of GC into the production of glazes must be made with great care to ensure a good 
compatibility between glaze and substrate. A linear increase in the thermal expansion 
coefficient of glaze with increasing waste glass content was also observed by Nandi 
et al. (2015). However, the results also showed that the increasing incorporation of 
glass decreased the glass transition temperature, coupling temperature and softening 
point of the obtained frits.

9.3   Glass Cullet as Aesthetic Finishing Material

Owing to the appealing colours of GC, mainly from waste container glass, the material 
has a great potential for use as a decorating feature in construction materials, such as 
tiles, bricks and panels (Coventry et al., 1999; Hewitt, 1997; Wright, 2003; Holcroft 
and Pudner, 2007).

Depending on the desired finishing, GC can be crushed into different particle sizes 
and used as inert fillers, with a combination of cement/polymers and additives, 
in the production of tiles, bricks and panels. The resulting products have low 
production cost and high value in the recycling market. Owing to their great 
versatility, durability and hard-wearing and slip-resistant properties, cementitious or 
polymeric panels containing GC can be used in a wide variety of applications, such 
as furniture (e.g., work tops), flooring and interior and external claddings (Hewitt, 
1997; Coventry et al., 1999; Holcroft and Pudner, 2007). Some of these applications 
may be made in situ and still have the same aesthetic value, yet lower production 
costs, compared with other normally used decorative materials, such as marble and 
terrazzo (Coventry et al., 1999).

9.4   Glass Cullet as Filtration Medium

Crushed and graded waste glass can be used to replace natural sand, anthracite and 
garnet filtration systems for drinking water, municipal and industrial wastewater, 
farming, swimming pools and fisheries (Wright, 2003). Although there have been 
several reports on the successful application of GC as filtration media in such 



372 Sustainable Construction Materials: Glass Cullet

systems (WRAP, 2006a,b; AquaEnviro, 2006; Horan and Lowe, 2007; AquaTest 
and Stuth, 1997; Aquatic Commercial Industries, 1998; Elliott, 2001a,b), its use 
as a drinking water filtration medium requires an individual approval (Wright, 
2003).

Gray & Osborne, Inc. (1996), evaluated the use of GC as a filtration medium in 
slow sand filtration. A comparison was made between the performance of the 
glass-based medium and that of natural sand. The results indicated that GC can act 
as an effective filter medium for slow-rate filtration for raw water sources. Similar 
results were observed in a pilot trial (AquaEnviro, 2006; Horan and Lowe, 2007), in 
which a comparative evaluation was performed on a natural sand filtration system, 
a commercial glass-based system and a GC-based system made of three different 
particle sizes (coarse, medium and fine). The results showed that the performance of 
the GC-based and commercial glass-based systems was superior compared with that 
of a natural sand filtration system, in terms of the total amount of suspended solids 
and the amount of treated influent. As far as the GC size is concerned, fine GC could 
produce high-quality effluent, which was also observed by others (WRAP, 2006b; 
Elliott, 2001a,b), but it became blinded very rapidly. Coarse GC, on the other hand, 
could process the influent three times faster, but with a reduction in the quality of 
the final effluent. It has been suggested that the use of recycled GC could reduce the 
amount of medium required by 10% (AquaEnviro, 2006; Horan and Lowe, 2007). 
In another field test (Aquatic Commercial Industries, 1998), in which GC was used 
as a filtration medium in an athletic club’s swimming pool, the amount of filtration 
medium could be reduced by about 20%. When properly processed and graded, the 
use of GC as a filtration medium improved the clarity of the water and increased the 
efficiency of backwash.

Filtration is essential in micro-irrigation systems to avoid clogging. By evaluating the 
performance of four granular filtration media, namely silica sand, crushed recycled 
glass, surface-modified glass and glass microspheres, Bove et al. (2015) observed that 
the pressure losses for the silica sand, crushed glass and modified glass were 39%, 
27% and 10% lower, respectively, compared with that of microspheres. The authors 
explained that the different pressure drops between the media were due to the shape 
of the GC particles (sharper and more angular than silica sand particles) as a result of 
the manufacturing process.

Though only limited information was available, Holcroft and Pudner (2007) also 
recognised the potential of using GC as a granular filtration medium in the treatment of 
drinking water and municipal and industrial wastewater. The results of trials and small-
scale commercial operations in several areas in the United Kingdom showed the potential 
use of recycled GC as a natural sand replacement in an active filtration medium for water 
treatment plants. Indeed, several water companies expressed interest in switching to this 
material, provided that the cost of using GC matched that of natural sand.

In another study (AquaTest and Stuth, 1997), in which the use of GC was evaluated 
for the biological treatment of residential wastewater, it was observed that GC can be 
used as a viable alternative in standard sand filter design, provided that the material is 
properly graded.
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In the construction of wells, the use of artificial sand packs may be needed when the 
surrounding geological conditions are poor, for example, inadequate particle size 
distribution of soils, which can influence the flow rate of the aquifer. The primary purpose 
of an artificial sand pack in this case is to filter out the fine particles from the formation 
adjacent to the well (Wright, 2003). To provide good drainage, it has been suggested that 
high levels of cleanliness of GC are required prior to its use as a filter pack in a water well.

9.5   Glass Cullet as Epoxy Composite

Epoxy resins are known for the ability to adhere to most substrates and also possess 
excellent mechanical performance, high chemical resistance and heat insulation. The 
materials have a wide range of applications, including structural adhesives, coating of 
metals, electrical components, high-tension electrical insulators and fibre-reinforced 
plastic material.

In some cases, aggregates are mixed with epoxy to increase the volume, lower the cost 
of the composite, improve the aesthetic finishing and increase the surface’s resistance 
to wear (CWC, 1996a). In view of the inert, hard and sterile properties of glass, 
crushed and graded GC has been used as an aggregate in a number of epoxy-related 
applications, such as standard grit substitute in friction floors, in countertops and in 
flooring (e.g., terrazzo) (Wright, 2003; CWC, 1996a).

9.6   Glass Cullet as Glass Fibres

Glass fibres, which are mainly silica-based materials, exhibit useful properties, such as 
transparency, hardness, strength, flexibility, stiffness and resistance to chemical attack, 
among others. These materials may be used in the manufacture of printed circuit boards, 
structural composites and many other special-purpose products (Wallenberger et al., 2001).

There have been some studies on the possibility of incorporating GC into the glass 
fibre manufacturing process. Coventry et al. (1999) suggested that recycled waste 
glass may be easily incorporated in the manufacture of glass fibres, which can then be 
used in thermal and acoustic insulation or for reinforcing cement-, gypsum- or resin-
based products, without any loss of performance.

In the work undertaken by Hreglich et al. (2001), 10% GC from crushed CRT panel 
glass was incorporated in the manufacture of glass fibre. A slight adjustment to the 
mixture containing the CRT was made to maintain the same viscosity curve and 
workability as those of the reference glass fibre. After the mixture was heated for 
8 h at 1450°C, the results showed that the quality of glass fibres made with 10% 
CRT was comparable to that of the reference in terms of the viscosity and spinning 
temperature. Nevertheless, it was also suggested that further research has to be carried 
out concerning the human health implication of the resulting glass fibres, owing to the 
relatively high barium and strontium content in CRTs.
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Lancellotti et al. (2001) investigated the mechanical performance of glass fibres 
made with 100% GC, 100% incinerator ash and a 50/50 combination of the two 
materials. Glass fibres made with 50% GC and 50% incinerator ash were sized with 
aminopropyl-triethoxysilane using a double roller applicator to protect the glass 
filaments. All mixes were drawn into fibres at a winding drum rate of 3200 rpm and at 
a temperature of 1275°C. The results showed that the ultimate tensile strength, elastic 
modulus and elongation at rupture of GC-containing fibres were slightly lower than 
those of typical commercial fibres. Because of this, the authors inferred that further 
work is needed to improve the performance of glass fibres made with waste glass 
before their introduction into commercial applications.

9.7   Glass Cullet as Blast Abrasive

Abrasive blasting is normally applied in the automotive industry, shipyards and 
other industries that involve surface preparation and coating, where abrasive 
materials are propelled at high speed and pressure onto a substrate. The commonly 
used abrasive materials include smelter slags (e.g., copper slags and nickel slags), 
metallic abrasives (e.g., aluminium shot and steel grit) or mineral abrasives (e.g., 
sand and garnet).

AERCO (1998) prepared a report for the Clean Washington Center (CWC) 
studying the use of GC from a mixture of post-consumer container glass and post-
industrial flat glass as material for blast abrasive. Three different sizes of GC were 
evaluated, namely, No. 16 (1.18 mm), No. 30 (600 μm) and No. 40 (425 μm), and 
the performance of GC was compared with that of copper and nickel slag abrasives 
for several parameters, such as particle size, nozzle blast pressure, nozzle size, 
substrate and coating thickness. In each case, the cleaning rate, consumption rate, 
surface profile, productivity and cost were identified. The results showed that the 
use of GC as a blast abrasive resulted in comparable or slightly better performance 
compared with slag-type abrasives. In addition, GC abrasives passed the California 
Air Resources Board testing and certification for listing in the Federal Qualified 
Product List. In addition, a number of inherent advantages of GC abrasives have 
been identified (AERCO, 1998):

 •  Many coatings can be cleaned exceptionally well due to the angular shape of GC.

 •  The abrasives have lower dust generation, thereby reducing post-blast cleanup costs.

 •  GC abrasive may be reused more times than some other lower cost abrasives. Based on 
an evaluation of the grain size distribution, Hupka et al. (1999) also observed that, after 
each blast-cleaning cycle, GC can be reused more often than copper slag.

 •  Unlike silica sand, GC contains negligible amounts of crystalline silica, reducing the risk 
of health hazard from silicosis (i.e., occupational lung disease).

 •  Unlike slag-type abrasives, GC does not contain high amounts of heavy metals and thus 
has less environmental impact.
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Compared with copper slag, the use of GC as a blast abrasive does not cause any 
sparks upon impact, which reduces fire occurrences (Shipbuilders and Shiprepairers 
Association, 2006). Another identified positive feature of using GC as a blast abrasive 
(CWC, 1996b) is that the effectiveness of GC is independent of the colour of the GC, 
suggesting potential cost and effort savings for sorting of post-consumer container glass.

9.8   Glass Cullet as Paint Filler

The role of filler in paint is to reduce the cost of raw materials used in paint production, 
by increasing the volume of the paint, and, in some formulations, it is used to improve 
coating stability, rheology and other properties of paints.

Wright (2003) discussed the use of GC as a paint filler, based on the information 
obtained from the CWC. It was stated that recycled waste glass can be used as a 
competitive alternative to calcium carbonate and titanium dioxide, which are 
commonly used fillers in the paint industry. However, since glass is less opaque than 
those conventional fillers, to obtain the optical properties of paint, GC needs to be 
ground to particle sizes of 0.2–0.4 mm.

9.9   Glass Cullet in Elastomeric Roof Coating

A report of the CWC, prepared by Bailey and Associates (1998), presents information 
on the potential use of crushed GC as a feasible substitute for naturally occurring 
crystalline silica in the manufacture of elastomeric roof coatings. As the dust 
generated from natural crystalline silica is hazardous and carcinogenic, and GC, 
which is amorphous in nature, is not in this respect, the latter can be considered as a 
less hazardous alternative for the production of these construction materials.

A basic laboratory formulation was developed to evaluate the physical properties, 
viscosity and water resistance of roof coating made with different types of post-
consumer container glass and post-industrial glass, of varying colours and particle 
sizes. The ingredients used in the manufacture of the roof coating included binder, 
cosolvent, dispersing agents, thickener, pigments (titanium dioxide, fire retardant and 
recycled glass), defoamer, preservative and antifungal agent. After the pilot trial, it 
was decided that clear glass of size less than No. 150 mesh would be used for further 
research.

During the laboratory test, four series of elastomeric roof coating mixes were prepared: 
two samples made with clear container GC, using two different types of binders; another 
two consisted of existing commercial elastomeric roof coating products, serving as 
control samples. Four plywood panels were painted with three coating layers of each mix 
and placed on a roof for eight months of weather exposure. The panels were monitored 
for dirt collection, discolouring, cracking, blistering and peeling.
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The results showed that the samples made with GC did not show significant deterioration 
compared with the control commercial samples. Results of tests carried out on the 
elongation, reflection and gloss of these panels also showed that the performance of 
GC-containing roof coatings was comparable to that of the control panels.

In addition, one of the GC roof coating mixes was selected and used to coat an 
approximately 950-square-foot roof with three layers of coating and compared with 
a commercial product under the same exposure conditions. Although no quantitative 
results were made available, it was stated that the long-term performance in terms of 
discolouration, cracking, blistering, dirt accumulation and fungal growth, which was 
inspected quarterly, was satisfactory, and waste glass is suitable for use in elastomeric 
roof coatings.

9.10   Other Applications

Several other applications for the use of GC have been identified and are listed here:

 •  Magnetic glass (Romero-Perez et al., 2001)

 •  Adsorbent (Grutzeck and Marks, 1999; Pant, 2009; Petrella et al., 2010; Wei et al., 2011)

 •  Asphalt roof shingles (Kiletico et al., 2015)

 •  Calcium silicate cation exchanger (Coleman et al., 2014)

 •  Vitrified clay pipes (El-Shimy et al., 2014)

 •  Electromagnetic radiation absorber (Kazmina et al., 2015)

 •  Sea turtle nesting substrate (Makowski and Rusenko, 2007)

 •  Heat-resistant enamel coating (Tur and Terenshenko, 2001)

 •  Catalyst (Alfaro et al., 2011; Lee et al., 2011)

 •  Tableware (Hreglich et al., 2001)

9.11   Conclusions

This chapter deals with the incorporation of waste glass in ceramic applications 
including bricks, tiles, porcelain and glaze, as well as other alternative markets such 
as finishing material, filtration medium, epoxy composite, glass fibres, abrasive, paint 
filler and elastomeric roof coating. The specific conclusions are provided next.

The use of waste glass for the manufacture of glass-ceramics, which is an extremely 
resilient material that can be used in a wide range of applications, is more energy 
efficient compared with the use of natural raw materials. Despite its enhanced 
mechanical performance, there has been limited research on the development of 
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functional glass-ceramics made of waste residues targeted for use in structural 
applications. Owing to the chemical composition variability of different types of GC 
and other glassy materials used in the production of glass-ceramics, the optimum 
combination ratio in the mix should be determined to yield maximum densification 
and minimum water absorption and porosity levels. This also applies to the firing 
temperature and sintering time, as an increasing amount of GC was found to have 
beneficial effects on the degree of crystallisation and thus the mechanical performance 
and durability of the end products.

Waste glass is also a valuable resource in the production of foam glass-ceramics that is 
lightweight and has good insulating properties and high resistance to chemical attack. 
Foam glass-ceramics can be used in a variety applications, including insulation of 
walls, ceilings, roofs and chimneys. As far as the waste glass properties are concerned, 
when waste glass is used in the production of foam glass-ceramics, the effectiveness of 
the foaming process can be affected by the fineness and type of waste glass used and 
also its reaction with other glass materials. However, its effectiveness also depends on 
the foaming agent and sintering temperatures and times.

It was found that the incorporation of up to 45% GC content caused a decrease in 
the drying shrinkage of ceramic bricks prior to firing. However, a reverse trend was 
observed after exposing the GC-containing bricks to high sintering temperatures, after 
which they exhibited greater firing shrinkage values, with enhanced densification and 
low levels of porosity of the microstructure. The same improvement was observed in the 
mechanical properties, in that an increasing amount of ground waste glass contributed 
to higher compressive and flexural strength values at lower temperatures compared with 
control bricks without glass. This presents a very interesting opportunity to increase the 
productivity and reduce the environmental burden of brick manufacturing, by lowering 
the sintering period and temperature, whilst adding value to the use of waste glass.

The use of GC in the production of ceramic tiles, which is in many ways similar 
to that of ceramic bricks, has also shown to have significantly beneficial outcomes. 
Incorporating amounts of up to 50% by weight of GC in ceramic tile production has 
shown increased densification and lower water absorption and porosity, often with 
greater resistance to abrasion, despite greater shrinkage after firing. However, due 
to the contradicting results on mechanical performance (i.e., some observed higher 
compressive strength with increasing GC content up to 50%, whilst others, for lower 
replacement levels, observed decreasing flexural strength), further research is needed. 
It was also observed that the sintering process of ceramic tiles made with GC containing 
high amounts of heavy metals is an extremely effective way of immobilising them into 
a valuable product.

The results of various investigations on the use of GC in porcelain production have 
shown that the material is a feasible and valuable substitute for feldspar as a fluxing 
agent. The incorporation of ground waste glass is capable of producing porcelain 
bodies with performance similar to that of corresponding control bodies fired at higher 
temperatures, thereby demonstrating its high value in reducing the firing temperature 
and thus lowering both production costs and the environmental impacts of the 
porcelain industry.
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Existing literature on the use of ground waste glass in the production of engobes and 
glazes of ceramic products has also demonstrated the feasibility of GC inclusion in 
this application. Apart from exhibiting chemical and mineralogical compositions 
similar to those of conventionally used glazes, those containing GC also exhibited 
high-quality finish. Furthermore, the results of a life-cycle assessment also showed 
that the inclusion of CRT glass in a ceramic glaze formulation would reduce the 
overall environmental impact of the glazing process.

Although less emphasis has been given to the use of GC in other applications, the 
results in the literature have shown the possible and novel applications of GC in 
diverse fields such as aesthetic finishing material, filtration media, epoxy composites, 
glass fibres, blast abrasives, paint fillers, elastomeric roof coating and other industries.
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Synopsis

This chapter deals with the environmental impact, case studies and standards and 
specifications relating to the use of glass cullet (GC) as raw feed in Portland cement clinker 
production, in a ground form, as a pozzolanic material in combination with Portland cement 
in concrete application, and in a granular form, as an aggregate component in concrete, 
geotechnical and road pavement applications. The heavy metals released from GC (soda 
lime type) used in these applications have been found to be below the regulatory limits 
specified in the US Code of Federal Regulations. The material is alkaline, is noncorrosive 
and contains very low organic content if properly processed. The case studies in this 
respect, in general, have also produced positive results. The status of this material in these 
applications with respect to the relevant standards and specifications, mainly in the United 
Kingdom and the United States, are also discussed. On the other hand, cathode ray tube 
glass has been found to be a hazardous material because of its high lead content.

Keywords: Glass cullet, Environmental impact, Case studies, Standards and 
specifications, Cement clinker, Cementitious material, Concrete, Geotechnical 
applications, Road pavements.
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10.1   Introduction

The life cycle of construction materials, from the initial material extraction, processing, 
delivery, use in construction and maintenance to the final disposal, consumes large 
amounts of non-renewable resources and contributes to CO2 emissions and the demand 
for landfills. Without a change in practices, the construction industry will continue to have 
a major impact on the environment. As the environmental regulations of the construction 
industry become more stringent, initiatives have been taken to improve its sustainability. 
Undoubtedly, one of the most commonly considered initiatives to achieve this includes 
the use of recycled and secondary materials as an alternative to natural materials. In some 
cases, their inclusion as construction materials can also enhance the performance of the 
resulting products. A classic example of this is fly ash, generated at coal-fired electric 
power stations, as a replacement for Portland cement in concrete. This not only reduces the 
energy consumption and CO2 emissions of Portland cement production, but also improves 
the fresh and hardened properties of the concrete. Fly ash has now been accepted as one of 
the common cements in most standards, such as EN 197-1 (2011).

Other secondary materials, such as glass cullet (GC), which has a long history 
of use as an aggregate in construction (Stroup-Gardiner and Wattenberg-Komas, 
2013) and technical information available in the literature supporting its use 
in a ground form as a cement component or in a granular form as an aggregate 
component in concrete, geotechnical and road pavement applications (Chapters 
4–8), are yet to be adopted in the standards. However, the wise use of GC as 
construction material also requires its safe use. Thus, it is important to examine its 
environmental credentials, as well as those of the resultant products. In addition, 
the evidence presented as case studies, as well as testing and evaluating the material 
for its compliance with the national and international standards and specifications, 
would undoubtedly help in establishing a strong case for the adoption of GC use 
in the construction industry.

This chapter provides a comprehensive analysis of the environmental impact of, case 
studies on and standards and specifications on the use of GC in a ground form, as a 
cement component in concrete applications, and in a granular form, as an aggregate 
component in concrete, geotechnical and road pavement applications.

10.2   Environmental Impact

The environmental impact associated with the use of GC can be assessed in many 
ways, depending on the extent and nature of the environmental impact being studied. 
Most importantly, and perhaps as the first concern, the material itself should not pose 
a threat to the environment and human health by releasing harmful elements. In this 
section, the focus of the environmental impact addressed is in terms of the toxic 
element leaching of GC itself and when used in various construction applications: 
concrete, geotechnical, road pavement applications.
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10.2.1   The Material: Glass Cullet

Glass is a versatile material with many industrial and domestic applications, and 
its intended properties can be formulated by modifying its chemical composition. 
Owing to this versatility, different types of glass are manufactured for their use in 
many industrial and domestic applications. As shown previously in Section 3.5.1, GC 
derived from soda lime glass, which represents the largest sector of glass industry 
for the production of containers and flat glass, does not normally contain high 
concentration of the toxic metals adopted by the US Code of Federal Regulations 
(2017) in classifying the hazardous waste.

On the other hand, electronic glass, such as cathode ray tubes (CRTs), which contain 
lead, and liquid crystal displays (LCDs), which contain lead and mercury, used in the 
production of televisions, laptops, computers, and other similar gadgets, is classified 
as hazardous waste by the Environmental Agency (2017) in the United Kingdom. 
However, the US EPA (2016) appears to classify only CRTs as hazardous and no 
information can be found relating to other glasses. On balance, and to avoid any 
risk, the use of CRT and LCD GC is likely to be prohibited within the construction 
materials.

Figure 10.1 shows heavy metal leached concentrations for the container, LCD and 
CRT glasses. The data have been obtained using different test methods, namely (i) 
toxicity characteristics leaching procedure (TCLP) covered in US EPA, 1992, (ii) 
synthetic precipitation leaching procedure, covered in US EPA, 1994, and (iii) one- or 
two-stage batch test covered by BS EN 12457 Parts 1–4, 2002. Of the three, TCLP, 
which is designed to simulate leaching under landfill conditions, is more commonly 
used. For comparison, the regulatory maximum levels for a series of heavy metal 
leached concentrations using TCLP, as given in the US Code of Federal Regulations 
(2017) document, are also clearly shown in Figure 10.1.

As can be seen from Figure 10.1, the heavy metals released from GC of the container 
type are below the specified limits. Other elements that are not listed in the figure, 
namely, aluminium, calcium, magnesium, potassium, silica and sodium, can be released 
to various degrees from container-type GC (Remarque et al., 2001; Mirzahosseini 
and Riding, 2014). However, these elements are not used in the US Code of Federal 
Regulations (2017) for the classification of the hazardous waste.

The heavy metal leached concentrations of GC derived from LCDs are also shown 
in Figure 10.1 and are within the regulatory levels. In several cases, leached lead 
and mercury concentrations are not even detectable (Lin et al., 2008; Wang et al., 
2014), though all these results have been produced from one country and further 
confirmation may therefore be needed. For GC derived from CRTs, the results suggest 
that the leachability of heavy elements can be affected by the pH of the leachant, as the 
released concentrations of barium and lead are the highest in buffer solution at pH 13 
compared with pH between 5 and 7.5. However, as the data amount to two test results 
reported from a single study, further studies are needed to establish the role of pH in 
the leachability of heavy metals from CRT glass.



392 Sustainable Construction Materials: Glass Cullet

Overall, it can be assumed that, unless contaminated, GC derived from soda lime glass 
will not endanger the environment when used as construction material. On the other 
hand, glasses laden with significant amount of toxic elements, i.e., CRT and LCD, are 
not likely to be specified as a component of cement and aggregate in the manufacture of 
construction materials, except when subjected to a strict adherence to special terms and 
conditions. However, as the results presented in Figure 10.1 have been derived from a very 
limited number of studies, further work is needed to determine both the understanding and 
suitability of the tests used and the confidence one can place in such results.

10.2.2   Glass Cullet Use in Concrete Applications

The environmental impact of GC in concrete applications covers its use in cement 
clinker production, in finely ground form as a cement component and as a fine 
aggregate component. Most probably because of its high lead content, many of 
the leaching studies have been conducted on concrete containing GC derived from 
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CRTs. It would appear that, with the chemical composition of soda lime glass, it can 
be assumed to be benign in the concrete environment when used as a part of cement 
or aggregate, and therefore little has been published in the area of environmental 
impact.

As Raw Feed in Cement Clinker Production

The ability to encapsulate lead released from CRT funnel glass when used as 
part of the raw feed, at a low content, for cement clinker production has been 
reported in a study undertaken in Thailand (Lairaksa et al., 2013). Raw cement 
clinker mixtures containing 0%–0.5% CRTs were heated to 1480°C in an electric 
furnace for 90 min, and the resultant clinker was ground to a particle fineness 
less than 75 μm. The lead encapsulation was analysed using X-ray fluorescence 
spectroscopy, as well as microwave-assisted digestion atomic absorption 
spectroscopy (AAS), because of its higher sensitivity. The results obtained from 
this study are shown in Figure 10.2. Although there is a considerable difference in 
the two sets of values, none of the clinker mixtures achieved full encapsulation of 
lead. The release of lead from the clinker containing 0.1% CRT funnel glass was 
the lowest. The investigation was a preliminary study and further work is needed 
to ensure full encapsulation of lead in cement clinker and no lead contamination 
in the cement kiln emissions.
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As Cement Component

Using finely ground glass cullet (GGC) from CRTs as a cement component is 
shown to have released lead concentrations below the regulatory limit (Moncea 
et al., 2013). This CRT glass consisted of over 95% funnel GC and a small amount 
of panel GC and was ground to a Blaine fineness of around 300 m2/kg. This ground 
CRT was used at about 40% in two separate mortar specimens containing Portland 
cement and a mix of Portland cement and 20% ground granulated blast furnace 
slag (GGBS). The lead release potential was studied using a monolith tank leaching 
test in accordance with the Dutch NEN 7345 (1995). After 64 days of monitoring, 
the cumulative values of lead released from the test mortars, given in Table 10.1, 
were determined by the AAS method. Although the lead leaching from the CRT 
mortar containing GGBS was almost double that from CRT mortar containing 
Portland cement, the results obtained with both the cements were still well 
below the limit of 100 mg/m2 suggested by the Dutch Building Material Decree  
(DBMD, 1995).

Comparing the cases in which CRT funnel GC is used as raw feed for clinker 
production and separately in the ground form as a cement component, because the 
material ends up finally in a cementitious system, the latter application may offer more 
benefits. These would be due to the possibility of incorporating a relatively larger 
content of ground CRT into a cement mixture, as well as being free from the risk of 
lead contamination that can occur in the emissions from clinker production.

As Fine Aggregate Component

The leaching behaviour of concrete and mortar of 0.4–0.6 water/cement ratio, 
made with GC as a fine aggregate up to 100% replacement and cured for 7 to 
28 days, has been investigated. The bulk of these studies were undertaken in Hong 
Kong, with a few in the United Kingdom, the United States and Thailand. As 
CRT funnel GC was the subject of the assessment in all these studies, the testing 
focused on the release of lead and barium, mostly in accordance with the TCLP 
(US EPA, 1992).

The leaching of barium from the test mixes was no more than 1 mg/L, which is well 
below the US Code of Federal Regulations (2017) hazardous limit of 100 mg/L. 
Figure 10.3 shows the lead leaching results, which for ease of comparison are 
separated based on (i) whether the GC samples were treated with acid, (ii) the GC 
type, whether it is CRT or container glass, and (iii) whether the test mixes contained 
fly ash or GGBS.

It is evident from Figure 10.3 that the released concentration of lead increases as CRT 
funnel GC content increases, regardless of whether the CRT glass has been treated. 
However, for untreated CRT funnel GC, the amount of leaching tends to exceed the US 
Code of Federal Regulations (2017) regulatory limit of 5 mg/L when the CRT content 
exceeds 20%. The inclusion of fly ash or GGBS as a replacement for Portland cement 
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Table 10.1 Cumulative lead released from mortar containing ground cathode ray tubes after 
64 days

Specimen 1 Specimen 2

Cement componenta, % PC, 38.5; CRT, 28.2 PC, 24.7; GGBS, 13.9; CRT, 28.2

Water/cement ratio 0.5 0.5

Cumulative lead released, 
mg/m2

0.24 0.51

aCRT, cathode ray tube (funnel); GGBS, ground granulated blast furnace slag; PC, Portland cement.
Based on Moncea et al. (2013).
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does not seem to help with reducing the leachability of lead from mixes containing 
CRT funnel GC. Notwithstanding this, some preliminary studies have suggested that the 
release of lead from CRT funnel GC can be controlled to below the limit (Figure 10.4), 
as described below:

 •  Treating crushed CRTs with 5% nitric acid for 3 h to extract lead from its surface (Ling 
and Poon, 2011, 2012b).

 •  Adding biopolymer solutions to the concrete and mortar, such as a mixture of xanthan and 
guar gum (Kim et al., 2009) and a mixture of boric acid and guar gum (Kim et al., 2009; 
Romero, 2013; Romero et al., 2013), which have the benefit of encapsulating the lead element.

10.2.3   Glass Cullet Use in Geotechnical Applications

When used as fill material and topsoil in geotechnical applications, GC will be in contact 
with soil, rainwater and groundwater. This might create conditions conducive to leaching of 
toxic metals from GC, which are hazardous to life, and migration of organic compounds (for 
example, sugar residue from contaminated container glass), which can cause bacterial growth 
in soil and water. Thus, it is important to investigate the environmental suitability of GC for use 
as a fine aggregate in geotechnical applications.
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Table 10.2 Chemical and environmental testing on container glass cullet (GC)

Measurement Main Observation Notes

pH value 7.1–10.4 n.a.

Total contaminant 
contents and leachate 
concentrations

Mostly below the regulatory 
limits

Attention may be needed 
regarding chromium(VI), iron 
and lead

Organic material Generally not a concern for 
uncontaminated container GC

Affected by processing quality

Data based on Cosentino et al. (1995); Dames and Moore (1993); DECC (2007); Disfani et al. (2011a,b, 2012); Imteaz 
et al. (2012); Soil and Environmental Engineers and Re-sourcing Associates (1998).

A series of chemical and environmental tests on container GC was conducted in the 
United States during the 1990s and in Australia in the late 2000s and early 2010s. In 
total, about 40–60 container GCs were examined, with samples sourced from kerbside 
collection being more than those from recycling plants. The information provided in 
the literature on the material as to whether it was in a ready-to-use form is not clear, as 
the test samples were reported to contain various amounts of non-glass materials such 
as paper, plastic and metal pieces.

The results (as summarised in Table 10.2) suggest that container GC is safe for the 
environment, but care must be taken for possible contamination due to the presence of 
non-glass materials. The main points to emerge from these tests are described in the 
following Sections (a)–(c). It should be mentioned that relevant tests on container GC 
have not been conducted in recent years, which is not too surprising because of the 
benign nature of the material.

(a)   pH Value

The pH value of container GC is in the range of 7.1–10.4, indicating that the material 
can be of slight to modest alkaline nature. According to the US Code of Federal 
Regulations (2017), a solid waste is classified as hazardous if it is corrosive, with a pH 
value either ≤2 or ≥12.5. Thus, container GC is considered to be noncorrosive.

(b)   Contaminant Constituents and Leachate Concentration

The analysis of contaminant constituents and leachates of container GC has been undertaken 
to assess its heavy metal and aromatic hydrocarbon contents and the leachability of harmful 
substances. As different tests and contaminant limits were used in Australia and the United 
States, for convenience the results for the two countries are discussed separately.

In Australia, the EPA Victoria (EPA Victoria, 2007) specifies thresholds of (i) 
contaminant constituents for waste used as a fill material and (ii) contaminant 
constituents and leachate concentrations in classifying hazardous waste (Disfani et al., 
2012). It should also be noted that, for the leaching test, the material was tested in 
acidic (pH 5) and alkaline (pH 9.2) solutions in accordance with the Australia Standard 
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Leaching Protocol (ASLP) (AS 4439.3, 1997). Container GC has been examined 
against these requirements, and some of the results from Disfani et al. (2012) are given 
in Table 10.3. It can be seen that, except for chromium, the contaminant constituents 
of container GC and its leachate concentrations (in both acidic and alkaline solutions) 
are well below the thresholds set for fill materials and inert waste. However, in the 
case of chromium, as the measurements were in terms of total chromium, i.e., sum 
of chromium(III) and chromium(VI), and the specified requirement is in terms of 
chromium(VI), the exact amount of chromium(VI) present in this container GC could 
not be ascertained. Given that chromium(III) oxide is added to glass to give a green 
colour, it is very likely that the detected chromium was chromium(III).

Another series of tests conducted in Australia (Imteaz et al., 2012) show that, 
except for iron (leaching under acid solution), all the heavy metals, namely, 
copper, lead and zinc, released from container GC are below the regulatory levels 
in accordance with EPA Victoria (2007). However, the study did not confirm 
whether or not this was due to the presence of contaminants in the GC sample, for 
example, metal bottle caps.

Table 10.3 Contaminant constituents and leachate concentrations of container glass cullet

Contaminant

Constituent, mg/kg of Dry Weight Leached Concentration, mg/L

Result Limita Limitb In pH 5 In pH 9.2 Limitb

Arsenic <5 20 500 <0.01 <0.1 0.35

Cadmium 0.5 3 100 0.004 <0.02 0.1

Chromium <5 1c 500 <0.01 <0.1 2.5

Copper 6 100 5000 0.12 <0.1 100

Lead 12 300 1500 0.19 <0.1 0.5

Mercury <0.05 1 75 <0.001 <0.01 0.05

Nickel <5 60 3000 <0.01 <0.1 1

Selenium <5 10 50 <0.01 <0.1 0.5

Silver <5 10 180 <0.01 <0.1 5

Zinc 34 200 35000 0.79 0.1 150

Cyanide <5 50 2500 4 <0.05 <0.05

MAHs <0.1 7 50 <0.001 <0.001 n.a.

Benzene <0.1 1 4 <0.001 <0.001 0.05

PAHs <0.1 20 50 <0.01 <0.01 n.a.

BaP <0.1 1 5 <0.001 <0.001 0.0005

BaP, benzo[a]pyrene; MAHs, monocyclic aromatic hydrocarbons; n.a, not available; PAHs, polycyclic aromatic 
hydrocarbons.
aLimit for use as fill material.
bLimit for solid inert waste.
cFor chromium(VI).
Based on Disfani et al. (2012).
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The American research (Dames and Moore, 1993), on the other hand, made a number 
of observation, showing that:

 (i)  The metal concentrations detected in container GC, namely antimony, arsenic, beryllium, 
cadmium, chromium, cobalt, copper, lead, mercury, nickel, selenium, silver, thallium and 
zinc, were similar to or below those typically found in granite rock.

 (ii)  The results of leaching tests, conducted in accordance with the ASTM D4793 (1993) 
method, showed that the metals released from container GC are comparable to the naturally 
occurring metals in groundwater and surface water.

 (iii)  The lead content and leachable lead amount from container GC, except in one case in 
which the values for both were excessively high, were either undetectable or at low level, 
which is again similar to granite, with the leaching of lead being below 0.5 mg/L, which is 
substantially less than the limit of 5 mg/L specified by the US Code of Federal Regulations 
(2017).

 (iv)  The semivolatile organic compounds, such as phthalates and polycyclic aromatic 
hydrocarbons and others, which are attributed to non-glass materials, do not appear to 
present a concern.

Overall, although the hazardous waste classifications and leaching methods adopted in 
various countries can be different, the chemical constituents and leachate concentrations of 
container GC itself are such that they will comply with the regulatory limits. As other non-
glass materials can be present in container GC due to improper sorting, it is recommended 
to have the material tested for its chemical composition leaching characteristics.

(c)   Organic Material

Organic material is one of the pollutants in waste water. Analyses such as biological 
oxygen demand (BOD), chemical oxygen demand and total organic carbon have been 
conducted on the leachate from container GC to evaluate the organic material present. 
Different observations have been reported. For example, for the leachate of container 
GC tested by Dames and Moore (1993) and Imteaz et al. (2012), the organic material 
was either undetectable or at a safe level. On the other hand, the BOD of leachate 
studied by Cosentino et al. (1995) was greater than that of untreated domestic waste 
water. However, in a different study (DECC, 2007), the high BOD value was to be 
related to the presence of paper and food residues in the GC test samples.

This reinforces the point that to produce container GC of usable quality, the material 
needs to be properly processed, which includes sorting and removal of contaminants 
from a GC stock, as well as washing it to remove any food residues present.

10.2.4   Glass Cullet Use in Road Pavement Applications

The only study on the environmental impact of GC as a fine aggregate in road pavement 
applications has been undertaken in conjunction with coarse recycled concrete aggregate 
(RCA) and for its use as a footpath base layer (Arulrajah et al., 2016). The chemical 
composition and the leaching potentials were examined for a range of heavy metals in 

astm:D4793
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three sets of materials, namely GC alone, RCA alone and a mixture of 85% RCA and 15% 
GC. For the leaching test, the materials were subjected to two buffer solutions, acidic and 
alkaline, and the tests were performed in accordance with the ASLP (AS 4439.3, 1997). The 
heavy metals considered in these tests were arsenic, barium, cadmium, chromium, copper, 
mercury, molybdenum, nickel, lead, selenium, silver and zinc. The tests showed that heavy 
metals in all three waste materials were below the specified levels for ‘Category C,’ the 
least hazardous, in accordance with EPA Victoria (2007). For the leaching characteristics 
of these materials, the tests suggested that except for molybdenum, which was not tested, 
the amounts of the heavy metals released from GC, RCA and the mixture of the two 
were below the regulated limits specified by EPA Victoria (2007), and therefore all three 
materials can be categorised as nonhazardous waste.

In summary, despite the limited number studies reported for the environmental impact 
of using GC in the field of road pavements, based on the evidence of the data presented 
in Section 10.2.3, it can be concluded that container GC is a safe material for use in 
geotechnical applications and therefore it can be argued that a similar environmental 
impact would be the outcome of using GC in unbound applications in road pavements. 
Although it is not too difficult to deduce that GC will perform in a similar manner 
when used in hydraulically and bituminous bound applications, for precautionary 
reasons it would be advisable to confirm this by additional tests undertaken for these 
two applications.

10.3   Case Studies

Case studies are an important part of developing confidence in the acceptance 
of new materials for their use in practice, as they provide additional valuable 
information to support laboratory studies regarding the responses and adaptations 
relating to the use of the material in real situations. In this section, the case 
studies cover pilot-scale projects and field testing that were carried out worldwide 
where GC was used (i) in a ground form, as raw feed in clinker material and 
cement component, and (ii) as a fine aggregate in concrete, geotechnical and road 
pavement applications.

10.3.1   Glass Cullet Use as Clinker Raw Feed and Cement 
Component

Owing to its chemical composition and pozzolanic properties, finely ground GC 
is a viable material for use as raw feed in cement clinker production and as a 
replacement for Portland cement. Several case studies have been reported in the 
literature; however, they have mainly tended to be in the area of GC use as a cement 
component rather than as raw feed in the manufacture of Portland cement clinker, 
as can be seen from Figure 10.4. The first relevant work took place in 2000 in Hong 
Kong with two plant trials using about 120°tonnes of container GC as raw feed in 
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clinker manufacturing (Chen et al., 2002). Since then, though several studies were 
undertaken, they tended to be concentrated in the period leading to 2015, with most 
of the work undertaken in Australia, Canada, Hong Kong, South Korea, the United 
Kingdom and the United States. Canada has the highest number of reported case 
studies. The GGC content in these studies was generally kept between 10% and 
30%, except in one case in which GGC was used at 50%. The type of glass used was 
predominantly container glass, except for one study in South Korea in which LCD 
glass was used (Jang et al., 2014).

In general, the outcomes of the case studies have been encouraging, as the GGC mixes 
are reported to meet performance requirements. The main points to emerge from these 
case studies (Figure 10.4) are described next:

 •  As raw feed in clinker production (Chen et al., 2002), the inclusion of GC did not cause 
significant change in the pollutant gas levels. It is reported that the chemical properties and 
strength of the cement produced were similar to those grounds from normal clinker. The 
total alkali content of the cement, although it showed a slight increase, was comparable 
to the previous records of the plant.

 •  When GGC was used as a cement component, the early compressive strength and other 
mechanical properties up to 28 days of concrete mixes with equal water/cement ratios 
were lower than those of reference concrete mixes without GGC. However, at the later 
ages, the mechanical properties of GGC concrete were similar to or higher than those of 
reference concrete (Byars et al., 2004a; Nassar and Soroushian, 2011; Omran and Tagnit-
Hamou, 2016). Improvement in water absorption and resistance to chloride ingress have 
been observed in concrete made with GGC (Shayan and Xu, 2006; Soroushian, 2012).

 •  The use of GGC in special concrete applications has been explored. In South Korea, 10% 
GGC was used in manufacturing steam-cured prestressed high-strength concrete piles 
(Jang et al., 2014). In Canada, a high-performance fibre-reinforced concrete containing 
35% GGC was designed and used for the construction of a footbridge on a university 
campus (Tagnit-Hamou et al., 2015).

 •  In one case, the long-term performance of an in situ concrete made with GGC cement 
was monitored (Song et al., 2016). The concrete was made with 15% GGC and used to 
construct a section of a 100-m-long pavement in the south of Sydney, Australia, in 2012. 
A reference concrete made without GGC was cast for comparison. After five years in 
service, both pavements were still in a reasonable condition and showed similar friction 
resistance. Cored samples were taken to evaluate the in situ compressive strength, water 
absorption and chloride resistance. Although the results showed that the performance of 
GGC concrete was slightly lower than that of the reference concrete, no disruption in the 
GGC concrete pavement was observed.

10.3.2   Glass Cullet Use as Fine Aggregate in Concrete

The reported case studies using GC as a fine aggregate in concrete have been limited. 
This is perhaps due to the concern over the deleterious alkali–silica reaction (ASR) 
that may be induced in concrete with the use of GC. However, as discussed previously 
in Section 5.7.5, the potential risk of ASR in GC as a fine aggregate can be minimised 
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with the use of pozzolanic materials such as fly ash and GGBS, as well as finely 
ground GC itself. Given this, it would be useful to consider developing case studies 
to investigate the ASR effect of fine aggregate in concrete using Portland–pozzolanic 
cement combinations, such as CEM II, CEM III and CEM IV cements in compliance 
with EN 197-1 (2011).

The descriptions and the main findings of the case studies carried out with GC fine 
aggregate in concrete, mainly in Australia and the United Kingdom, during the 2000s, 
are given in Table 10.4. The information available suggests that GC has been used 
at up to 100% as a replacement for natural fine aggregate in ready-mixed concrete, 
trial slabs, concrete pavements, precast products and mortar. Soda lime glass in the 
form of container glass was used in these applications and the material was normally 
prepared to an aggregate size less than 3 mm. In general, satisfactory performance 
in terms of consistence (workability), strength, water absorption and durability of 
concrete was achieved. Indeed, owing to its high modulus of elasticity and hardness, 

Table 10.4 Case studies involving the use of glass cullet (GC) sand in concrete and mortar 
applications

Reference

Application Details

Main FindingsLocation Year Used in GC Size
GC 
Content

Bell (2006) UK 2005 Concrete 
blocks

<6 mm 10%–
20%

GC fine aggregate 
concrete blocks 
showed less 
shrinkage

Boniface 
(2006)

UK 2005–06 Mortar 150–300 μm 75%–
100%

GC fine 
aggregate in 
mortar products 
generally resulted 
in satisfactory 
performance, 
although the 
consistence was 
compromised in a 
few cases

Byars et al. 
(2003, 
2004a,b,c)

UK 2002–04 Precast 
products

<5 mm 15%–
100%

Most of the 
products met the 
requirements 
and the initial 
ASR assessment 
showed no signs 
of deleterious 
expansion
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Reference

Application Details

Main FindingsLocation Year Used in GC Size
GC 
Content

Byars et al. 
(2004a,b)

UK 2002–04 Ready-
mix 
concrete

1–3 mm 50% The compressive 
strength of GC 
fine aggregate 
concrete was 
similar to that 
of natural sand 
concrete

Dumitru 
et al. 
(2013) and 
Song et al. 
(2016)

Australia 2012 Concrete 
pavement

0.3–3 mm 45% The condition of 
GC fine aggregate 
concrete was 
good after 5 years 
of service; no 
signs of ASR

Polley et al. 
(1998)

USA 1994 Concrete 
pavement

0.61 mm 
(median)

10%–
20%

Good durability 
in terms of 
abrasion and 
freeze–thaw 
resistance

Sagoe-
Crentsil 
et al. 
(2001)

Australia n.a. Concrete 
slab

<2.46 mm 20% The casting 
procedure was the 
same as normal; 
the fresh and 
hardened concrete 
properties 
remained almost 
unchanged

Shayan and 
Xu (2006)

Australia 2002 Concrete 
slab

0.15–
2.36 mm

40%–
75%

The hardened 
properties 
of concrete 
containing GC 
fine aggregate 
and were 
satisfactory

ASR, alkali–silica reaction.

Table 10.4 Continued

the inclusion of GC fine aggregate in concrete has also been shown to improve the 
shrinkage resistance (Bell, 2006; Dumitru et al., 2013; Shayan and Xu, 2006) and 
abrasion resistance (Polley et al., 1998). However, when used in mortar applications, 
concern was expressed as the flow of some GC fine aggregate mixes was compromised 
(Boniface, 2006).
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In addition, it has been reported that fresh GC fine aggregate concrete can be handled 
in the same way as natural aggregate concrete for placing, compaction, finishing 
and curing of concrete (Sagoe-Crentsil et al., 2001). This suggests that no change in 
concrete casting procedures is required when GC fine aggregate is used. This again 
works in favour of acceptance, within the current practice, of the use of GC fine 
aggregate in concrete. This would be good for promoting the use of recycled materials 
and sustainability in the broader sense.

Regarding the ASR concern, two separate studies have observed that concrete 
containing GC fine aggregate did not show ASR expansion in most cases. This was first 
reported from a pilot-scale project undertaken in the United Kingdom by Byars et al. 
(2004a). Concrete mixes made with GC fine aggregate (up to 100% content) and with 
or without GGC cement (up to 25%) were cast in large numbers of precast concrete 
products. The ASR expansion of these mixes was determined in accordance with BS 
812-123 (1999). After 1 year of monitoring, no ASR-induced expansion was observed 
for all these mixes, except where high-alkali Portland cement (>1% Na2Oeq) was used. 
The second case was reported by Song et al. (2016) for a field trial undertaken in 
Australia. In this trial, about one-third of a 100-m-long pavement was cast with a 
0.45 water/cement ratio concrete, which contained 45% GC fine aggregate, but no 
pozzolanic material. After 5 years of service, the results obtained from petrographic 
examination of cored samples suggested that there was no sign of ASR in the concrete. 
Overall, although these ASR tests appear to be encouraging, to be certain, additional 
studies with a longer follow-up period are highly recommended to draw any firm 
conclusions about the risk of ASR with GC fine aggregate use in concrete under field 
conditions.

10.3.3   Glass Cullet Use as Aggregate in Geotechnical 
Applications

The case studies on the use of GC in geotechnical applications are summarised in 
Table 10.5, providing information on the size and content of GC used; the country 
involved, which is largely the United States, with a few from Australia and Japan; and 
the type of application. The United States seems to have a long history of using GC in 
geotechnical applications, possibly starting back in 1990. The material has been used 
mostly at 100%, either as sand or as a mixture of sand and gravel, with maximum 
aggregate size up to 19 mm. No adverse effects on the geotechnical performance have 
been reported when GC of gravel size was used, although the material was flaky or 
elongated. GC has been used in a wide range of applications (Table 10.5), which can 
be broadly categorised as follows:

 •  Construction backfill as general fill material

 •  Utility construction as pipe bedding and trench backfill

 •  Drainage as drainage aggregate

 •  Landfill construction as landfill cover
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The general responses were positive for geotechnical applications with GC aggregate, 
although the details of the field assessments were normally not provided, except in one 
pilot project undertaken in Philadelphia, Pennsylvania, USA (Grubb et al., 2006a,b). 
Following on the successful laboratory evaluation (Grubb et al., 2006c), three trial 
embankments were constructed using GC–dredged material blends with GC content at 
20%, 50% and 80%. The dimensions of each trial embankment were approximately 3.6 m 
high°×°3.6 m wide°×°15.2 m long with 3:1 ramps and 2:1 side slopes. The embankments 
were constructed in accordance with the procedures given in PennDOT (2004), but 

Table 10.5 Case studies using glass cullet (GC) in geotechnical applications

Reference

GC

Country Used inSize, mm Content, %

DECC (2007) Sand sizea 25, 50, 100 Australia Backfill

Grubb et al. (2006a, 2008a,b) 
and Lee (2007)

<9.5 20, 50, 80 USA Embankment

HDR Engineering (1997) n.a. 100 USA Bedding, 
backfill

Makowski et al. (2007, 2011) 0.33–0.89 25, 50, 75 USA Beach fill

Makowski et al. (2013) 0.40 100 USA Artificial dune

Moqsud and Hayashi (2007)b n.a. 15 Japan Marine fill 
material

Northwest EcoBuilding Guild 
(2014a)

Sand and 
gravel sizea

100 USA Structural fill

Northwest EcoBuilding Guild 
(2014b)

<9.5 100 USA Fill material

Onitsuka et al. (2001)b n.a. 100 Japan Lightweight 
backfill

PennDOT (2005) <19 100 USA Bedding, 
backfill

PennDOT (2006) <9.5 100 USA Fill material

Reindl (2003) Sand and 
gravel sizea

Up to 100 USA Drainage 
aggregate, 
fill material, 
landfill cover, 
trench fill

Siddiki et al. (2004) <12 100 USA Backfill

Stevens (2007) <9.5 100 USA Backfill

TxDOT (1999) n.a. 100 USA Bedding

aGC was used either as a replacement for sand or in combination with sand, but its size was not known.
bWaste formed glass.
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with some modifications. The in situ assessment, based on the cone penetration test, 
showed that the addition of GC improved the geotechnical performance of dredged 
material. Indeed, the blends of GC with dredged materials have been reported to offer 
more advantages than the conventional cement stabilised dredged materials in terms of 
technical performance as well as the construction strategy and cost.

10.3.4   Glass Cullet Use as Road Pavements

The case studies dealing with the use of GC aggregate in road pavements, in the form 
of unbound, hydraulically bound and bituminous bound applications, are summarised 
in Table 10.6. The record shows that the material was probably first tested for its 
potential use in the bituminous bound mixtures in a large number of field studies in 
the United States and Canada in the 1970s and 1980s and that this was followed by its 

Table 10.6 Case studies using glass cullet aggregate in road pavement applications

Reference Country

Glass Cullet

Main FindingsSize, mm Content, %

(a) Unbound Applications

Arulrajah et al. (2013) Australia <4.75 15, 30 Met the specified 
requirements

City of Armadale (2010) Australia n.a. n.a. n.a.

HDR Engineering (1997) USA n.a. Mostly 10 Satisfactory 
performance

Krivit (1999) USA <12.7 Up to 100 Satisfactory 
performance

Reindl (2003) USA n.a. n.a. n.a.

Senadheera et al. (2005) USA n.a. 0–15 Stiffness 
improved

TxDOT (1999) USA <15 10, 20 Satisfactory 
performance

Wisconsin Transportation 
Information Center (1999)

USA n.a. n.a. n.a.

(b) Hydraulically Bound Applications

Polley et al. (1998) USA <4 10, 20 Good durability

Dumitru et al. (2013) and 
Song et al. (2016)

Australia 0.3–3 45 Satisfactory 
performance  
after 5 years of 
service

Wood et al. (2011) Australia n.a. n.a. n.a.
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Reference Country

Glass Cullet

Main FindingsSize, mm Content, %

(c) Bituminous Bound Applications

Malish et al. (1975) and 
Larsen (1989)

Canada, 
USA

<9.5 to 
<25

20–70 Satisfactory 
performance 
except for 
ravelling

Maupin (1997) USA n.a. 15 Satisfactory 
performance 
except for ravelling

Nicholls and Lay (2002) UK <20 30 Met the specified 
requirements

Su and Chen (2002) Taiwan <4.75 10 Satisfactory 
performance

Wood et al. (2011) Australia n.a. n.a. Satisfactory 
performance

Table 10.6 Continued

use in the 1990s, again mainly in the United States, in the unbound aggregate form for 
base and subbase construction applications. Comparatively, the field investigation for 
the use of GC in hydraulically bound applications has been less reported, with only a 
few recent cases found in Australia.

Overall, the GC content in the mixes, apart from a few early case studies in which the 
replacement of natural aggregate by GC aggregate exceeded 50%, in recent times has 
normally been less than 30%. The aggregate size of GC used, however, has tended 
to vary depending on the application. In unbound and bituminous bound forms, the 
material has normally been used as a mixture of sand and gravel, with maximum 
aggregate size up to 25 mm, whilst in hydraulically bound mixtures, it has been used 
as a fine aggregate, with maximum size of 4 mm.

Case Studies for Unbound Applications

Due to the brevity of the available information, it is estimated that the references 
listed in Table 10.6, in total, cover about 15 field records of using GC aggregate in 
the unbound form. Although the details of the field evaluations on the performance of 
GC aggregate in these applications were not normally provided, or were even absent, 
in the literature, many studies have briefly indicated that the results were generally 
satisfactory (HDR Engineering, 1997; Krivit, 1999; TxDOT, 1999). The general 
impression formed from the available information is that GC aggregate can be a 
viable material for use in unbound and bound applications, without compromising 
their technical performance. Indeed, some data have shown that the addition of 
GC aggregate results in improved performance of the mixes in terms of stiffness 
(Senadheera et al., 2005) and workability (Arulrajah et al., 2013).
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It should, however, be mentioned that the improvement in the workability of unbound 
mixes in the construction of footpath bases (Arulrajah et al., 2013) was attained 
probably because of improved aggregate packing resulting from the mixture of GC 
aggregate with a maximum size of 4.75 mm and crushed rock with a maximum size of 
25 mm. Additional in situ investigations with blends of 15% and 30% GC aggregate 
with crushed rock also showed that the mixes met the recommended requirements in 
terms of field compaction, grading and strength.

Case Studies for Hydraulically Bound Applications

Except for Wood et al. (2011), for which the field results were not available, the 
response of the case studies on the use of GC as a fine aggregate in hydraulically 
bound applications has generally been positive (Polley et al., 1998; Dumitru et al., 
2013; Song et al., 2016). In a field trial undertaken by Polley et al. (1998) for a 
sidewalk pavement construction in the United States, the placement of hydraulically 
bound mixes containing 10% and 20% GC fine aggregate was reported to be of 
acceptable standard, although water was added during placement to ease the finishing 
of the concrete. The trial pavement containing GC aggregate showed good abrasion 
resistance and freeze–thaw resistance during three winters of exposure.

In another separate study of a concrete pavement made with and without 45% GC 
fine aggregate constructed in Australia, the field performance of the pavement was 
reported by Dumitru et al. (2013) after one and by Song et al. (2016) five years. The 
early records showed that the performance of the GC fine aggregate pavement was 
satisfactory, although visual inspection suggested that the GC fine aggregate mix was 
less resistant to wear. However, after 5 years of service, the skid resistance of the GC 
fine aggregate mix was reported to meet the minimum requirement of the local road 
authorities Song et al. (2016). Regarding long-term performance, road pavement made 
with hydraulically bound GC fine aggregate had a better performance than normal 
concrete mixes in terms of compressive strength, water absorption and resistance to 
chloride ingress.

Case Studies for Bituminous Bound Applications

In bituminous bound applications, the responses of the field studies with GC aggregates 
have been mixed, with the results on balance tending to be slightly unfavourable for 
most of the work reported in the three reports covering 50 case studies undertaken 
in the United States and Canada from the 1970s to the 1990s (Malish et al., 1975; 
Maupin, 1997; Larsen, 1989). The early records identified some common problems in 
the bituminous mixes, which were made with GC aggregates of maximum size up to 
25 mm, such as:

 (i)  Loss of adhesion between GC aggregate and asphalt

 (ii)  Lower skid resistance

 (iii)  Breakage of GC coarse aggregate and subsequent ravelling (surface deterioration)
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However, these problems have not been reported in the more recent studies undertaken in 
Australia, Taiwan and the United Kingdom (Wood et al., 2011; Nicholls and Lay, 2002; Su 
and Chen, 2002). Indeed, the conclusion reached was that the GC aggregates in bituminous 
mixes were of satisfactory performance. However, the main difference was that in these 
mixes, the maximum size of the GC aggregate was considerably smaller, close to that of 
fine aggregate, and this appears to be the main factor in producing performance comparable 
to that of the natural aggregate mixes, though in one case the maximum GC aggregate size 
was 20 mm. Thus, further case studies are needed to clarify the aggregate size affect.

Overall, although there are very limited case study data available for the bituminous 
mixes, and clearly more work is needed, aggregate sizes larger than the fine aggregate 
maximum size of 4 mm are unlikely to produce satisfactory bituminous mixes, because 
of the flaky nature of the material. Thus, it would be advisable to limit the maximum 
size of GC aggregate for use in bituminous mixes. However, that said, some further 
precautionary steps may also be considered, such as adding hydrated lime in the mix 
to improve the bond between GC aggregate and asphalt (see Chapter 8).

10.4   Standards and Specifications

When evaluating the potential of recycled and secondary materials for use in 
construction, it is important that they comply with the standards and specifications 
to ensure that the performance and quality of the end products are of an acceptable 
standard. This section discusses the major current standards and specifications, mostly 
those adopted in Europe and the United States, to gauge the suitability of using GC 
in concrete construction as a cement component, filler aggregate and fine aggregate 
and in geotechnical and road pavement applications as an aggregate component. Only 
soda lime glass, in the form of container glass and flat glass, is considered, as other 
types of glass are unlikely to be used as secondary materials in these applications.

10.4.1   Ground Glass Cullet Use as Cement Component

Although known to possess pozzolanic properties (see Chapter 4), GGC has not been 
recognised for use as a cement component, for example, as the common cements 
in European Standard EN 197-1 (2011) or as supplementary cementitious materials 
in American Standard ASTM C150 (2012) or, for that matter, in any other national 
standard. However, sufficient research has been undertaken for the material to be 
adopted in the manufacturing of cement in two ways:

 (i)  At 5%, as a minor additional constituent in compliance with EN 197-1 (2011) or as 
inorganic processing addition in compliance with ASTM C150 (2012).

(ii)  At up to 35% as a major constituent, such as in CEM II cements in accordance with EN 
197-1 (2011), with GGC content determined by the nature of the application, or in Portland–
pozzolana cement in accordance with ASTM C595 (2013), where the GGC content may be 
increased up to 40%.

astm:C150
astm:C150
astm:C595
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In supporting the adoption of GGC as a pozzolanic cement, the ASTM C1709 (2011) 
five-stage development program, which includes the necessary laboratory tests and 
field trials, can be used. The main actions required at each of the five stages as specified 
in the standard are as follows:

Stage I—Characterisation of the material

Stage II—Determination of suitable fineness

Stage III—Testing to ASTM C618 (2015) for fly ash, ASTM C989 (2016) for GGBS or  
Line up with Testing above. ASTM C1240 (2015) for silica fume

Stage IV—Concrete performance tests

Stage V—Field trials and long-term performance durability

There is a large volume of test data available in the literature to suggest that GGC can 
comply with requirements of stages I to V, in terms of the material properties, cement 
characteristics and concrete performance, as well as the field trials, though to a lesser 
extent. This information has previously been analysed and presented in Chapters 3 and 4,  
which deal with the material characteristics and performance of concrete containing 
GGC, respectively, as well as in Sections 10.2.1 and 10.3.1, which deal with leaching 
of heavy metals and the case studies on the use of GGC as a cement component, 
respectively.

To gauge the suitability of GGC as a pozzolanic material, the characteristics of GGC 
and its effects on the performance of concrete, in relation to the tests and properties 
required at each stage, are summarised in Table 10.7. For ease of reference, the 
inventory of where the relevant information can be found in this book is presented in 
Table 10.8.

Table 10.7 Evaluation of the suitability of ground glass cullet for use in concrete in 
accordance with ASTM C1709 (2011)

Stage Evaluation

I Characterisation of the material
 •  The major chemical constituents of GGC of the soda lime type are SiO2, Na2O 

and CaO.
 •  Other chemical constituents, which are important in cement chemistry, such as 

Al2O3, Fe2O3, MgO and K2O, are also present in GGC but in small quantities.
 •  PbO, which affects the setting time of cement, may be present due to 

contamination.

II Determination of suitable fineness
 •  The material needs to be crushed and ground to a minimum fineness of 300 m2/

kg to exhibit pozzolanic properties, but a figure of 350 m2/kg may initially prove 
more attractive.

astm:C1709
astm:C618
astm:C989
astm:C1240
astm:C1709
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It appears that there are a few required tests and properties of GGC, mainly in Stage III, 
that have not been commonly tested or made available in the literature. This information, 
though needed for completeness of the evaluation programme, is not likely to affect the 
development of GGC for use as a pozzolanic cement. However, the field trials using 
GGC cement have been limited, and this needs to be addressed. Overall, based on the 
current state of knowledge, it can be concluded that GGC is a safe pozzolanic material, 
which can be used as a cement component in concrete construction.

In addition, two specifications dealing with the use of GGC as a pozzolanic in concrete, 
mortar or grout have been proposed by two established organisations in the United 
Kingdom: (i) Concrete Technology Unit (CTU) as prepared by Dhir et al. (2003a) and (ii) 
Waste and Resources Action Programme (WRAP) as prepared by Byars et al. (2004b). 

Stage Evaluation

III Testing to ASTM C618 (2015) for fly ash, ASTM C989 (2016) for GGBS or 
ASTM C1240 (2015) for silica fume
 •  The chemical and physical properties of GGC meet the requirements specified 

for fly ash.
 •  The additional tests on GGC for its chlorides, soluble alkalis and leachable 

heavy metals have shown that those contents are not of concern.

IV Determination of concrete performance
 •  The material has been tested in concrete mixtures with cement content mainly 

varying from 200 to 500 kg/m3 for their fresh and hardened properties.
 •  Its use as a Portland cement replacement has been up to 70%, but normally in 

the range of 10%–30%.
 •  No issues have been reported for its use in concrete containing water-reducing 

admixtures, air-entraining agents and other chemical admixtures.
 •  In general, the use of GGC does not adversely affect the fresh properties of 

concrete, though it can increase the setting time and decrease the temperature of 
the mix.

 •  The effect of GGC on the hardened properties of concrete is, by and large, 
similar to that of fly ash. Improvements in strength, permeation and resistance 
to both chloride ingress and sulphate attack have been reported. The material is 
also effective in reducing the ASR-induced expansion in concrete due to reactive 
aggregate.

V Conducting field trials and long-term field performance and durability 
evaluations
 •  Detailed information on the field trials and the long-term field performance of 

concrete made with GGC, though limited, has been encouraging.
 •  Only one field study has suggested that the use of GGC with Portland cement 

did not compromise the long-term performance of concrete after 5 years of 
service, though in this case GGC content was 15%.

ASR, alkali–silica reaction; GGBS, ground granulated blast furnace slag; GGC, ground glass cullet.

Table 10.7 Continued

astm:C618
astm:C989
astm:C1240
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Table 10.8 Tests and properties required in ASTM C1709 (2011) and the corresponding 
available data in this book

Stage Test and Properties Available Data

I Chemical analysis Section 3.6.1

II Suitable fineness Sections 3.7.5 and 4.3.4

III Chemical requirements

 •  Sum of SiO2, Al2O3 and Fe2O3 Section 3.6.2

 •  SO3 Section 3.6.3

 •  Moisture content Not available

 •  Loss on ignition Section 3.6.5

Physical requirements

 •  Fineness Section 3.7.5

 •  Water requirement Not available

 •  Soundness Section 4.3.3

 •  Strength activity index Section 4.3.4

Uniformity requirements Not available

Supplementary optional physical requirements Not available

Chlorides Section 3.6.1

Free calcium oxide Not available

Soluble alkalis Section 3.6.4

Leachable heavy metals Section 10.2.1

Air void stability Not available

IV Fresh properties

 •  Slump Section 4.4.1

 •  Bleeding Section 4.4.2

 •  Fresh density Section 4.4.3

 •  Air content Section 4.4.4

 •  Setting time Section 4.4.5

 •  Temperature Section 4.4.6

Hardened properties

 •  Compressive strength Section 4.5.1

 •  Flexural strength Section 4.5.2

 •  Modulus of elasticity Section 4.5.3

 •  Drying shrinkage Section 4.5.6

 •  Air void system parameters Not available

astm:C1709
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 •  Sulphate resistance Section 4.7.4

 •  Alkali–silica reaction Section 4.7.5

Others (for specialised needs)

 •  Heat of hydration Section 4.4.6

 •  Permeation Sections 4.6.1 to 4.6.4

 •  Chloride ingress resistance Section 4.7.1

 •  Freeze–thaw resistance Section 4.7.6

 •  Scaling resistance Not available

V Field trials and long-term performance and 
durability

Section 10.3.1

Table 10.8 Continued

Stage Test and Properties Available Data

These proposed specifications have suggested limits for the chemical and physical 
properties of GGC cement, as well as the associated test methods, as summarised in 
Table 10.9. In general, the requirements are quite similar to those for fly ash specified 
in BS EN 450-1 (2012), but with some differences and few new additional tests. A 
comparison of the requirements for these two materials is given below:

 •  Loss of ignition (LOI): An LOI limit of no more than 1.5% is proposed for GGC cement.
    (This is considerably less than those for Portland cement in the form of CEM I cement 

and category S fly ash, with the lowest LOI limit for category A (BS EN 450-1, 2012) at 
5.0%. Thus, the proposed limit for LOI is much more stringent than those for both CEM 
I cement and category S fly ash.)

 •  Chloride and sulphate contents: The requirements for chloride and sulphate contents 
are no more than 0.10% and 3%, respectively.

    (These are similar to those for CEM I cement and fly ash.)

 •  Alkali content: Because both sodium and potassium have a role in ASR, and because 
these elements can be found in GGC of the soda lime type, the alkali content of GGC 
cement has been proposed not to exceed 2%.

    (This limit appears to be more stringent than that for fly ash, which is 5% maximum.)

 •  Lead content: The proposed maximum limit is 0.1%.
    (Fly ash is not required to be tested for lead content. However, the test might be needed 

for GGC because of the potential contamination with lead-bearing material.)

 •  Silica content: The proposed minimum SiO2 content for GGC is 68%.
    (Perhaps the minimum sum of SiO2, Al2O3 and Fe2O3 of 70% specified for fly ash shall 

be used, instead of SiO2 content alone.)

 •  Moisture content: The test for moisture content is not needed for fly ash. For GGC, the 
moisture content has been proposed not to exceed a 1% limit.
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 •  Fineness: Between the two proposed values for GGC, the minimum requirement of 
300 m2/kg Blaine fineness is preferable to ensure the material is sufficiently fine to 
exhibit pozzolanic properties.

    (No comparison can be made with fly ash, as its fineness requirement is given in the form 
of the mass proportion in percentage retained on a 0.045-mm mesh sieve.)

Table 10.9 Proposed specifications for use of ground glass cullet in concrete, mortar and 
grout

Property

WRAP by Byars et al. (2004b)
CTU by Dhir et al. 

(2003a)

Limit Test Method Limit Test Method

(a) Chemical

Loss on ignition, % ≤1.5 BS EN 196-2 
(1995)

n.a. n.a.

Chloride content, % ≤0.10 BS EN 196-21 
(1992)

≤0.10 BS EN 196-
21 (1992)

Sulphate content (SO3), % ≤3 n.a. n.a. n.a.

Alkali content (Na2Oeq), % n.a. n.a. ≤2.0 BS EN 196-21 
(1992) Clause 
N.A.5.1a

Lead content (PbO), % ≤0.1 n.a. n.a. n.a.

Total silica (SiO2), % ≥68 BS EN 196-2 
(1995)

n.a. n.a.

(b) Physical

Moisture content, % n.a. BS 3892-1 
(1997) Annex 
C

≤1.0 BS 6699 
(1992) 
Appendix E

Fineness (Blaine method), 
m2/kg

≥300 BS EN 196-6 
(1992)

>200 BS EN 196-6 
(1992)

Initial setting, min <120 more 
than reference 
cementb

BS EN 196-3 
(1995)

≤30 more 
than CEM 
I 42.5b

BS EN 196-3 
(1995)

Soundness, mm ≤10b BS EN 196-3 
(1995)

≤10b BS EN 196-3 
(1995)

Strength Activity Index, %

At 28 days ≥75c BS EN 196-1 
(1995)

n.a. n.a.

At 90 days ≥85c n.a. n.a.

CTU, Concrete Technology Unit; GGC, ground glass cullet; n.a, not available; WRAP, Waste and Resources Action 
Programme.
aTentative method.
bAt 30% GGC replacement.
cAt 25% GGC replacement.
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 •  Setting time: The maximum limit for 30% GGC content on initial setting time is not to 
exceed 30 min longer than CEM I 42.5 or 120 min longer than reference cement.

    (This again cannot be compared with the setting time requirement for fly ash, as the 
content of the material used in the test is different, i.e., 25% as specified for fly ash.)

 •  Strength activity index: This is to be a minimum of 75% and 85% at 28 and 90 days with 
respect to the strength of the reference cement.

    (These are similar to those for fly ash.)

10.4.2   Glass Cullet Use as Fine Aggregate and Filler Aggregate 
in Concrete

Although manufactured aggregates are allowed for use in concrete in both the 
European standard EN 12620 (2008) and the American standard ASTM C33 (2016), 
GC aggregate does not quite fit in with the provided definitions of a manufactured 
aggregate. In the European standard, manufactured aggregate is an aggregate of mineral 
origin derived from an industrial process involving thermal and other modifications, 
whilst in the American standard, the material is obtained from crushing rock, gravel, 
iron blast furnace slag or hydraulic-cement concrete.

Notwithstanding this, owing to its near-zero porosity and relatively high hardness 
characteristics, if properly designed, GC aggregate can be used as a suitable substitution 
for natural aggregate, which can result in many benefits to the engineering properties 
of concrete. However, due to the flaky nature of the material at coarser sizes, GC is 
more suitable for use either as a (i) fine aggregate with aggregate size no larger than 
4 mm (EN 12620, 2008) or 4.75 mm (ASTM C33, 2016) or (ii) filler aggregate with 
aggregate size predominantly less than 0.063 mm (EN 12620, 2008). In the absence of 
specifications for GC fine aggregate and filler aggregate, it could be argued that their 
compliance with the geometrical, physical and chemical requirements of the existing 
standards for concrete aggregates, such as EN 12620 (2008) and ASTM C33 (2016), 
should be sufficient for the material to be used in concrete.

In fact, during the 2000s, some well-established organisations, in the United 
Kingdom and Australia, proposed specifications specific to GC aggregate for use 
mainly as a fine aggregate, but some included the use of GC as a coarse aggregate and 
filler aggregates as well. The involved organisations were the CTU, UK (Dhir et al., 
2003b), WRAP, UK (Byars et al., 2004a; Collins et al., 2004), and Commonwealth 
Scientific and Industrial Research Organisation, Australia (Sagoe-Crentsil et al., 
2001). Three major requirements for GC aggregate as given in these proposed 
specifications, which are seen to be particularly related to the properties of the 
material, are described below.

(a)   Aggregate Size

The material has been proposed for use mainly as a fine aggregate, with maximum 
aggregate size less than 4 mm (Dhir et al., 2003b) or 2.46 mm (Sagoe-Crentsil et al., 
2001). Its use as a filler aggregate, with aggregate size passing 0.063 mm sieve, has also 
been proposed (Dhir et al., 2003b). The specifications proposed by Byars et al. (2004a) 

astm:C33
astm:C33
astm:C33
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and Collins et al. (2004) included the use of GC aggregate as a coarse aggregate as 
well, but the allowable maximum aggregate size was not indicated. However, it shall 
be mentioned that, because the material can be flaky or elongated at larger sizes, its 
use as a coarse aggregate in concrete is considered to be inappropriate.

(b)   Foreign Material

As the material is prepared from waste glass, foreign materials such as papers, plastics, 
metal pieces and other non-glass contaminants may be present in GC aggregate. The 
content of foreign material in GC aggregate has been limited to 1% (Byars et al., 
2004a) or 2% (Sagoe-Crentsil et al., 2001) maximum by mass.

(c)   Constituents That Alter the Rate of Setting and Hardening of 
Concrete

As stated in EN 12620 (2008), the presence of organic materials or other substances in 
aggregate can have an effect on stiffening time and compressive strength of concrete. 
The content of organic materials has been limited so as not to result in:

 •  Increase in the stiffening time of mortar test specimens by more than 120 min.

 •  Decrease in the compressive strength of mortar test by more than 20%.

The same requirements have been proposed for the use of GC aggregate (Dhir et al., 
2003b; Collins et al., 2004), but with a more stringent requirement of a maximum 10% 
reduction in compressive strength (Byars et al., 2004a).

For GC aggregate, the most concerning organic substance is sugar, which normally 
comes from food residue. It has been recommended that GC should be cleaned prior to 
its use in concrete, and possibly with a high-temperature wash to expedite the removal 
of sugar (Sagoe-Crentsil et al., 2001).

Apart from these proposed specifications for ensuring the quality of GC aggregate, 
Dhir et al. (2003b) and Sagoe-Crentsil et al. (2001) have also prepared a guidance 
relating to the use of GC aggregate in concrete. It includes several topics, such as 
handling of material, mix design, concrete casting and specification clauses. As far 
as mix design is concerned, in the case of GC fine aggregate, it has been proposed 
that the material can be used as a part or full replacement for natural fine aggregate 
(Dhir et al., 2003b), although Sagoe-Crentsil et al. (2001) limited its inclusion to a 
maximum content of 20%. In the case of GC filler aggregate, the material can be used 
for no more than 20% of total fine aggregate content (Dhir et al., 2003b).

10.4.3   Glass Cullet Use as Aggregate in Geotechnical and Road 
Pavement Applications

With the exception of the material specification adopted by the American 
Association of State Highway and Transportation Officials (AASHTO M 318-02, 
2015), the use of GC as one of the aggregate sources for geotechnical applications, 
as well as in road pavement applications in unbound, hydraulically bound and 
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bituminous bound forms, has not been generally accepted in the major standards, 
such as the American ASTM standards and the European CEN standards. This 
specification deals with GC aggregate and its use in the base course of road 
pavement. The physical properties and deleterious substance limits on GC 
aggregate used as a granular base course material are summarised in Table 10.10. 
This shows that GC can be used as one of the aggregate sources for road pavement 
applications, provided that the material is clean and has been prepared in fine 
aggregate size fractions. The AASHTO specification also recommends mixing of 
GC aggregate with other soil aggregates, but only up to 20% content. However, a 
higher GC aggregate content may be used where the performance of the mixture 
has been validated with the California bearing ratio test, resilient modulus test and 
field evaluation.

On the other hand, a large number of countries, 21 to be precise, have national 
standard specifications relevant to the use of GC aggregate in geotechnical and 
road pavement applications, including three states in Australia (New South Wales, 
Queensland and Victoria), Canada (Ontario), New Zealand, the United Kingdom 
and 16 states in the United States (Alaska, California, Connecticut, Florida, Idaho, 
Maryland, Massachusetts, Minnesota, New Hampshire, New Jersey, New York, 
Oregon, Pennsylvania, South Carolina, Virginia and Washington). All these standard 
specifications are up to date, with most of the latest versions being issued during 
2015–17.

The information available in these national standards has been sorted in terms of 
application, glass type, maximum GC aggregate content, maximum aggregate size 
and maximum debris content (contaminant), in Table 10.11 for Australia and New 
Zealand, Table 10.12 for Canada and the United Kingdom and Table 10.13 for the 
United States. It should be mentioned that in some applications there could be several 
types of aggregate grading designs but GC aggregate is permitted only in some 
certain specific types. In addition, the definition of debris varies across the countries/
states, and its limit may also vary depending on the type of contaminant and the GC 
aggregate’s intended use. For further information on these matters the readers are 
advised to refer to the standard specifications mentioned. However, the main points to 
emerge from these tables are described below.

Table 10.10 Physical properties of and deleterious substances in glass cullet aggregate used 
as base material (AASHTO M 318-02, 2015)

Physical Property/Deleterious Substance Requirement/Limit

Glass type Container glass

Maximum aggregate size 9.5 mm

Content of flat and elongated aggregate <1%

Content of other types of glass <5%

Content of deleterious substances (e.g., food residue) <1%

Content of soil-like materials <2%
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Table 10.11 Specifications for using glass cullet in geotechnical applications in Australia and New Zealand

Country References Applications

GC Properties

Additional 
References

Allowable 
Type

Prohibited 
Type

Max. GC 
Content, %

Max. 
Size, mm

Max. 
Debrisa, %

Australia

New South 
Wales

RMS (2014) Unbound and bound 
base and subbase

Container glass CRT, lighting, 
lab. glass, 
ceramics

10 <5 2 RMS 
(2011) and 
NSW EPA 
(2014)

RMS (2013a, 
2013b, 
2013c, 
2013d)

Heavy-duty, light-duty 
dense graded asphalt; 
crumb rubber asphalt; 
stone mastic asphalt

2.5

Queensland TMR 
(2016a)

Unbound base and 
subbase

Container 
glass, window 
or building 
glass

Vehicle, CRT, 
lab. glass

5 <9.5 ≤3 TMR 
(2016b)

Victoria VicRoads 
(2017)

Asphalt intermediate 
and base course

Container glass CRT, lab. glass, 
lighting

– <4.75 2 VicRoads 
(2011)

New Zealand

New 
Zealand

Transit New 
Zealand 
(2006a)

Base, subgrade Container, 
window, plain 
ceramics

CRT, lighting, 
vehicle glass

5 <9.5 5 Transit NZ 
(2006b)

NZ Transport 
Agency 
(2014)

Dense graded and 
stone mastic asphaltb

– – – (use as 
coarse 
agg.)

– –

CRT, cathode ray tube (funnel); GC, glass cullet.
aDebris can be plastic, metal pieces, papers, wood or other contaminants (definition of debris varies across states/countries); the limit of debris content varies depending on debris type, the 
value given here is the overall maximum.
bNeeds approval from Transit New Zealand’s Engineering Policy Manager.
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Table 10.12 Specifications for using glass cullet (GC) in geotechnical applications in Canada and the United Kingdom

Country References Applications

GC Properties

Additional 
References

Allowable 
Type

Prohibited 
Type

Max. GC 
Content, %

Max. Size, 
mm

Max. 
Debrisa, %

Ontario, 
Canada

MTO (2013a) Base, subbase 
and backfill

Post-consumer 
glass/ceramics

– 15 <13.2 1 –

MTO (2013b) –

United 
Kingdomb

Department 
of Transport 
(2004)

Pipe bedding 
material, 
filter material

– – – (use as fine 
agg.)

– Department 
of Transport 
(2009)

Embankment, 
fill material, 
capping

– – 25 – – Department 
of Transport 
(2016a)

Unbound 
mixtures

– – 25 – – Department 
of Transport 
(2016b)

Hydraulically 
bound 
aggregate for 
subbase and 
basec

– – 40 – – Department 
of Transport 
(2016c)

Bituminous 
bound layer

– – – – – Department 
of Transport 
(2008)

Concrete 
materialc

– – – – – Department 
of Transport 
(2016d)

aDebris can be plastic, metal pieces, papers, wood or other contaminants (definition of debris varies across states/countries).
bRecycled materials that comply with BS EN 13043 (2002) are permitted to be used.
cUse of GC aggregate may be permitted by the overseeing organisation.
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Table 10.13 Specifications for using glass cullet in geotechnical applications in the United States

State References Applications

GC Properties

Additional 
References

Allowable 
Type Prohibited Type

Max. GC 
Content, %

Max. Size, 
mm

Max. 
Debrisa, %

United States

Alaska Alaska DOT 
& PF (2015)

Embankment, 
base, surface 
course, subbase

Container, 
window, 
plain 
ceramics

Vehicle glass, 
lighting, CRT, 
porcelain, lab. 
glass

10 <9.5 2 –

California Caltrans 
(2015a)

Subbase, base – – – – – Caltrans 
(2015b)

Connecticut ConnDOT 
(2016)

Embankment – – 25 <25.0 – –

Bituminous 
concrete

Container – 5 <9.5 1

Florida FDOT 
(2017)

Superpave 
asphalt concrete

– – 15 <9.5 – –

Idaho IDT (2012) Embankment Container – 15 – – –

Base Container – 15 <19.0 or 
<7.9

–

Maryland SHA (2008) Hot-mix asphalt – – – <19.5 1 –

Bioretention 
soil mix

– (Use as 
coarse 
sand)

–
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State References Applications

GC Properties

Additional 
References

Allowable 
Type Prohibited Type

Max. GC 
Content, %

Max. Size, 
mm

Max. 
Debrisa, %

Continued

Massachusetts MassDOT 
(2015)

Borrow 
materials, 
subbase, base, 
binder course, 
bituminous 
material

Container – 10 <9.5 5 –

Minnesota MnDOT 
(2016)

Base course – – 10 <19.0 – Grading and 
Base Unit 
(2016)

New 
Hampshire

NHDOT 
(2016)

Base course Container – – <9.5 5 AASHTO 
M318 (2015)

New Jersey NJDOT 
(2007)

Hot-mix asphalt 
base and 
intermediate 
course

Container – 10 <9.5 3 –

New York NYCDOT 
(2017)

Embankment, 
backfill

– – – <9.5 5

Subbase course – – 30

Oregon ODOT 
(2015)

Nonstructural 
fill

– – 100 <12.7 10 –

Backfill, 
drainage 
blanket material

– – – <12.7 10 –



422
Sustainable C

onstruction M
aterials: G

lass C
ullet

Pennsylvania PennDOT 
(2016)

Unbound 
material

– – 10 – – –

South Carolina SCDOT 
(2007)

Embankment 25 <12.7 1

Hot-mix asphalt 
intermediate 
and base course

– – 15 <9.5 – –

Virginia VDOT 
(2016)

Drainage, 
embankment, 
backfill

– – 90 (100 for 
drainage)

<9.5 5 –

Washington WSDOT 
(2016)

Ballast, crushed 
surfacing, 
gravel base, 
backfill, borrow 
pit, foundation 
materials

Container – 20 <9.5 5 AASHTO 
M318 (2015)

CRT, cathode ray tube (funnel); GC, glass cullet.
aDebris can be plastic, metal pieces, papers, wood or other contaminants (definition of debris varies across states/countries); the limit of debris content varies depending on debris type, the 
value given here is the overall maximum.

Table 10.13 Continued

State References Applications

GC Properties

Additional 
References

Allowable 
Type Prohibited Type

Max. GC 
Content, %

Max. Size, 
mm

Max. 
Debrisa, %
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(a)    Applications

Commonly, GC aggregate has been allowed as a fill material in embankment and 
backfill construction applications, as well as an unbound granular material in subgrade, 
base and subbase construction applications. In a bound form, GC aggregate can be 
used only in bituminous bound applications. There appears to be no provision for 
the use of GC aggregate in hydraulically bound applications, except in the United 
Kingdom, but with approval of overseeing organisations.

(b)   Glass types

Container glass is the most acceptable material for use as an aggregate in practice. 
Although a number of specifications have not been very clear regarding this, it is 
believed that container glass is implied. Flat glass is also allowed to be used in 
some countries/states, but this depends on the source of the glass. In Australia, 
New Zealand and Alaska, only window or building glass is permitted, but vehicle 
glass (windscreens) is prohibited. Interestingly, ceramics, which are often listed as 
a prohibited glass type for use as aggregate, have been allowed in New Zealand, 
Canada and Alaska. Other types of glass, such as CRTs, lighting and laboratory 
glassware, are prohibited and their presence in container glass stockpiles is normally 
considered as a contaminant.

(c)   Maximum aggregate size

The allowable maximum GC aggregate size varies over a wide range, from less 
than 4.75 mm (in Victoria) to 25 mm (in Connecticut). On average, the material is 
required to be prepared for aggregate in sizes less than 9.5 mm, especially in the 
United States.

(d)   Maximum aggregate content

Depending on the application and country/state, GC aggregate has been allowed to 
be used at as high as 90% or 100% of the total aggregate content in nonstructural fill, 
drainage, embankment and backfill in Oregon and Virginia (Table 10.13), or as low as 
2.5% or 5% content in unbound and bituminous bound applications for road pavement 
construction in Australia, New Zealand, and Connecticut (Tables 10.11 and 10.13). 
In general, the use of GC aggregate at a content of 10% or 15% has been commonly 
accepted in most of the specifications.

(e)   Maximum debris content

Although the definition of debris varies across the countries/states, commonly non-
glass materials such as plastics, papers, metal and wood pieces are listed as examples 
of debris in the specifications. Depending on the specifications, the maximum limit 
of debris content has been specified individually for each specific type or as a whole. 
Overall, the limit is generally specified to be less than 5%.
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10.5   Conclusions

Glass cullet derived from soda lime glass is a safe material, with the leaching of heavy 
metals being below the regulatory limits specified in the US Code of Federal Regulations 
(2017). Thus, its use as a replacement for Portland cement and natural aggregate should 
not present any threat to the environment. On the other hand, glass types bearing 
significant amounts of toxic elements, such as CRTs and LCDs, are considered to be 
hazardous. Such materials, therefore, are not likely to be used as construction materials.

Most of the environmental assessments on the use GC in concrete applications have 
focused on CRT funnel glass, as the material is known to contain a high lead content. 
At low inclusion levels of CRT, as raw feed in clinker production or in the ground 
form as a component of cement or in granular form as a component of aggregate in 
concrete, the amounts of lead released from the resulting products have been shown 
not to be of concern. Preliminary studies have also reported that the leachability of 
lead from CRT aggregate in concrete can be controlled by treating the material with 
acid or adding a biopolymer solution to the mix. Overall, the leachability of CRT glass 
when used as a construction material still requires further examination.

For use in geotechnical applications, it has been shown that the GC aggregate derived 
from container glass is alkaline and noncorrosive. Unless contaminated, contaminant 
constituents of container GC and the concentrations of leached elements are normally 
below the regulatory limits. Properly processed GC aggregate is likely to have a very 
low content of organic material. The environmental assessment of GC aggregate in 
road pavement applications has been very limited, though it has been shown that the 
leaching of the material is not of concern.

The case studies using GC as part of the raw feed for the manufacture of Portland 
cement and GGC as a cement component have been positive, showing that satisfactory 
performance of concrete can be achieved with up to 50% content of GGC. The 
use of GGC in high-performance concrete in terms of consistence, strength and 
chloride ingress has been explored with satisfactory performance. Field studies with 
up to 100% GC as fine aggregate in many concrete applications have also been 
encouraging, with no major performance issues reported, though in some cases the 
consistence of the mix was compromised. Examination of concrete containing GC 
fine aggregate has also indicated that no sign of ASR was found over five years, 
though this may not be regarded as a sufficiently adequate period to expect to see 
ASR effects.

The use of GC aggregate in geotechnical applications such as backfill, utility, drainage 
and landfill constructions has been common in the United States since as early as 1990. 
The material has been used for up to 100%, with maximum aggregate size sometimes 
up to 19 mm. In road applications, the use of GC aggregate in unbound and hydraulically 
bound forms has been shown to result in satisfactory performance. However, with its use 
in bituminous bound form, the performance of the mixes seems to be affected by the size 
of the material, with coarser material tending to give some technical problems.
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Both the American and the European standards, as of this writing, have no provision 
for the use of GGC as a cement component in concrete. However, based on the 
evaluation programme provided in ASTM C1709 (2011), it has been shown that GGC 
is a safe pozzolanic material, with its effect on hardened concrete being generally 
similar to that of fly ash. However, further field trials are needed to complete the 
ASTM evaluation programme. Similarly, the material has not been accepted for use 
as a fine aggregate in concrete in the standards. However, some specifications in 
this respect have been proposed in the 2000s in Australia and the United Kingdom. 
In the field of geotechnics and road pavement, AASHTO M318 (2015) provides a 
specification for GC aggregate use as granular base course material. In addition, a 
number of countries have permitted the use of the material in many geotechnical and 
road pavement applications.
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Epilogue 11
The work presented in this book is different from the norm, and its uniqueness lies, 
as mentioned in the three previously published books (Dhir et al., 2016a,b, 2017), 
in the adoption of the newly developed methodology of the authors, namely, the 
analytical systemisation method. This method was used for examining effectively the 
large volume of globally sourced material on the subject of glass cullet (GC) and its 
production, characteristics and use, in the form of both cement and fine aggregate, 
including filler aggregate, in various aspects of construction. Subsequently this 
information was packaged in a manner that is easy to understand, disseminate and put 
into practice, so that GC can be used as a sustainable construction material.

The main purpose of this book is to encourage the added-value applications of GC 
in construction and to minimise repetitive research, which often confuses the issues, 
retards progress towards sustainability and wastes valuable resources. The work is 
based on a data matrix built from 751 globally sourced publications, originating from 
51 countries, with major contributions from the United States, followed by the United 
Kingdom. The use of GC in cement, concrete, geotechnics, road pavements, ceramics 
and other applications (e.g., as a filtration medium and blasting abrasive) is discussed. 
The associated environmental issues, relevant case studies, as well as standards and 
specifications are also covered.

Overall, the volume of literature published and the data sourced for different 
applications of GC showed that the highest research activity has been focused in the 
area of concrete, on its use in both a finely ground form as a component of cement 
and a granular form as fine aggregate and filler aggregate, to which the chemical 
characteristics (being pozzolanic) and physical characteristics (being hard and with 
exceptionally low water absorption) of the material are the best suited.

Amongst the issues that caused concern when dealing with sourced data, and one 
that happens to be critical, is the reliability of the information provided in some 
of the studies and the extent of the variability and inconsistencies in the obtained 
results, though this is to be expected when working with a large database populated 
by globally sourced literature. This applied to the materials used in different studies 
and their characteristics, as well as the mix designs, test conditions, test methods and 
laboratory control. All these made the analysis and evaluation of results difficult, very 
time consuming and at times problematic. Lack of information on the methodologies 
adopted in some cases did not help. Reference to foreign standards was not possible 
at times and this led to some uncertainty. Although in most cases, such difficulties 
were resolved based on the authors’ experience, there were occasions when specific 
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sets of results could not be comprehended to the extent that the data had to be ignored. 
One of the main points to emerge from this work is that for the research in the area of 
construction to be more effective, it needs to go through a process of validation and 
coordination.

Of all the types of GC used in research, soda-lime GC, which is processed from 
container glass and flat glass, is much more suited to be explored for its potential use 
in various construction applications, because it is available in large quantities and the 
material is chemically safe. Although other types of glass, such as cathode ray tubes, 
may also offer viable options for use, their leaching behaviour and environmental 
assessment need further vigorous investigations.

Owing to its amorphous and silica-rich nature, GC offers an attractive option for use as a 
raw feed for the manufacture of Portland clinker or, in a ground form, as a constituent of 
cement. The cementitious characteristics of ground glass cullet (GGC) have been shown 
to meet the requirements specified for fly ash in the standards, such as BS EN 450-1 
(2012). The use of GGC as a replacement for Portland cement (PC), at a content less than 
20%, such as in CEM II/A cements in BS EN 197-1 (2011), can perform satisfactorily 
in most concrete applications. It would also be preferable to grind GGC finer than PC 
where most of the improvements in the hardened properties of concrete, particularly 
compressive strength and chemical durability, are specified as a requirement.

For GC use as sand in concrete, although the material can be crushed and sieved to 
specified particle size and distribution requirements, conforming to relevant standards 
such as BS EN 12620:2002+A1 (2008), the grading of GC-sand used in the various 
studies has been found to be coarser than that of natural sand. The grading of GC-sand 
needs to be considered when using it as a natural sand replacement, as it can give 
rise to different particle packing and void size distribution, which in turn affect the 
properties of the concrete. As GC-sand is harder, and has lower water absorption, 
than natural sand, its use as a natural sand replacement leads to improvement in the 
deformation and permeation properties of concrete. There has always been concern 
over the detrimental expansion of concrete due to alkali–silica reaction (ASR) when 
GC-sand is used. However, it has been shown that this ASR expansion can be nullified 
with the use of pozzolanic cements such as fly ash, ground granulated blast furnace 
slag and metakaolin, as well as finely ground GC itself. As the construction industry 
is rapidly moving towards the use of CEM II and CEM III cements, this lends itself to 
using GC-sand without the ASR concern.

The material is also suitable for use as a filler aggregate of size less than 65 μm, as 
per BS EN 12620:2002+A1 (2008), in concrete with various consistencies covering 
normal concrete mixes to self-compacting concrete. Although the relevant research 
work data are limited, it has been shown that the effect of GC filler in most cases has 
been positive.

In geotechnical applications, GC has been tested for its potential for use as a medium 
gravel (with a maximum size of 20 mm), fine gravel (6.3 mm) or coarse sand (2 mm). 
It should be noted here that using GC at coarser size fractions can be problematic, 
as the material tends to be flaky and elongated, which can give rise to aggregate 



437Epilogue

packing problems, affecting the geotechnical engineering properties. Notwithstanding 
this, GC-sand and GC-gravel appear to show similar or slightly better performance 
compared with their natural counterparts in terms of compaction characteristics, 
stress–strain behaviour, shear strength, permeability and thermal conductivity.

In the area of road pavements, the performance of GC as a partial replacement for 
natural sand in unbound and hydraulically bound applications is generally considered 
satisfactory. However, in the bituminous bound form, the addition of antistripping 
agent is needed to enhance the resistance to rutting and moisture damage of mixtures 
containing GC.

The use of GC as part of the raw materials or a fluxing agent in ceramics applications, 
such as bricks and tiles, could also be beneficial as it allows one to achieve desirable 
engineering properties at a lower firing temperature. Its use in other alternative 
markets, including aesthetic finishing material, filtration medium, blast abrasive, 
epoxy composite and paint filler, has been explored, with performance generally noted 
as appealing.

GC derived from soda-lime glass is a safe material and not likely to present any threat 
to the environment provided that it is not contaminated. Despite many promising 
laboratory findings, the progress on the use of GC in the real construction environment 
has been slow. However, some successful case studies have been reported for its use 
in concrete applications in the United Kingdom, and its use in both geotechnical and 
road applications in the United States.

At present, both the American and the European standards have no provision for the 
use of GGC as a cement component and GC as an aggregate component in concrete. 
On the other hand, many national standards and specifications from Australia, Canada, 
New Zealand, the United Kingdom and the United States permit the use of GC as a 
granular material in geotechnical and road pavement applications.
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