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Abstract
Over a million tonnes of glass waste is generated in Australia every year. However, due to the
low market value of recycled glass and high transport cost, almost 60% of glass waste is sent
to landfill or stockpiled in warehouses around the country. Besides the presence of
contaminants such as plastic caps, metals, and paper, inconsistency in the chemical
composition of different type of glasses, as well as difficulty in sorting different coloured
glasses, make the recycling process difficult. Use of waste glass in concrete and mortar has
been tried in the past few years to replace coarse aggregate, sand and cement. Several
researchers have studied the use of waste glass larger than 4.75 mm as coarse aggregate
replacement in concrete since the 1960s.
Use of coarse glass aggregate reduced compressive strength as content increased, and mixed
results were reported on the effect of glass aggregates on the workability of concrete due to the
flat, smooth and elongated nature of glass particles. Furthermore, alkali-silica reaction (ASR)
has been another major issue encountered while using waste glass as coarse aggregate
replacement in concrete. As deleterious cracks were noticed with the use of coarse glass
aggregate, several studies have been conducted to investigate the potential of using recycled
crushed glass as a fine aggregate replacement. However, mixed outcomes are reported on the
mechanical and durability properties of hardened concrete with the change in glass size.
Moreover, when the glass is smaller, a pozzolanic reaction can occur between glass particles
and calcium hydroxide instead of a deleterious ASR reaction. Being amorphous and having
prominent quantities of silica, crushed glass shows pozzolanic properties. Pozzolanic
properties of glass powder was reported to increase with reduced particle size and resulted in a
delayed strength gain of concrete.
This research introduces a sustainable way of recycling glass waste as a partial sand and cement
replacement in concrete. A mixed-coloured soda-lime glass was supplied by Cairns Regional
v

Council in Queensland; Australia was used in this study to produce concrete with a target
characteristic strength of 32 MPa. Chemical composition and physical properties of glass were
evaluated to determine its suitability for use in concrete. A series of tests was conducted to
determine the fresh and hardened properties of concrete, including its durability characteristics
to verify the performance of concrete using recycled waste glass sand (RGS) and recycled glass
powder (RGP) in concrete. Concrete produced by replacing natural river sand with 20%, 40%
and 60% of RGS showed a significant improvement in strength. RGS concrete also showed
improved resistance to chloride ion penetration. RGS addition also significantly reduced
expansion caused by the alkali-silica reaction.
Concrete with RGP as a partial cement replacement in concrete showed an improvement in
strength over time, like fly ash. Using RGP significantly improved resistance against chloride
penetration with increasing glass powder content. Furthermore, RGP also met the relative
strength as per Australian Standard requirement to be considered as a supplementary
cementitious material. Microstructural analysis was carried out to evaluate the pozzolanic
properties of RGP. The test results showed that pozzolanic material does not show its effects
early and hence becomes more prominent later.
The environmental benefits of using recycled glass to produce 1 m3 concrete were assessed in
the Australian context. The use of RGS in concrete as a sand substitute did not have a high
environmental footprint. However, global warming effects was reduced consequently, as a part
of cement was replaced by RGP. RGS concrete and RGP concrete can reduce ozone layer
depletion up to 14% and 22%, respectively. Compared with conventional concrete, both RGS
and RGP concrete have significant influences on reducing the environmental impact caused by
concrete production.
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A footpath 108 m long and 2 m wide was cast at Progress Road, White Rock State School in
Cairns, Queensland, to demonstrate the use of RGS in concrete as coarse sand replacement.
Concrete with 40% RGS achieved the characteristic strength of 32 MPa at 28 days. The
footpath has been used successfully for a year.
The successful application of using recycled glass in concrete can reduce sand dredging and
reduce cement production along with the reduction of glass waste going into landfill sites

vii

Table of Contents
Acknowledgment……………………………………………..……………………………..ii
Statement of the contributions of others……………………………………………………iv
Abstract…..………………………………………………………………………………….v
Table of Contents…………………………………………………………………………viii
List of Tables……………………………………………………………………….……..xiv
List of Figures……………………………………………………………………..…..…..xvi
Nomenclature……………………………………………………………….……......…..xxii
Chapter 1: Introduction…………………………………………………………………….1
1.1 Background……………………………………………………………………………...1
1.2 Research objectives……………………………………………..……...………………..5
1.3 Thesis organisation………………………………………………………….…………...6
Chapter 2: A review of the use of waste glass as aggregate and cement replacement in
concrete……………………………………………………………………………………...8
2.1 Overview of construction materials……………………………………………………..8
2.1.1 Concrete……………………………………………………………………………….8
2.1.2 Aggregates…………………………………………………………………………….9
2.1.2.1 Manufactured sand…………………………………………………………………..9
2.1.3 Cement……………………………………………………………………………….10
2.1.3.1 Supplementary cementitious materials……………………………………………..11
2.1.4 Waste glass…………………………………………………………………………...14
2.1.4.1 Waste glass recycling rate………………………………………………………….14
2.2 Waste glass as construction material…………………………………………………...18
2.2.1 Waste glass as coarse aggregate replacement………………………………………...18

viii

2.2.1.1 Fresh properties of concrete………………………………………………………..18
2.2.1.2 Mechanical strength of concrete……………………………………………………20
2.2.1.3 Alkali-silica reaction and ASR mechanism…...……………………………………21
2.2.2 Waste glass as fine aggregate………………………………………………………...24
2.2.2.1 Fresh concrete properties…………………………………………………………..24
2.2.2.2 Mechanical strength………………………………………………………………..27
2.2.2.3. Durability of concrete……………………………………………………………...35
2.2.3 Waste glass as cement replacement…………………………………………………..44
2.2.3.1 Fresh properties…………………………………………………………………….44
2.2.3.2 Mechanical strength………………………………………………………………..47
2.2.3.3 Concrete durability…………………………………………………………………49
2.3 Life cycle assessment…………………………………………………………………..60
2.3.1 Goal and scope definition…………………………………………………………….62
2.3.2 Life cycle inventory analysis (LCI)…………………………………………………..62
2.3.3 Life cycle impact assessment (LCIA)………………………………………………...63
2.3.4 Interpretation of results………………………………………………………………63
2.3.5 Environmental life cycle assessment of concrete…………………………………….63
2.3.5.1 Cement production and life cycle assessment of cement…………………………...64
2.3.5.2 Life cycle assessment of aggregate…………………………………………………67
2.4 Summary……………………………………………………………………...………..68
Chapter 3: Performance of recycled waste glass sand as partial replacement of sand in
concrete……….……………………………………………………………………………70
3.1 Experimental procedures……………………………………………………………….70
3.1.1 Materials……………………………………………………………………………..70
3.1.2 Production of recycled crushed glass…………………………………………………71

ix

3.1.3 Concrete mix design………………………………………………………………….73
3.1.4 Experimental methods………………………………………………………………..74
3.2 Results and discussion…………………………………………………….……………83
3.2.1 Characterisation of crushed glass sand as aggregate………………………………….83
3.2.1.1 Particle size distribution…………………………………..………………………..83
3.2.1.2 Detection of sugar………………………………………………………………….84
3.2.2 Fresh properties of concrete…………………………………….……………………85
3.2.2.1 Slump test………………………………………………………..…………………85
3.2.2.2 Density of concrete………………………………………………………….……...86
3.2.3 Mechanical properties of concrete……………………………………………………86
3.2.3.1 Compressive strength of concrete……….………………………………………….86
3.2.3.2 Flexural and tensile strength of concrete…………………………………………...88
3.2.4 Durability of concrete………………………………………………………………...89
3.2.4.1 Rapid chloride penetration test……………………………………………………..89
3.2.4.2 Alkali-silica reaction test…………………………………………………………...91
3.3 Conclusion……………………………………………………………………………..93
Chapter 4: Sustainable use of recycled glass powder as cement replacement in concrete…95
4.1 Experimental programs………………………………………………………………...95
4.1.1 Material………………………………………………………………………………95
4.1.2 Mix proportion and sample preparation………………………………………………96
4.1.3 Test methods…………………………………………………………………………98
4.2 Results and discussion………………………………………………………………...101
4.2.1 Characterisation of materials……………………………………………………….101
4.2.2 Fresh concrete properties…………………………………………………………...105
4.2.2.1 Slump test………………………………………………………………….……...105

x

4.2.2.2 Density……………………………………………………………………………106
4.2.3 Hardened concrete properties………………………………………………….……107
4.2.3.1 Variation of compressive strength…………………………………………….…..107
4.2.3.2 Flexural and tensile strength of concrete………………………………………….108
4.2.3.3 Rapid chloride permeability test (RCPT)…………………………………………109
4.2.3.4. Relative water requirement………………………………………………………110
4.2.3.5 Relative strength……………………………………………………….………….111
4.3 Conclusions…………………………………………………………………………...112
Chapter 5: Microstructure analysis of recycled glass sand and recycled glass powder…..114
5.1 Experimental procedure………………………………………………………………114
5.1.1 Materials……………………………………………………………………………114
5.1.2 Mix Design…………………………………………………………………………115
5.1.3 Experimental methods………………………………………………………………117
5.1.3.1 Thermogravimetric analysis……………………………………………………...117
5.1.3.2 Scanning electron microscope (SEM)……………………………………………119
5.1.3.3 X-ray diffraction (XRD)…………………………………………………………..121
5.2 Results and discussion………………………………………………………………...122
5.2.1 Microstructure of alkali-silica reaction for RGS mix………………………………..122
5.2.1.1 Thermogravimetric analysis……………………………………………………...122
5.2.1.2 Scanning electron microscope…………………………………………………….123
5.2.2 Microstructure of glass powder for RGP paste………………………..…………….127
5.2.2.1 Thermogravimetric analysis……………………………………………………...127
5.2.2.2 X-ray diffraction (XRD) results for RGP paste specimens………………………..129
5.2.2.3 Scanning electron microscope results for RGP samples ………….………………132
5.2.2.4 Energy-dispersive spectroscopy (EDS) results from RGP paste specimens……....137

xi

5.3 Conclusion……………………………………………………………………………140
Chapter 6: Environmental benefits of using recycled glass in concrete……………….....142
6.1 Methodology………………………………………………………………………….142
6.1.1 Goal, functional unit and system boundaries……………………………………….143
6.1.1.1 Goal and functional unit…………………………………………………………..143
6.1.1.2 System boundaries………………………………………………………………..144
6.1.2 Life cycle inventory………………………………………………………………....147
6.1.3 Life cycle impact assessment………………………….……………………………147
6.1.4 Sensitivity and uncertainity analysis ………………………………………………..148
6.2 Results and discussion ………………………………………………………….…….148
6.2.1 Recycled glass sand (RGS) as sand replacement……….…………………………...148
6.2.1.1 Sensitivity analysis of RGS………………………………………………….……152
6.2.1.2 Uncertainty analysis of RGS………………………………………………….…..158
6.2.2 Recycled glass powder (RGP) as cement replacement……………………………..160
6.2.2.1 Sensitivity analysis of RGP…………………………………………………….…165
6.2.2.2 Uncertainty analysis of RGP……………………………………………………...171
6.3 Conclusion……………………………………………………………………………173
Chapter 7: Application of recycled waste glass sand in concrete footpath…………...…..175
7.1 Concrete footpath……………………………………………………………………..175
7.2 Concrete casting………………………………………………………………………177
7.3 Results and discussion………………………………………………………………...182
7.3.1 Slump test…………………………………………………………………………...182
7.3.2 Compressive strength……………………………………………………………….183
7.4 Conclusion……………………………………………………………………………184
Chapter 8: Conclusions and recommendations………………………………………….185

xii

8.1 Conclusions…………………………………………………………………………...185
8.2 Recommendations…………………………………………………………………….188
References……………………………………................……………….………………..190

xiii

List of Tables
Table 2.1 Chemical composition of cement, fly ash, slag, silica fume and glass powder
(Avosa, 2016; Amin and Abu el-hassan, 2015)...……………………………..……..……..13
Table 2.2 Chemical composition of soda-lime glass (Shi and Zheng, 2007)...…….…...…..14
Table 2.3 Glass waste production and recycling in USA, 2010 (Environmental Protection
Agency, 2010)…………………….……..…………………………………………....……16
Table 2.4 Glass recycling rates in Australia (NRRS, 2017)…………………………...……17
Table 2.5 Compressive strength of recycled glass sand in concrete…………………….…..30
Table 2.6 Overview of rapid chloride penetration test of glass sand concrete as aggregate
replacement………………………….…………………………………………....………..42
Table 2.7 Influence of different parameters on rapid chloride penetration test……………..51
Table 2.8 Summery of CO2 emissions (Flower and Sanjayan, 2007)………………...……..65
Table 2.9 Life-cycle environmental impacts of conventional and glass powder concrete
(Jiang et al, 2014)….…………….…………………………………………………………67
Table 2.10 Emission and energy consumption to produce 1 metric tonne of crushed glacier
rock with rock crusher (Landfield and Karra, 2000)……………………...………………...68
Table 3.1 Properties of natural aggregate supplied by Pioneer North Queensland……....…71
Table 3.2 Materials content for 1m3 of concrete mixture……………………….…………..76
Table 3.3 Chloride ion penetrability based on charge passed (ASTMC1202, 2012)..…...…81
Table 3.4 Mix design of mortar mixes for three ASR prism bars (AS1141.60.1,
2014)…………………………………………………………………………………….....82
Table 3.5 Grading requirements of glass sand as manufactured fine aggregate…………….82
Table 3.6 Aggregate reactivity classification based on AS 1141.60.1 (AS1141.60.1, 2014)
……….………………………………………………………........………....…………….84

xiv

Table 3.7 Test program with relevant standards……………………………………………84
Table 3.8 Slump and density of control concrete, concrete with RGS…….……...………...88
Table 3.9 Percentage of indirect tensile strength to compressive strength at 28 days………91
Table 4.1 Materials content for 1 m3 of concrete mix.……………………………………...97
Table 4.2 Mix proportion of mortar for three prism bars of 40 x 40 x 160 mm (AS3583.6,
2018)………….………………...……………………………………….…………………98
Table 4.3 Chemical and physical characteristics of cement, fly ash and RGP………....….102
Table 4.4 Slump and density of control, RGP and fly ash concrete………….……...…….106
Table 4.5 Relative water requirement of RGP…………………………………………….111
Table 5.1 Mix design of cement paste for cylinder of 50 mm diameter and 35 mm
height……………………........…………………………………………...……………...115
Table 5.2 Average atomic composition of mortar samples measured by EDS…………….116
Table 5.3 Elemental analysis of spectrum…………………..…………………...……….121
Table 5.4 Average atomic composition of mortar samples measured by EDS…………..127
Table 6.1 Travel distance for each material…………………………………………….…145
Table 7.1 Materials content for 1 m3 of concrete mixture used in field trials…….…...…...176
Table 7.2 Slump test results of control concrete and concrete using RGS….………...…...183

xv

List of Figures
Figure 2.1 Typical components of concrete………………………………………………….9
Figure 2.2 Bohle quarry crusher dust waste (Gersekowski, 2014)……………...…………..10
Figure 2.3 Cement, fly ash, silica fume and ground granulated blast-furnace slag (Forum,
2017)……………………………………………………………………....……………….13
Figure 2.4 Accumulation of glass bottles (Boehlke, 2018)……………………...………….16
Figure 2.5 Slump of concrete mixtures containing fine glass powder, coarse glass powder
and fine-coarse glass powder (Terro, 2006) ………………...……………………………...20
Figure 2.6 Unit weight of concrete mixtures containing glass powder as cement replacement
and aggregate replacement (Afshinnia and Rangaraju, 2016)……………………...………20
Figure 2.7 Silica tetrahedron……………………………………………………………….22
Figure 2.8 ASR expansion of mortar bar for different ages (Shayan and Xu,
2004)…………………………………………………………………………………..…...24
Figure 2.9 Decreasing ratios in fresh density (Ismail and Al-Hashmi, 2009)…………...….26
Figure 2.10 Compressive strength of glass sand for 7 and 28 days (Pereira de Oliveira et al.,
2008)……………………………………………………………………………………….28
Figure 2.11 Scanning electron microscope of clear glass (Du and Tan, 2013)……...………34
Figure 2.12 Effect of particle size on ASR expansion (Du and Tan, 2014b)….…………….35
Figure 2.13 ASR expansion of waste glass (Ismail and Al-Hashmi, 2009)…………...…….37
Figure 2.14 Expansion of mortar bar with (a) brown glass (b) green glass (Park and Lee,
2004)……………………………………………………………………………………….38
Figure 2.15 Slump of concretes with glass powder as cement replacement (Khatib et al.,
2012)……………………………………………………………………………………….45
Figure 2.16 Compressive strength test result glass powder (Nassar and Soroushian, 2012).48

xvi

Figure 2.17 Moratar bar expansion versus time for samples containing glass powder as a
cement replacement (Afshinnia and Rangaraju, 2015)..……………………….…………...53
Figure 2.18 ASR expansion of mortar bar containing glass sludge and fly ash (Kim et al.,
2015)……………………………………………………………………………………….54
Figure 2.19 ASR expansion of waste glass sand concrete with 60% slag replacing cement
(Du and Tan, 2014a)…………………………..……………………………………………56
Figure 2.20 Strength activity index of mortar cubes containing 70 µm glass powder
(Afshinnia and Rangaraju, 2015b)………………………………………..………………..57
Figure 2.21 Calcium hydroxide content of paste modified with glass powder (Aliabdo et al.,
2016)………………………………………………………...……………………………..59
Figure 2.22 Life cycle assessment, considering whole life cycle phases…………………...61
Figure 2.23 Life cycle assessment phases (Vieira et al., 2016)………………...…………...63
Figure 3.1 Recyclable glass items after sorting procedures………………………………...72
Figure 3.2 Glass crushing machine (a) imploder, (b) shearing unit, and (c) sanding unit….72
Figure 3.3 Fine glass sand (3 mm) used as a partial coarse sand replacement…………...….73
Figure 3.4 (a) Copper (II) sulphate pentahydrate crystals and colourless solution of
aqueous potassium sodium tartrate, (b) Fehling’s solution……………........……………...75
Figure 3.5 (a) Compressive strength, (b) tensile strength, and (c) flexural strength set up...77
Figure 3.6 (a) Specimens coated with epoxy, (b) vacuum saturation conditioning, and (c)
RCPT cells set up…………………………………………………….…………………….79
Figure 3.7 (a) Mortar bar prism moulds with gauge stud, and (b) ASR comparator
readings…………………………………………………………………...………………..81
Figure 3.8 Particle size distribution curves of natural coarse sand, and crushed glass sand...84
Figure 3.9 Procedures to determine the presence or absence of sugar in aggregate………...85
Figure 3.10 Compressive strength development of concrete with RGS…………………….88

xvii

Figure 3.12 Flexural and tensile strength of concrete with RGS……………………………89
Figure 3.13 RCPT results of concrete with river sand and RGS at 28 days and 56 days…….90
Figure 3.14 ASR expansion of mortar with crushed glass………………………………….92
Figure 3.15 SEM of crushed glass sand particle……………………………………………93
Figure 4.1 (a) Crushed glass (3 mm size) at MRF site, (b) glass powder (45 µm size)……..96
Figure 4.2 (a) X-ray fluorescence (XRF), (b) particle size analyser, (c) scanning electron
microscope, and (d) X-ray diffraction analyser………….............................................……99
Figure 4.3 (a) Flow table, (b) Prismatic mould of 40 x 40 x 160 mm……...……………….101
Figure 4.4 CaO-Al2O3-SiO2 ternary diagram of cement, fly ash, and glass powder……….103
Figure 4.5 Cumulative particle size distribution curve of cement, fly ash, and glass
powder……………………………………………………………………………………104
Figure 4.6 Scanning electron microscope of (a) cement, (b) RGP, and (c) fly ash………...104
Figure 4.7 XRD pattern for cement, and RGP……………………………...……………..105
Figure 4.8 Compressive strength of concrete with RGP, and fly ash blend…...…………...107
Figure 4.9 Flexural strength of concrete with RGP and fly ash blend……...……………...109
Figure 4.10 RCPT results of concrete at 28 days and 56 days……………………………..110
Figure 4.11 Strength of RGP mortar relative to control mortar at 28 days……………….112
Figure 5.1 Hardened cement sample……………………………………………………...116
Figure 5.2 SEM samples in isopropanol ………………………………………………….117
Figure 5.3 Thermal analyser SDT 650……………………………………………..……...119
Figure 5.4 Alumina crucible………………………………………………………………119
Figure 5.5 (a) Carbon coater, (b) polished samples……………………………………….120
Figure 5.6 SEM image and corresponding EDS analysis………………………………...121
Figure 5.7 Calcium hydroxide content in mortar bar (ASR) at 21 days…………………...123
Figure 5.8 SEM of ASR control mortar sample…………………………………………...124

xviii

Figure 5.9 SEM of (a) 40 RGS and (b) 60 RGS ASR mortar sample……………………...125
Figure 5.10 Si/Ca vs Al/Ca ratio in control and 20 RGS (ASR) mortar…………..……….126
Figure 5.11 Si/Ca vs Al/Ca ratio in 40 RGS and 60 RGS (ASR) mortar…………………..126
Figure 5.12 Calcium hydroxide content cement paste and RGP paste…………………….128
Figure 5.13 XRD pattern of control cement paste at 1, 7, 28, 56 and 90 days……………..130
Figure 5.14 XRD pattern of 10 RGP and 20 RGP cement paste at 1, 7, 28, 56 and 90
days……………………………………………………………………………………….131
Figure 5.15 XRD pattern of 30 RGP and 40 RGP cement paste at 1, 7, 28, 56 and 90 days.132
Figure 5.16 SEM image of control cement paste at 90 days……………………………….133
Figure 5.17 SEM image of 10 RGP cement paste at 90 days……………………………...134
Figure 5.18 SEM image of 20 RGP cement paste at 90 days……………………………...135
Figure 5.19 SEM image of 30 RGP cement paste at 90 days……………………………...136
Figure 5.20 SEM image of 40 RGP cement paste at 90 days……………………………...136
Figure 5.21 2 D scatter plot of EDS analyses of control cement paste at 90 days………….138
Figure 5.22 2 D scatter plot of EDS analyses of 10 RGP and 20 RGP cement paste at 90
days……………………………………………………………………………………….139
Figure 5.23 2 D scatter plot of EDS analyses of 30 RGP and 40 RGP cement paste at 90
days……………………………………………………………………………………….140
Figure 6.1 System boundaries of conventional concrete………………………………….145
Figure 6.2 System boundaries of concrete modified with RGS as sand replacement……...146
Figure 6.3 System boundaries of concrete modified with RGP as cement replacement…...147
Figure 6.4 Life cycle impact categories associated with 1 m3 RGS concrete…...…………150
Figure 6.5 Major damage categories for 1 m3 concrete……………………………………151
Figure 6.6 Relative change of global warming for control concrete………………………153
Figure 6.7 Relative change of global warming for control concrete………………………153

xix

Figure 6.8 Relative change of ozone depletion for control concrete………………………154
Figure 6.9 Relative change of ozone depletion for 60 RGS concrete……………………...155
Figure 6.10 Relative change of eutrophication for control concrete………………………156
Figure 6.11 Relative change of eutrophication for 60 RGS concrete……………………...156
Figure 6.12 Relative change of fossil fuel for control concrete……………………………157
Figure 6.13 Relative change of fossil fuel for 60 RGS concrete…………………………..158
Figure 6.14 Uncertainty analysis of 1 m3 control concrete (A) minus 1 m3 20 RGS concrete
(B)………………………………………………………………………………………...159
Figure 6.15 Uncertainty analysis of 1 m3 control concrete (A) minus 1 m3 40 RGS concrete
(B)………………………………………………………………………………………...160
Figure 6.16 Uncertainty analysis of 1 m3 control concrete (A) minus 1 m3 60 RGS concrete
(B)………………………………………………………………………………………...160
Figure 6.17 Life cycle impact categories associated with 1 m3 RGP concrete…...………..161
Figure 6.18 Global warming potential of concrete with RGP……………………………..162
Figure 6.19 Ozone depletion of concrete with RGP………………………………………163
Figure 6.20 Eutrophication of concrete with RGP………………………………………...164
Figure 6.21 Land and water use of concrete with RGP……………………………...…….165
Figure 6.22 Relative change of global warming for control concrete……………………..166
Figure 6.23 Relative change of global warming for 30 RGP concrete…………………….167
Figure 6.24 Relative change of ozone depletion for control concrete……………………..167
Figure 6.25 Relative change of ozone depletion for 30 RGP concrete…………………….168
Figure 6.26 Relative change of eutrophication for control concrete………………………168
Figure 6.27 Relative change of eutrophication for 30 RGP concrete……………………...169
Figure 6.28 Relative change of land use for control concrete……………………………..169
Figure 6.29 Relative change of land use for 30 RGP concrete…………………………….170

xx

Figure 6.30 Relative change of water use for control concrete……………………………170
Figure 6.31 Relative change of water use for 30 RGP concrete…………………………...171
Figure 6.32 Uncertainty analysis of 1 m3 control concrete (cement) (A) minus 1 m3 10 RGP
concrete (B)……………………………………………………………………………….172
Figure 6.33 Uncertainty analysis of 1 m3 control concrete (cement) (A) minus 1 m3 20 RGP
concrete (B)……………………………………………………………………………….172
Figure 6.34 Uncertainty analysis of 1 m3 control concrete (cement) (A) minus 1 m3 30 RGP
concrete (B)……………………………………………………………………………….173
Figure 7.1 Crushed glass (3 mm size) at MRF site, Cairns………………………………..176
Figure 7.2 Reinforcing mesh for concrete footpath……………………………………….177
Figure 7.3 Form work and reinforcement arrangement prior to concrete pour……………178
Figure 7.4 Ready mix concrete pouring…………………………………………………...179
Figure 7.5 Fresh concrete for compressive strength………………………………………179
Figure 7.6 Screeding of the concrete mix…………………………………………………180
Figure 7.7 Expansion joint………………………………………………………………..180
Figure 7.8 Curing of freshly placed concrete……………………………………………...181
Figure 7.9 Footpath in the fresh stage……………………………………………………..181
Figure 7.10 RGS 40 – TMR concrete footpath……………………………………………182
Figure 7.11 Slump test……………………………………………………………………183
Figure 7.12 Compressive strength of control concrete and concrete using RGS………….184

xxi

Nomenclature
AS

Australian standard

ASR

Alkali-silica reaction

ASTM

American society for testing and materials

BSE

Backscattered electrons

C-A-S-H

Calcium aluminium silicate hydrates

CCAA

Cement Concrete Aggregate Australia

C-S-H

Calcium silicate hydrate

EDS

Energy-dispersive X-ray spectroscopy

FNQROC

Far North Queensland Regional Organisation of Councils

ISO

International Organization for Standardization

ITZ

Interfacial transition zone

JCU

James Cook University

LCA

Life cycle assessment

LCI

Life cycle inventory data

LCIA

Life cycle impact assessment

MRF

Materials Recovery Facility

NZS

New Zealand Standards

PNQ

Pioneer North Queensland

PSD

Particle size distribution

RCPT

Rapid chloride penetration test

RGP

Recycled glass sand

RGS

Recycled glass powder

TMR

Department of Transport and Main Roads

TGA

Thermogravimetric analysis

xxii

SCM

Supplementary cementitious material

SE

Secondary electrons

SEM

Scanning electron microscope

XRD

X-ray diffraction analysis

XRF

X-ray fluorescence

xxiii

Chapter 1: Introduction
1.1 Background
The construction sector experiences a growing demand for concrete due to rapid infrastructure
development. Growing infrastructure development consumes concrete about 25 million cubic
metres of concrete each year in Australia (Tamanna et al., 2017) which leads to massive
extraction of natural resources such as natural aggregates. Sand and gravel are the most
extracted natural resources in the world corresponding to 79% or 28.6 gigatonnes per year in
2010 (Torres et al., 2017). Natural river sand has been used as a fine aggregate in concrete
construction for several decades. In spite of the abundance of sand on the earth’s surface, it is
a finite natural resource that can soon be depleted. Excessive extraction of sand not only results
in sand scarcity but also harms marine ecosystems, water supply and turbidity, marine food
sources and climate. Excessive dredging for sand can aggravate damage due to flood, tsunami
and storm surge because of erosion of shoreline and riverbanks. It also affects ground water
supplies as a result of lowering the water table and saltwater intrusion, and causes damage to
river embankments, bridge piers, and civil infrastructure (Torres et al., 2017).
On the other hand, the concrete manufacturing process produces substantial environmental
impacts, mainly due to the carbon footprint associated with the cement manufacturing process.
Cement, a key ingredient in concrete, is very energy-intensive to produce and is responsible
for about 85% of the total embodied energy of concrete (Sivakugan et al., 2017). About 60%
of the total CO2 associated with the cement manufacturing process is emitted during the
calcination of limestone (CaCO3), and the remaining 40% of the emissions comes from burning
fossil fuel to generate energy during the cement manufacturing process. Cement production
accounts for more than 8% of global CO2 emissions (Andrew, 2018). One tonne of cement
production releases approximately one tonne of CO2 into the atmosphere (Sprince et al., 2011).
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Concrete industries around the world have long been using supplementary cementitious
materials such as fly ash, silica fume, and natural pozzolans as a partial cement replacement in
concrete (Sivakugan et al., 2017). Recently, researchers have also tried using other recycled
materials, for instance, recycled glass powder (RGP) as a cement replacement in concrete
(Afshinnia and Rangaraju, 2016; Islam et al., 2017; Kamali and Ghahremaninezhad, 2015;
Soliman and Tagnit-Hamou, 2016; Rahma et al., 2017).
Glass is widely used as a packaging material throughout the world. This material was
discovered more than 5000 years ago and has been produced for several applications since
then. Glass is known as a 100% recyclable material and can be recycled repeatedly without
degradation in quality (Sobolev et al., 2007). However, presence of contaminants such as a
plastic cap, metals, paper, and inconsistency in the chemical composition of different type of
glasses, as well as difficulty in sorting different coloured glasses, make the recycling process
difficult (Afshinnia and Rangaraju, 2016). Furthermore, in Australian context, the lack of local
recycling plants coupled with high transportation costs makes the recycling process expensive.
Use of waste glass in concrete and mortar has been tried in the past few years as a partial
replacement of coarse aggregate, sand and cement. Several researchers have studied the use of
waste glass larger than 4.75 mm as a coarse aggregate replacement in concrete since the 1960s.
Use of coarse glass aggregate decreased compressive strength with the increase in glass
content, and mixed results were reported on the effect of glass aggregates on the workability
of concrete (Scmidt and Saia, 1963; Johnston, 1974; Topçu and Canbaz, 2004; Terro, 2006;
Yu, 2016; Pauzi et al., 2019). Flat, smooth and elongated glass particles resulted in low strength
and workability of concrete. Furthermore, the alkali-silica reaction (ASR) is another major
issue encountered while using waste glass as coarse aggregate replacement in concrete. ASR
occurs between amorphous silica in glass and alkali in cement producing expansive alkalisilica gel. In the presence of moisture, alkali-silica gel produced can absorb moisture from
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surroundings and expand inside the microcracks in aggregates. ASR expansion leads to
cracking in the concrete (Du and Tan, 2014b), which makes the concrete more vulnerable to
chloride attack. Cracking in concrete due to ASR expansion was found more pronounced when
glass particle sizes greater than 19 mm were used in concrete (Johnston, 1974). Excessive
cracking was also found in the study of using different forms of glass as coarse aggregate with
cement (Pike and Hubbard, 1957). ASR expansion was found to be closely related to the
proportion of glass particles in the mix. For instance, a study by Shayan and Xu (2004) found
that the use of coarse glass aggregate greater than 30% resulted in an increase in ASR even
with low alkali cement.
As deleterious cracks were noticed with the use of coarse glass aggregate, several studies have
been conducted to investigate the potential of using recycled crushed glass as a fine aggregate
replacement (Ashish, 2018; Sharifi et al., 2013; Du and Tan, 2013; De Castro and De Brito,
2013). Glass sand concrete improved fresh concrete properties due to the smooth surface and
relatively low water absorption properties of glass (Zhao et al., 2013). However, mixed
outcomes have been reported on the mechanical and durability properties of hardened concrete
with the change in glass size (Malik et al., 2013; Ali and Al-Tersawy, 2012; Du and Tan, 2013).
Minor cracks can form at the edge of glass aggregates during crushing operations. In the
presence of moisture, ASR expansion gels may form on the cracked surface of aggregates
leading to ASR cracking of concrete (Du and Tan, 2014b). An increase in glass content as sand
replacement was also found to increase ASR expansion (Ling and Poon, 2011; Taha and
Nounu, 2009; Limbachiya, 2009; Yuksel et al., 2013; Degirmenci et al., 2011; Topçu and
Canbaz, 2004; Du and Tan, 2013; Lam et al., 2007; Ling and Poon, 2012). Degirmenci et al.
(2011) reported that concrete with 100% replacement of natural sand with recycled crushed
glass exceeded the 0.10% ASR expansion limit at 21 days, which is considered potentially
deleterious expansion. ASR expansion was found to increase with the increase in glass sand
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size (Du and Tan, 2013; Lee et al., 2011). The minimum and maximum expansion occurred at
glass particle size 0.150 mm and 2.36 mm, respectively. When glass is smaller, a pozzolanic
reaction can occur between glass particles and calcium hydroxide instead of a deleterious ASR
reaction.
Glass is amorphous and has prominent quantities of silica, and hence, finely ground crushed
glass shows pozzolanic properties (Tamanna et al., 2016; Tamanna et al., 2017; Tamanna et
al., 2018). The pozzolanic properties of glass are found to be influenced by the particle size
distribution of glass powder (Shao et al., 2000). The silica (silicate ions) is detached from glass
by hydroxyl ions in the pore solution and combines with calcium from portlandite to form
calcium silicate hydrate. Glass powder with particle size 300 µm or smaller has been reported
to reduce ASR expansion in concrete (Vijaykumar et al., 2013). When finer glass particles are
used in concrete results in non-expansive pozzolanic reactions, these produce calcium silicate
hydrate (C-S-H) with a low calcium-silicate ratio (Rahma et al., 2017). Pozzolanic properties
of glass powder are reported to increase with reduced particle size and result in a delayed
strength gain of concrete (Shao et al., 2000; Shi et al., 2005; Khmiri et al., 2012; Patil and
Sangle, 2013; Nassar and Soroushian, 2011; Gunalaan and Kanapathy, 2013; Vijaykumar et
al., 2013; Soliman and Tagnit-Hamou, 2016). The properties of recycled glass, and hence its
effects on concrete, depend on the type of waste glass used. The nature of glass reactivity
depends on the chemical composition of the raw materials used and differs slightly for each
glass type (Vaitkevičius et al., 2014). Borosilicate glass such as pyrex glass were found to be
more reactive than soda-lime glass. Borosilicate glass from pharmaceutical containers cullet
had a tendency to expand. In addition, the amount of fluorescent lamp glass negatively
influences the pozzolanic reaction. The high content of Na2Oeq + PbO and the low content of
CaO + MgO causes a high degree of sodium dissolution and is involved in gel formation
(Bignozzi et al., 2015). The ASR expansion of treated funnel glass was found to be relatively
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higher than crushed beverage glass due to the higher solubility of treated funnel glass (Ling
and Poon, 2012). A large amount of dissolved glass was available in the solution to form ASR
gel (Ling and Poon, 2012; Saccani and Bignozzi, 2010). Using lead glass in cement and
concrete can leach out lead into the environment creating serious soil and ground water
pollution as it possesses high lead content. For the successful use of recycled glass in concrete
for industrial applications, it is therefore important to characterise the physical and chemical
properties of the recycled glass collected by local councils. The effects of replacement levels
of cement with recycled glass on the strength and durability properties of concrete need to be
assessed as well. In this regard, this study investigates the feasibility of using coloured sodalime glass, collected by Cairns Regional Council in northern Australia, as a partial sand and
cement replacement in concrete.
A comprehensive life-cycle assessment (LCA) is essential to get a complete picture of the
environmental impacts of concrete production. The comprehensive LCA consists of entire lifecycle phases, including raw material extraction, manufacturing, construction, operation and
demolition. It is essential to define aims, function units and system boundaries. This research
focuses on the LCA of recycled glass in concrete, which is at present either in landfill,
stockpiled in warehouses or illegally dumped. The study addresses the environmental benefits
of using mixed-coloured soda-lime glass collected by Cairns Regional Council as a sand and
cement substitution in concrete. A cradle to gate life-cycle impact assessment is used, which
includes up to the production of 1m3 concrete. The results are compared with the control
concrete.

1.2 Research objectives
This research aims to develop a concrete mix using crushed/ground glass waste as a partial
sand/cement replacement. The research aims to produce concrete with a characteristics mean
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strength of 32 MPa. The study has been conducted in collaboration with Cairns Regional
Council, James Cook University (JCU) and Pioneer North Queensland Concrete (PNQ). The
main objectives are:
1. To investigate the chemical composition and physical properties of glass to determine
its suitability for use in concrete;
2. To develop optimum concrete mixes with waste glass as a sand and cement substitute
and to verify the performance of concrete against all relevant Australian design
standards;
3. To quantify the pozzolanic properties of recycled crushed glass and to evaluate any
detrimental effects of crushed glass in concrete and suggest preventive measures to
overcome those limitations;
4. To trial the use of concrete with crushed glass in field applications and to quantify the
environmental benefits of using waste glass in concrete through a comprehensive LCA.

1.3 Thesis organisation
This thesis consists of eight chapters.
Chapter 1 introduces the background of using waste glass in concrete research and provides
the aims and objectives of this research.
Chapter 2 presents the overview of construction materials, recent literature on the use of
recycled glass in concrete as sand and cement substitute, and an environmental life-cycle
assessment of concrete.
Chapter 3 describes the use of mixed-coloured soda-lime glass supplied by Cairns Regional
Council as a sand replacement in concrete. The impacts on workability, compressive strength,
tensile strength and flexural strength are presented. The durability of concrete with RGS was
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also analysed by a rapid chloride penetration test (RCPT) and an alkali-silica reaction (ASR)
test.
Chapter 4 details the use of crushed RGP as a partial cement replacement in concrete. The
effects of glass powder on compressive, flexural and tensile strength of concrete are evaluated.
Tests on the relative strength of mortar are carried out to assess the reactivity of glass powder
as a supplementary cementitious material. Concrete resistance against chloride ion ingress is
determined using a rapid chloride penetration test (RCPT).
Chapter 5 investigates the microstructure of mortar and cement paste containing glass sand
and glass powder, respectively. The influence on using recycled glass in mortar and cement
paste is evaluated using thermogravimetric analysis, X-ray diffraction, scanning electron
microscopy and energy-dispersive spectroscopy.
Chapter 6 addresses the environmental benefits of using recycled glass to produce 1m3 of
concrete. This study is based on the Australian context, such as water use, material
consumption, fuel consumption, greenhouse gas emission (CO2 equivalent), ozone layer
depletion (CFC equivalent) and eutrophication (PO4 equivalent).
Chapter 7 demonstrates the use of RGS as a coarse sand replacement in a concrete footpath.
Concrete mix design is developed for the various ratios of glass sand to use in the footpath.
Chapter 8 presents concluding remarks based on the outcomes and recommendations for
further development.
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Chapter 2: A review of the use of waste glass as an aggregate and
cement replacement in concrete
2.1 Overview of construction materials
The construction sector is one of the most dynamic and fastest growing industries in the world.
The demand for the construction industry is increasing day by day due to urbanisation and
growth of the world’s population. Concrete, a primary building construction material, is used
in almost all kinds of infrastructure because of its availability, workability and durability
properties.

2.1.1 Concrete
Concrete is one of the most widely used construction materials in the world. It is the secondmost consumed material by humankind, second only to water. About 30 billion tonnes of
concrete were consumed globally in 2006, compared with 2 billion tonnes in 1950 (World
Business Council for Sustainable Development, 2006). In 2013, more than 25 million cubic
metres of concrete were poured in Australia (Ilangovana et al., 2008). Traditionally, concrete
is produced by mixing binding materials, aggregates and water. Cement is the most important
binding material in concrete construction. Concrete mixture is 10-15% cement and 15-20%
water. Aggregates cover 60-75% of the total volume of concrete. Typical components of
concrete are shown in Figure 2.1.
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Figure 2.1 Typical components of concrete
Concrete has many excellent properties that make it so versatile. It has inherent sustainability
benefits such as being relatively cheap and it provides a safe and healthy living environment.
However, from an environmental perspective, there are aspects of concrete which can be
improved to reduce its carbon footprint. With the sheer volume of concrete used around the
world, it is essential to assess and improve its sustainability performance.

2.1.2 Aggregates
Aggregates are inert and granular materials. They offer dimensional stability, stiffness, and
most importantly contribute to the strength of concrete structures. Aggregates can broadly be
divided into two types: coarse and fine. Coarse aggregates are generally larger than 4.5mm,
whereas fine aggregates are smaller than 4.5 mm (Vieira et al., 2016). Fine aggregates are used
to fill the voids between coarse aggregates. Crushed rock, gravel or screenings are widely used
as coarse aggregates. Fine sand, coarse sand and crusher fines are broadly used as fine
aggregates.
A large amount of natural sand is consumed as fine aggregate by concrete industries. Excessive
use of natural sand results in depletion of natural resources and also it can lead to other
problems such as erosion of riverbanks and sinking of bridge piers. Recycled aggregate and
manufactured sand are thus attracting interest as a natural sand replacement in concrete.
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2.1.2.1 Manufactured sand
Manufactured sand or crusher dust (Figure 2.2) obtained as a by-product of crushing rocks, can
be used as a replacement for natural sand. These are generally known as manufactured sands.
Use of manufactured sand reduces overuse of natural sand. The difference between natural
sand and manufactured sand lies in its physical and mineralogical properties. The use of crusher
dust as a durable building material has been widely accepted in industrialised nations such as
Australia, Germany and France (Ilangovana et al., 2008). The shape and texture of crusher dust
depend on the type of crusher, reduction ratio and the parent rock (Pilegis et al., 2016).

Figure 2.2 Bohle quarry crusher dust waste (Gersekowski, 2014)
The particle size distribution, physical and chemical properties of crusher dust should conform
to the requirements of Cement Concrete & Aggregates Australia (CCAA). Crusher dust
exhibits higher angularity which requires more water to achieve equal workability compared
with concrete and natural sand (Pilegis et al., 2016).

2.1.3 Cement
Cement is the key ingredient of concrete. Cement binds coarse and fine aggregates together
with the help of water. Cement fills up the void in the fine aggregates and gives strength to the
concrete. The main compounds of cement are tri-calcium silicate (3CaO.SiO2), di-calcium
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silicate (2CaO.SiO2), tri-calcium aluminate (3CaO.Al2O3) and tetra-calcium alumina-ferrite
(4CaO.Al2O3.Fe2O3). Tri-calcium silicate (C3S) hydrates and sets instantaneously and is
responsible for gaining early strength (Lea and Hewlett, 1998; Tylor, 1997; Yılmaz and Olgun,
2008). Di-calcium silicate (C2S) reacts slowly with water and is responsible for the long-term
strength of concrete. Typical Portland cement contains 50% C3S and 25% C2S. The main
reactions during the hydration of cement are given below.
2(3CaO.SiO2)

+ 6H2O

Tri-calcium Silicate

Water

3CaO. 2SiO2. 3H2O
Calcium Silicate Hydrate (C-S-H)

2(2CaO.SiO2) + 4H2O
Di-calcium Silicate

+

3Ca(OH)2

Calcium Hydroxide

3CaO. 2SiO2. 3H2O + Ca(OH)2

Water

C-S-H

Calcium Hydroxide

Calcium silicate hydrate (C-S-H) and calcium hydroxide (Ca(OH)2) are the main products of
cement hydration. Formation of C-S-H gel is the principal source of concrete strength. Ca(OH)2
is comparatively weak and brittle. It does not act as a binder but combines with carbon dioxide
to form soluble salt (Al-Zubaidi and Tabbakh, 2016).
Cement manufacturing is an energy-intensive process. CO2 is emitted during the calcination of
limestone (CaCO3) and it accounts for 60% of total CO2 emissions from the cement
manufacturing process. Another 40% of emissions comes from burning fossil fuel to generate
energy during the cement manufacturing process. Production of one tonne of cement has been
shown to release one tonne of CO2 into the atmosphere (Sprince et al., 2011). One viable option
to reduce the carbon footprint of concrete is to partially replace cement in concrete with
supplementary cementitious materials.

2.1.3.1 Supplementary cementitious materials
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Supplementary cementitious materials (SCMs) are pozzolanic materials that can contribute to
the properties of hardened concrete. The use of SCMs in concrete has been developing in North
America since the 1970s. SCMs are the by-product of other industries or natural pozzolans and
they can be used to partially replace cement in concrete. Typical SCMs used in concrete
industry are fly ash, silica fume and ground granulated blast-furnace slag (Figure 2.3).
Pozzolans are siliceous and aluminous materials that possess little or no cementitious value.
However, they are in finely ground form, and in the presence of water react chemically with
Ca(OH)2 at ordinary temperatures to form compounds possessing cementitious properties
(Mehta, 1987).
Fly ash is a by-product of coal-fired thermal power generation plants (Thomas, 2007). Fly ash
is a fine grey powder and its particles are spherical. Fly ash is silicate glass containing silica,
aluminium, iron, calcium, magnesium, sodium, potassium and carbon. Fly ash exhibits
pozzolanic properties and reacts with Ca(OH)2 to form cementitious compounds. Fly ash is
generally used as a partial replacement of 15-25% of cement in concrete (Thomas, 2007).
Silica fume, also called micro silica, is a by-product of electric arc furnaces used in the
production of silicon or ferrosilicon alloy (Cement Concrete & Aggregates Australia, 2010). It
is grey and consists of very fine particles. Due to its high silica content, it acts as a pozzolanic
material. Silica fume is a highly reactive pozzolanic material and it reacts chemically with the
Ca(OH)2 in the cement paste, producing C-S-H.
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Figure 2.3 Cement, fly ash, silica fume and ground granulated blast-furnace slag
(Forum, 2017)

Slag cement, also referred to as ground granular blast-furnace slag (GGBS), is a by-product of
the iron and steel industries. GGBS can be used as a cement substitute at a replacement level
of up to 50% (Suresh and Nagaraju, 2015). It consists of calcium-bearing silicates and aluminosilicates.
Apart from these widely accepted SCMs, recent researchers have assessed the pozzolanic
properties of waste glass powder and studied its performance as a pozzolanic material (Shao et
al., 2000; Nassar and Soroushian, 2011; Du and Gao, 2014). The chemical compositions of
cement, fly ash, slag, silica fume and waste glass powder are tabulated in Table 2.1.
Table 2.1 Chemical composition of cement, fly ash, slag, silica fume and glass powder
(Avosa, 2016; Amin and Abu el-hassan, 2015)
Chemical Composition

Cement

Fly Ash

Slag

Silica Fume

Glass Powder

SiO2

18.99

56.86

36.02

96

72.02

Na2O

0.16

1.02

0.67

0.45

12.85

CaO

63.94

4.08

38.84

1.20

11.25
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Al2O3

4.99

21.62

15.56

1.10

1.47

MgO

0.78

4.12

4.05

0.18

0.57

Fe2O3

3.22

6.88

0.84

1.45

0.57

K2O

0.35

1.97

0.82

1.20

0.35

SO3

2.26

0.63

0.33

0.25

0.12

2.1.4 Waste glass
Modern lifestyle is implausible without glass for its versatile applications. Glass was
discovered more than 5000 years ago in Mesopotamia and has been produced for various
applications since then. Based on the chemical composition, glass is produced in several forms
such as: soda-lime glass (containers, sheet, float, tempered ovenware and light bulbs); lead
glass (neon tubing, colour TV funnels, electronic parts and optical dense flint); borosilicate
glass (chemical apparatus, pharmaceutical and tungsten sealing); and aluminosilicate glass
(combustion tubes, fibreglass and resistor substrates) (Jani et al., 2014). Soda-lime glass is the
dominant type of glass used for glass containers and windowpanes. Recent research has shown
that soda-lime glass powder has pozzolanic properties, hence waste soda-lime glass powder
can be used in cementitious materials. The chemical composition of soda-lime glass is listed in
Table 2.2. Soda-lime glass accounts for about 90% of manufactured glass (Shi and Zheng,
2007).
Table 2.2 Chemical composition of soda-lime glass (Shi and Zheng, 2007)
Soda-lime glass

SiO2

CaO

Na2O

Al2O3

K2 O

MgO

Containers

66-75

6-12

12-16

0.7-7

0.1-3

0.1-5

Sheet

71-73

8-10

12-15

0.5-1.5

Float

73-74

8.7-8.9

13.5-15

14

1.5-3.5
0.2

3.6-3.8

Light bulbs

73

5

17

1

Tempered ovenware

75

9.5

14

1.5

4

2.1.4.1 Waste glass recycling rate
Glass is known as a 100% recyclable material and can be recycled repeatedly without
degradation in quality (Sobolev et al., 2007). Recycling of waste glass started around the 1970s
and since then, waste glass has been collected for recycling around the world, through the rate
of recycling differs in different countries. The low value of recycled glass and co-mingling of
different coloured glasses at the source, as well as difficulty in removing other contaminants
such as soil, metals, paper and chemical residues from the waste glass stream, often makes
recycling waste glass challenging (Afshinnia and Rangaraju, 2016). In 2014, approximately
300 tonnes per day of waste glass were disposed at landfills in Hong Kong. The recovery rate
of waste glass was not more than 10% due to its low commercial value and the absence of a
glass manufacturing industry in Hong Kong (Lu et al., 2017). An accumulation of glass bottles
and crushed mixed glass is shown in Figure 2.4.

Figure 2.4 Accumulation of glass bottles (Boehlke, 2018)
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In Singapore, 72,800 tonnes of waste glass was produced in 2011 but merely 29% of the total
collected waste glass was recycled. The recycling rate fell to 20% in 2016. That year, 72,300
tonnes of waste glass was produced, of which 57,600 tonnes were disposed of National
Environmental Agency (2017). According to the Environmental Protection Agency, the United
States produced 11.5 million tonnes of waste glass in 2013, of which only 26% was recovered
for recycling (Environmental Protection Agency, 2015). Although recycling of glass increased
from 0.75 million tonnes in 1980 to more than 3 million tonnes in 2013, almost 74% of waste
glass, predominantly soda-lime glass from container bottles, were disposed of in landfills.
Table 2.3 shows waste glass production and recycling rates in the US in 2010. Based on 2010
glass generation rates, 11,530-kilotonnes of waste glass were produced in the US, out of which
only 27.1% was recycled.
Table 2.3 Glass waste production and recycling in US, 2010 (Environmental Protection
Agency, 2010)

Product Category

Generation

Recovery

Recovery (% of

(Thousands of

(Thousands of

Generation)

Tonnes)

Tonnes)

2170

Neg.

Neg.

5670

2350

41.4

Wine and liquor bottles

1700

420

24.7

Other bottles and jars

1990

360

18.1

Total glass containers

9360

3130

33.4

Durable goods
(Containers and
packaging)
Beer and soft drink
bottles
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Total glass

11530

3130

27.1

Neg.= less than 5000 tonnes or 0.05%
In Australia, glass consumption has been increasing at an average annual rate of 6.7% since
2010-11. The recycling rate of glass was 49%, 46%, 44%, 47% and 42% in fiscal years 201011, 2011-12, 2012-13, 2013-14 and 2014-15, respectively (Table 2.4) (NRRS, 2017). In 20142015, the glass recycling rate declined from 47% to 42%, but consumption increased. Although
approximately 257,000 tonnes of waste glass are generated each year in Victoria, only 124,000
tonnes or 48% are recycled into glass cullet for glass manufacturing (Victoria, 2014).
Table 2.4 Glass recycling rates in Australia (NRRS, 2017)
Financial Year

Total Consumption (kt)

Total Recycled (kt)

Recycling Rate (%)

2010-2011

1054

520

49

2011-2012

1210

552

46

2012-2013

1248

552

44

2013-2014

1259

597

47

2014-2015

1364

564

42

In Queensland’s context, the recycling rate of waste glass was in the range of 25-35% in 2006
(EPA, 2006). Queensland has no levy and total landfill costs in Queensland are as low as $30/t.
Due to the low cost of landfilling in Queensland, 477,000 tonnes and 398,000 tonnes of glass
waste were transported for disposal from New South Wales and Victoria to Queensland,
respectively (Ritchie, 2016) . At the local council level, Cairns Regional Council collects
around 5000 tonnes of glass waste annually. Approximately 45-50% of glass collected by
Cairns Regional Council is recovered and recycled in different forms. However, recyclable
glass materials need to be transported from Cairns to Brisbane for further recycling. Low
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market value and high transport costs have prompted the Council to look into more sustainable
options to use recycled glass locally. Furthermore, the remaining glass waste in the form of
glass fines (around 2600 tonnes) cannot be recycled and is sent to landfill (Tamanna et al.,
2017; CRC, 2016).

2.2 Waste glass as construction material
Glass is a non-biodegradable material. It takes a long time to break down naturally. The waste
glass that cannot be recycled is sent to landfill, creating environmental problems. One viable
option to recycle a large amount of glass waste instead of it going to landfill is to use it in the
construction industry. Several researchers have studied the use of recycled crushed glass in
concrete as either aggregate (both coarse and fine aggregate) or as a cement replacement, with
mixed success. Most of these studies are limited to laboratory tests, and few have studied the
use of recycled glass in actual field applications.

2.2.1 Waste glass as coarse aggregate replacement
Many researchers have studied the use of waste glass as a coarse aggregate replacement in
concrete since the 1960s. Schmidt and Saia (1963) studied the use of glass chips to produce
exposed aggregate for architectural applications. Several other researchers have studied the
fresh and hardened properties of concrete using waste glass (Johnston, 1974; Polley et al., 1998;
Topçu and Canbaz, 2004; Terro, 2006; Yu, 2016).

2.2.1.1 Fresh properties of concrete
(a) Slump test
Slump is a primary measure indicating the workability of concrete. The effect of using waste
glass on the workability of concrete as coarse aggregate replacement was found to be negligible
(Topçu and Canbaz, 2004). However, slump decreased with higher percentages of coarse
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aggregate replacement (Topçu and Canbaz, 2004; Kisacik, 2002; Afshinnia and Rangaraju,
2016). This decrease might be due to the poor geometry of waste glass. In contrast, an increase
in slump was observed with a higher percentage of coarse glass and fine-coarse glass (Figure
2.5). The increase in slump was due to the lower specific surface area and smooth surface of
glass aggregates. Smooth surface attributed to the poorer cohesion and lower inter-particular
friction between the cement paste and glass aggregates. Flow properties of the concrete mixture
enhanced due to the impermeable nature of waste glass. A similar trend was reported by Topçu
and Canbaz (2004).

Figure 2.5 Slump of concrete mixtures containing fine glass powder, coarse glass
powder and fine-coarse glass powder (Terro, 2006)

(b) Unit weight
The unit weight of concrete containing waste glass was found to be less than a control mixture
(Terro, 2006; Kisacik, 2002; Afshinnia and Rangaraju, 2016) (Figure 2.6). This was attributed
to the lower specific gravity of waste glass compared with typical crushed stones.
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2286

2276

2280

2290

2260
2240

2220

2220
2200
2180
2160

Control

20% GLP-CR

20% GLP-AR

Mixtures
GlassAggregate

New Maxico Aggregate

Figure 2.6 Unit weight of concrete mixtures containing glass powder as cement
replacement and aggregate replacement (Afshinnia and Rangaraju, 2016)

(c) Air content
The inclusion of crushed glass as coarse aggregate in concrete resulted in a slightly higher air
content compared with concrete with mineral aggregate (Afshinnia and Rangaraju, 2016). A
higher level of trapped air was noticed in the mixture due to the elongated and flat nature of
crushed glass. In contrast, a reduction in air content was observed with a high content of waste
glass addition in concrete (Topçu and Canbaz, 2004). The reason for this reduction was the
poor geometry of waste glass. Furthermore, lower air content with a high proportion of waste
glass reduced the porosity between waste glass and cement paste.

2.2.1.2 Mechanical strength of concrete
The compressive strength of concrete was noticed to decrease with an increase in the amount
of waste glass as coarse aggregate replacement (Topçu and Canbaz, 2004; Terro, 2006; Yu,
2016; Kisacik, 2002; Afshinnia and Rangaraju, 2016). Reduction in strength was due to the flat
surface and elongated shape of waste glass. Coarse glass particles might weaken the concrete
structure by failure of the aggregate particles because of its high friability (Polley et al., 1998).
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Concrete with 10 mm glass particles was found to increase in compressive strength at 28 days
compared with concrete with 16 mm glass particles. However, Yu (2016) showed that concrete
with both glass particles (10 mm and 16 mm) was unable to reach the equal compressive
strength of the control concrete at 28 days. In contrast, Shayan and Xu (2004) indicated that
compressive strength results easily met and exceeded the target of 32 MPa concrete, while
having a large amount of waste glass. This result was found to be due to the addition of fly ash
with cement as a binder and superplasticiser as chemical admixtures.
Like compressive strength results, flexural strength was found to decrease with increased waste
glass content in concrete (Topçu and Canbaz, 2004; Kisacik, 2002; Afshinnia and Rangaraju,
2016). However, Yu (2016) reported that the flexural strength increment was found to be up to
16.3% when small size waste glass was used with coarse steel slag.

2.2.1.3 Alkali-silica reaction and ASR mechanism
Alkali-Silica Reaction (ASR), well-known as “concrete cancer”, is a detrimental chemical
reaction in concrete. ASR gradually occurs between the reactive silica of aggregate and alkalis
in the pore solution of concrete (Saha et al., 2018). Cement and/or cementitious material is the
main source of alkali present in concrete. Alkali also may be available in aggregates, pozzolans
and adjacent surroundings used to produce concrete. Three components are responsible for
ASR formation: high alkali content, availability of reactive aggregate and sufficient quantity
of moisture.

O

O
Si

O

O

Figure 2.7 Silica tetrahedron
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Silica mineral is a combination of silica tetrahedron. In silica tetrahedron network, one silicon
atom is surrounded by four oxygen atoms (Rajabipour et al., 2015). Silica tetrahedrons join
bridging oxygens molecules (Figure 2.7) which build up a functional group called a siloxane
bond. A siloxane bond has a propensity to undergo reaction with water in a pore solution. The
siloxane bond reacts with water, breaks and produces silicic acid (Equation 2.1).
≡Si – O – Si≡ + H+ – OH-

≡Si – OH + ≡Si – OH

(2.1)

On the other hand, alkalis (sodium, potassium etc.) originate from alkali metal reacting with
water and produce weak alkali hydroxides. These poorly bonded alkali hydroxides dissolve in
the pore solution and liberate Na+, K+, OH- ions. The amount of free hydroxide ion increases
and consequently this increases the pH in concrete solution. Silicic acid is a weak acid and the
surface of it when attacked by hydroxyl ions. ≡Si-OH bond breaks down into SiO- ion and
releases water in solution. SiO- ion reacts with alkali cations present in solution. Alkali cations
(Na+, K+) exchange H+ ions from silicic acid and produce alkali-silica gel (Equation 2.2).
≡Si – O – H + OH-

≡Si – O- + H2O…()

≡Si – O- + Na+/ K+

≡Si – O – Na+/ K+
in combined,

≡Si – O – H + Na+/ K+ + OH-

≡Si – O – Na+/ K+ + H2O

(2.2)

This alkali-silica gel is spread out from aggregates and reacts with calcium ions in the cement
paste (Saha et al., 2018). One Ca2+ ion replaces two alkalis and produces alkali-calcium-silicate
hydrate (Equation 2.3). Alkali-silica gel can absorb moisture from surroundings and swell
inside the microstructure of the specimen.

≡Si – O – Na + Na – O – Si≡ + Ca2+

≡Si – O – Ca – O – Si≡ + 2 Na+
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(2.3)

The swelling of alkali-silica gel generates an internal pressure. If the internal pressure surpasses
the tensile strength of the specimen, severe cracks will form around the reactive aggregates
(Du and Tan, 2014b) and cause detrimental damage to concrete.
ASR can occur in concrete when waste glass is used as coarse aggregates because of large glass
particle size. Cracks in coarse glass particles exhibit more reaction and higher expansion (Du
and Tan, 2014b). Johnston (1974) showed that the use of waste glass as coarse aggregate with
particle size greater than 19mm resulted in concrete cracking. This tendency was also found in
a study using different forms of glass as an aggregate with cement by Pike & Hubbard (1957).
Use of excessive silica content in concrete mixture also causes ASR expansion. Shayan and
Xu (2004) indicated that the use of waste glass up to 30% replacement in concrete caused less
harmful effects with low alkali content of concrete (Figure 2.8). Dosage greater than 30%
resulted in an increase in ASR. The ASR rate reduced with the decrease of waste glass content
(Topçu and Canbaz, 2004; Yu, 2016). Therefore, the tendency of ASR expansion can be
reduced by using low alkali cement, appropriate glass content and fine glass particles as sand
replacement.

Figure 2.8 ASR expansion of mortar bar for different ages (Shayan and Xu, 2004)

2.2.2 Waste glass as fine aggregate
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Several studies have been carried out using waste glass as fine aggregate in concrete with mixed
outcomes. As the use of waste glass as coarse aggregate does not provide significant results,
investigations are undertaken into fine aggregate replacement.

2.2.2.1 Fresh concrete properties
(a) Slump test
Some variations in published experimental results have been found regarding fresh concrete
properties with waste glass as a fine aggregate replacement. A reduction in slump was obtained
with an increase in waste glass content (Pereira de Oliveira et al., 2008; Ismail and Al-Hashmi,
2009; Park and Lee, 2004; Chen et al., 2006; Limbachiya, 2009; Topçu and Canbaz, 2004).
This reduction was found because of angular glass particles and the reduction of equivalent
fineness modulus (Pereira de Oliveira et al., 2008). Angular waste glass particles reduce the
cement paste availability, and consequently, the fluidity of the mixes (Adaway and Wang,
2015). Smooth surfaces, harsh texture, sharp edges, as well as consistency in fine glass particles
and plastic properties of concrete with waste glass sand, could be affected negatively. A
reduction in slump value was also found due to a high proportion of waste glass in concrete
(Limbachiya, 2009). However, a slight increase in slump value was noticed where coarse
particles were used with an increase in replacement level (De Castro and De Brito, 2013).
Researchers Pereira de Oliveira et al. (2008) used a high range of water reducer to get similar
workability as a control mixture.
Opposite results regarding slump were reported by many other researchers (Malik et al., 2013;
Hunag et al., 2015; Wang et al., 2016; Borhan, 2012; Taha and Nounu, 2008; Terro, 2006).
Mardani-Aghabaglou et al. (2015) observed a slight increase in slump with an increase in
substitution level. Due to higher compactness of concrete granular skeleton, a higher slump
value was found at higher glass replacement levels. The glass grains are finer than natural sand
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and able to fill the void of coarse aggregate (Sharifi et al., 2013). Hunag et al. (2015) described
the reason behind increasing slump as waste glass increased in mixtures. Waste glass consists
of irregular lamellar particles with edges and corners which interact with each other. Although
individual particles hardly move, the addition of moisture lubricates the particles and results in
an increased slump (Hunag et al., 2015). Less water absorption and the smooth surface of glass
sand improved the workability of the concrete mixture (Sharifi et al., 2013; Malik et al., 2013).
The poorer cohesion between the waste glass and cement paste also caused an increment in
slump value (Yu, 2016).

(b) Fresh density
The fresh density of concrete was found to decrease with an increase in the amount of waste
glass as fine aggregate replacement (Adaway and Wang, 2015; Hunag et al., 2015; Du and Tan,
2014a; Ismail and Al-Hashmi, 2009; Topçu and Canbaz, 2004; De Castro and De Brito, 2013)
(Figure 2.9). Due to the lower particle density of glass compared with natural sand, the fresh
density of concrete was found to be reduced as the glass was incorporated in the concrete
mixture. The increment of water-to-cement ratio in the mix also resulted in lower density (Du
and Tan, 2014a). The addition of water caused an increase in the volume of voids; hence, higher
porosity and lower fresh density (De Castro and De Brito, 2013).
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Figure 2.9 Decreasing ratios in fresh density (Ismail and Al-Hashmi, 2009)

(c) Hardened density
The dry density of concrete was also noticed to decrease with increasing waste glass sand
content as a fine aggregate replacement (Al-qatan et al., 2011; Adaway and Wang, 2015; Topçu
and Canbaz, 2004; Ismail and Al-Hashmi, 2009). The lighter specific gravity of glass aggregate
led to a reduction in dry density. In contrast, Ling and Poon (2012) found an increase in dry
density with increasing glass content. This higher density attributed to the relatively high
specific gravity of lead present in the funnel glass. Another study Yu (2016) found that the use
of steel slag as aggregate increased the concrete density. However, the addition of waste glass
to steel slag concrete could limit the density of concrete.

(d) Air content
Air content was noticed to be lower with a lower glass content (Du and Tan, 2014a). The
smooth surface resulted in less retention of air voids. However, more irregular shaped glass
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particles compared with natural sand resulted in large retention of air voids; hence, higher air
content. A gradual increase in air content was found with higher glass content.

(e) Setting time
The addition of waste glass sand as a sand replacement reduced setting time (Wang et al.,
2016). Setting time increased as the glass sand content increased in the mixture and was found
to be prolonged as glass sand is water repellent and cannot undergo a polyreaction with slag
and OH- ions.

2.2.2.2 Mechanical strength
(a) Compressive strength
Several studies have been carried out to investigate the compressive strength of concrete with
the addition of crushed glass as fine aggregate. A gradual increase in compressive strength was
found when recycled glass sand (RGS) was used (Pereira de Oliveira et al., 2008; Ismail and
Al-Hashmi, 2009; Du and Tan, 2014a; Wang et al., 2016; Batayneh et al., 2007) (Figure 2.10).
The increasing trend was witnessed along with the inclusion of RGS until the optimum
percentage, i.e., maximum compressive strength and thereafter decreasing (Polley et al., 1998;
Al-qatan et al., 2011; Dumitru et al., 2010; Gautam, 2012; Malik et al., 2013; Tejaswi et al.,
2015; Adaway and Wang, 2015; Hunag et al., 2015). The reduction in strength at higher
percentages can be due to inadequate cement paste available in the mixture to assist bonding
within the concrete which consequently forms microscopic voids (Adaway and Wang, 2015).
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Figure 2.10 Compressive strength of glass sand for 7 and 28 days (Pereira de Oliveira et
al., 2008)
In contrast, some researchers observed a decrease in compressive strength with the increase in
RGS (De Castro and De Brito, 2013; Mardani-Aghabaglou et al., 2015; Sharifi et al., 2013).
This reduction is because of higher friability, lower density and higher surface smoothness.
Researchers reported comparable strength to the reference concrete up to a certain percentage
and following that, decreased strength with increased glass percentage (Terro, 2006; Taha and
Nounu, 2008; Limbachiya, 2009). Shayan and Xu (2006) found that crushed glass met the
target strength criteria. However, he did not suggest the mix when alkali content is high in the
concrete mix because of detrimental alkali-aggregate reaction expansion. Afshinnia and
Rangaraju (2016) investigated the combined effect of coarse crushed glass sand (80%) and fine
crushed glass sand (20%), and found significant improvement compared to control concrete.
In contrast, a downgrade trend was observed in an investigation conducted by (Shayan and Xu,
2004) when fine, and coarse crushed glass ratio was 50:50.
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Besides replacement ratio, curing time also has a great impact on compressive strength. Chen
et al. (2006) found significantly improved compressive strength even after 91 days compared
with control concrete, and more prominent at 365 days. This increasing trend was also
supported by (Taha and Nounu, 2009; Ismail and Al-Hashmi, 2009; Du and Tan, 2014a;
Metwally, 2007). The pozzolanic reaction that occurred between cement paste and crushed
glass sand could improve the microstructure at the interface transition zone in later age. Lee
et al. (2013) investigated the effect of glass particle size and found that when glass particle size
was 2.36 mm and 1.18 mm, compressive strength reduced at 28 days. Waste glass with particle
size less than 600µm exhibited an increase in compressive strength at 28 days. However, no
remarkable difference was found in strength depending on the effect of the colour of the glass
(Chen et al., 2006).
A reduction was found in the compressive strength when crushed glass was used as sand
replacement in mortar (Corinaldesi et al., 2016; Ling and Poon, 2012; Ling et al., 2011). On
the other hand, Corinaldesi et al. (2005) demonstrated strong compressive strength using a
mixture with higher water-cement ratios. Table 2.5 shows the comparative compressive
strength of RGS in concrete.
Table 2.5 Compressive strength of recycled glass sand in concrete
Ref.

Percentage

(Polley et al., 10%, 20%, 30%, 40%,
1998)

Percentage

Curing period

(optimum)

(Days)

20%

28, 365

50%, 60%, 70%, 80%,

Strength Effect

Satisfactory up to optimum
percentage

90%
(Wang

et

al.,

10%, 20%

20%

2016)
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3, 7, 28

Increasing

(Ismail and Al-

10%, 15%, 20%

20%

3, 7, 14, 28

Increasing

10%, 20%, 30%, 40%

30%

7, 28

Increasing until optimum,

Hashmi, 2009)
(Adaway

and

Wang, 2015)

then decreasing

(Hunag et al.,

5%, 10%

5%

7, 28, 56, 91

2015)

then decreasing

(Gautam, 2012)

10%, 20%, 30%, 40%,

10%

7, 28

50%
(Malik

et

al.,

10%, 20%, 30%, 40%

Increasing until optimum,
then decreasing

20%

7, 28

2013)

Increasing until optimum,
then decreasing

(Dumitru et al.,

30%, 45%, 60%

45%

1, 7, 28, 56, 90

2010)
(Wang

Increasing until optimum,

Increasing until optimum,
then decreasing

et

al.,

30%, 45%, 60%

60%

7, 28, 90

Increasing

2014)
(De Castro and

5%, 10%, 15%, 20%

Decreasing

De Brito, 2013)
(MardaniAghabaglou

10%, 20%, 30%, 40%,
et

28

Decreasing

1,7,14,28

Negligible Decreasing

50%, 60%

al., 2015)
(Sharifi et al., 10%, 20%, 30%, 40%,
2013)
(Terro, 2006)

50%
10%, 25%, 50%,

10%

Comparable, then

100%
(Limbachiya,
2009)

5%, 10%, 15%, 20%,

20%

28

30%, 50%

(Tejaswi et al., 10%, 20%, 30%, 40%,
2015)

decreasing
Comparable, then
decreasing
20%

50%

3, 7, 28

Increasing until optimum,
then decreasing

30

(Shayan and Xu,
2004)
(Afshinnia

50% (coarse sand) +

7, 28

Decreasing

28

Increasing

3,7

Increasing until optimum,

50% (fine sand)
and

Rangaraju,

80% (coarse sand) +
20% (fine sand)

2016)
(Al-qatan et al.,
2011)
(Taha

25%, 50%, 75%,

50%

100%
and

then decreasing

50%, 100%

28

Negligible Decreasing

7, 28

Increasing

Nounu, 2008)
(Pereira

de

25%, 50%, 100%

100%

Oliveira et al.,
2008)

(b) Flexural strength
Researchers had observed that waste glass sand had no significant effect on flexural strength
when the waste glass was used as coarse aggregate replacement. Flexural strength was found
to decrease, which is inversely proportional to the amount of glass sand used in concrete (Topçu
and Canbaz, 2004). A similar trend was found in fine aggregate replacement with waste glass
(Taha and Nounu, 2008; Sharifi et al., 2013). Taha and Nounu (2008)drew some conclusions
on strength reduction. The inherent plane and smooth surface of large particles may weaken
the bond between cement paste and glass particles. Also, inherent cracks in glass particles may
tend to make them more breakable in concrete mixtures. Furthermore, contamination such as
organic content and foreign materials may degrade with time and form voids in the concrete
microstructure. However, Sharifi et al. (2013) found that a small volume of glass addition
allowed more adhesion between cement paste and glass. Consequently, it showed higher
flexural strength compared to control concrete.
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Ismail and Al-Hashmi (2009) found a significant impact on curing time. As recycled glass is a
pozzolanic material, it shows a tendency to increase with time and replacement levels up to
20%. Du and Tan (2014a) found that up to 100% replacement ratio, RGS did not reduce
concrete strength. On the contrary, it led to an increase in flexural strength with the increase in
glass sand content in the concrete, which indicates the more obvious interlocking between glass
particles. Angular aggregate can improve strength by internal friction, increased surface area
and a higher degree of mechanical interlocking (Kearsley, 2006).
A tendency to decrease was noticed when waste glass was used as sand replacement in mortar
due to the weak bond between surface of glass sand and cement paste (Ling et al., 2011; Ling
and Poon, 2012; Ismail and Al-Hashmi, 2009; Degirmenci et al., 2011) . However, Ling and
Poon (2012) noticed a significant reduction in flexural strength at 90 days due to the retardation
effect of lead on the hydration of cement for non-treated funnel glass sand.

(c) Tensile strength
The incorporation of waste glass sand as a sand replacement improved the splitting tensile
strength of concrete (Du and Tan, 2014a; Batayneh et al., 2007). A less porous microstructure
of cement paste was formed with a low water-cement ratio. The elongated shape of the glass
particles might contribute to improve interlocking between glass particles and cement paste. In
contrast, a reduction in tensile strength was also found when waste glass was used as a sand
replacement (Malik et al., 2013; Taha and Nounu, 2008; Sharifi et al., 2013; Topçu and Canbaz,
2004; Mardani-Aghabaglou et al., 2015; Afshinnia and Rangaraju, 2016; Taha and Nounu,
2009). Waste glass absorbed less water in concrete. It showed an impact on the acute bleeding
and segregation on the microstructure properties of concrete (Taha and Nounu, 2008; Taha and
Nounu, 2009). The smooth surface of waste glass led to a weak bond in the interfacial transition
zone (ITZ), causing a reduction in tensile strength (Mardani-Aghabaglou et al., 2015). Malik
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et al. (2013) and Ali and Al-Tersawy (2012) found that the splitting tensile strength decreased
with an increase in waste glass content. However, Sharifi et al. (2013) and P.Turgut and
Yahlizade (2009) concluded that waste glass was beneficial for lower replacement (i.e. 10%
and or 20%) of fine aggregate in concrete. Similar to flexural strength development, waste glass
replacement developed a better splitting strength at a longer curing age with improved
durability (Wang, 2009).

(d) Modulus of elasticity
The dynamic modulus of elasticity was observed to decrease with waste glass addition in
concrete (Topçu and Canbaz, 2004). Larger size waste glass also caused a reduction in the
modulus of elasticity (Yu, 2016). However, Tuncan et al. (2001) found an increased dynamic
modulus of electricity with waste glass addition due to the positive effect on the bond properties
of finely divided waste glass. Uniformly distributed glass particles might develop interlocking
and particle interference. The reduction in cohesion between glass particles and cement paste
resulted in an influence on the increased elastic modulus of electricity (Du and Tan, 2014a).
The modulus of elasticity was found to increase with increasing concrete age. Reducing the
water-to-cement ratio also significantly increased the value of the modulus of elasticity (Yu,
2016).

(e) Ultrasonic-pulse velocity
Ultrasonic pulse velocity depends on the concrete porosity, aggregate type and ITZ
characteristics (Mardani-Aghabaglou et al., 2013). Due to the lower porosity of glass
aggregate, ultrasonic pulse velocity was increased (Mardani-Aghabaglou et al., 2015). Wang
et al. (2016) also found the ultrasonic pulse velocity of glass sand replacement is higher than
control concrete. The ultrasonic pulse velocity increased with glass sand replacement. Large
amounts of SiO2 and Al2O3 were present in glass sand which dissolved large amounts of Si and
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Al. Si and Al were needed for polyreactions. The addition of glass sand made more densely
microstructure; hence, pulse velocity increased. Hunag et al. (2015) described increased
ultrasonic pulse velocity with increasing replacement level of waste LCD glass. The unit
weight of LCD glass sand was less than that of natural sand. Small particle and large volumes
of LCD glass filled the internal voids in concrete effectively.

2.2.2.3. Durability of concrete
(a) Alkali-silica reaction
Alkali-silica reaction expansion was studied by several researchers with different types of glass
and levels of replacement. Glass particle size also has significant impact on alkali-silica
reaction. A scanning electron microscope image of glass sand is shown in Figure 2.11.

Figure 2.11 Scanning electron microscope image of clear glass (Du and Tan, 2013)

Effect of glass particle size
The particle size of glass sand is a critical factor influencing the reactivity. No excessive
expansion was noticed when the particle size was less than 1 mm, which was an indication of
no reaction between glass sand and alkalis in the pore solution (Yuksel et al., 2013). However,
glass sand particle size of 0.150 mm to 1.18 mm showed lower expansion, whereas coarser
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glass particle size greater than that showed significant expansions (Fischer et al., 2010). ASR
did not occur at the aggregate-paste interface (Fischer et al., 2010). ASR expansion occurred
in the pre-existing cracks in the interior of glass particles (Afshinnia and Rangaraju, 2015b).
The accessibility of cracks reduced and the penetration of pore fluid became more difficult due
to lower particle size of glass sand (Afshinnia and Rangaraju, 2015b). ASR expansion was
found to be increased continuously with increasing size of glass sand (Lee et al., 2011; Du and
Tan, 2013).
The minimum and maximum expansion occurred at 0.150 mm and 2.36 mm, respectively. ASR
expansion started decreasing from 2.36 mm to 0.150 mm due to pozzolanic reaction. The
pozzolanic reaction occurred between silica in small-particle glass sand and Ca(OH)2, a cement
hydration product. The product of pozzolanic reaction does not show swelling in nature due to
the low SiO2/CaO ratio. Internal cracks were more prominent in large particle size, which
initiated ASR gel. On the other hand, Du and Tan (2014b) reported that ASR expansion green
glass sand increased with the increase in glass sand size up to 1.18 mm and after that (2.36 mm)
it reduced. This may be due to the larger surface area of smaller glass sand which occurred
ASR most readily and consequently formed more expansion (Figure 2.12).

Figure 2.12 Effect of particle size on ASR expansion (Du and Tan, 2014b)
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Effect of glass content
ASR expansion was found to be closely related to the proportion of glass particles in the
mixture. An increase in glass content as sand replacement resulted in an increase in ASR
expansion (Taha and Nounu, 2009; Ling et al., 2011; Limbachiya, 2009; Yuksel et al., 2013;
Degirmenci et al., 2011; Topçu and Canbaz, 2004; Du and Tan, 2013; Lam et al., 2007; Ling
and Poon, 2012). Degirmenci et al. (2011) reported that 100% replacement exceeded the 0.10%
limit at 21 days which was considered a potentially deleterious expansion. However, ASR
expansion was reported to be below 0.1%, which is the boundary for innocuous behaviour,
according to ASTM C 1260 specification (Limbachiya, 2009; Shayan and Xu, 2004).
Conversely, Chen et al. (2006) reported that E-glass (microscopically thin, transparent coating)
content indicated innocuous behaviour and expansion reduced as E-glass content increased. No
potentially deleterious expansion was found in the specimen. An increase in E-glass content
suppressed ASR expansion due to the pozzolanic effect of fine particles. A clear reduction in
the ASR expansion was noticed with the increase in waste glass content (Figure 2.13) (Ismail
and Al-Hashmi, 2009; Kim et al., 2015; Aly et al., 2012). This reduction was related to the
shortage of available alkali in the cement hydration process due to lime consumption. Similar
reasons were also reported in other studies (Chen et al., 2006; Metwally, 2007).
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Figure 2.13 ASR expansion of waste glass (Ismail and Al-Hashmi, 2009)
Du and Tan (2013) reported that ASR expansion increased substantially with increasing
content of glass sand for clear glass sand. A significant micro-crack formed during the crushing
process was noticed only in clear glass sand. However, brown and green glass sand was found
to be innocuous regardless of the replacement level due to insignificant or absence of microcracking. Another study Du and Tan (2014a) found decreased ASR expansion with glass sand
content. The calcium ion dissolved from soda-lime glass led to non-swelling ASR gel.
Secondary C-S-H gel assisted in developing a densified ITZ microstructure with less porosity.

Effect of glass colour
The colour of the glass affects alkali-silica reaction (ASR). The green glass showed better
resistance to ASR. The presence of chromium oxide (Cr2O3) in green glass resulted in a
decrease in the alkali-silica expansion which was added to the glass for greenish hue (Topçu
and Canbaz, 2004; Park and Lee, 2004; Jin et al., 2000; Yuksel et al., 2013; Degirmenci et al.,
2011; Du and Tan, 2013). Prezzi et al. (1997) noted that the expansion pressure resulting from
electrical double-layer repulsion was inversely proportional to the ionic valence. The gel
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having Cr3+ appeared to be less expansive, and the expansion rate decreased with an increase
in Cr2O3 (Jin, 1998). Du and Tan (2013) reported that brown glass sand exhibited less ASR
expansion as green glass sand.
In contrast, Dhir et al. (2009) reported that green glass produced a large amount of expansion.
They also noted that different coloured glass was not the only influencing factor in ASR
expansion. Variations in the manufacturing process would influence the level of international
stress, and consequently, rates of leaching a dissolution of the glass. Dhir et al. (2009) reported
that flint glass sand showed the least expansion. Another study Du and Tan (2014b) also found
that green glass showed much higher ASR expansion than brown glass in the long term. This
finding was also supported by Idir et al. (2010). In general, it took time to show a noticeable
expansion. However, Park and Lee (2004) found that brown glass made up of Fe2O3 showed
higher expansion compared with green glass (Figure 2.14). Flint glass sand was found to be
more expansive compared with green glass Yuksel et al. (2013).

Figure 2.14 Expansion of mortar bar with (a) brown glass (b) green glass (Park and
Lee, 2004)
White glass sand was found to be the most detrimental colour of aggregate for alkali-silica
reaction (Topçu and Canbaz, 2004). According to their study, white glass sand exhibited the
most significant expansion. More silicates were found in white glass sand compared with other
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coloured glass sand. Degirmenci et al. (2011) reported that white glass exhibited the highest
ASR expansion followed by brown glass and green glass, respectively. The mixed-coloured
glass sand showed similar ASR expansion as single-coloured green or brown glass (Du and
Tan, 2013).

Effect of glass type
The nature of glass reactivity is an important factor in its beneficial using in concrete
(Limbachiya, 2009). E-glass exhibited a reduction in ASR expansion with an increase in Eglass content in the specimen. The equivalent alkali content of E-glass was 0.8, which was
much lower than the container glass resulted in a reduction in ASR expansion (Chen et al.,
2006). The swelling capacity of the ASR gel depends on its chemical composition, basically
on the ratio of CaO/(SiO2 + Na2O) (Corinaldesi et al., 2016). Saccani and Bignozzi (2010)
found that soda-lime glass (from beverage containers cullet) showed negligible expansion,
while lead silicate glass (from tableware, giftware and home décor items in crystal) exhibited
expansion in ASR. Borosilicate glass from pharmaceutical containers cullet showed different
behaviour depending on its colour. For example, amber coloured glass hardly exceeded the
limit, while uncoloured glass tended to expand.
The ASR expansion of treated funnel glass was relatively higher than crushed beverage glass
due to higher solubility of treated funnel glass (Ling and Poon, 2012). A large amount of
dissolved glass was available in the solution to form ASR gel (Ling and Poon, 2012; Saccani
and Bignozzi, 2010). Aly et al. (2012) found that the hybrid incorporation of waste glass and
nano-silica is more efficient than the use of waste glass alone.

Effect of time duration
Flint and green glass did not show reactivity up to 50% replacement at one year, which was
lower than 0.04%. However, a continuous increase in expansion was noticed for flint glass
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sand at three years duration with the same replacement level (Yuksel et al., 2013). Another
study Du and Tan (2013) reported that brown glass sand exhibited less alkali reactivity in the
long term, for instance, at 63 days. However, cracks were observed in the green glass particles
at 63 days, while no cracks were noticed at 28 days. Taha and Nounu (2009) found that concrete
continued to expand after 52 weeks and was considered a potential risk. However, expansion
was within the allowable limit of non-expansive aggregate at 52 weeks. Glass showed a slow
and delayed reaction to alkalis (Serpa et al., 2013a).

(b) Sorption
Sorption is an important mode of moisture transport which characterizes the affinity of a porous
material to absorb and transmit water by capillarity. Water sorption depends on initial water
content, temperature and the nature of material used in concrete. The intrusion of moisture in
concrete is one of the most physical phenomena for structures in long-term durability. Moisture
movement in concrete over time can damage concrete structures under freeze-thaw attack,
sulphate attack and rapid chloride penetration. Moisture transport can occur in three modes:
capillary absorption (sorption); diffusion; and permeation (Nassar and Soroushian, 2012). Use
of pozzolanic material in concrete can improve structure through the refinement of the pore
size, blocking off the consecutive capillary pores and reduction of the pore volume (Basheer et
al., 2001).
A reduced sorptivity coefficient was observed when waste glass sand was used as a sand
replacement. The favourable effect of waste glass sand grading improved the particles packing
and almost certainly reduced the quantity of capillary pores (Pereira de Oliveira et al., 2008).
Mohammadinia et al. (2019) found a decrease in capillary rise of water which was mainly due
to low water absorption of gravel-sized glass particles.

(c) Rapid chloride penetration test
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Waste glass sand also resulted in a reduction of chloride ion penetration (Chen et al., 2006; Du
and Tan, 2014a; Wang et al., 2014; Mardani-Aghabaglou et al., 2015). Du and Tan (2014a)
observed that concrete with 30% and 45% glass sand showed moderate penetration resistance
whereas concrete with 75% glass sand produced low permeable concrete. Chloride resistance
tended to improve with an elongated curing age (Du and Tan 2014a) as well as with increased
proportion of glass sand in concrete (Du and Tan, 2014a; Mardani-Aghabaglou et al., 2015).
However, Chen et al. (2006) reported that concrete with glass sand (particle size greater than
75µm) did not have pozzolanic activity because of its specific surface area and thus did not
exhibit a positive influence on concrete. De Castro and De Brito (2013) recapitulated that
microstructure of concrete was usually governed by the quality of cement, therefore there was
no significant resistance to chloride ion penetration. Nevertheless, Wang et al. (2014)
concluded that glass sand concrete governed compact internal structure compared with control
concrete and thus exhibited lower/reduced porosity. Consequently, concrete mixed with glass
sand can provide better resistance to water erosion.
Table 2.6 Overview of rapid chloride penetration test of glass sand concrete as aggregate
replacement
Ref

(Du and Tan, 2014)

(Wang et al., 2014)

Percentage

30%, 45% & 60%

20%, 40%, 60%

W/cm

Size

0.49,0.3

ASTM

8,0.32

C33

.485

No 8

0.68, 1

>75 µm

Curing period

Penetrability of

(Days)

glass sand concrete

28, 90

Moderate to Low

28

Moderate to Low

& 80%
(Chen et al., 2006)

10%, 20%, 30%,
40% & 50%

41

Very Low

(Mardani-

15%, 30%, 45%,

Aghabaglou et al.,

60%

0.45

ASTM

28

Very Low

C33

2015)

(d) Drying shrinkage
Drying shrinkage refers to the change in volume during hydration due to the loss of capillary
water as concrete ages. It is a phenomenon that causes an increment in tensile stress which may
lead to cracking at the edges of the concrete structure. In hardened cement concrete, drying
shrinkage is a widespread problem. However, the addition of glass in concrete can abate
shrinkage (Dumitru et al., 2010; Hunag et al., 2015). Dumitru et al. (2010) found lower drying
shrinkage for concrete using crushed glass as partial sand replacement for both 56 and 90 days.
The reduction is noteworthy with the increment of glass sand replacement ratios (Limbachiya,
2009). Besides replacement ratios, w/c ratio is an influencing factor in concrete mixtures. Glass
sand concrete with low w/c ratio could reduce drying shrinkage because of higher elastic
modulus and negligible water absorption of glass sand (Du and Tan, 2014a). The higher w/c
ratio makes the concrete porous and prone to crack.
In contrast, Shayan and Xu (2004) observed that the addition of glass sand (coarse sand 50%
and fine sand with different ratios) resulted in an increase in shrinkage compared with reference
concrete. However, it was within the margin of 0.075%, specified by Australian Standard AS
3600. Another study Shayan and Xu (2006) showed the same positive trend of shrinkage. De
Castro and De Brito (2013) reported that concrete mixed with fine and coarse glass aggregate
exhibited lower drying shrinkage compared with concrete with fine sand and concrete with
coarse sand separately.
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Moreover, drying shrinkage of RGS mortar showed a similar reduction trend compared with
RGS concrete (Ling et al., 2011; Ling and Poon, 2013). Ling et al. (2011) showed 100% glass
sand replacement produced 17% lower drying shrinkage compared with reference mortar at
112 days. Other substitutions also satisfied the specification of Australian Standard AS 3600
(Ling and Poon, 2013; Tan and Du, 2013). In contrast, Penacho et al. (2014) exhibited the
opposite trend: 100% glass sand increased drying shrinkage about 19%. However, Ling and
Poon (2011) reported that glass sand mortar could reduce drying shrinkage from 1 to 85 days
but the control mortar exhibited the lowest shrinkage beyond 85 to 112 days. Other research
Ling and Poon (2012) showed a positive influence of long-term effect on drying shrinkage.
Drying shrinkage is found to be reduced due to lower absorption capacity of glass sand in
comparison with natural river sand and impermeable properties of glass.

(e) Sulphate attack
Sulphate attack occurs when sulphate ions come in contact with cement paste in concrete.
Sulphate ions penetrate the specimen to form crystals in the pores, and therefore, the weight is
increased (Wang et al., 2016). The new crystals occupy space and cause cracks. The addition
of E-glass content improved sulphate resistance of concrete (Chen et al., 2006). E-glass
addition in concrete caused weight reduction and strength loss due to lower porosity. Ling et
al. (2011) concluded that the glass had a higher degree of resistance to acid attack than that of
river sand in mortar. Hunag et al. (2015) found glass sand had better resistance to sulphate
attack. However, normal-weight concrete was found more effective. Wang et al. (2016)
emphasised that glass sand substitution caused better resistance to sulphate attack with a more
complete and rapid polymerisation reaction. Thus, glass sand substitution would be beneficial
to structures constructed near seawater, wastewater and sulphate soil.

(f) Water absorption
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Water absorption has a significant effect on concrete durability. Concrete with low water
absorption can provide better protection to reinforcement within it (Nwaubani and Poutos,
2013). Due to its impermeable nature, the use of waste glass in concrete can reduce the
permeability of concrete (Taha and Nounu, 2008). The quantity of absorbed water in concrete
was reduced with an increase in recycled glass. Glass has a negligible water absorption nature.
Hence, the total demand for water absorption was reduced in concrete with glass sand. Less
water demand can hinder the continuity of the microcracks inside the concrete and restrict the
movement of ions and moisture inside the concrete (Taha and Nounu, 2008).
As aggregate, rough natural sand shows strong bonding between cement and concrete rather
than smooth surface glass aggregate. ASR expansion causes cracks in concrete and this makes
the concrete less durable than typical concrete. Small glass size and optimum replacement
levels ensure a significant role in ASR expansion as well as strength. However, no concrete
conclusion regarding particle size and level of replacement was found when waste glass was
used as a fine aggregate replacement in concrete.

2.2.3 Waste glass as cement replacement
2.2.3.1 Fresh properties
(a) Slump test
Concrete
The performance of concrete containing waste glass as partial replacement of cement has been
investigated by several researchers (Soliman and Tagnit-Hamou, 2016; Khatib et al., 2012;
Aliabdo et al., 2016; Shruthi et al., 2015; Nassar and Soroushian, 2012; Bajad et al., 2011;
Nwaubani and Poutos, 2013). A systematic increase in slump was found as glass powder
increased in the mixture (Khatib et al., 2012; Kamali and Ghahremaninezhad, 2015; Soliman
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and Tagnit-Hamou, 2016; Nassar and Soroushian, 2012) (Figure 2.15). The increase in slump
indicated an improvement in workability, and lower water demand of glass powder in concretes
(Kamali and Ghahremaninezhad, 2015; Soliman and Tagnit-Hamou, 2016). Three main factors
are responsible for the outcomes of concrete workability: geometry; smoothness; and the
surface area of glass particles (Afshinnia and Rangaraju, 2016). Due to the smooth surface of
glass powder, workability was improved due to the smooth surface of glass powder (Soliman
and Tagnit-Hamou, 2016), as the geometry- related issues were insignificant in the case of
glass powder (Afshinnia and Rangaraju, 2016). Increasing glass content could be a reason for
cement dilution, which tended to reduce the formation of cement hydration products in the
initial minutes of mixing. Consequently, less cement hydration caused insufficient products to
bridge various particles together (Soliman and Tagnit-Hamou, 2016). In contrast, a slight
reduction in slump was noticed with an increase in glass powder content (Shayan and Xu, 2006;
Shruthi et al., 2015; Bajad et al., 2011) due to the non-spherical and rough geometry of waste
glass powder. The cement content decreased as the quantity of glass powder increased in the
mixture. A limited portion of cement was available to provide a lubricating effect in the mix,
affecting the workability (Bajad et al., 2011).

Figure 2.15 Slump of concretes with glass powder as cement replacement (Khatib et al.,
2012)
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Mortar
A flow table test is a method to determine the workability of mortar. The workability of mortar
was found to reduce with an increase in glass powder content (Nwaubani and Poutos, 2013).
Reviews Islam et al. (2017) confirmed the increase in workability with glass powder addition.
However, a reduction of flow value was observed when fly ash was replaced by glass powder
due to coarser particle size and irregular shape of glass powder (Lu and Poon, 2018). Another
study Afshinnia and Rangaraju (2015a) observed that the flow behaviour of mortar improved
with coarse glass powder (lower surface area) compared with fine glass powder (smooth
surfaces with fractured faces). Use of glass cullet improved the workability in mortar because
of the inherent smooth surface and negligible water absorption of glass. Cement was needed in
reduced amounts to coat the cullet as the large particle size of glass cullet, i.e., smaller surface.
High fluidity improved flow due to more available cement paste available in the mixture (Lu
and Poon, 2018).

(b) Density
Fresh density
The fresh density of concrete was reduced as the amount of glass aggregate in concrete
increased (Taha and Nounu, 2009; Khatib et al., 2012). This reduced density in concrete was
attributed to the lower specific gravity of waste glass (Afshinnia and Rangaraju, 2016; Soliman
and Tagnit-Hamou, 2016; Nassar and Soroushian, 2012).
Hardened density
An increase in bulk density (dry) and bulk density (after immersion) was observed when milled
waste glass was used as a partial cement replacement (Nassar and Soroushian, 2012). This
increase accelerated the conversion of calcium hydroxide (Ca(OH)2) to calcium silicate hydrate
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(C-S-H) due to the pozzolanic reaction of waste glass powder in concrete. The specific gravity
of the resulting C-S-H (2.3-2.6) is somewhat higher than that of Ca(OH)2 (2.24) (Nassar and
Soroushian, 2012). Besides, the filling effect of microscopic glass powder improved particle
packing in concrete (Nassar and Soroushian, 2012; Nwaubani and Poutos, 2013). However,
Shayan and Xu (2006) found fluctuating dry densities arose due to lack of full compaction
(100%).

(c) Air content
The air content of concrete was affected when glass powder was used as a cement replacement
in concrete. Finely ground glass powder showed higher air content compared with control
concrete as well as mineral aggregates (Afshinnia and Rangaraju, 2016).

(d) Setting time
Glass powder mortar did not exhibit a significant difference in the initial and final setting time
(Kamali and Ghahremaninezhad, 2016). However, a slightly decreasing trend was found in
cement paste containing waste glass powder.

2.2.3.2 Mechanical strength
(a) Compressive strength
Strength of concrete with glass powder as cement replacement depends on the particle size of
glass powder, amount of glass powder and duration of curing. Concrete with a glass particle
size of less than 90µm showed a notable increase in strength at 28 days (Patil and Sangle, 2013;
Nwaubani and Poutos, 2013). Strength was found to be equal or even greater to that of control
concrete in between 28 and 90 days. Initially, a reduction in strength was observed compared
with control concrete (Al-Zubaidi and Tabbakh, 2016; Lee et al., 2013; Khatib et al., 2012;
Gunalaan and Kanapathy, 2013). Strength of concrete with glass powder increased with curing
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time. Strength development at later curing ages showed a pozzolanic reaction. Several studies
found that compressive strength increased gradually until the optimum replacement level and
showed a better result than any other replacement (Al-Zubaidi and Tabbakh, 2016; Lee et al.,
2013; Khatib et al., 2012; Gunalaan and Kanapathy, 2013; Soliman and Tagnit-Hamou, 2016;
Aliabdo et al., 2016; Nwaubani and Poutos, 2013; Du and Gao, 2014; Afshinnia and Rangaraju,
2015b; Patil and Sangle, 2013; Dhirendra et al., 2012) (Figure 2.16). This increase in
compressive strength was attributed to the pozzolanic reaction, which can improve the quality
of cement matrix in concrete (Bajad et al., 2011). Beyond the optimum replacement level,
strength started to decline. A systematic reduction in strength was observed with an increase in
glass powder content (Al-Zubaidi and Tabbakh, 2016; Lee et al., 2013; Khatib et al., 2012;
Gunalaan and Kanapathy, 2013; Soliman and Tagnit-Hamou, 2016; Aliabdo et al., 2016; Bhat
and Rao, 2014). It could be due to an increase in w/c with constant water in the mix. Glass
powder does not utilise water for the reaction. Therefore, the compressive strength increased
when constant w/c was maintained for all mix (Bhat and Rao, 2014).

Figure 2.16 Compressive strength test result glass powder (Nassar and Soroushian,
2012)

(b) Flexural strength
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Shayan and Xu (2006) found a reduction in flexural strength when glass powder was used as a
cement replacement. Concrete with a mixture of glass powder and glass sand provided the
lowest strength. A decrease was noticed in flexural strength compared with control concrete.
But the recycled glass had the potential to reach a long-term effect. The long-term effect can
be attributed to enhancing the binding qualities of the calcium silicate hydrate, which is formed
during the pozzolanic reaction of glass. The pozzolanic reaction improved the interfacial
transition zone and refined the capillary pores in concrete microstructure (Nassar and
Soroushian, 2011; Nassar and Soroushian, 2012). However, mortars with glass powder
demonstrated better strength compared with control concrete when used as a cement
replacement (Kamali and Ghahremaninezhad, 2015).

(c) Tensile strength
The increasing trend was observed along with the inclusion of RGP until the optimum
percentage, i.e., maximum strength, and after that decreased with an increase in glass powder
content (Aliabdo et al., 2016).

(d) Ultrasonic pulse velocity
The ultrasonic pulse velocity was found to be reduced with an increase in glass powder content
in concrete as a cement replacement (Khatib et al., 2012).

2.2.3.3 Concrete durability
(a) Chloride ion penetration
The durability of reinforced cement concrete is enormously/extremely dependent on the
resistivity to the ingress of chloride ion in the concrete. Chloride ion intrusion in concrete is
one of the most natural phenomena for structures which are constructed near a shoreline
(Cement Concrete & Aggregate Australia, 2009). However, cement type, replacement ratio,
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curing time and w/c ratio have an influence on chloride ion penetration in concrete (Aggarwal
and Siddique, 2014). The addition of glass powder in concrete has significant improvements
against concrete permeability compared with control concrete. Concrete modified with glass
powder caused a reduction in chloride ion penetration. Schwarz et al. (2008) and Nassar and
Soroushian (2011) found that an elongated curing time could improve the chloride resistance
of concrete. They noted that glass powder concrete enhanced resistance to chloride ion
penetration by pore refinement and pore-blocking with the C-S-H gel formation during the
pozzolanic reaction. (Nassar and Soroushian, 2012) investigated the rapid chloride penetration
test (RCPT) with low w/cm ration and high w/cm ratio. Glass powder concrete did not show
much difference, however, a low w/cm ratio showed similar a reduction trend of high w/cm
ratio.
Du and Tan (2017) explained the reason behind improved resistance. The resistivity of concrete
depended on porosity, pore solution and pore structure. Cement pore solution is made up of
hydration products, i.e., Na+, K+, Ca2+ and OH-. When glass powder was used as a partial
cement replacement, these hydration products are consumed to produce C-S-H gels with low
Ca/Si ratio. Consequently, the amount of ion is reduced in the pore solution thus enhancing
microstructure and reducing the permeability of concrete. Another investigation Carsana et al.
(2014) reported that concrete with ground glass exhibited improved chloride ingress similar to
fly ash concrete. Shayan and Xu (2006) and Nassar and Soroushian (2012) recommended glass
powder as a cement replacement to construct pavements, submarine structural design, and
parking areas which are often affected by chloride ions from de-icing salts.
Table 2.7 Influence of different parameters on rapid chloride penetration test
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Ref

Percentage

W/cm

Size

Curing

Penetrability of glass powder

period

concrete

(days)
(Schwarz et al.,

10%

0.42

-

2008)

High - moderate – low

90

(Nassar and

15%, 20%,

Soroushian, 2011)

23%

(Nassar and

20%

Soroushian, 2012)
(Shayan and Xu,

28, 56,

0.45

25 µm

90, 450

Moderate – low

0.38 &

13 µm

-

Low (w/cm = 0.38)

0.50
20%, 30%

0.49

Moderate ( w/cm =0.50)
<10 µm

220,380

2006)

Moderate –Low (20%)
Low-Low (30%)

(Carsana et al.,

30%

0.5

400 m2/kg

28

600 m2/kg

2014)
(Kamali and

5%,10%,15%,

Ghahremaninezhad,

20%

0.5

8.4 µm

(Du and Tan, 2017)

15%,
30%,45%,

42
28-5691

2015)

0.486

ASTM

50

High-Moderate-Moderate
(5%)
Moderate-Moderate-Low
(10%)
Moderate-Low-Very Low
(15%)
Moderate-Low-Very Low
(20%)
Very low

C33

60%

(b) Water absorption
It was found that the amount of water absorption was more when recycled glass was used in
powder form compared with the conventional control mix (Taha and Nounu, 2009; Nassar and
Soroushian, 2012). Water absorption increased with increased glass powder content (Nwaubani
and Poutos, 2013). This reduction might be attributed to the pozzolanic reaction of glass
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powder, which can refine pore structures and decrease connectivity. However, the pozzolanic
reaction would be limited by other cement hydration products, such as portlandite at higher
glass powder content (Du and Gao, 2014).
In mortar samples, a reduction in water absorption was noticed except that the brown glass was
increased due to increased porosity. The waste glass might have filled the microcracks and the
pores in the mortar leading to decreases in voids otherwise occupied with water (Al-Zubaidi
and Tabbakh, 2016).

(c) Sorption
Milled waste glass concrete exhibited significant reductions in the rates of absorption and
cumulative water sorption (Nassar and Soroushian, 2012; Nassar and Soroushian, 2011; Du
and Tan, 2017). Waste glass may be attributed to the availability of more CH at the old ITZ of
recycled aggregate to undergo pozzolanic reaction. The formation of additional C-S-H refined
the pore microstructure and created a denser and less permeable microstructure (Nassar and
Soroushian, 2012). Water sorption reflected the ability of water uptake rate into unsaturated
concrete. The resistance against water sorption of waste glass powder concrete was attributed
to the reduced size and connectivity of pores in the paste matrix and ITZ. However, Du and
Tan (2017) found slightly increased water absorption with increasing glass powder volume,
because of lower effective water-to-cement ratio at higher cement replacements rates. Schwarz
et al. (2008) noticed high sorptivity at a later age but reduced sorption at an early age.
Mortar with RGP also reduced the rate of water absorption due to accelerated hydration and
the creation of more hydration products (Mirzahosseini and Riding, 2014). Glass cullet can fill
in higher porosity at later ages as glass cullet reacts slower than cement. Mirzahosseini and
Riding (2014) also found green glass had a higher tendency to participate in pozzolanic
reactions compared with clear glass. Water absorption of green glass was found to reduce to
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some extent more than clear glass. In contrast, due to the similar fineness of glass powder and
cement clinker, no influence on sorptivity was reported (Matos and Sousa-Coutinho, 2012).

(d) Alkali-silica reaction
Cement, in combination with glass powder, had a low risk of ASR deterioration (Afshinnia and
Rangaraju, 2015a) (Figure 2.17). ASR expansion of glass powder was reduced compared with
the control mortar bars. Smaller particle sizes offered slightly better results than coarser
particles. Cement with 20% glass powder showed a better reduction in ASR expansion than
cement with 10% glass powder.

Figure 2.17 Moratar bar expansion versus time for samples containing glass powder as
a cement replacement (Afshinnia and Rangaraju, 2015a)
The ASR of mixtures with glass powder was noticed to decrease (Kim et al., 2015) by
increasing the amount of glass powder as cement replacement (Figure 2.18). The expansion of
all mixtures except the control sample was within the permissible limit at 16 days. Kim et al.
(2015) concluded that waste glass could reduce ASR expansion as effectively as by fly ash.
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Figure 2.18 ASR expansion of mortar bar containing glass sludge and fly ash (Kim et
al., 2015)
ASR expansion indicated innocuous behaviour of mortar containing waste glass with a median
particle size of 13 µm (Nassar and Soroushian, 2012). According to ASTM C 1260, ASR
expansion greater than 0.20% at 16 days indicates deleterious behaviour, while less than 0.10%
at 16 days indicates innocuous expansion.

Effect of using supplementary cementitious materials in ASR mitigation
method
Using fly ash together with waste glass sand in the mixture led to a more stable behaviour
indicating no deleterious ASR expansion (Pereira de Oliveira et al., 2008; Kim et al., 2015).
Topçu and Canbaz (2004) found that use of fly ash or Li2O3 increased resistance against ASR.
Topçu and Canbaz (2004) also described the mechanism of reducing ASR expansion by using
fly ash in the mixture. According to their study, the addition of fly ash in the mixture caused a
reduction in soluble alkaline concentration and hence decreased the pH of the pore solution. A
reduction in pH reduced the reactivity between the alkalis of cement and the silica of aggregate
as well. The pozzolanic reaction was formed due to the addition of fly ash and therefore, the
permeability of mortar was found to be lower resulting in a reduction in water penetration.
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ASR gel was unable to swell due to lack of water penetration and consequently, expansion was
prevented. Alkali content of fly ash was reported lower than that of cement. However, Topçu
and Canbaz (2004) found Li2O3 to be a more significant admixture compared with fly ash and
that it performed better with elapsed time. Ling et al. (2011) found metakaolin to be an effective
suppressor to mitigate ASR expansion. The increase in metakaolin content resulted in a gradual
reduction in ASR expansion in the waste glass mortar. On the contrary, Lee et al. (2011) noticed
that fly ash was more efficient in reducing ASR expansion compared with metakaolin.
However, both fly ash and metakaolin can effectively mitigate ASR expansion due to
pozzolanic reaction. This led to the formation of C-S-H that could take up alkalis and
subsequently led to the reduction of ASR expansion.
Another study Lam et al. (2007) found that pulverised fuel ash was a better ASR suppressor
than metakaolin with the same glass content. Metakaolin was needed at 5% to suppress ASR
expansion effectively whereas pulverised fuel ash was needed at only 2.5%. The inclusion of
fibre – for instance, steel fibre and polypropylene reinforcing fibre – decreased ASR expansion
with an increase in the fibre content (Park and Lee, 2004).
The combination of cement, fly ash or slag cement, and waste glass sand attributed to a lower
risk of deleterious ASR expansion (Du and Tan, 2014a). They concluded that the use of fly ash
and slag cement reduced the alkalinity of the pore solution and restricted transport properties
of the cementitious system due to lower porosity and denser ITZ section. The use of Ca(OH)2
to form additional C-S-H led to a pozzolanic reaction instead of forming ASR gel. Addition of
ASR suppressors such as slag, metakaolin, glass powder and Li2O3 improved the mitigating
ability to reduce ASR expansion (Taha and Nounu, 2009).
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Figure 2.19 ASR expansion of waste glass sand concrete with 60% slag replacing
cement (Du and Tan, 2014a)
Use of glass powder as an aggregate replacement showed significantly better performance in
mitigating ASR expansions, compared with when glass powder was used as a cement
replacement material (Afshinnia and Rangaraju, 2015a). The fine glass powders act as
sacrificial particles that react with the alkaline pore solution in the matrix and consume
available alkalis. Hence, the availability of alkalis reduces for the coarse aggregate to react with
and makes them less vulnerable to ASR distress. However, (Schwarz et al., 2008) found that
glass powder as a cement replacement material demonstrated the potential to reduce deleterious
expansion and this reduction was found to be proportional to the content of glass powder.

(e) Pozzolanic reactivity
Strength activity index
The strength activity index is the ratio of a test mortar (containing SCMs) and control mortar
(with 100 per cent Portland cement). A strength activity index is required to consider the waste
glass powder as a pozzolanic material. According to ASTM C 618/ AS 3582.1, mortar with
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supplementary cementitious material (SCM) should gain 75% strength of control mortar
(without SCM) to be taken into account as a pozzolanic material at 28 days (ASTMC618,
2014; AS3582.1, 2016). In addition, mortar modified with glass powder should provide at least
85% strength of the control mortar at 90 days, according to EN 450-1 (Standards, 2012). Glass
powder fulfils the limits of Class F and Class C pozzolanic materials at both of seven and 28
days according to standard ASTM C 618 (Aliabdo et al., 2016; Ismail and Al-Hashmi, 2009).
The particle size of glass powder is an important parameter in characterising its pozzolanic
properties (Afshinnia and Rangaraju, 2015a; Carsana et al., 2014). Afshinnia and Rangaraju
(2015a) found that smaller particle size glass powder exhibited better pozzolanic behaviour
and yielded better compressive strength under ambient curing temperatures than coarser glass
powder. However, another study Afshinnia and Rangaraju (2015b) found that an increase in
glass powder replacement was affected negatively in the strength activity index, as well as
coarser glass particle size (Figure 2.20).

Figure 2.20 Strength activity index of mortar cubes containing 70 µm glass powder
(Afshinnia and Rangaraju, 2015b)
Mortar with more finely ground glass powder showed a slightly higher index compared with
that of mortar with 10% silica fume (Carsana et al., 2014). E-glass particles also play an
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important role in the strength activity index. The lower particle size of E-glass satisfied the
strength requirement of pozzolanic material as proposed (Chen et al., 2006; Shao et al., 2000).
(Bignozzi et al., 2015) conducted an activity index for several types of glass-blend cements
including soda-lime glass, crystal glass, funnel glass and fluorescent lamp glass. The
pozzolanic behaviour was found to be effective for soda-lime glass and funnel glass, whereas
crystal glass showed a lower activity index. Hence, these outcomes clearly illustrated that finely
ground glass powder could be considered as an effective pozzolanic material.

Thermogravimetric analysis
Thermogravimetric analysis (TGA) can be used to quantify the pozzolanic reaction. It can be
calculated as a function of increasing temperature (with constant heating rate) or as a function
of time (with constant temperature and/or constant mass loss). TGA is conducted to evaluate
the Ca(OH)2 content of a cement paste having waste glass powder as cement replacement. The
presence of Ca(OH)2 in cement mix is an indication of cement hydration as Ca(OH)2 is one of
the products of cement hydration along with calcium silicate hydrate (Kamali and
Ghahremaninezhad, 2015). The amount of Ca(OH)2 is determined using the mass loss in the
TGA plot between 450 °C and 600 °C, which represents the typical temperature range of
Ca(OH)2 decomposition (Aliabdo et al., 2016). The amount of Ca(OH)2 of cement paste
increases over time as more cement is hydrated. However, the use of waste glass powder as a
cement replacement reduced the amount of Ca(OH)2 (Aliabdo et al., 2016; Kamali and
Ghahremaninezhad, 2015) (Figure 2.21).
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Figure 2.21 Calcium hydroxide content of paste modified with glass powder (Aliabdo et
al., 2016)
This reduction can be a result of either the decrease in cement content (dilution effect) or the
pozzolanic effect of glass powder present in cement paste (Afshinnia and Rangaraju, 2015a).
The reduction percentage in Ca(OH)2 should be the same if a pozzolanic reaction does not take
place (Aliabdo et al., 2016). In a pozzolanic reaction, Ca(OH)2 is used to produce additional
calcium silicate hydrate and a reduction of Ca(OH)2 amounts in the cement paste (Rupasingle
et al., 2014; Kamali and Ghahremaninezhad, 2016; Du and Tan, 2017). An increase in calcium
silicate hydrate with a decrease in Ca(OH)2 also confirmed the increase in compressive strength
(Aly et al., 2012). The pozzolanic reaction of waste glass powder as cement replacement was
found to be prominent at a later age (Kamali and Ghahremaninezhad, 2016; Mirzahosseini and
Riding, 2014). However, Du and Tan (2017) found that Ca(OH)2 became insufficient for
pozzolanic reaction beyond a replacement of 30%. Coarse glass powder (i.e., 70 μm) showed
minimal pozzolanic behaviour when used as cement replacement (Afshinnia and Rangaraju,
2015b). Different curing temperatures showed a large impact on the pozzolanic reactivity of
glass powder. Mirzahosseini and Riding (2014) confirmed that elevated temperature can
accelerate the glass hydration reaction and show significant pozzolanic reaction.
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A reduction was noticed in the Ca(OH)2 in mortar with waste glass. A hybrid combination of
waste glass and nano-silica also showed decrease in Ca(OH)2 (Aly et al., 2012). Glass powder
mortar with smaller particle size (17 μm) exhibited better pozzolanic behaviour compared with
the large particle size glass powder (70 μm) (Afshinnia and Rangaraju, 2015a).
Waste glass powder can be used as a partial replacement of cement. There are variations in
optimum replacement level as well as mix design. Glass powder size is also considered as an
inevitable part in ASR expansion as well as strength.

2.3 Life cycle assessment
Life cycle assessment (LCA) is a recognised method of estimating and evaluating the
environmental impacts associated with the entire life cycle of a product. A “cradle to grave”
LCA approach takes into account all the processes involved in raw materials extraction, raw
materials processing, manufacture, distribution, use, repair, maintenance, disposal and
recycling (Figure 2.22). In a “cradle-to-gate” approach, on the other hand, only specific stages
in the life of a product are investigated. This process involves from raw materials extraction to
manufacturing of the product (Figure 2.22). LCA is carried out based on the requirements of
the international standards of the ISO 14.040 (Principals of Framework) (ISO14040, 2006) and
ISO 14.044 (Requirements and Guidelines) (ISO14044, 2006).
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Figure 2.22 Life cycle assessment, considering whole life cycle phases (Sivakugan et al.,
2017)
ISO 14.040 defines LCA as a methodology for assessing and evaluating the environmental
aspects and potential impacts associated with a product by compiling an inventory of relevant
inputs and outputs of a product system and interpreting the results of the inventory analysis and
impact assessment phases (ISO14040, 2006). According to the ISO standards, the LCA
methodology consists of four main analytical phases (Figure 2.23): (a) goal and scope
definition; (b) life cycle inventory analysis (LCI); (c) life cycle impact assessment (LCIA); and
(d) interpretation of results (Vieira et al., 2016).

Goal and scope definition

LCA Inventory

Interpretation

Impact assessment
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Figure 2.23 Life cycle assessment phases (Vieira et al., 2016)

2.3.1 Goal and scope definition
The goal and scope definition is the primary phase of an LCA methodology. This key phase
states the context of the study and sets out a specific margin of the environmental impact
considerations. According to ISO 14040, the goal of an LCA study states the intended
applications, the aims for performing the study, the intended people to whom the outcomes are
to be communicated, and where the outcomes are going to be operated (Vieira et al., 2016; Yin,
2015). The goals should be comprehensibly defined and compatible with the intended
application. It includes technical details: for instance, the functional unit, the system
boundaries, the allocation methods, the data quality requirements, any assumptions, limitations
and the impact categories (Vieira et al., 2016, Yin, 2015). In this step, the approach should be
considered according to the study.

2.3.2 Life cycle inventory analysis (LCI)
The second phase of LCA methodology is inventory analysis and this involves data collection
and analysis procedures regarding the production system. Inventory analysis quantifies data for
all the relevant inputs and outputs of individual process within the system boundary, including
raw material inputs, energy inputs, water inputs, and emissions to air, water and land. The life
cycle of a product can be composed of hundreds of unit processes, and the collection of data
would be a time-consuming process depending on system boundaries. A flow diagram is
developed using data on inputs and outputs. The flow diagram should be as detailed as possible
to achieve maximum accuracy. The data collection and data procedure including the validation
of collected data and the relating data to unit processes are required to develop the inventory
analysis of the product system (Yin, 2015).

62

2.3.3 Life cycle impact assessment (LCIA)
The LCIA phase aims to evaluate the significance of environmental impacts and estimate
resources based on life-cycle inventory results. This phase consists of three compulsory
elements: selection of impact categories, category indicators and characterisation models; the
classification stage, where the LCI parameters are chosen impact categories; and impact
measurements, where the LCI results are characterised as an indicator result (Jiang et al., 2014).
The indicator result is the ultimate outcome of a life cycle impact assessment.

2.3.4 Interpretation of results
Interpretation is the final phase of an LCA in which, the outcomes from the inventory analysis
and impact assessment are summarised. The aim of this phase is to analyse and deliver results,
reach conclusions, explain limitations and provide recommendations based on the findings of
the LCA (Jiang et al., 2014). Interpretation also comes up with a clear and complete overview
of the LCA results, according to the goal and scope definitions.

2.3.5 Environmental life cycle assessment of concrete
Concrete is the world’s most consumed construction material and it is used in almost all kinds
of building construction and infrastructure because of its versatility and excellent properties.
The consumption of concrete is more than 3.8 tonnes per person on the planet annually (Petek
Gursel et al., 2014). The production of concrete is very energy intensive and a source of
greenhouse gas emissions. The civil construction industry is responsible for nearly 30% of the
world’s greenhouse gas emissions (Khasreen et al., 2009). In 2015, carbon emission was 23.1
tonnes CO2 e- per person in Australia, which was five times higher than the global average
(Lawania et al., 2015). It is required to estimate carbon dioxide (CO2) emission due to different
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components of concrete. The primary components of concrete are cement, water and
aggregates. Concrete components are well-known contributors to global warming.

2.3.5.1 Cement production and life cycle assessment of cement
Cement is a binding material in concrete. Cement production was recorded at nearly 0.6 tonnes
per capita each year (Jiménez et al., 2015). The cement industry is highly resource intensive
and is the leading contributor of the world’s greenhouse gas emissions. This industry accounts
for about 7% of global emissions of carbon dioxide (Jiménez et al., 2015). Cement production
releases CO2 to the environment both directly and indirectly and is the main cause of global
warming. CO2 is emitted directly during the calcination process in cement production. In the
calcination process, limestone (CaCO3) decomposes and releases more than 50% of total CO2
emissions from cement production (Feiz et al., 2015). One study Flower and Sanjayan (2007)
found that calcination process released 0.5 tonnes of CO2 for each tonne of CaO production.
The remaining CO2 emission was from the combustion of fossil fuels used to heat the cement
kiln.
Life cycle assessment of the cement production process reported that the amount of CO2
emitted during the production of cement was in the range of 0.7 tonnes/tonne to 1 tonne/tonne
cement (Feiz et al., 2015; Chen et al., 2010; Gartner, 2004). Every tonne of cement production
consumed 1.5-1.6 tonnes of raw materials, 120-160 kWh of electrical energy and 3000-4300+
MJ of fuel energy (Hasanbeigi et al., 2010). The amount of CO2 emissions are shown in Table
8. In the Australian context, the production of 1 tonne of cement released 0.8 tonnes CO2.
Another study Hasanbeigi et al. (2005) reported that cement production emitted 0.82 tonnes
CO2/tonne together with the transport of cement to concrete batching plants (Hasanbeigi et al.,
2005).
Table 2.8 Summery of CO2 emissions (Flower and Sanjayan, 2007)
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Activity

Unit

CO2 Emission

Cement

t CO2-e/tonne

0.8200

Coarse aggregate (Granite)

t CO2-e/tonne

0.0459

Coarse aggregate (Basalt)

t CO2-e/tonne

0.0357

Fine aggregate

t CO2-e/tonne

0.0139

Fly ash

t CO2-e/tonne

0.0270

Ground granulated blast furnace slag

t CO2-e/tonne

0.1430

Concrete batching

t CO2-e/m3

0.0033

Concrete transport

t CO2-e/ m3

0.0094

On site placement activities

t CO2-e/ m3

0.0090

The use of environmentally friendly material as partial cement replacements in concrete has
been increasing attention in reducing greenhouse gas emission. Fly ash is ground granulated
blast furnace slag and is widely used as supplementary cementitious materials. These materials
can reduce greenhouse gas emission, energy consumption, water use and environmental
toxicity. Flower and Sanjayan (2007) investigated the environmental impact of fly ash and
ground granulated blast furnace slag and found that the CO2 emission of fly ash was 0.027
tonnes CO2 -e/tonne. Fly ash as a cement replacement was capable of reducing 13-15% of CO2
emissions in concrete mixtures. Furthermore, ground granulated blast furnace slag emitted
0.143 tonnes CO2 -e/tonne which is 22% less emission than conventional concrete (Flower and
Sanjayan, 2007).
Waste glass powder has been recognised as a pozzolanic material to replace cement partially
in concrete. Jiang et al. (2014) studied environmental impacts on waste glass containing
concrete and found using glass powder as a cement replacement could reduce greenhouse gas
emissions by 5%, 10% and 19% for 20 MPa, 30 MPa and 35 MPa concretes. Cumulative
65

energy demand also showed less energy use relative to conventional concrete. Life cycle
environmental impacts on conventional concrete and glass powder concrete are shown in Table
2.9. From that table, it is found that the reduction in life cycle impacts by using glass powder
was improving.
Table 2.9 Life-cycle environmental impacts of conventional and glass powder concrete
(Jiang et al., 2014)
Life-cycle

Unit

Conventional concrete

Glass powder concrete

environmental

20

30

35

20

30

35

impact

MPa

MPa

MPa

MPa

MPa

MPa

Global warming

kgCO2 eq

230

290

340

220

260

280

Cumulative energy

MJ

1400

1800

2100

1400

1600

1700

Water use

m3

9.9

12

13

9.8

11

11

Acidification

H+ moles eq

40

48

57

40

45

49

Carcinogenic

kg benzene eq

2.4

3.0

3.6

2.3

2.7

3.0

Noncarcinogenic

kg toluene eq

3600

4500

5400

3500

4100

4300

Respiratory effects

kg PM2.5 eq

0.094

0.11

0.13

0.091

0.10

0.11

Eutrophication

kg N eq

0.034

0.042

0.048

0.034

0.038

0.040

Ozone depletion

10-6 kg CFC-11

9.0

11

13

8.4

9.7

10

demand

eq
Ecotoxicity

kg2,4-D eq

52

63

73

49

56

58

Smog

Kg NOx eq

0.56

0.68

0.78

0.55

0.62

0.66

Cement replacement ratio and strength of concrete are influencing factors on the outcomes of
environmental impacts. Moreover, the production process of waste glass concrete would still
have some impacts on environment and these need to be considered for further study.
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2.3.5.2 Life cycle assessment of aggregate
Aggregates are the second major component in concrete production, comprising three-quarters
of concrete volume. The use of aggregates is increasing rapidly along with concrete production.
In 2013, 150 million tonnes of aggregates were produced in European Union countries
(Napolano et al., 2016). Although the use of aggregates in concrete does not have a high
environmental footprint as cement, excessive use depletes natural resources. The phases of
acquisition and transport also consume energy depending on the transport distances and
transport vehicle type (Napolano et al., 2016). Aggregates used in concrete construction are
typically categorised as “natural” and “artificial”. Natural aggregates collected from sea or river
beds do not require any processing. However, artificial crushed aggregates exploited from
rocks and qurries require mechanical crushing. Energy consumption and emission of glacier
rock crusher produced by rock crusher are tabulated in Table 10. Flower and Sanjayan (2007)
investigated the environmental impact on granite and basalt aggregates and found that the CO2
emission of granite was 0.0459 tonnes CO2 -e/tonne. Furthermore, basalt emitted 0.0357 tonnes
CO2 -e/tonne which includes transportation of concrete from the querry to the concrete batching
plants.
Table 2.10 Emission and energy consumption to produce 1 metric tonne of crushed
glacier rock with rock crusher (Landfield and Karra, 2000)
Emissions

Energy

CO2, fossil

0.6465 kg/tonne

NOx as NO2

0.0021 kg/tonne

SOx as SO2

0.0036 kg/tonne

Particulates (unspecified)

0.0038 kg/tonne

Total primal energy

9.8192 MJ/tonne
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In addition, CO2 emissions due to concrete sand production and following transportation were
0.0139 tonnes CO2 -e/tonne. Production of a tonne of fine aggregate emitted less CO2 -e/tonne
compared with the production of a tonne of coarse aggregate (Flower and Sanjayan, 2007). For
instance, a tonne of fine aggregate generated 30-40% less CO2 than coarse aggregate due to
lack of crushing steps. On account of this, the use of alternative and recycled construction
materials has received growing attention.

2.4 Summary
A number of researchers have studied the use of recycled crushed glass in concrete as aggregate
and cement replacement, with mixed success. Several studies have been carried out on reusing
waste glass as fine aggregate in concrete since the beginning of the 1980s. However, the
mechanical and durability properties of concrete presented inconsistent outcomes that have
been reported by various researchers. Inconsistent results were caused by the chemical reaction
between reactive silica in glass and alkali in cement during hydration. This alkali-silica reaction
(ASR) is deleterious and results in excessive expansion. Expansion causes concrete to crack
which is the prime cause of strength reduction. The reactivity of silica glass depends on
chemical composition, the type of waste glass, fineness, percentage of replacement and particle
size distribution. However, only limited research has been conducted on the pozzolanic effect
of glass powder in cement paste. The use of waste glass as a cement substitute will not be fully
understood unless the microstructural behaviour of cement paste during hydration is
completely studied.
This research focuses on the development of sustainable concrete mix by partially replacing
sand and cement with crushed recycled glass. This study also focuses on the quantification of
environmental benefits achieved through the alternative use of glass waste. The concrete thus
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produced is intended to be used in light-weight concrete works such as footpaths and precast
concrete elements such as drainage pits, kerbs and culverts. Being able to recycle a proportion
of glass waste into concrete as sand or cement replacement provides a whole new opportunity
for recycling glass waste and reduces the amount of waste going to landfill. Furthermore, use
of recycled glass in concrete contributes towards sustainable development by reducing the
consumption of natural sand and cement.
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Chapter 3: Performance of recycled waste glass sand as partial
replacement of sand in concrete
Nafisa Tamanna, Rabin Tuladhar, Nagaratnam Sivakugan. “Performance of recycled waste
glass as partial replacement of sand in concrete.” Construction and Building Materials.
Vol. 239, 10 April, 2020.

This chapter studies the use of mixed-coloured soda-lime glass supplied by Cairns Regional
Council, Australia, as sand replacement in concrete. In this research, concrete with a target
characteristic strength of 32 MPa was produced by replacing natural river sand with 20%, 40%,
and 60% of crushed recycled glass sand (RGS) to investigate the effect of replacement levels
on fresh and hardened properties of concrete. The impact on workability, compressive strength,
tensile strength and flexural strength was evaluated. The durability of concrete with RGS was
also analysed by a rapid chloride penetration test (RCPT) and an alkali-silica reaction (ASR)
test. The study suggests development and promotion of the use of sustainable concrete mix
with recycled glass as a sand replacement at an industrial scale.

3.1 Experimental procedures
3.1.1 Materials
General-purpose cement with a specific surface area of 562 m2/kg was used throughout the
research. The equivalent alkali content (Na2Oeq = Na2O + 0.658 K2O) of this cement was
calculated to be 0.39% (expressed as low alkali cement, i.e. less than 0.6%). The coarse
aggregate used was obtained from Edmonton Quarry, following the grain size requirement
specified by AS 2758.1 (AS2758.1, 2014). For fine aggregate, natural coarse sand and fine
sand were used with a nominal size of 5 mm and 2 mm, respectively. Coarse and fine sand were
70

obtained from Barron River and Tableland regions, respectively. The properties of aggregate
are tabulated in Table 3.1. SIKA RE Retarder was used as an admixture.
Table 3.1 Properties of natural aggregate supplied by Pioneer North Queensland
Aggregates

20 mm Coarse aggregate

Nominal size of sample (mm)

Coarse sand

Fine sand

20

5

2

Particle density dry (t/m3)

2.68

2.55

2.60

Particle density saturated surface dry (t/m3)

2.69

2.58

2.62

Water absorption (%)

0.4

0.9

0.7

3.1.2 Production of recycled crushed glass
Mixed-coloured soda-lime glass supplied by the Cairns Regional Council was utilised as a
partial coarse sand replacement. Council collects all commingled recyclables from the yellow
recycling bins and transports to a materials recovery facility (MRF) unit. All collected
recyclable materials, which includes paper, cardboard, plastic bottles, aluminium cans and
glass bottles are sorted and large items removed as the stream passes through the conveyor belt.
A vibrating conveyor belt separates light items, such as paper, cardboard, etc. Heavy items, for
example, plastic bottles, glass bottles and crushed glass are sent to the other conveyor belts
where larger contaminants are removed manually. Glass items are then sent to glass crushing
facility. Figure 3.1 shows recyclable glass items after sorting procedures.
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Figure 3.1 Recyclable glass items after sorting procedures
Glass crushing is done at three stages: imploder, shearing unit and sanding unit. The imploder
has rotating blades to crush glass (Figure 3.2a). After the imploder, glass particles are moved
to the shearing unit for further crushing by shearing (Figure 3.2b). Some large glass particles
and other impurities are removed before reaching the sanding unit. The rotating grinding shaft
of the sanding unit (Figure 3.2c) crushes material to sand fineness. Glass sand particles are
dropped into two separate drums through 5 mm (coarse glass) and 3 mm (fine glass) holes. The
coarse glass particles of 5 mm in size are then sent to landfill while the fine glass particles are
sent to be utilised in construction. In this study, a fine glass of 3 mm (Figure 3.3) was used as
received, without any modification (i.e., cleaning or sorting), and tested to meet the
requirements of Cement concrete Aggregate Australia (CCAA).

(a)

(c)

(b)

Figure 3.2 Glass crushing machine (a) imploder (b) shearing unit (c) sanding unit
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Figure 3.3 Fine glass sand (3 mm) used as a partial coarse sand replacement

3.1.3 Concrete mix design
The concrete mix design used in this study for control specimen closely followed the mix
design used by Pioneer North Queensland (PNQ) for their commercial concrete plant (Table
3.2). The mix design was designed for a characteristic strength of 32 MPa at 28 days. Based
on the mix design, the target slump value was in the range of 80-100 mm. By trial and error, it
was found that 0.53 w/c ratio achieved the targeted slump value. A total of four concrete
batches were prepared, including the control concrete without any RGS for comparison
purpose. The other three concrete batches corresponded to the replacement of coarse sand with
20%, 40%, and 60% recycled glass sand, noted as 20 RGS, 40 RGS and 60 RGS, respectively.
Table 3.2 Materials content for 1 m3 of concrete mixture
Material

Cement

Fine Aggregate (kg)

(kg)
Fine Sand

Recycled

Coarse Aggregate

Water

Plasticizer

Glass Sand

(kg)

(L)

(mL/100 kg

(kg)

20 mm

Coarse Sand

of Cement)

Control

336

270

632

-

981

180

400

20 RGS

336

270

505.6

126.4

981

180

400

40 RGS

336

270

379.2

252.8

981

180

400

60 RGS

336

270

252.8

379.2

981

180

400

73

Four batches of concrete were mixed separately in a pan mixer, according to AS 1012.2
(AS1012.2, 2014). Mixtures were poured into moulds to cast cylinders and beams for
compressive, flexural, tensile strength and RCPT. Vibration was applied by a mechanical
vibrating table. After casting, all samples in the mould were allowed to set initially for 24 hours.
Then, specimens were demoulded and cured for a specific period, for instance, 7, 28, 56 days
in water at 23±2 ⁰C, according to AS 1012.8.1 (AS1012.8.1, 2014).

3.1.4 Experimental methods
The experimental study included (a) material properties tests – particle size distribution test
and sugar content test and (b) fresh concrete properties – slump test and fresh concrete density
test (c) hardened concrete properties – compressive, tensile and flexural strength tests. RCPT
and ASR tests were also carried out on concrete and mortar specimen, respectively to determine
durability properties of concrete.
(a) Material properties test
Particle size distribution
Particle size distribution is a mathematical function that describes the relative amount of
particles present according to size. A sieve analysis was conducted to analyse particle size
distribution, according to AS 1141.11.1 (AS1141.11.1, 2009).
Detection of sugar in glass aggregates
The detection of sugar in aggregate is a qualitative method to determine the presence or absence
of sugar. The presence of sugar interferes with the chemical reaction that delays the setting of
concrete. This test can directly detect sugar from honey, wine, fruit juices and other sources of
glucose. The mixed-coloured glass used in this study was mainly obtained from glass
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containers such as beverage bottles and food containers and are prone to sugar contamination.
The detection of sugar in RGS was conducted following AS 1141.35 (AS1141.35, 2007).
Fehling’s reagent was used to detect sugar in the aggregate. Fehling’s solution was prepared
by mixing equal volumes of the blue aqueous solution of copper (II) sulphate pentahydrate
crystals (Figure 3.4a i) and a colourless solution of aqueous potassium sodium tartrate (also
known as Rochelle salt) (Figure 3.4a ii) with a strong alkali (commonly sodium hydroxide).
The aggregate to be tested was added to Fehling’s solution (Figure 3.4b) and the resultant
mixture was heated. A reddish-brown precipitate indicates the presence of sugar in aggregate.
(a)

(b)

(i)

(ii)

Figure 3.4 (a) Copper (II) sulphate pentahydrate crystals and colourless solution of
aqueous potassium sodium tartrate, (b) Fehling’s solution
(b) Fresh concrete properties
In this research, fresh and hardened concrete properties were also evaluated to investigate the
effect of using RGS in concrete as a partial fine aggregate replacement. The properties of fresh
concrete were investigated by conducting a slump test and fresh density test.
A conical hollow frustum with a 300 mm height, 200 mm diameter at the bottom and 100 mm
diameter at the top was used in the slump test. The cone was placed on a smooth base plate and
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filled with fresh concrete in three layers. Each layer was compacted 25 times with a compaction
rod to avoid air voids. Excess concrete was taken off from the top surface and levelled with a
trowel. The cone was lifted in a vertical direction and the concrete was allowed to subside. The
difference between the height of the cone and the subsided concrete is the slump and it is
expressed in mm. The slump test was carried out according to AS 1012.3.1 (AS1012.3.1, 2014).
Concrete cylinders were weighted forthwith after casting the moulds (fresh density) and prior
testing (hardened density) as per AS 1012.12.1 to assess the density (AS1012.12.1, 2014).
Density was calculated by:
Mass of concrete (𝑘𝑔)

Density of concrete = Volume of concrete (𝑚3)

(3.1)

(c) Hardened properties
Compressive and flexural strength
Compressive strength, flexural strength and indirect tensile strength tests were conducted to
investigate the basic hardened properties according to AS 1012.9 (AS1012.9.1, 2014), AS
1012.11 (AS1012.11, 2014) and AS 1012.10 (AS1012.10, 2000), respectively. A compressive
strength test was performed to determine the maximum compressive load that the sample could
carry per unit area. Cylinders with 100 mm diameter and 200 mm height were cast for
compressive strength following AS 1012.8.1 (AS1012.8.1, 2014). Seven cylinders were cast
and cured for each batch. One cylinder was used for the seven days testing and three of each
cylinder were used for the 28 and 56-days testing. All cylinders were cured in water until testing
commenced. During the compression test, a rubber cap was affixed on the rough end of the
cylinder to allow smooth testing surfaces at either end. A steady load of 1.4 kN/sec. was applied
to the cylinder until the sample failed per AS 1012.9. The compressive strength was measured
by using the formula below and converted into Mega Pascals (MPa).
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Ultimate Load at failure (𝑁)

Compressive Strength = Cross Sectional Area (𝑚𝑚2 )

(3.2)

Flexural strength of a material is its ability to resist deformation under loading. Force was
applied to the beam through two supporting rollers (bottom support of 300 mm) and two loading
rollers (top supports of 100 mm) (Figure 3.5c). A four-point loading was set up with a loading
rate of 0.07 kN/s. A total of seven beams, 100 mm × 100 mm × 360 mm were cast to test flexural
strength for 28 days of curing. Flexural strength was calculated by:
𝑓𝑟 =

𝑀
𝑍

=

𝑃𝐿(1000)
B𝐷 2

(3.3)

fr = Flexural Strength or Modulus or Rapture, MPa
M = Bending Moment at failure of specimen
Z = Section modulus of cross-section
P = Maximum load applied to the specimen, kN
L = Length between support rollers, mm
B = Width of the specimen, mm
D = Height of the specimen, mm

(a)

(c)

(b)

Figure 3.5 (a) Compressive strength, (b) tensile strength, and (c) flexural strength set up
Tensile strength
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Tensile strength is the highest amount of tensile stress that a material can absorb before failure.
Cylinders of 150 mm diameter and 300 mm height were cast for tensile strength and cured for
28 days. A loading rate of 1.2 kN/s was applied for the tensile test and calculated by:
𝑇=

2000𝑃

(3.4)

𝜋𝐿𝐷

Whereas,
T = Indirect tensile strength, in MPa
P = Maximum indirect tensile force indicated by the testing machine, in KN
L = Length, in mm
D = Diameter, in mm
(d) Concrete durability
Rapid chloride penetration test
RCPT was conducted to assess concrete durability, according to ASTM C 1202 (ASTMC1202,
2012). A concrete specimen of 100 mm in diameter and 50 mm thickness was cut from the 200
mm cylinder using a water-cooled diamond saw. The circumference surface of the specimen
was coated with epoxy (Figure 3.6a) and placed in a vacuum desiccator in such a manner that
both end faces of the specimen remained exposed. The desiccator was sealed properly, and a
vacuum pump was used to decrease pressure 50 mm Hg within a few minutes. This vacuum
condition was maintained for three hours to remove air particles from the pores inside the
specimen. De-aerated water was poured into the desiccator to submerge the specimen and soak
it for 18±2 hours to fill up the voids with water for vacuum saturation conditioning (Figure
3.6b). The specimen was placed between two cells. One of the cells was filled with a 0.3 N
sodium hydroxide solution, and other cell was filled with 3% sodium chloride solution (Figure

78

3.6c). A 60V direct current was applied between two liquid cells for six hours. The total current
passing through the specimen was recorded every 30 minutes and calculated by integrating the
current with a time equation as per standard, where Q is charge passed (coulombs), I0 is current
(amperes) immediately after voltage is applied, and It is current (amperes) at t minutes after
voltage is applied.
Q = 900 (I0 + 2I30 + 2I60 +……..+ 2I300 + 2I330 + I360)

(3.5)

The specimen was categorised based on the amount of total charge passed using the
(ASTMC1202, 2012) guideline (Table 3.3). The higher the penetrability shown by the RCPT
test shows lower resistance to chloride penetration into concrete and hence the lower durability.
Reversely, very low permeability shows higher resistance to chloride ion penetration.

(b)

(a)

(c)

Figure 3.6 (a) Specimens coated with epoxy, (b) vacuum saturation conditioning and (c)
RCPT cells set up
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Table 3.3 Chloride ion penetrability based on charge passed (ASTMC1202, 2012)
Charge Passed (coulombs)

Chloride Ion Penetrability

>4000

High

2000-4000

Moderate

1000-2000

Low

100-1000

Very Low

<100

Negligible

Accelerated mortar bar tests
An accelerated mortar bar test was conducted on the mortar with and without RGS to determine
the potential deleterious alkali-silica reaction as per Australian Standard AS 1141.60.1
(AS1141.60.1, 2014). Two gang prism moulds of size 25 mm × 25 mm × 285 mm with a gauge
length of 250 mm were used in this experiment (Figure 3.7a). A gauge stud was attached to
each end of the mould to obtain precise comparator readings. Three mortar bars were prepared
for each mix according to the proportion specified in AS 1141.60.1 (Table 3.4). In this test, the
grading requirements of the manufactured fine aggregate was followed for RGS as tabulated
in Table 3.5.

(a)

(b)
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Figure 3.7 (a) Mortar bar prism moulds with gauge stud and (b) ASR comparator
readings
Table 3.4 Mix design of mortar mixes for three ASR prism bars (AS1141.60.1, 2014)
Material

Cement (g)

Sand (g)

Recycled Glass Sand (g)

Water (mL)

Control

440

990

-

206.8

20 RGS

440

792

198

206.8

40 RGS

440

594

396

206.8

60 RGS

440

396

594

206.8

Table 3.5 Grading requirements of glass sand as manufactured fine aggregate
Sieve Size, mm

% by mass

20 RGS

40 RGS

60 RGS

(g)

(g)

(g)

Passing

Retained on

4.75

2.36

10

19.8

39.6

59.4

2.36

1.18

25

49.5

99

148.5

1.18

0.600

25

49.5

99

148.5

0.600

0.300

25

49.5

99

148.5

0.300

0.150

15

29.7

59.4

89.1

Moulds were placed in a humidity-controlled storage area of 23⁰C with 95% humidity for the
first 24 hours. After demoulding, the initial comparator reading of each specimen was recorded.
Samples were placed in a storage container filled with sufficient tap water and stored in a water
bath at 80⁰C for the next 24 hours. A zero reading was recorded before placing in a container
filled with enough 1mol/L sodium hydroxide. Comparator readings were recorded at 1, 3, 7,
10, 14 and 21 days after the zero reading. The expansion was calculated according to the
standard below:
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𝐥 −𝐥

En = ( 𝐧𝐥 𝐳 ) ∗ 100

(3.6)

𝐠

Where,
En = Expansion of each specimen after a period of n days since the zero reading
ln = Specimen length after a period of n days since the zero reading
lz = Specimen length at zero reading
lg = Effective gauge length of specimen (usually 250 mm)
The average of three samples was taken as the ASR expansion. The reactivity of the aggregate
was classified based on ASR expansion value (Table 3.6). All the test programs with the
relevant standard are tabulated in Table 3.7.
Table 3.6 Aggregate reactivity classification based on AS 1141.60.1 (AS1141.60.1, 2014)
Mean mortar bar expansion (E), %

AS 1141.60.1 aggregate reactivity

Duration of specimens in 1mol/L NaOH at 80 ⁰C

classification

10 days

21 days

-

E < 0.10*

Non-reactive

E <0.10*

0.10* ≤ E< 0.30

Slowly reactive

E ≥ 0.10*

-

Reactive

-

0.30 ≤ E

Reactive

*The value for natural fine aggregates is 0.15%
Table 3.7 Test program with relevant standards
Tests

Standard

Curing (days)

Particle size distribution

AS 1141.11.1

-

Detection of Sugar

AS 1141.35

-

Slump test

AS 1012.3.1

-
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Density of concrete

AS 1012.12.1

7, 28, 56

Compressive strength

AS 1012.8.1

7, 28, 56

Flexural strength

AS 1012.11

28

Tensile strength

AS 1012.10

28

Rapid chloride penetration test

ASTM C1202

28, 56

AS 1141.60.1

1, 3, 7, 10, 14, 21

(RCPT)
Alkali-Silica Reaction (ASR)

3.2 Results and discussion
3.2.1 Characterisation of crushed glass sand as aggregate
3.2.1.1 Particle size distribution
Figure 3.8 shows the particle size distribution of natural coarse sand and RGS, determined by
sieve analysis according to AS 1141.11.1 (AS1141.11.1, 2009) with grading limits. Coarse
sand and RGS were well graded, however RGS showed slightly coarser distribution compared
with natural coarse sand as well as grading limits. Coarse sand presented an homogeneous
distribution whereas RGS had particles with a specific size of range predominating. The portion
of finer particles in RGS was lower than coarse sand, with the maximum percentage of 44%
retained on 1.18mm sieve following 30% retained on 0.600 mm. RGS showed the coarser
distribution in the middle of sieves (0.300 mm -1.18 mm) compared with the lower limit which
is negligible to be taken into account as fine aggregate in concrete. The angular nature of RGS
can provide better bonding with the cement paste in the concrete (An et al., 2017).
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Figure 3.8 Particle size distribution curves of natural coarse sand and crushed glass
sand

3.2.1.2 Detection of sugar
100 g RGS was placed in a 250 mL beaker (Figure 3.9a) and covered with water. Then, 50 mL
of 1 N hydrochloric acid was added to the mixture. The mixture was boiled for 5 minutes
(Figure 3.9b) and filtered immediately while still hot (Figure 3.9c). As the filtrate was found
to be acidic to litmus paper (Figure 3.9d), 5 mL of filtrate was cooled and neutralised with 1 N
sodium hydroxide solution (Figure 3.9e). The precipitate was removed by filtration. Finally, 3
mL of Fehling’s solution (described in experimental methods) was added into the mixture and
heated in a boiling water bath for 5 min. Glass sand did not show reddish-brown precipitate
after the addition of Fehling’s solution which indicated the absence of sugar (Figure 3.9f). It
was inferred from the test that RGS used in this research was free from contamination and
therefore suitable to replace sand in concrete. Glass bottles used in this study were mainly used
for food and beverages. However, the sugar detection test showed no sign of sugar in the mixedcoloured glass. The possible reason for the absence of sugar can be that the crushed glass was
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stored outside at the MRF site in Cairns and the rain over time may have washed sugar content
away from the stockpile. This suggests that simple washing of crushed glass can effectively
remove any sugar content from the glass.

Figure 3.9 Procedures to determine the presence or absence of sugar in aggregate

3.2.2 Fresh properties of concrete
3.2.2.1 Slump test
The slump test was carried out to assess the workability of concrete with RGS and without
RGS (Table 3.8). Control concrete showed 90 mm slump, which was in the range of targeted
slump of 80-100 mm. However, workability decreased significantly with an increase in the
quantity of RGS. This decreasing trend was in agreement with the study by (Adaway and
Wang, 2015). The 20 RGS and 40 RGS exhibited similar slump values, nearly 69% and 71%
of control concrete, respectively. The 60 RGS showed even less slump compared with any
other mixtures, only 46% slump value of control concrete. The shape of the glass sand particles
- for instance, sharp edges, and rough texture – resulted in lower fluidity of mixture, and hence
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reduced slump was observed. A similar decrease pattern was observed on the flowability of
mortar (Tan and Du, 2013).

3.2.2.2 Density of concrete
Table 3.8 shows the fresh and hardened density of concrete containing RGS as a fine aggregate
replacement. Control concrete exhibited a fresh density of 2394 kg/m3 whereas 20 RGS and 40
RGS concrete had a fresh density of 2377 kg/m3 and 2365 kg/m3. The density of RGS concrete
was very similar to that of the control concrete. The slightly reduced value of density in RGS
concrete might be due to the lower specific gravity of RGS compared with sand used in the
study. RGS had a specific gravity of 2.42 while sand exhibited 2.62. The dry density of concrete
was measured at 7, 28 and 56 days. Control concrete showed a hardened density of 2406 kg/m3,
2399 kg/m3 and 2396 kg/m3 at 7, 28 and 56 days, respectively. As can be seen in Table 3.8, the
hardened density of RGS concrete was found to be very similar to that of control concrete.
Table 3.8 Slump and density of control concrete, concrete with RGS
Sample Name

Slump (mm)

Fresh Density

Hardened Density (kg/m3)

(kg/m3)

7 days

28 Days

56 Days

Control

90

2394

2406

2399

2396

20 RGS

60

2377

2387

2372

2378

40 RGS

65

2365

2361

2369

2382

60 RGS

40

2350

2358

2356

2361

3.2.3 Mechanical properties of concrete
3.2.3.1. Compressive strength of concrete
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The compressive strength tests of RGS concrete with various ratios were carried out and
compared with concrete without glass sand (control concrete) (Figure 3.10). Control concrete
and concrete with 20 RGS achieved design strength as early as in seven days, which was mainly
characterised for 28 days. The 20 RGS concrete gained a compressive strength of 34.2 MPa at
7 days, which was 5.8% higher than that of the control. As the replacement level increased, the
strength slightly decreased. However, 60 RGS concrete achieved a slightly higher compressive
strength (2.3%) than 40 RGS concrete at seven days.
All concrete mixtures achieved the characteristic strength of 32 MPa at 28 days. The control
concrete gained strength of about 38.75 MPa at 28 days. The concrete with 20 RGS obtained
the highest strength (i.e., 41.40 MPa) which was 7% higher than the control concrete at 28
days. The other two fine aggregate replacements (i.e., 40 RGS and 60 RGS) performed
favourably with strengths of 86% and 96% of the control concrete, respectively. The increase
in strength for the fine aggregate replacement is attributed to the angular nature of the RGS
than the naturally rounded sand particles, which has also been proved by other research
(Adaway and Wang, 2015). The strength development of concrete depends on the interlocking
bond between the cement matrix and glass sand, which is governed by the development of the
interfacial transition zone (ITZ).
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Figure 3.10 Compressive strength development of concrete with RGS
The control concrete reached 43.22 MPa of strength, a 34% improvement at 56 days. The 20
RGS concrete achieved the highest compressive strength at 56 days, albeit 1% compared with
the control concrete. It was evident that RGS quantity had a slightly negative impact on its
strength as glass sand quantity increased. Increased glass sand quantity weakens the mechanical
bond inside the concrete microstructure, leading to a decrease in strength of ITZ. The 40 RGS
and 60 RGS concrete achieved strengths of 92% and 89%, respectively, compared with control
concrete. However, strength development showed a slow increase in strength at 56 days
compared with 28 days of strength. The 40 RGS mix increased the most with 31%, followed
by 20 RGS with 28% and 60 RGS with 24%.

3.2.3.2. Flexural and tensile strength of concrete
Flexural strength and indirect tensile strength tests were conducted on control and RGS
concrete at 28 days. There was no significant difference in both flexural and tensile strength
for glass sand addition compared to the control concrete (Figure 3.12). Strength results tended
to increase with an increase in glass sand quantity. The angular size of glass sand can attribute
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to a better interlocking between cement and glass sand. However, a decrease in strength was
found for 40 RGS and 60 RGS for flexural and tensile strength, respectively. Reduction in
tensile strength of concrete with higher percentage RGS replacement (60%) is in line with the
reduction in compressive strength at 60% replacement level. Percentage of indirect tensile
strength to compressive strength was in the range of 8-1% (Table 3.9).
4.5
4.0

Strength (MPa)

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Control

20 RGS

40 RGS

Flexural Strength

60 RGS

Tensile Strength

Figure 3.12 Flexural and tensile strength of concrete with RGS
Table 3.9 Percentage of indirect tensile strength to compressive strength at 28 days
Sample Name

28 days (%)

Control concrete

8.85

20 RGS

8.36

40 RGS

10.54

60 RGS

8.33

3.2.4 Durability of concrete
3.2.4.1 Rapid chloride penetration test
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Concrete durability depends on its resistance to the ingress of moisture and chloride ions into
the concrete. In this research, RCPT was conducted on the concrete cylinder at 28 and 56 days
to evaluate the resistance of concrete to chloride ion penetration. Figure 3.13 depicts the
average charge passing through the concrete containing river sand (control concrete) and RGS.
Results show that control concrete appeared as the most vulnerable to ingress of chloride ion
at both curing periods. The charge passed through the control concrete was 5234 coulombs at
28 days, which is classified as high permeable concrete according to ASTM C 1202
(ASTMC1202, 2012). As the curing period increases, the RCPT value was noticed to reduce.
At 56 days, reduction in chloride ion penetration was seen to be 19% less compared with
control concrete at 28 days, but it was still in the high permeable range.

Charge passed (Coulombs)

6000
5000

High

4000
3000

Moderate

2000

Low

1000
0

Control

20 RGS

40 RGS

28 Days

60 RGS

Very Low
Negligible

56 Days

Figure 3.13 RCPT results of concrete with river sand and RGS at 28 days and 56 days
Concrete with RGS showed improved resistance to chloride ion penetration. Similar improved
resistance was also found in one study (Du and Tan, 2014a). RCPT value for 20 RGS was
found 4285 Coulombs at 28 days, classified as high permeable concrete. The RCPT value was
noticed to decrease at 56 days, and it exhibited moderately permeable concrete. 40 RGS
exhibited the highest resistance among other replacements and presented 29% and 32%
improvement in chloride resistance compared with control concrete at 28 and 56 days,
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respectively. This agrees with the increase in compressive strength of concrete with an increase
in RGS replacement levels up to 40%. During the concrete mixing, it was observed that uniform
mixing of materials could be achieved for 20 RGS and 40 RGS. However, for the high
replacement level of natural sand with glass sand (60 RGS), mixing and finishing of the
concrete specimen was relatively difficult. It is observed that up to 40% replacement, the
cohesion between the cement and glass sand improved the microstructure of the ITZ, as also
noted by others (Du and Tan, 2014a). However, at higher glass sand replacement (60 RGS) the
concrete was observed to be more porous due to difficulty in mixing with high glass sand
percentage. This has resulted in the increase in charge passing through the 60 RGS specimen
in the RCPT test at 28 days, as well as 56 days (Figure 3.13). However, 60 RGS showed 20%
and 19% more resistant than that of control concrete at 28 and 56 days, respectively.

3.2.4.2 Alkali-silica reaction test
The main concern of using RGS as a fine aggregate replacement in concrete is alkali-silica
reaction (ASR). The expansions of the mortar bar showed an increasing trend over time (Figure
3.14). However, all mortar bar specimens exhibited expansion less than 0.10% at 21 days which
is classified as non-reactive, based on AS 1141.60.1. The highest expansion value of about
0.086% was observed for control mortar bars (with no RGS) at 21 days. It is noticeable that
the ASR expansion of RGS mortar was less than that of control mortar bar. The expansion was
found to be reduced with an increase in glass sand content from 20-60%. The least ASR
expansion was noticed for 40 RGS, followed by 60 RGS at 21 days. Aggregates (both river
sand and RGS) were within the non-reactive classification at 21 days, as specified in AS
1141.60.1. However, the addition of RGS in mortar further reduced ASR expansion.
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Figure 3.14 ASR expansion of mortar with crushed glass
Experiments Fischer et al. (2010) and Du and Tan (2014b) showed that alkali-silica reaction
expansion that leads to ASR cracking is induced within the internal cracks of the large sodalime glass particles rather than at the glass/cement paste interface. Alkali ions can penetrate
through the internal cracks in large aggregates that are produced during the crushing process
and form ASR gel. However, no cracks were detected on the crushed glass sand surface used
in this research because of smaller glass particles (Figure 3.15). Smaller glass particles (less
than 4.5 mm) with no surface cracks do not have alkali ions from penetrating into the glass
particles forming ASR gel. This resulted in no ASR expansion when smaller size glass particles
were used to replace natural sand in concrete. Finer size RGS reacts with portlandite (Ca(OH)2)
and forms secondary calcium silicate hydrate (C-S-H) with a low Ca/Si ratio. Hou et al. (2004)
explained that pozzolanic C-S-H is formed in the microstructure as long as Ca(OH)2 is present
to react with dissolved silica and hinder the formation of expansive ASR gels.
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Figure 3.15 SEM of crushed glass sand particle

3.3 Conclusion
A series of experiments was conducted to investigate the influence of RGS concerning strength
characteristics and durability properties. Addition of RGS had a significant impact on
workability due to angular edges and rough texture of the glass sand. Although the fresh density
was reduced successively with the increase in glass content, improvement was noticed in the
hardened density with curing time. Target compressive strength was being achieved by all
concrete mixtures in 28 days and most significantly, in seven days by control concrete and 20
RGS concrete. No adverse reduction in strength was noticed up to 60% replacement of natural
sand with RGS. The RGS concrete showed satisfactory tensile and flexural strength results.
The latter exhibited a similar propensity to compressive strength. RGS concrete showed
enhanced resistance to chloride-ion penetration up to 60% replacement and made concrete less
permeable. The addition of recycled glass as coarse sand replacement was also proven to be
not detrimental against alkali-silica reaction. Furthermore, the use of RGS to replace natural
sand reduces the alkali-silica reaction due to the pozzolanic reaction between finer glass
particles and alkali from cement hydration. The results show that recycled crushed glass can
be used to replace up to 60% sand in concrete. However, with an increase in replacement rate,
workability of concrete can reduce, and measures need to be taken to improve the workability
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of concrete by the addition of suitable admixture. The successful application of using RGS in
concrete can reduce sand dredging, along with the reduction of glass waste going into landfill
sites.
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Chapter 4: Sustainable use of recycled glass powder as cement
replacement in concrete
Nafisa Tamanna, Rabin Tuladhar. “Sustainable Use of Recycled Glass Powder in as Cement
Replacement in Concrete”. The Open Waste Management Journal, 2020, 13:1-13.

N. Tamanna, R. Tuladhar, N. Avosa and S. Sivakugan. “The effect of using waste glass
powder as cement replacement in concrete.” Proceedings of the 28th Biennial Conference
of the Concrete Institute of Australia, 22-25 October 2017, Adelaide, South Australia.

This chapter presents a sustainable way of using recycled glass powder (RGP) as a cement
replacement in concrete. This research was conducted in three phases. The first phase consisted
of material characterisation to determine accurate chemical and physical characteristics of
recycled crushed glass powder (RGP). The second phase consisted of an experimental
investigation on the effects of RGP on fresh concrete properties (slump test, and fresh density
test), hardened concrete properties (hardened density test, compressive strength, tensile
strength, and flexural strength), and durability of concrete (rapid chloride penetration test). Five
concrete mixes were investigated: General Portland (GP) cement concrete (control); fly ash
blend (30% fly ash) concrete; and three concrete mixes containing RGP as cement substitution
at 10%, 20% and 30% (noted as 10 RGP, 20 RGP and 30 RGP, respectively). The relative
strength test of mortar was conducted to assess the reactivity of glass powder with the cement.

4.1 Experimental programs
4.1.1 Material
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General-purpose cement and fly ash blend cement (with 30% fly ash) were used in this
research. Coarse aggregate with a nominal size of 20 mm from Edmonton quarry was used in
the study. Two different types of fine aggregates used were coarse sand and fine sand obtained
from the Barron River and Tableland regions, respectively. In this research, RGP was used in
concrete as a partial cement replacement. The mixed soda-lime glass used in this study was
collected from the kerb-side domestic waste collection by the Cairns Regional Council.
The 3 mm glass particles (Figure 4.1a) are further pulverised to powder (80% passing through
45 µm sieve) (Figure 4.1b) at ALS Minerals Geochemistry-Townsville Laboratory. At the
moment, the council sends 5mm coarse glass particles to be used in road construction as base
course and subbase or are sent to landfill. Use of recycled glass powder in concrete as partial
cement replacement has the potential to create a high-value market for recycled glass.
(a)

(b)

Figure 4.1 (a) Crushed glass (3 mm size) at MRF site, (b) glass powder (45 µm size)

4.1.2 Mix proportion and sample preparation
This research was conducted in three phases. The first phase consisted of material
characterisation to determine accurate chemical and physical characteristics of RGP. The
second phase consisted of an experimental investigation on the effects of RGP on fresh
concrete (slump test, and fresh density test), hardened concrete properties (hardened density
test, compressive strength, tensile strength, and flexural strength), and durability of concrete
(rapid chloride penetration test). Five concrete mixes were investigated: GP cement concrete
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(control); fly ash blend (30% fly ash) concrete; and three concrete mixes containing RGP as
cement substitution at 10%, 20% and 30% (noted as 10 RGP, 20 RGP and 30 RGP,
respectively). To keep the concrete mix industry-relevant, concrete mix supplied by Pioneer
North Queensland (PNQ) Concrete (Table 4.1) was used as the control mix in the study. SIKA
RE Retarder was used in the mixture as an admixture to retard the setting time of the mixture.
Testing was conducted on seven, 28 and 56 days of curing.
Table 4.1 Materials content for 1 m3 of concrete mix
Material

Cement

Recycled

(kg)

Glass

Fine Aggregate (kg)

Powder

Fine

Coarse

(kg)

Sand

Sand

Coarse

Water

Admixture

Aggregate (kg)

(L)

(mL/100 kg
of Cement)

20 mm

Control

336

-

270

632

981

180

400

10 RGP

302.4

33.6

270

632

981

180

400

20 RGP

268.8

67.2

270

632

981

180

400

30 RGP

235.2

100.8

270

632

981

180

400

Fly Ash

336

-

270

632

981

180

400

Blend (30%
fly ash)

In the third phase, the relative strength test was conducted according to AS 3583.6 (AS3583.6,
2018) on cement mortar to investigate the potential of RGP as supplementary cementitious
material. Five mortar mixes were prepared using standard sand (CEN-NORMSAND DIN EN
196-1). The amount of cement, sand and water was used according to AS 3583.6 (AS3583.6,
2018) (Table 4.2). The quantity of water used in each mix should provide a flow of 110 ± 5 for
control mortar, as required by AS 2701(AS2701, 2001).
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Table 4.2 Mix proportion of mortar for three prism bars of 40 x 40 x 160mm (AS3583.6,
2018)
Material

Cement (g)

RGP (g)

Fine Sand (g)

Water
(mL)

Control

450

-

1350

250

10 RGP

405

45

1350

250

20 RGP

360

90

1350

248

30 RGP

315

135

1350

247

Concrete mixing was performed according to AS 1012.2 (AS1012.2, 2014) and prepared for
compressive, flexural and indirect tensile strength and RCPT. All moulded samples were then
stored for initial setting. Samples were demoulded after 24 hours and cured for a specific period
in water, according to AS 1012.8.1 (AS1012.8.1, 2014). Mortar samples were prepared in
accordance with AS 2350.12 (AS2350.12, 2006).

4.1.3 Test methods
The test methods included (a) chemical composition test- X-ray fluorescence (XRF), particle
size distribution test, scanning electron microscope and X-ray diffraction analysis (b) fresh
concrete properties – slump test and fresh concrete density test (c) hardened concrete properties
– compressive, tensile, flexural strength tests, RCPT. Relative water requirement and relative
strength requirement tests were also carried out on mortar specimen.
(a) Chemical composition test
The chemical compositions of cement, RGP and fly ash were found by X-ray using MEXRF26 method (Figure 4.2a). The particle size distributions, including specific surface area,
were determined using a laser-based particle size analyser Malvern Mastersizer 2000 (Figure
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4.2b). The morphology of materials was performed with a scanning electron microscope
(Hitachi SU5000) (Figure 4.2c). The samples were coated with platinum to make them
electrically conductive. X-ray diffraction analysis was performed by using a D2 PHASER 2nd
generation diffractometer (XRD), with a copper anode X-ray tube at 30 kV and 10 mA, between
5⁰ and 70⁰ with a counting time of 160 s, at a step size 0.02 (Figure 4.2d).
(a)

(b)

(d)

(c)

Figure 4.2 (a) X-ray fluorescence (XRF) (b) particle size analyser (c) scanning electron
microscope (d) X-ray diffraction analyser

(b) Fresh concrete properties
A slump test was conducted to measure the consistency of fresh concrete as per AS 1012.3.1
(AS1012.3.1, 2014). The fresh and hardened density of concrete were calculated after
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moulding the cylinders (fresh density) and directly before testing (hardened density), by
weighing and measuring samples, according to AS 1012.12.1 (AS1012.12.1, 2014) (Section
3.1.3).
(c) Hardened concrete properties
For a compressive strength test, cylinders with a 100 mm diameter and 200 mm height were
prepared according to AS 1012.8.1 (AS1012.8.1, 2014). A total of 32 cylinders were cast and
cured. One cylinder was cast for each batch for the seven days test to estimate the early strength
gain and three of each cylinder were prepared for the 28 and 56 days. A total of nine cylinders
(150 mm diameter and 300 mm height) were prepared for the splitting tensile strength test
following AS 1012.8.1 (AS1012.8.1, 2014). Concrete beams of 100 mm × 100 mm × 360 mm
were tested on a four-point bending test to determine the flexural strength of concrete at 28
days based on AS 1012.11(AS1012.11, 2014).
Relative water requirement and relative strength
The test method for relative water requirement determines the amount of water needed for a
specified flow. A flow table (Figure 4.3a) was used to determine a flow according to AS 2701
(AS2701, 2001). The flow mould was filled with mortar in a 25 mm thick layer until the mould
was full. The mould was lifted away and allowed the flow table to drop 25 times in 15 seconds
through 12 mm. The change in diameter of mortar was measured, and the required flow was
obtained by trial and error. Relative water requirement was calculated as the ratio of water of
test mortar (with supplementary cementitious material, SCM) and control mortar (containing
100% Portland cement). Relative strength index is a test to assess the reactivity of SCMs. It is
the ratio of the strength of test mortar (containing SCMs) and control mortar (with 100%
Portland cement) expressed as a percentage. According to AS 3582.1 (AS3582.1, 2016), test
mortar (SCMs such as fly ash) should gain 75% of control mortar strength to be considered as
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a SCMs. AS 2350.12 (AS2350.12, 2006) was followed to prepare control and test mortar
(mortar containing 10 RGP, 20 RGP and 30 RGP). Three prismatic specimens 40 mm × 40 mm
× 160 mm (Figure 4.3b) were cast and cured for 28 days for each batch. Compressive strength
of the mortar bars was tested at the loading rate of 2.4 kN/s until failure according to AS
2350.11 (AS/NZS2350.11, 2006). The relative strength was calculated using Equation 4.1.
Average compressive strength of test mortar at 28 days ( in 𝑀𝑃𝑎)

Relative strength = Average compressive strength of control mortar at 28 days ( in 𝑀𝑃𝑎) 𝑋 100% (4.1)
(a)

(b)

Figure 4.3 (a) Flow table (b) Prismatic mould of 40 x 40 x 160 mm
Rapid chloride penetration test
A commonly used method to determine concrete durability is a rapid chloride penetration test
(RCPT). Concrete resistivity against chloride ions penetration in concrete was determined
using RCPT according to ASTM C 1202-12 (ASTMC1202, 2012) (Section 3.3).

4.2 Results and discussion
4.2.1 Characterisation of materials
The chemical compositions of cement, RGP and fly ash are listed in Table 4.3. RGP had the
highest content of silicon dioxide (SiO2), which is the basic requirement to consider as a
pozzolanic material. The (SiO2+Al2O3+Fe2O3) of RGP was found to be higher than the
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minimum requirement of 70%, according to ASTM C 618 (ASTMC618, 2014). (Figure 4.4)
shows the location of RGP in the CaO-Al2O3-SiO2 ternary diagram, along with Portland cement
and fly ash.
The particle size distribution of cement, fly ash, and RGP all showed uniformly graded
distribution curves (Figure 4.5). Cement with a specific surface area of 562 m2/kg and fly ash
having a specific surface area of 342 m2/kg showed similar particle size distribution. However,
cement exhibited higher specific area due to the angular particle compared with the roundshaped fly ash. On the other hand, RGP showed finer particle size distribution than cement and
fly ash with a specific surface area of 1169 m2/kg. Table 4.3 shows that the effective size (D10,
corresponding to 10% finer) of RGP was smaller than that of cement and fly ash. 50% of RGP
was found to be smaller than 11.6 µm, whereas 90% of RGP was finer than 51.8 µm. Cement
and fly ash had 50% of particles finer than 21.4 µm and 20.1 µm, respectively. D90 (diameter
corresponding to 90% finer) of cement and fly ash particles was greater than RGP.
Table 4.3 Chemical and physical characteristics of cement, fly ash and RGP
Cement

Fly Ash

RGP

SiO2

18.99

56.86

72.02

Na2O

0.16

1.02

12.85

CaO

63.94

4.08

11.25

Al2O3

4.99

21.62

1.47

MgO

0.78

4.12

0.57

Fe2O3

3.22

6.88

0.57

K2O

0.35

1.97

0.35

SO3

2.26

0.63

0.12

Chemical Composition (%)

Physical properties
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Specific Surface Area

562

342

1169

D10 (µm)

4.85

4.92

1.90

D50 (µm)

21.4

20.1

11.6

D90 (µm)

70

75.3

51.8

(m2/kg)

SiO2
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Figure 4.4 CaO-Al2O3-SiO2 ternary diagram of cement, fly ash and glass powder
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Figure 4.5 Cumulative particle size distribution curve of cement, fly ash and glass
powder
The microstructures of these three materials are shown in Figure 4.6 using a scanning electron
microscope. Cement and RGP showed angular shaped particles with a heterogeneous
distribution. RGP consisted of sharp edges particles, whereas fly ash showed spherical shapes.
(a)

(b)

(c)

Figure 4.6 Scanning electron microscope of (a) cement, (b) RGP, (c) fly ash
X-ray diffraction analysis was performed to determine the X-ray patterns of cement and RGP
(Figure 4.7). X-ray patterns of cement indicated a crystalline phase with a certain peak of major
components, for instance, tri-calcium silicate, di-calcium silicate, calcium hydroxide, and
calcium silicate hydrate (C-S-H). RGP did not show a clear crystalline peak. In the amorphous
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phase, X-rays are scattered in many directions leading to a large hump. RGP showed a large
hump between 15° and 35° due to the high silica compositions. It is evident that the RGP is a
typical amorphous material as no clear crystalline peak could be noticed.
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Figure 4.7 XRD pattern for cement and RGP

4.2.2 Fresh concrete properties
4.2.2.1 Slump test
A slump test was conducted to determine the consistency and workability of control concrete,
concrete with RGP and fly ash (Table 4.4). The target slump was in a range of 80-100 mm. The
control concrete, 10 RGP and 20 RGP mixtures achieved the desired slump. However, 30 RGP
showed a slump greater than 100 mm. The 10 RGP mixture exhibited less slump than that of
the control mixture. However, as replacement level increased up to 30 RGP, slump drastically
increased due to less water affinity of RGP. The real water-to-cement ratio increased in the
mixture as the amount of RGP increased. The presence of more free water led to an increase in
slump value. In addition, increasing RGP content could be a reason for cement dilution, which
tends to reduce the formation of cement hydration products in the initial minutes of mixing,
thereby causing insufficient products to bridge various particles together (Soliman and TagnitHamou, 2016). Fly ash concrete showed less workability with the same amount of water used
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in this study compared with control concrete and concrete with RGP. The reduced value of
slump in fly ash concrete might be due to the porous nature of fly ash, which can absorb water
from the mixture. A similar decrease pattern was observed by Akmal et al. (2017).

4.2.2.2 Density
Table 4.4 shows the fresh density of control concrete was 2394 kg/m3. A slight reduction in
fresh density was observed with the addition of RGP due to the lower specific gravity of RGP,
which had a specific gravity of 2.09 whereas cement had a specific gravity of 3.03. Fly ash
concrete had a fresh density of 2410 kg/m3, which was slightly higher than the control concrete
and concrete with RGP. The decrease in hardened density was noticed for the control, 10 RGP
and fly ash concrete at seven and 28 days. However, a significant increase in density was seen
for the 10 RGP, 20 RGP and 30 RGP, as 2416 kg/m3, 2364 kg/m3 and 2338 kg/m3, respectively,
at 56 days. Addition of RGP exhibited an increase in hardened density with time. This can be
attributed to the development of additional C-S-H gel which is formed during the pozzolanic
reaction of glass with calcium hydroxide. This can improve the interfacial transition zone and
refine the capillary pores in the concrete microstructure (Nassar and Soroushian, 2011; Nassar
and Soroushian, 2012). Fly ash concrete also supported this phenomenon and showed an
increase in density at 56 days.
Table 4.4 Slump and density of control, RGP and fly ash concrete
Sample Name

Slump (mm)

Fresh Density

Hardened Density (kg/m3)

(kg/m3)

7 days

28 Days

56 Days

Control

90

2394

2406

2399

2396

10 RGP

80

2381

2379

2373

2416

20 RGP

90

2312

2318

2329

2364

30 RGP

120

2254

2230

2250

2338
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Fly Ash Blend

70

2410

2394

2376

2393

4.2.3 Hardened concrete properties
4.2.3.1 Variation of compressive strength
The compressive strength for control, RGP and fly ash concrete were tested at seven, 28 and
56 days (Figure 4.8). The control concrete showed better compressive strength than RGP and
fly ash blend concrete at early ages (i.e., seven days). Compressive strength of concrete
decreased as RGP replacement level increased, 20 RGP and 30 RGP showed 27% and 53%
less strength than that of control concrete. RGP concrete had a negative impact on early-age
strength due to the delay in pozzolanic reaction.

Compressive Strength (MPa)

60.0
50.0
40.0
30.0
20.0
10.0
0.0

Control

10 RGP
7 Days

20 RGP
28 Days

30 RGP

Fly Ash Blend

56 Days

Figure 4.8 Compressive strength of concrete with RGP and fly ash blend
All concrete achieved the characteristic strength of 32 MPa at 28 days except 20 RGP (31.2
MPa) and 30 RGP (21.2 MPa). Figure 4.8 shows that fly ash blend concrete produced the
highest strength (43.5 MPa) at 28 days. However, 10 RGP and 20 RGP achieved compressive
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strength equivalent to 84% and 81% of control concrete. 30 RGP concrete showed lower
strength gain than other concrete.
Control concrete achieved a strength of 43.22 MPa at 56 days. 10 RGP concrete achieved 96%
strength of the control concrete, whereas 20 RGP and 30 RGP concrete obtained 82% and 64%,
respectively. Fly ash blend concrete had the maximum strength of 50.34 MPa at 56 days.
Strength development exhibited a significant increase (41%, 52%, and 83% increase) for 10
RGP, 20 RGP and 30 RGP concrete, respectively at 56 days. RGP and fly ash concrete gained
further strength at later ages due to the formation of denser additional C-S-H at 56 days. The
failure pattern of control and fly ash blend concrete was usually conic, shear-conic, and shear
and less dispersion with large distinct pieces. However, the addition of RGP displayed failure
patterns most resembling conic and shear-conic modes and smashed into many pieces.

4.2.3.2 Flexural and tensile strength of concrete
The flexural and tensile strength tests of the concrete with RGP and fly ash as a partial cement
substitute were conducted at 28 days (Figure 4.9). The addition of RGP did not show any
significant effects on the flexural strength as all results obtained were within 10% of the control
concrete. Recycled glass has the potential to reach a long-term effect. The long-term effect can
be attributed to the enhanced binding qualities of the calcium silicate hydrate, which is formed
during the pozzolanic reaction of glass with calcium hydroxide. However, tensile strength
showed a decreasing trend as the RGP replacement level increased. The percentage of indirect
tensile strength to compressive strength was in the range of 8-12%. Fly ash blend concrete
exhibited 8% and 25% higher flexural and tensile strength than the control concrete,
respectively at 28 days.
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Figure 4.9 Flexural strength of concrete with RGP and fly ash blend

4.2.3.3 Rapid chloride permeability test (RCPT)
RCPT was conducted on the concrete cylinder at 28 and 56 days to evaluate the resistance of
concrete to chloride ion penetration (Figure 4.10). Control concrete showed the highest
chloride penetration value compared with RGP and fly ash concrete both at 28 days and 56
days. The RCPT value of control concrete was 5234 coulombs at 28 days. According to ASTM
C 1202, when the amount of charge passed (in coulombs) through the concrete is higher than
4000, the chloride ion permeability is considered as high. RGP and fly ash blend concrete
showed lower chloride permeability compared with that of control concrete. The RCPT values
of 10 RGP and 20 RGP were 5152 and 4840 coulombs, respectively at 28 days, still classified
as highly permeable concrete. As can be seen, RCPT values of 30 RGP and fly ash concrete
were found to be 24% and 53% less permeable than that of control concrete which were in
between 2000-4000 coulombs range, classified as moderately permeable concrete. A reduction
of chloride ion permeability can be attributed to the formation of additional C-S-H gels, which
resulted in a reduction in permeability of concrete.
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Figure 4.10 RCPT results of concrete at 28 days and 56 days
A 19% reduction was noticed for control concrete at 56 days due to further hydration but still
exhibited in a high permeable category. A total current passed through all the specimen
decreased with increase in curing time. The reduction rate in the permeability of concrete for
RGP mixes was even more pronounced at 56 days due to increase in density and due to
formation of additional C-S-H gel. Permeability of 10 RGP and 20 RGP concretes was
moderate in category whereas 30 RGP showed very low permeable concrete. Fly ash concrete
showed moderate to low permeability with an increase in curing time.

4.2.3.4. Relative water requirement
According to AS 3583.6 (AS3583.6, 2018), the control mortar was prepared by using the
amount of water required to give a flow of 110 ± 5. The test mortar with RGP was required to
have sufficient water to achieve a flow within ±3 units of control mortar. 250 mL water was
required for control mortar to gain a specified flow (Table 4.5). RGP mortar showed flow
values within three units of the control mortar. Relative water requirement to control mortar
was 100%, 99.2%, and 98.8% for 10 RGP, 20 RGP and 30 RGP, respectively. Water
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requirement decreased as the RGP replacement level increased. This trend suggests that RGP
does not absorb much water as cement, and hence has a lower water requirement.
Table 4.5 Relative water requirement of RGP
Sample

Water Content (mL)

Flow (%)

Relative water requirement (%)

Control

250

110.9

-

10 RGP

250

112.8

100

20 RGP

248

110.7

99.2

30 RGP

247

109.8

98.8

4.2.3.5 Relative strength
A compressive strength test of mortar was conducted to assess the relative strength of RGP
mortar bars at 28 days. Figure 4.11 shows that 10 RGP mortar gained the highest relative
strength, which was about 75% of the control mortar. An increase in glass powder replacement
affected negatively in relative strength. The 20 RGP and 30 RGP mortar achieved a relative
strength of 61% and 59%, respectively. Relative strength was found to decrease with an
increase in RGP quantity, and 40 RGP exhibited the lowest relative strength. The reason behind
the reduction of strength in higher percentage might be due to inadequate cement paste
available in the mixture to assist bonding within the mix which is consequently forming the
microscopic voids (Adaway and Wang, 2015). However, 10 RGP satisfied the requirements of
AS 3582.1 (AS3582.1, 2016) to be deliberated as a supplementary cementitious material.
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Figure 4.11 Strength of RGP mortar relative to control mortar at 28 days

4.3 Conclusions
This research studied the use of crushed recycled glass powder as a partial cement replacement
in concrete. The recycled glass considered in this study was mixed-coloured soda-lime glass,
collected from domestic waste by Cairns Regional Council, Australia. Having less water
affinity and smooth surface, RGP improved the workability of concrete. A reduction in fresh
density was observed with the addition of RGP due to the lower specific gravity of glass
powder. Addition of RGP improved hardened density with curing time even though a decrease
was noticed with the increase in RGP replacement level. RGP did not show significant strength
gain at an early age due to the delay in pozzolanic reaction. However, 10 RGP concrete
achieved the target characteristic strength of 32 MPa at 28 days. RGP showed a substantial
strength development at 56 days. The addition of RGP exhibited adequate flexural and tensile
strength but a similar downtrend was observed in flexural and tensile strength as compressive
strength with the increase in RGP content. RGP concrete exhibited a reduction in permeability
due to large specific surface area and production of more C-S-H gel. 10 RGP was found to
satisfy the requirement of 75% relative strength requirement as per AS 3582.1 to be considered
as supplementary cementitious material. Pozzolanic behaviour was also confirmed by TGA
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and SEM analysis from 10 RGP. This research showed that the use of RGP as cement
replacement is feasible for replacement levels up to 10%. However, long-term curing and lower
particle size distribution are mandatory for successful use of RGP with higher replacement
levels without compromising strength. The outcome of this research aims to contribute towards
sustainable development by reducing the consumption of cement, as well as the reduction of
glass waste going into landfill.
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Chapter 5: Microstructure analysis of recycled glass sand and
recycled glass powder
Nafisa Tamanna, Norsuzailina Mohamed Sutan, Rabin Tuladhar, Delsye Teo Ching Lee
and Ibrahim Yakub. “Pozzolanic Properties of Glass Powder in Cement Paste”. Journal of
Civil Engineering, Science and Technology. Vol. 7, Issue 2, September 2016.

Nafisa Tamanna, Norsuzailina Mohamed Sutan, Rabin Tuladhar. “The effect of waste
glass powder on microstructural behaviour when used as a partial cement replacement”.
5th International fib Congress. 7-11 October 2018, Melbourne, VIC Australia.
This research investigates the microstructure of mortar and cement paste containing recycled
crushed glass sand and glass powder, respectively. A series of tests was conducted to evaluate
the potential of alkali silica reaction (ASR) and pozzolanic reactivity in recycled glass sand
(RGS) mortar and recycled glass powder (RGP) cement paste, respectively, including
thermogravimetric analysis, X-ray diffraction (XRD), scanning electron microscopy (SEM)
and energy-dispersive spectroscopy (EDS). TGA was carried out to quantify hydration product,
Ca(OH)2 for both RGS mix and RGP pastes. The morphology and chemical composition were
analysed for RGS and RGP paste using SEM and EDS, respectively. XRD was conducted to
identify the hydration product, calcium hydroxide (Ca(OH)2) in the cement paste. The mortar
was prepared by replacing natural river sand with 20%, 40% and 60% of recycled glass sand,
whereas cement paste was produced by replacing General Portland (GP) cement with 10%,
20%, 30% and 40% of recycled glass powder.

5.1 Experimental procedure
5.1.1 Materials
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Microstructural analysis was carried out for recycled glass sand (RGS) mix and recycled glass
powder (RGP) paste. The experimental program consisted of two main phases. In the first
phase, microstructure analysis of a mortar bar corresponding to the alkali-silica reaction was
conducted to investigate the influence on using RGS in the mortar. The second phase consisted
of tests on the microstructure of cement paste containing RGP.

5.1.2 Mix Design
(a) Mix design for RGS mix
RGS mortar was used to characterize the potential of ASR samples. Mortar sample from
accelerated mortar bar test was used for the first phase. The mix design of mortar mixes used
for three ASR prism bars are described in Section 3.1.3. RGS mortar bars were prepared for
each mix according to the proportion (Table 5.1). Four RGS mixes were investigated: GP
mortar with natural sand (Control 0 RGS); and three mixes containing RGS as sand substitution
at 20%, 40% and 60% (noted as 20 RGS, 40 RGS and 60 RGS, respectively).
Table 5.1 Mix design of RGS mix for three ASR prism bars (AS1141.60.1, 2014)
Material

Cement (g)

Sand (g)

Recycled Glass Sand (g)

Water (mL)

Control (0 RGS)

440

990

-

206.8

20 RGS

440

792

198

206.8

40 RGS

440

594

396

206.8

60 RGS

440

396

594

206.8

(b) Mix design for RGP mix
Cement paste was prepared to investigate the effect of using RGP in the microstructure and to
evaluate the pozzolanic reactivity of glass powder. Four cement mixes were investigated: GP
cement paste (Control 0 RGP); and three mixes containing RGP as cement substitution at 10%,
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20% and 30% (noted as 10 RGP, 20 RGP and 30 RGP, respectively). A plastic mould of 50
mm diameter and 35 mm high was used to cast a cement paste sample according to mix design
(Table 5.2). The cement paste samples were cured at room temperature.
Table 5.2 Mix design of cement paste for cylinder of 50 mm diameter and 35 mm height
Material

Cement (g)

Recycled Glass Powder (g)

Water (mL)

Control (0 RGP)

82

-

41

10 RGP

73.8

8.2

41

20 RGP

65.6

16.4

41

30 RGP

57.4

24.6

41

ASR mortar and cement paste samples were prepared for thermogravimetric analysis (TGA),
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). X-ray
diffraction (XRD) was also carried out for cement paste specimens. The hardened sample was
cut into small pieces and crushed to powder using a bevelled-edge chisel (Figure 5.1). For SEM
and EDS test, samples were kept in isopropanol (Figure 5.2) for several hours after cutting into
small pieces to remove the capillary water from the samples.

Figure 5.1 Hardened cement sample
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Figure 5.2 SEM samples in isopropanol

5.1.3 Experimental methods
Microstructural analysis was conducted for RGS mix and RGP paste. A series of tests was
conducted to evaluate the potential of ASR samples using RGS mix and pozzolanic reactivity
of glass powder using RGP paste. Thermogravimetric analysis, scanning electron microscopy
and energy-dispersive spectroscopy were carried out for RGS mix. However, for RGP paste,
thermogravimetric analysis, X-ray diffraction, scanning electron microscopy and energydispersive spectroscopy were conducted.

5.1.3.1 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a widely applied technique to determine the change in
weight of a sample as a function of temperature (with constant heating rate) or as a function of
time (with constant temperature or constant mass loss). TGA is generally used to determine the
hydration products present in the cementitious system. In TGA, the sample is gradually heated
from room temperature to a specified temperature while the weight loss due to decomposition
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of chemical component is recorded along with the temperature. The weight loss over a broad
temperature range, from 50 °C to 200 °C, indicates the loss of water from the main hydrate, CS-H. However, strong overlaps from many of the hydrates – for instance, bound water,
ettringite and monosulphate – makes C-S-H quantification difficult. The other hydrate
portlandite (Ca(OH)2) decomposes to CaO and H2O in between 400 °C and 500 °C. The weight
loss occurs mainly due to the evaporation of water. The amount of Ca(OH)2 can be calculated
using the following equation:
Ca(OH)2 (%) = WLCH x (MCH / MW)

(5.1)

Where,
WLCH = Percentage weight loss occurred between 400 °C and 600 °C
MCH = Molecular weight of calcium hydroxide
MW = Molecular weight of water
The amount of Ca(OH)2 shows the presence of Ca(OH)2 in cement mix as a by-product of
cement hydration. The Ca(OH)2 quantity increases over time as more cement is hydrated.
Amount of Ca(OH)2 present in the mix can be used to evaluate the pozzolanic effect of glass
powder. In a pozzolanic reaction, Ca(OH)2 is consumed by the pozzolanic reaction to produce
additional calcium silicate hydrate (C-S-H). Consequently, a reduction in Ca(OH)2 is noticed
in the cement paste after pozzolanic reaction. Higher amount of Ca(OH)2 indicates the lower
pozzolanic reaction.
TGA was carried out using a Simultaneous Thermal Analyser SDT 650 (Figure 5.3). About 510 mg of samples were placed in one alumina crucible (Figure 5.4). Another empty crucible
was placed into the heating chamber as a reference and both crucibles were heated from the
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same heat source. The specimen was heated from room temperature to 600 °C at the rate of 10
°C per minute in an N2 atmosphere with a flow rate of 50 ml/min.

Figure 5.3 Thermal analyser SDT 650

Figure 5.4 Alumina crucible

5.1.3.2 Scanning electron microscope (SEM)
A scanning electron microscope (SEM) is a strong magnification tool that uses a focused beam
of electrons to produce images of a sample. The electrons interact with electrons in the sample
and generate a variety of signals at the surface of solid specimens. The signals exhibit detailed
information about the sample, including chemical composition, morphology and orientation of
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materials. Quantitative chemical composition can be obtained through an energy dispersive
spectrometer (EDS). In this research, SEM of the control sample and glass sample (sand and
powder) was carried out at the advanced analytical centre, JCU, with a scanning electron
microscope (Hitachi SU5000). The analysis was performed on a carbon-coated polished
surface to get the sample electrically conductive in Figure 5.5. SEM images were taken both in
the secondary-electrons (SE) mode, with an acceleration voltage of 15 kV, and in the
backscattered electrons (BSE) mode, using an accelerating voltage of 25 kV.

(a)
(b)

Figure 5.5 (a) Carbon coater (b) polished samples
EDS analysis was performed on polished samples in high vacuum conditions. Elements such
as, C, O, Na, Mg, Al, Si, S, K, Ca, Fe were selected to get chemical compositions. Point
analyses were carried out on a randomly chosen 50 points on the surface of the specimens
(RGS mortar mixes and RGP cement pastes) (Figure 5.6). Scatter plot was drawn according to
the ratio of element from the spectrum (Table 5.3).
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Figure 5.6 SEM image and corresponding EDS analysis
Table 5.3 Elemental analysis of spectrum
Element

Line Type

Apparent Concentration

k Ratio

Wt%

Standard Label

C

K series

0.51

0.00508

2.88

C Vit

O

43.09

Na

K series

0.87

0.00368

1.19

Albite

Mg

K series

0.26

0.00171

0.38

MgO

Al

K series

1.22

0.00877

1.56

Al2O3

Si

K series

14.44

0.11446

16.94

SiO2

S

K series

0.52

0.00446

0.63

FeS2

K

K series

0.44

0.00374

0.44

KBr

Ca

K series

30.29

0.27066

31.95

Wollastonite

Fe

K series

0.72

0.00721

0.94

Fe

Total:
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5.1.3. X-ray diffraction (XRD)
XRD is the most prominent analytical method for phase identification of cementitious
materials. In XRD, cement samples consist of several dominant major and minor phases. As
an amorphous material, glass powder does not show a clear crystalline peak. Instead it shows
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a large hump between 15-35 °C due to the high silica composition. Therefore, when glass
powder is mixed with cement in cement paste, the diffraction pattern is found from the sum of
the diffraction patterns of individual phases. In this study, XRD was conducted to identify the
hydration product, calcium hydroxide (Ca(OH)2) in the cement paste and glass powder
modified cement paste. The amorphous silica from glass powder reacts with Ca(OH)2 to form
further calcium silicate hydrate. Consequently, Ca(OH)2 decreases over time, which is
attributed to the pozzolanic reaction of glass powder. X-ray diffraction analysis was performed
by using a D2 PHASER 2nd generation diffractometer (XRD), with a copper anode X-ray tube
between 5 °C and 70 °C. The diffractometer operated at 30 kV and 10 mA, with a counting time
of 160 s, at a step size of 0.02.

5.2 Results and discussion
5.2.1 Microstructure of alkali-silica reaction for RGS mix
5.2.1.1 Thermogravimetric analysis
TGA was carried out on RGS specimens (Table 5.1) to investigate the Ca(OH)2 content in the
accelerated alkali-silica reaction mortar at 21 days. In cement hydration reaction, the amount
of Ca(OH)2 increases over time as more cement is hydrated. In the presence of glass sand,
Ca(OH)2 undergoes pozzolanic reaction with glass sand to produce additional C-S-H. Hence,
the lower amount of Ca(OH)2 in the mix indicates the higher pozzolanic reaction. Control (0
RGS) mortar showed the highest Ca(OH)2 content of 2.2% at 21 days (Figure 5.7). The
Ca(OH)2 content was found to decrease in 20 RGS compared to control mortar. This reduction
can be attributed to the consumption of Ca(OH)2 in the reaction with glass sand. However, the
content of Ca(OH)2 for 40 RGS is similar compared to 20 RGS, and is still lower than control
mortar. Increase in Ca(OH)2 was observed in 60 RGS mortar bar compared with 20 RGS and
40 RGS. The amount of Ca(OH)2 was however, still lower compared with the Control (0 RGS)
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mortar. This shows that 40% replacement is the optimum replacement rate for the natural sand
with RGS. Higher replacement level, impedes the pozzolalic reaction. Lower pozzolanic
reaction in 60 RGS can be attributed to inadequate mixing of concrete constituents when higher
among of RGS is used to replace natural sand.

Calcium Hydroxide Content (%)

2.50

2.00

1.50

1.00

0.50

0.00

Control (0 RGS)

20 RGS

40 RGS

60 RGS

Figure 5.7 Calcium hydroxide content in mortar bar (ASR) at 21 days

5.2.1.2 Scanning electron microscope
A SEM test was carried out to exhibit the microstructure of mortar bar obtained from the alkalisilica reaction, which was exposed to 1N NaOH solution for 21 days. The SEM of the control
(0 RGS) mortar bar is shown in Figure 5.8. C-S-H was found to form on the top of cracks at
higher magnification (x1.3k) (right side). The C-S-H formed on the surface showed dense
microstructure in the sample.
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Figure 5.8 SEM of ASR control (0 RGS) mortar sample
Fischer et al. (2010) showed that ASR cracking is induced within the internal cracks of the
large soda-lime glass particles rather than at the glass cement paste interface. As glass sand
used in this research was smaller in size (3 mm), no internal cracks were found at the surface
and inside the glass particles (Figure 5.9). However, some partially reacted glass sand particles
were found to be covered with the reaction products (Figure 5.9) to produce C-S-H. A
significant amount of C-S-H was present in 40 RGS mortar bar samples. Similar to 40 RGS
mortar bar samples, no internal crack was noticed in 60 RGS mortar bar samples. This shows
no ASR expansion which also agreed with the result from alkali-silica reaction section 3.2.4.2.
The formation of ettringite (needle like structures) was observed together with the hydration
product. The ASR expansion was not observed in the SEM microstructure for glass sand mortar
samples. Finer size RGS reacts with Ca(OH)2 and forms secondary C-S-H with a low Ca/Si
ratio. However, some negligible cracks were seen in 60 RGS mortar bar sample. These cracks
may be due to drying shrinkage during sample preparation (Fischer et al., 2010).
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(a)

(b)

Figure 5.9 SEM of (a) 40 RGS and (b) 60 RGS ASR mortar sample
Figures 5.10 and 5.11 show the 2D scatter plot of Si/Ca vs Al/Ca ratios in Control (0 RGS) and
glass sand mortar bar (20 RGS, 40 RGS, 60 RGS), samples obtained from ASR tests at 21 days.
2D scatter plot was drawn according to the ratio of silicon dioxide to calcium vs the ratio of
aluminium to calcium from the EDS spectrum (Table 5.3). Control (0 RGS) and 20 RGS mortar
show similar data clouds in terms of Al-intermixing. However, Al-intermixing, for instance,
calcium aluminium silicate hydrate (C-A-S-H) for 20 RGS was found to be predominant within
0.017-0.12. Control (0 RGS) mortar shows the Si/Ca data cloud within 0.1-0.7 whereas the
Si/Ca vs Al/Ca ratios for 20 RGS mortar was 0.15-0.67. The Si/Ca ratios were observed to
increase (Figure 5.10) as the amount of glass sand increased up to 40% and 60%. 40 RGS and
60 RGS mortar showed Si/Ca ratio within 0.13-1.85 and 0.05-1.9. The increase Si/Ca ratio
presented in glass sand mortar showed reduced Ca/Si ratio. With a low Ca/Si ratio, highly
reactive glass sand may react with calcium and produce C-S-H (Serpa et al., 2013).
Consequently, the reactive alkalis were retained in the form of C-S-H and improved the alkali
binding capacity with the addition of glass sand in the mortar (Zapała-Sławeta, 2017). 40 RGS
and 60 RGS showed high Si/Ca ratio compared to Control (0 RGS) and 20 RGS. Reversely, in
low Ca/Si ratio, finer RGS can react with Ca(OH)2 and produce C-S-H at later days.
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Figure 5.10 Si/Ca vs Al/Ca ratio in Control (0 RGS) and 20 RGS (ASR) mortar
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Figure 5.11 Si/Ca vs Al/Ca ratio in 40 RGS and 60 RGS (ASR) mortar
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Table 5.4 shows the chemical composition of mortar samples obtained from EDS data plot.
The amount of Si and Na was found to increase with the increase in glass sand quantity.
Besides, the amount of K was variable due to the heterogeneous of aggregate. Control (0 RGS)
mortar showed the highest (Na+K)/Si ratio. However, a noticeable decrease in (Na+K)/Si ratio
was found in glass sand mortar compared with Control (0 RGS) mortar. It was found to
decrease as the amount of natural sand replacement increased. Consequently, the decrease in
ratios indicates low alkali content in the specimen. However, the ratio depended on the specific
location analysed by SEM and EDS.
Table 5.4 Average atomic composition of mortar samples measured by EDS
Sample

Si

Na

K

(Na+K)/Si

Control

13.83

4.65

5.64

0.74

20 RGS

17.05

2.14

1.34

0.20

40 RGS

22.08

2.41

2.18

0.20

60 RGS

22.74

2.99

0.45

0.15

5.2.2 Microstructure of glass powder for RGP paste
5.2.2.1 Thermogravimetric analysis
In this study, TGA was conducted to determine the amount of Ca(OH)2, which is produced in
hydrated cement paste as a result of using glass powder as cement replacement. In the presence
of moisture, Ca(OH)2 formed in cement hydration reacts with RGP and produces additional CS-H. Consequently, a reduction is observed in Ca(OH)2 amounts in the cement paste. The lower
amount of Ca(OH)2 indicates the pozzolanic reaction as Ca(OH)2 is consumed in the pozzolanic
reaction to produce C-S-H gel. Higher amount of Ca(OH)2 indicates the lower pozzolanic
reaction. Cement pastes with 10 RGP, 20 RGP, 30 RGP and 40 RGP were cast for one, seven,
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28, 56 and 90 days. Control (RGP) with 100% general purpose (GP cement) without any glass
powder content was cast to serve as a reference to evaluate the pozzolanic reactivity of glass
powder.
The Ca(OH)2 content for Control (RGP) and RGP specimen was tested at one, seven, 28, 56
and 90 days (Figure 5.12). The control specimen had Ca(OH)2 content of 5.61% at one day.
Ca(OH)2 content increased over time, for instance, 6.8% and 8.88% at seven and 28 days,
respectively. The amount of Ca(OH)2 in the samples continued to increase for the first 28 days.
The rapid hydration of C3S is mainly responsible for this increase because approximately 70%
of the C3S in Portland cement will have reacted by 28 days (Taylor, 1997). Cement paste with
10 RGP showed Ca(OH)2 content higher than control specimen at one, seven and 28 days due
to the substrate effect. However, cement paste with 20 RGP, 30 RGP and 40 RGP exhibited
less Ca(OH)2 content compared with the control specimen and 10 RGP. This decrease was due
to the reduction in C3S and C2S content as cement was replaced by 20%, 30% and 40% glass
powder. However, there was no clear trend as RGP content increased up to seven days because
the pozzolanic reaction was delayed compared with the cement hydration.
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Figure 5.12 Calcium hydroxide content Control (0 RGP) and RGP pastes
The pozzolanic material did not show its effects in the early days and hence became more
prominent at later days. There is a noticeable trend at 28, 56 and 90 days that Ca(OH)2 content
decreases as RGP replacement level increased. The control (RGP) specimen had almost similar
Ca(OH)2 content at 56 and 90 days. As Ca(OH)2 content remained the same, no pozzolanic
reaction was occurred in this specimen. However, 10 RGP showed a reduction in Ca(OH)2
content, 7.33% and 6.12% at 56 and 90 days, respectively. Ca(OH)2 formed during cement
hydration slowly reacted with glass powder in the pozzolanic reaction to produce more C-S-H.
30 RGP and 40 RGP showed less reduction of Ca(OH)2 content compared with 10 RGP and
20 RGP. Slight reduction of Ca(OH)2 indicates the lower pozzolanic reaction.

5.2.2.2 X-ray diffraction (XRD) results for RGP paste specimens
XRD was carried out to identify Ca(OH)2 phase in cementitious system. The Ca(OH)2 quantity
increases over time as more cement is hydrated. However, the amount of Ca(OH)2 reduces in
the presence of glass powder in the cement paste. The lower amount of Ca(OH)2 indicates the
pozzolanic reaction as Ca(OH)2 is consumed in the pozzolanic reaction to produce C-S-H gel.
The XRD pattern of control (0 RGS) cement paste at seven, 28 and 90 days are shown in Figure
5.13. The peak in the 2θ region of 18 °C was attributed to Ca(OH)2 in the control cement paste.
The Ca(OH)2 observed in the X-ray diffraction pattern was pure hydration product, releasing
from the hydration of cement. The peak intensity in the range of 29-34 °C was indicated to C3S
and C2S, the main composition of anhydrous cement particles. C3S hydrates rapidly and
contributes to early strength gain up to 28 days whereas C2S hydrates slower than C3S and was
responsible for strength after the first 28 days. In the control cement paste, the peak at 18 °C
corresponding to Ca(OH)2 was found to increase gradually with time due to the hydration of
C3S. More Ca(OH)2 was found to be produced in the first 28 days, whereas the intensity of the
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Ca(OH)2 peak decreased slightly at 90 days. However, the peak corresponding to C3S and C2S
appeared to decrease with time.
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Figure 5.13 XRD pattern of control (0 RGP) cement paste at 1, 7, 28, 56 and 90 days
The qualitative analysis of the hardened cement paste containing 10 RGP, 20 RGP, 30 RGP
and 40 RGP at seven, 28 and 90 days are shown in Figures 5.13 and 5.14. The addition of glass
powder to the cement paste showed similar hydration phases throughout the XRD pattern
compared with the control cement paste. No new phases were formed in the hydration of glass
powder cement paste. The peak of Ca(OH)2 was indicated to increase for 10 RGP cement paste
up to 28 days of hydration. This increase was prominent compared with the control cement
paste and quantitatively agreed with the Ca(OH)2 content obtained from the thermogravimetric
analysis (Figure 5.12). Ca(OH)2 produced was increased at early stage due to an accelerating
effect on the cement hydration. The presence of substrate surface of RGP in a cement paste
allowed for a rapid precipitation of Ca(OH)2 during the early stage of cement hydration
(Afshinnia and Rangaraju, 2015a). The intensity of the Ca(OH)2 peak decreased at 90 days
compared with 28 days hydration. This reduction at 90 days represented the consumption of
Ca(OH)2 by the pozzolanic reaction. Ca(OH)2 reacted with glass powder and produced more
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C-S-H in the pozzolanic reaction. 20 RGP showed a similar XRD pattern compared with 10
RGP. The intensity of the peak was found to decrease gradually with an increase in glass
powder addition to the cement paste. 40 RGP showed the lowest peak for CH at 90 days. This
reduction in Ca(OH)2 can be attributed to both the pozzolanic reaction and the dilution effect.
The dilution effects occurred due to less availability unreacted of cement in the glass cement
paste, which supports the findings from the thermogravimetric analysis.

Figure 5.14 XRD pattern of 10 RGP and 20 RGP cement paste at 1, 7, 28, 56 and 90
days
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Figure 5.15 XRD pattern of 30 RGP and 40 RGP cement paste at one, seven, 28, 56 and
90 days

5.2.2.3 Scanning electron microscope results for RGP samples
Figure 5.16 shows the SEM microstructure of the Control (0 RGP) cement paste after 90 days
of hydration. A hexagonal shape, Ca(OH)2, was observed in the Control (0 RGP) cement paste.
Some Ca(OH)2 detected in the microstructure analysis, which was the by-product of hydration
reaction such as at point 1 and 2. However, some partially reacted Ca(OH)2 was also found
surrounded by silica-rich product at Spectrum 3 and 4. The other hydration product, C-S-H,
appeared to be dense and bright in the backscattered image (Spectrum 5 and 6). Ettringite
needles were not observed in the cement paste. However, C-S-H found in the microstructure
was intermixed with calcium aluminium silicate hydrates (C-A-S-H). Also, cracks were
developed through porous areas such as air voids in the hydration product and observed on the
surface of the hardened cement paste.
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Figure 5.16 SEM image of Control (0 RGP) cement paste at 90 days
Figure 5.17 shows the microstructure of 10 RGP containing cement paste after 90 days of
hydration. 10 RGP cement paste was covered with the formation of C-S-H and showed a dense
microstructure compared with the control cement paste. Ca(OH)2 was no longer observed with
identical hexagonal shape in the paste as Ca(OH)2 which indicates that Ca(OH)2 reacted with
RGP and producing additional C-S-H in the microstructure at this ages (Spectrum 7, 8, 9, 10,
11, 12, 13). Some RGP was found covered with hydration products indicating formation of
new C-S-H. A very few unreacted RGP were observed in the microstructure (Spectrum 14).
However, some hydration products were visible on the surface of RGP. Ettringite was not
found in acicular type in 10 RGP cement paste. But calcium aluminium silicate hydrates (CA-S-H) enriched microstructure was found at Spectrum 8, 9, 10, 11 and 13.
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Figure 5.17 SEM image of 10 RGP cement paste at 90 days
The microstructure of 20 RGP modified cement paste was shown in Figure 5.18. Some partially
reacted glass powder was covered with the reaction product at Spectrum 15, 16. Large size
unreacted glass powder (at Spectrum 17 and 18) (around 20 µm) was noticed in the middle of
the microstructure and started to cover with hydration product. Apart from that, the presence
of C-S-H was found at Spectrum 19, 20 and 21. C-S-H appeared intermixed with Na and Al at
points 16 and 19. However, the microstructure was less dense compared with 10 RGP cement
paste. The Si of formed C-S-H was partially substituted by Al to form calcium aluminium
silicate hydrates (C-A-S-H). However, Ca(OH)2 was found less dense compared with control
(0 RGP) cement paste.
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Figure 5.18 SEM image of 20 RGP cement paste at 90 days

As shown in Figure 5.19 for 30 RGP, there are some visibly smooth particles which were
attributed to unreacted glass powder particle in the microstructure (Spectrum 22, 23, 24, 25, 26
and 27). As 30% of cement was replaced with glass powder, inadequate cement paste was
available in the mix to assist bonding within the mix. There was not adequate hydration reaction
happening to produce Ca(OH)2 necessary for the pozzolanic reaction of all RGP. Therefore, 30
RGP made the microstructure less adhesive between RGP and cement paste compared with 10
RGP and 20 RGP, which consequently formed the microscopic voids. However, RGP
participated in the hydration and produced C-S-H, C-A-S-H and Na-S-H as shown in Spectrum
252, 259 and 272. Ca(OH)2 was also observed with an identical hexagonal shape in the paste
(Spectrum 268 and 270). Ca(OH)2 can react with glass powder to produce C-S-H at the
pozzolanic reaction.
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Figure 5.19 SEM image of 30 RGP cement paste at 90 days
Figure 5.20 shows that the quantity of RGP was prominent as RGP replaced 40% cement. Some
40 RGP appeared as large-sized particles with an angular and prismatic shape (Spectrum 33,
34 and 35). These large size glass powder particles remained embedded in the 40 RGP cement
pastes even after 90 days of hydration (Spectrum 36, 37, 38 and 39). The large size glass
powder showed relatively poor adhesion between the cement paste and RGP. Inadequate
cement reduced the hydration reaction and hence the reduction in Ca(OH)2 which was required
for pozzolanic reaction. Not all glass powder went through pozzolanic reaction in 40 RGP
sample. A longer hydration duration is required to develop the pozzolanic reaction fully. The
formation of C-S-H was found in the microstructure, as shown in Spectrum 40, 41, 42 and 43.
However, the formation of C-S-H was less compared with other RGP replacement.
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Figure 5.20 SEM image of 40 RGP cement paste at 90 days

5.2.2.4 Energy-dispersive spectroscopy (EDS) results from RGP paste
specimens
EDS analysis was carried out to determine the chemical composition phases presented in
Control (0 RGP) cement paste and glass powder modified (10 RGP, 20 RGP, 30 RGP, 40 RGP)
cement paste. In general, the C-S-H phases are known as “jennite-like” with the high Ca/Si
ratio (1.25-1.50). The C-S-H phases are known as “tobermorite-like” phases with the low Ca/Si
ratio, for instance, (0.66-0.83). The jennite C-S-H phases have both Ca-O and Ca-OH bonds in
the main calcium layer, while tobermorite C-S-H phases contain only Ca-O. The EDS data
point with Si/Ca versus Al/Ca representations from the cement paste, and RGP cement paste
are projected in a 2D scatter plot (Figure 5.21). EDS data point was analysed based on 50
randomly chosen points on the surface of the cement pastes. Ca(OH)2 was located at (0, 0) on
the scatter plot. For plain cement and alite, the typical CaO/SiO2 molar ratio (Ca/Si) of C-S-H
is within 1.50 to 2.00. The C-S-H that forms in blended systems has the CaO/SiO2 molar ratio
(Ca/Si) between 0.8 and 2.00 (Karen Scrivener, 2016). Figure 17 shows that the Ca/Si ratio of
control cement paste was found within 0 to 2.5. Some EDS data point was located near the
origin, which represented the formation of Ca(OH)2 during hydration. The values of Si/Ca
ratios described jennite-like structures with both Ca-O and Ca-OH bonds which supports the
findings in the SEM analysis. However, Al was also found intermixed with hydration products.

137

0.5

0.4

Al/Ca

0.3

0.2

0.1

0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Si/Ca

Figure 5.21 2 D scatter plot of EDS analyses of Control (0 RGP) cement paste at 90
days
The plot for 10 RGP and 20 RGP cement paste showed a similar distribution of Si/Ca vs Al/Ca
ratios (Figure 5.22). However, the plot was found more scattered than the Control (0 RGP)
cement paste. Si/Ca was found to be increased compared with control cement paste, for
instance, from 0.4 to 0.5. It can be attributed to the increase in the silica content, contributed
by the siliceous waste glass. The addition of waste glass powder in the cement paste reacted
with Ca(OH)2 and produced outed C-S-H, which can make the microstructure confined.
Consequently, Ca(OH)2 was found less dense compared with Control (0 RGP) cement paste as
data cloud near origin corresponding to Ca(OH)2 was less dense. Besides, the chemical
composition of those data points close to the origin typically represents compositions of earlystage hydration of C-S-H gels that form from Ca(OH)2. The less amount of Ca(OH)2 indicates
the pozzolanic reaction as Ca(OH)2 is consumed in the pozzolanic reaction to produce
additional C-S-H gel. Intermixing occurred between Ca(OH)2 and C-S-H, as well as between
Al and C-S-H appeared in 20 RGP and 20 RGP cement paste.
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Figure 5.22 2 D scatter plot of EDS analyses of 10 RGP and 20 RGP cement paste at 90
days
2D scatter plot distribution was found similar for 30 RGP and 40 RGP. The plot showed a more
scattered cloud of chemical composition compared with the control and 10 RGP cement paste.
Figure 5.23 indicates a wide range of Si/Ca ratios in their chemical compositions. The Si/Ca
was found to be further increased as the glass powder content increases. The amount of
Ca(OH)2 was reduced as it took part in further hydration to produce C-S-H. For 30 RGP, Si/Ca
vs Al/Ca was more prominent within 0.2 to 0.6 whereas 40 RGP showed between 0.3 and 0.6.
The Ca/Si ratio of C-S-H in RGP cement paste was found to be lower as expected, which
supports other results (Karen Scrivener, 2016). However, Si/Ca vs Al/Ca represented jennitelike structures. It can take a longer time to show a tobermorite-like phase due to delayed
pozzolanic reaction.
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Figure 5.23 2 D scatter plot of EDS analyses of 30 RGP and 40 RGP cement paste at 90
days

5.3 Conclusion
This research studied the microstructure of glass sand mortar and glass powder cement paste.
For glass sand mortar, thermogravimetric analysis was carried out to quantify the amount of
Ca(OH)2. Ca(OH)2 content was found to decrease in 20, 40 and 60 RGS compared with control
mortar. This reduction can be attributed to the consumption of Ca(OH)2 in the reaction with
glass sand. As glass sand used in this research was smaller (3 mm), no internal cracks were
found at the surface or inside the glass particles. The ASR expansion was not observed in the
SEM microstructure for glass sand mortar samples. EDS results showed that 40 RGS and 60
RGS showed high Si/Ca ratio compared to Control (0 RGS) and 20 RGS. Reversely, in low
Ca/Si ratio, finer RGS can react with Ca(OH)2 and produce C-S-H at later days.
For cement paste, thermogravimetric analysis showed that the pozzolanic material did not show
its effects in early days and hence became more prominent later. There was a noticeable trend
at 28, 56 and 90 days that Ca(OH)2 content decreases as RGP replacement level increased.
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Ca(OH)2 formed during cement hydration slowly reacts with glass powder in the pozzolanic
reaction to produce more C-S-H. SEM result showed that 10 RGP cement paste was covered
with the formation of C-S-H and showed dense microstructure compared to Control (0 RGP)
cement paste. Ca(OH)2 was no longer observed with identical hexagonal shapes in the paste as
Ca(OH)2 further reacted with RGP and formed additional C-S-H in the microstructure at 90
days. The addition of waste glass powder in the cement paste reacted with Ca(OH)2 and
produced C-S-H, which can make the microstructure confined.
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Chapter 6: Environmental benefits of using recycled glass in
concrete
Nafisa Tamanna, Rabin Tuladhar. “Environmental benefits of using recycled glass in
concrete.” (In progress).

Life cycle assessment (LCA) is a recognised method of estimating and evaluating the
environmental impacts associated with the entire life cycle of a product. In this research, a
comprehensive LCA was conducted to quantify the environmental benefits of using recycled
glass as a partial sand and cement replacement in concrete compared with the traditional
concrete. The software tool SimaPro v.8.0 was used to assess and quantify environmental
effects. Each material of concrete was assessed and multiplied their weight proportion with a
specific weight (2400 kg/m3) to achieve 1 m3 of concrete. The functional unit was selected as
1 m3 of concrete. The major environmental impact categories, such as global warming, ozone
depletion, eutrophication, land use and fossil fuels were assessed. Sensitivity analysis and
uncertainty analysis were performed in the LCA to consider the variation in the quality of data.

6.1 Methodology
The LCA was evaluated in accordance with the principals of framework (ISO 14040)
(ISO14040, 2006) and requirements and guidelines (ISO 14044) (ISO14044, 2006). The
assessment was carried out for three scenarios (Control concrete, RGS concrete and RGP
concrete) and compared to quantify the environmental benefit. Cradle to gate LCA was
conducted where the LCA scope was limited to the production of GP cement concrete, RGS
concrete and RGP concrete. It does not take into account the environmental impact of
construction processes, and demolition of the concrete structure after its service. It is
142

considered that the construction process and demolition process for all these three types of
concrete will essentially be the same.

6.1.1 Goal, functional unit and system boundaries
6.1.1.1 Goal and functional unit
The goal of the LCA was to compare the overall environmental impact of conventional control
concrete and concrete modified with recycled waste glass. The functional unit in this study was
selected as 1 m3 of concrete. The concrete mix design was designed for a characteristic strength
of 32 MPa at 28 days. Each material of concrete was assessed and multiplied their weight
proportion with a specific weight (2400 kg/m3) to achieve 1 m3 of concrete. Three different
scenarios were assessed to evaluate the effect of using recycled glass in concrete.
Scenario I: Production of general purpose (GP) cement concrete with natural aggregates
(control).
Scenario II: Recycled glass sand concrete (RGS concrete). Three concrete mixes containing
RGS as coarse natural sand substitution at 20%, 40% and 60% (noted as 20 RGS, 40 RGS and
60 RGS, respectively) were assessed. For the LCA of 20 RGS concrete, it was assumed that
remaining 80% of glass waste was landfilled. Similarly for the LCA of 40 RGS and 60 RGS
concrete, 60% and 40% glass sand was assumed to be sent to landfill.
Scenario III: Recycled glass powder concrete (RGP concrete). Three concrete batches were
analysed that corresponded to the replacement of cement with 10%, 20%, and 30% recycled
glass powder, noted as 10 RGP, 20 RGP and 30 RGP, respectively. For the LCA of 10 RGP
concrete, it was assumed that remaining 90% of glass waste was landfilled. Similarly for the
LCA of 20 RGP and 30 RGP concrete, 80% and 70% glass waste was assumed to be sent to
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landfill. To get crush waste glass to powder form, a pulverising process was required. The
energy needed to pulverise 1 kg of glass sand is taken as 0.124 kWh as supplied by ALS.
Concrete mix supplied by Pioneer North Queensland (PNQ) Concrete (Tables 3.2 and 4.1) was
used as the control mix in the study. Admixture used in this mix was a very small amount,
consequently the contributions of admixture to the total environmental impacts would be very
small. The environmental impacts of admixtures have been excluded from the comparison.

6.1.1.2 System boundaries
Cradle to gate LCA was conducted where the system boundary included raw materials
extraction of each material, processing, transportation and production of concrete. The
environmental impact was limited to the production of GP cement concrete, RGS concrete and
RGP concrete. The impact of end-of-life disposal of concrete was not included in the scope.
The fundamental components of concrete include GP cement, coarse aggregate, fine aggregate
(coarse and fine sand) and water. The complete environmental effect is the combination of
individual materials for each type of concrete. Energy consumption and water use are included
in the boundary.
In this research, LCA was carried out at three different boundary levels. The first boundary
level was for conventional concrete production which included the details of raw material
extraction and material production. The system boundary for the RGS involved waste glass
collection, raw material extraction and material production. In the third level, the use of glass
powder as cement replacement was described. This boundary level included waste glass
collection, grinding to a powdered form, raw material extraction and material productions.
GP cement concrete: Figure 6.1 shows the flow diagram of the GP cement concrete
production process and its system boundaries.
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Figure 6.1 System boundaries of conventional GP concrete
RGS concrete: Mixed-coloured soda-lime glass supplied by the Cairns Regional Council was
used in RGS concrete. All collected recyclable materials, which includes paper, cardboard,
plastic bottles, aluminium cans and glass bottles were sorted and large items removed as they
passed through the conveyor belt at the materials recovery facility (MRF) unit. Sorted glass
items were then sent to a glass crushing facility. Glass crushing was done through an imploder,
shearing unit and sanding unit. The fine glass particles of 3 mm were used in construction.
Glass sorting and crushing to sand size required electricity which was considered in the
assessment. Transport was included in this system boundary (Table 6.1). Figure 6.2 shows
system boundaries of concrete modified with RGS as sand replacement.
Table 6.1 Travel distance for each material
Materials

Distance (km)

Cement

5.4

Gravel

21

Coarse sand

18

Fine sand

93
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RGS

4.6

RGP

5.4

Figure 6.2 System boundaries of concrete modified with RGS as sand replacement
RGP Concrete: The 3 mm size glass particles were further pulverised to powder form (80%
passing through 45 µm sieve) at ALS Minerals Geochemistry-Townsville Laboratory. The
energy required to pulverised 1 kg of glass sand is 0.124 kWh supplied by ALS. Transport was
also included in this system boundary. Figure 6.3 shows the system boundaries of concrete
modified with RGP as cement replacement.
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Figure 6.3 System boundaries of concrete modified with RGP as cement replacement

6.1.2 Life cycle inventory
The life cycle inventory data (LCI) used in this research was acquired from the inventory
database: SimaPro 8.0 Australian LCA database (AusLCI, 2011); waste and recycling facilities
(Cairns Regional Council); materials recovery facility (Townsville City Council) and scientific
journal papers; materials recovery facility (MRF); glass pulverising plants (ALS
Geochemistry-Townsville); concrete industries such as PNQ, and scientific publications. Since
the LCI data used were obtained mainly from the Australian average LCA database, the
variable may have uncertainty.

6.1.3 Life cycle impact assessment
The software tool SimaPro v.8.0 (PRé Consultant, Amersfoort, The Netherlands) was used to
assess and quantify environmental effects based on inventory analysis. The analysis was
conducted using the Australian database method, Australian indicator V3.00. The LCIA data
of each process, including required raw materials, energy consumption, emission and landfill
to produce 1 m3 concrete was calculated and converted into environmental impact categories.
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The assessment was carried out for three scenarios (control concrete, RGS concrete and RGP
concrete) and compared to quantify the environmental benefit. Environmental impacts were
assessed based on Australian conditions, water use, material consumption, fuel consumption,
CO2 equivalent and PO4 equivalent during concrete production. Impact category, CO2
equivalent represents the associated global warming potential, whereas PO4 equivalent
accounts for eutrophication. Eutrophication is a process in which a body of water becomes
enriched with minerals and nutrients which stimulate the growth of aquatic plants, resulting in
depletion of dissolved oxygen. The ozone layer keeps the earth protected from ultraviolet
radiation emitted by the sun. However, its depletion increases cancer risks and other adverse
effects.

6.1.4 Sensitivity and uncertainity analysis
Sensitivity analysis and uncertainty analysis were performed in the LCA to consider the
variation in the quality of data. Sensitivity analysis was conducted to analyse the impact of
variations on the LCA results with the changes in the key parameters used in this research. The
sensitivity analysis aimed to assess the change of results due to the variation of input
parameters, for instance, the change of cement, aggregate and transport distance over 1 m3
concrete. The sensitivity analysis was carried out by changing each input parameter in the range
of ±40%. Uncertainty analysis is the estimation of environmental impacts associated with LCI
input data variance (Yin, 2015). Standard deviation is used to assess uncertainty data for each
key parameter. Parameter uncertainty is found by developing the uncertainty of input parameter
in a Monte Carlo approach, built-in SimaPro 8.0. Uncertainty analysis for each impact
categories was calculated using this approach with 100 runs within a 95% confidence interval.

6.2 Results and discussion
6.2.1 Recycled glass sand as sand replacement
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The life cycle impact categories associated with the production of 1 m3 control concrete and
concrete with RGS are shown in Figure 6.4. Global warming, ozone depletion, eutrophication
and fossil fuels are the major environmental impact categories for RGS in concrete. The control
concrete showed the highest global warming impact of about 356 kg CO2 equivalent. The use
of RGS slightly improved environmental footprint of concrete. 20 RGS, 40 RGS and 60 RGS
showed reduced global warming by 0.84%, 1.7% and 2.2%, respectively, compared with the
control concrete. Fossil fuel was lower for RGS. The control concrete consumed 68.1 kg oil
equivalent. Use of 20 RGS, 40 RGS and 60 RGS reduced fossil fuel by 1%, 3% and 4%,
respectively. The use of RGS also enhanced eutrophication. 60 RGS improved the most with
4% reduction in eutrophication, followed by 40 RGS with 2% and 20 RGS with 1%. The
reduction of ozone layer depletion was found 5%, 9% and 14% for 20 RGS, 40 RGS and 60
RGS, respectively.
As can be seen in Figure 6.5, for all types of concrete, global warming occurred mostly due to
cement, transport, gravel, landfill, sand, the energy required and water. Cement is the prime
source of emissions in the control concrete and RGS concrete. Global warming due to cement
remained constant, as the amount of cement in the mix design for control and RGS concrete
were unchanged. The second dominant source was mainly due to the impact on landfill. The
landfill was responsible for global warming of 10.99 kg CO2 equivalent for control concrete.
The 20 RGS, 40 RGS and 60 RGS concrete reduced the landfill impact of 20%, 40% and 60%,
respectively, compared with control concrete. Concrete was produced by replacing natural river
sand with 20%, 40% and 60% of RGS as the waste glass which would otherwise be landfilled
was reused in concrete. 20 RGS, 40 RGS and 60 RGS concrete reduced the global warming
impact of 13.97%, 27.94% and 42.16%, which corresponded to natural sand. In contrast, the
addition of RGS increased global warming impact slightly as the quantity of recycled glass
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sand increased. However, transport distance had a slight effect on global warming due to
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Figure 6.4 Life cycle impact categories associated with 1 m3 RGS concrete
As can be seen in Figure 6.5, for all types of concrete, global warming occurred mostly due to
cement, transport, gravel, landfill, sand, the energy required and water. Cement is the prime
source of emissions in the control concrete and RGS concrete. Global warming due to cement
remained constant, as the amount of cement in the mix design for control and RGS concrete
were unchanged. The second dominant source was mainly due to the impact on landfill. The
landfill was responsible for global warming of 10.99 kg CO2 equivalent for control concrete.
The 20 RGS, 40 RGS and 60 RGS concrete reduced the landfill impact of 20%, 40% and 60%,
respectively, compared with control concrete. Concrete was produced by replacing natural river
sand with 20%, 40% and 60% of RGS as the waste glass which would otherwise be landfilled
was reused in concrete. 20 RGS, 40 RGS and 60 RGS concrete reduced the global warming
impact of 13.97%, 27.94% and 42.16%, which corresponded to natural sand. In contrast, the
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addition of RGS increased global warming impact slightly as the quantity of recycled glass
sand increased. However, transport distance had a slight effect on global warming due to
transport of RGS.
The impact of ozone layer depletion was found due to cement, landfill, transport, gravel, sand,
the energy required and water. 20 RGS, 40 RGS and 60 RGS reduced ozone depletion of 5%,
9% and 14%, respectively, compared with control concrete. Similar to global warming, the
control concrete showed the highest ozone depletion and cement was the most significant
contributor. As can be seen in Figure 6.5, ozone layer depletion from landfill decreased with
the increasing replacement level of natural sand by RGS.
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Figure 6.5 Major environmental impact categories for 1 m3 concrete
The use of RGS showed a negligible impact on eutrophication and fossils fuel consumption.
60 RGS slightly reduced 5% eutrophication and 4% fossils fuel consumption, compared with
control concrete. Cement was responsible for a significant proportion of burden to the
environment, for instance, cement released 78.86% and 78.96% PO4 and oil, respectively for
control concrete compared with the overall eutrophication and fossils fuel consumption.
Emissions due to sand, RGS, water use, energy use were insignificant.

6.2.1.1 Sensitivity analysis of RGS
Sensitivity analysis was carried out to assess the sensitivity of the results stated in Section 6.2.1.
The variation of key parameters used, including the change of cement, aggregate and transport
distance was analysed for control concrete and concrete with RGS. The sensitivity analysis was
conducted by the change of each variable in the range of ±40%.
Figure 6.6 shows the relative change of global warming to the variation of cement, gravel,
coarse aggregate, fine aggregate, 60 RGS and transport distance for control and 60 RGS
concrete. The variation of cement was very sensitive in the range of ±40%. Cement showed the
highest relative change of about 18% and 36% for ±20% and ±40%, respectively. The other
results were not sensitive to the change of gravel, coarse sand, fine sand and transport distance
in the range of ±40%. The associated environmental impact due to landfill was assessed as
100% recycled glass was going to landfill with no replacement of coarse sand.
In the sensitivity analysis, the variation of cement, gravel, fine sand did not have a major impact
on global warming for 60 RGS concrete compared with control concrete. Coarse sand showed
less sensitivity of global warming relative to control concrete as 60% coarse sand was being
replaced by RGS (Figure 6.7). Only 40% RGS was sent to landfill, whereas 100% RGS was
sent to landfill for control concrete. However, 60 RGS had a strong correlation with the change
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of global warming. The associated environmental impact was found increased with (-20)% to
(-40)% due to landfill effect. However, global warming corresponding to 60 RGS was reduced
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Figure 6.7 Relative change of global warming for control concrete
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Figure 6.6 Relative change of global warming for control concrete

In ozone layer depletion, the change of cement, gravel and fine sand in 60 RGS concrete was
16% for both sensitivity analysis of ±20% and ±40%, compared with control concrete (Figures
6.8 and 6.9). The variation of transport distance in 60 RGS concrete had a slight impact,
although 8% compared with control concrete. The sensitivity of coarse sand for control
concrete was found to be ±5.2% and ±10.3% for ±20% and ±40%, respectively. Concrete with
60% RGS showed a sensitivity of coarse sand of ±3.1% and ±5.9%, which was 40% and 43%
lower than control concrete. At higher glass sand replacement (60 RGS), the maximum glass
sand (60%) was utilised in concrete which was sorted and crushed in the materials recovery
facility. Moreover, 60 RGS was more sensible; for instance, 85% in ozone depletion relative
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Figure 6.9 Relative change of ozone depletion for 60 RGS concrete
The change of 40% cement quantity in mix design resulted in a 32% variation in eutrophication
in control concrete (Figure 6.10). However, the same 40% change in cement quantity caused
the highest variation, albeit 1% in 60 RGS concrete (Figure 6.11). The difference of gravel,
fine sand and transport distance showed slight variation in both control and 60 RGS concrete.
In control concrete, about 3.8% variation was found for the change of 40% coarse sand quantity
in the mix design. 60 RGS showed 1.72% change in results for the coarse sand variation of
40%. This reduction was due to the amount of coarse sand reduction, which was consequently
reduced landfill impact corresponding to glass sand. RGS was less sensible compared to ozone
depletion, however it showed more sensible compared to global warming.
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The associated environmental impacts corresponding to fossil fuel to the variation of cement,
gravel, coarse sand, fine sand and transport distance are shown in Figure 6.12 and 6.13. The
variation of cement, gravel and fine sand in both control and 60 RGS concrete showed similar
sensitivity to eutrophication. However, in control concrete, the change in transportation
distance showed an increased variation of 40% compared with eutrophication. Increased in
variation was also noticed in 60 RGS, compared with global warming and eutrophication. In
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Figure 6.12 Relative change of fossil fuel for control concrete
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contrast, a decrease in variation was found relative to ozone layer depletion.
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Figure 6.13 Relative change of fossil fuel for 60 RGS concrete

6.2.1.2 Uncertainty analysis of RGS
A comparison between 1 m3 control concrete and 1 m3 20 RGS concrete on the impact category
is shown in Figure 6.14. A comparison was conducted by analysing the difference between two
selections: for instance, control concrete minus 20 RGS concrete. As can be seen in Figure
6.14, 20 RGS concrete showed positive value, whereas control concrete presented negative
values. The bar graph left of centre (negative values) represents the number of times the control
concrete has a lower impact than 20 RGS concrete. In contrast, the bar at the right of centre or
with positive values shows the probability of 20 RGS concrete having lower impacts than
control concrete. 20 RGS concrete showed a lower effect on all impact categories compared
with control concrete. For global warming, there was a 54% probability that 20 RGS concrete
had a higher impact than control concrete, whereas control concrete had 46% change of having
the global warming impact higher. 20 RGS concrete showed a lower impact on ozone
depletion, eutrophication and fossil fuel with a probability of 95%, 68% and 63%, respectively.
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Figure 6.14 Uncertainty analysis of 1m3 control concrete (A) minus 1m3 20 RGS
concrete (B)
RGS quantity had a significant effect on each impact category as recycled glass sand quantity
increased. The lower impact was found in each category for 40 RGS concrete and 60 RGS
concrete (Figures 6.15 and 6.16, respectively). In the global warming impact category, control
concrete had a probability of 46% to achieve lower impact compared with 40 RGS. However,
40 RGS concrete did not show uncertainty on ozone layer depletion and presented 100% of
probability to show lower impact compared to control concrete. 60 RGS concrete also exhibited
100% lower impact compared with control concrete (Figure 6.16). Concrete with 60 RGS
showed a lower impact on global warming, fossil fuel and eutrophication with a probability of
67%, 86% and 93%, respectively. Consequently, the probability reduced for control concrete
as RGS quantity increased.
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Figure 6.15 Uncertainty analysis of 1 m3 control concrete (A) minus 1 m3 40 RGS
concrete (B)
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Figure 6.16 Uncertainty analysis of 1 m3 control concrete (A) minus 1 m3 60 RGS
concrete (B)

6.2.2 Recycled glass powder as cement replacement
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Figure 6.17 shows 1 m3 of control concrete presented the global warming potential of 351 kg
CO2 equivalent, which showed the highest environmental footprint. As can be seen, the global
warming potential correlated with RGP quantity. As the replacement level increased, RGP
concrete reduced global warming potential. 10 RGP concrete released 323 kg CO2 equivalent
to producing 1 m3 concrete whereas 20 RGP and 30 RGP showed a global warming potential
of 295 kg CO2 equivalent and 268 kg CO2 equivalent. The 30 RGP reduced the impact with
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Figure 6.17 life cycle impact categories associated with 1 m3 RGP concrete
Cement showed the highest contribution to the overall global warming impact of concrete
(Figure 6.18). Cement produced 311 kg CO2, which was 89% of the total global warming
potential for control concrete. The global warming was reduced consequently as a part of
cement was replaced by 10%, 20% and 30% RGP. 10 RGP, 20 RGP and 30 RGP emitted CO2
of 280 kg, 249 kg and 218 kg respectively, which was in the range of benchmark concrete
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products in Australia (Mohammadi and South, 2017). For supplementary cementitious
materials, CO2 emissions per cubic metre of concrete were in the range of 209-521 kg CO2
equivalent (Mohammadi and South, 2017). RGP had an impact on global warming
corresponding to electricity for glass sorting and crushing. Further electricity use for
pulverising glass sand to powder form and transport distance was assessed. However, the use
of RGP showed lower impact compared with cement. For instance, cement emitted about 31
kg CO2 equivalent for every 10% replacement whereas, RGP emitted only about 4 kg CO2
equivalent for every 10% addition. Transport and landfill showed negligible global warming
potential.
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Figure 6.18 Global warming potential of concrete with RGP
Figure 6.19 shows the ozone layer depletion of control concrete and concrete with RGP.
Concrete generated the lowest impact on ozone layer depletion among the fundamental damage
categories. A large amount of ozone depletion was found for control concrete. Depletion tended
to decrease with an increase in glass powder quantity in concrete. 10 RGP, 20 RGP and 30
RGP decreased 7% 15%, and 22% ozone layer depletion relative to control concrete. This
decrease was mainly cement production, RGP, landfill and transportation. In the overall ozone
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depletion category, 62% depletion occurred due to cement in control concrete. Cement
replacement by RGP reduced ozone layer depletion of 2%, 4% and 7% of the control concrete.
As cement quantity was reduced, the amount of RGP was increased and caused ozone layer
depletion. However, this increase in depletion was insignificant compared with cement. Ozone

Ozone depletion (kg CFC 11 eq)

layer depletion due to landfill was reduced as glass powder utilised in concrete mix.
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Figure 6.19 Ozone depletion of concrete with RGP
Another major damage category of control concrete and concrete with RGP was eutrophication
(Figure 6.20). The use of RGP in concrete reduced the PO4 emission up to 23% for 30 RGP,
followed by 15% for 20 RGP and 8% for 10 RGP. In eutrophication, about 82% PO4 emission
was generated from cement, 6% from gravel, 5% from transport, 4% from landfill, and 3%
from sand, water and electricity use. RGP as cement substitution reduced a significant amount
of PO4 emission equivalent in terms of cement, RGP, transport and landfill. A reduction was
attributed to the amount of RGP increased in concrete.
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Figure 6.20 Eutrophication of concrete with RGP
Figures 6.21 shows the environmental impact due to land and water use caused by recycled
glass concrete. Both land and water use tended to decrease with an increase in glass powder
quantity in concrete to replace cement. There was a similar reduction in both land and water
use for 10% glass powder addition in concrete, for instance, 9% and 8%, respectively,
compared with control concrete. 20 RGP and 30 RGP reduced land use of 17% and 26%
compared with control concrete, while 16% and 24% reduction was found for water use for 20
RGP and 30 RGP, respectively. Cement had the highest contribution to the land use and
represented 94% of the total land use impact. The impact of cement reduced in 10 RGP, 20
RGP and 30 RGP, which was found to be 92%, 91% and 89% of the total land use, respectively.
In water use, cement had a significant contribution, followed by gravel. Cement was
responsible for 73-80% water use compared with the overall impact caused by water use.
Landfill and transport distance showed negligible impact in both land and water use in concrete.
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Figure 6.21 Land and water use of concrete with RGP

6.2.2.1 Sensitivity analysis of RGP
Sensitivity analysis was conducted to assess the variation of the results stated in Section 6.2.2.
The variations of cement, aggregate and transport distance in mix design were analysed for
control concrete and concrete with RGP. The sensitivity analysis was carried out by the change
of each parameter in the range of ±40%.
Figures 6.22 and 6.23 show the relative variation of global warming to the change of cement,
coarse sand, fine sand and RGP in the mix design and as well as the change of transport distance
for control concrete and RGP concrete. Cement is the most significant contributor in global
warming and most sensitive to the change of its quantity. The change of 40% cement quantity
in mix design resulted in a 36% variation in global warming in control concrete (Figure 6.22).
Gravel, coarse sand, fine sand and transport distance showed a negligible difference in
sensitivity analysis, for instance, 1.9%, 0.6%, 0.7%, and 1.5% variation with 40% change,
respectively.
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Figure 6.22 Relative change of global warming for control concrete
The sensitivity analysis of 30 RGP concrete showed a significant impact on global warming
with a variation of 40%, compared with control concrete (Figure 6.23). Cement showed the
highest variation of about 51% with the change of 40% cement quantity. The change in 40%
cement amount caused 26% variation, which was 42% higher than control concrete. The gravel,
coarse sand, fine sand and transport distance showed increased variation compared with control
concrete. The change of 30 RGP quantity exhibited 6% and 12% variation with the change of
20% and 40%, respectively. This increased variation was due to sorting, crushing and
pulverising of glass sand to glass powder.
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Figure 6.23 Relative change of global warming for 30 RGP concrete
In a sensitivity analysis of ozone depletion, cement showed the highest variation of about 31%
in control concrete, whereas cement in 30 RGP concrete presented 39% variation due to 40%
change in cement quantity (Figures 6.24 and 6.25). Sensitivity of coarse sand, fine sand, gravel
and transport distance was found in the range of 1-5% in control concrete. In 30 RGP concrete,

6

40
30

4

20
2
0

10
-40

-20

0

-2

20

40

0
-10
-20

-4

-30

-6

-40

Gravel

Coarsesand

Transport Distance

Cement

Relative change of ozone depletion
to the change of cement

Relative change of ozone depletion
to the change of gravel, coarse
sand, fine sand and transport
distance

increased variation was found due to the change of gravel, transport distance and 30 RGP.

Fine Sand

Figure 6.24 Relative change of ozone depletion for control concrete
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Figure 6.25 Relative change of ozone depletion for 30 RGP concrete
Similar to global warming and ozone depletion, cement showed the maximum variation in
eutrophication in both control concrete and 30 RGP concrete (Figures 6.26 and 6.27). The
change of 40% 30 RGP in mix design resulted in 12% variation in eutrophication, followed by
gravel with 4%, transport distance with 3%, and fine and coarse sand with 1% as shown in
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Figure 6.20. Control concrete showed slightly less variation in all parameters.

Figure 6.26 Relative change of eutrophication for control concrete
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Figure 6.27 Relative change of eutrophication for 30 RGP concrete
As can be seen in Figure 6.28, land use showed the largest variation due to the variation of
cement: 30% with the 20% change and 58% with the 40% variation of its volume. Cement was
replaced by 30% RGP, which showed a 14% variation. Other parameters had a negligible
variation, within 3% change due to 40% volume change. Water use displayed a similar trend
in variation due to coarse sand, fine sand and transport distance. However, cement showed 43%
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Figure 6.28 Relative change of land use for control concrete
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Figure 6.31 Relative change of water use for 30 RGP concrete

6.2.2.2 Uncertainty analysis of RGP
Uncertainty analysis of 1 m3 control concrete and 1 m3 10 RGP concrete on the impact category
is shown in Figure 6.32. The negative values on the bar graph represent the probability of
control concrete to have lower impacts than RGP concrete. Similarly, a positive value shows
the number of times RGP concrete has a lower effect over control concrete. RGP concrete had
much lower uncertainty for significant impact categories, for example, greenhouse emissions,
ozone layer depletion, eutrophication, fossil fuel, water use, land use and so on compared with
RGS concrete. 10 RGP concrete had a higher probability of showing a lower impact on all
impact categories. Control concrete had only 4% possibility on global warming, which
indicated the certainty of 10 RGP concrete to be better on global warming. Besides, about 5%,
and 4% chance found corresponding to ozone depletion and eutrophication, respectively. Land
use and water use showed a similar probability for control concrete. The addition of RGP in
concrete showed significant environmental benefit over control concrete. Figures 6.33 and 6.34
showed 100% of probability for all impact categories for both 20 RGP and 30 RGP concrete,
meaning that the environmental benefit of RGP concrete was obvious over control concrete.
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Figure 6.32 Uncertainty analysis of 1 m3 control concrete (cement) (A) minus 1 m3 10
RGP concrete (B)
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Figure 6.33 Uncertainty analysis of 1 m3 control concrete (cement) (A) minus 1 m3 20
RGP concrete (B)

172

Ecotoxicity-terrestrial
Ecotoxicity-marine
Ecotoxicity-freshwater
Human toxicity - carcinogenic
Human toxicity - non-carcinogenic
Minerals
Fossil fuels
Water Use
Land use
A<B
Eutrophication
A >= B
Ozone depletion
Global Warming
0

20

40

60

80

100

120

Figure 6.34 Uncertainty analysis of 1 m3 control concrete (cement) (A) minus 1 m3 30
RGP concrete (B)

6.3 Conclusion
This research analysed the environmental benefits of using recycled glass to produce 1 m3
concrete in the Australian context. Three different scenarios - control concrete, recycled glass
sand concrete and recycled glass powder concrete – were assessed to evaluate the effect of
using recycled glass in concrete using the software tool SimaPro 8.0. The use of RGS in
concrete as a sand substitute did not have a high environmental footprint. However, 20 RGS,
40 RGS and 60 RGS reduced global warming of 0.84%, 1.7% and 2.2%, respectively,
compared with control concrete. However, the global warming potential was correlated with
RGP quantity. RGP concrete reduced global warming potential up to 24%, as the replacement
level increased up to 60%. Cement exhibited the highest contribution to the overall global
warming impact of concrete. The global warming was reduced consequently, as a part of
cement was replaced by RGP. RGP concrete emitted CO2 of 218-280 kg, which was in the
range of benchmark concrete products in Australia. RGS concrete and RGP concrete can reduce
up to 14% and 22% ozone layer depletion, respectively. Eutrophication was in the range of
0.120-0.162 kg PO4-eq per cubic meter of both RGS and RGP concrete. In a sensitivity
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analysis, the variation of gravel, fine sand coarse sand and transport distance did not have a
significant impact on different impact categories. Nevertheless, the variation of cement was
very sensitive in the range of ±40%. The addition of recycled glass as both sand and cement
replacement had much lower uncertainty for significant impact categories. The outcome of this
research can help towards sustainable development by reducing the consumption of sand and
cement in concrete.

174

Chapter 7: Application of recycled waste glass sand in concrete
footpath
Low-risk infrastructure projects, for instance, concrete pedestrian and cyclist footpath was
selected to demonstrate field application of RGS in concrete as a coarse sand replacement. This
chapter presents the process of using RGS concrete in field trials. Concrete mix design was
developed for the various ratios of glass sand used in the concrete footpath. A concrete slump
test was conducted to assess the workability of RGS concrete. A compressive strength test was
also carried out to evaluate the strength of RGS concrete.

7.1 Concrete footpath
A footpath with a size of 108 m long and 2 m wide was cast at Progress Road, White Rock
State School in Cairns, Queensland. For the trial basis, a total of four concrete batches were
prepared, including a standard N class concrete (control), two concrete mixes containing RGS
at 40% and 60% (denoted as RGS 40 and RGS 60, respectively) and one concrete mix with
40% RGS, TMR (Department of Transport and Main road) mix (RGS 40 – TMR) (Figure 7.1).
A mixed-coloured soda-lime glass collected by the Cairns Regional Council was used in this
study to produce RGS as a partial sand replacement in concrete with a target characteristic
strength of 32 MPa at 28 days. Concrete mix design used in field trials is shown in Table 7.1.
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Figure 7.1 Crushed glass (3 mm size) at MRF site, Cairns
Table 7.1 Materials content for 1 m3 of concrete mixture used in field trials
Concrete Mix

RGS 40 -

RGS 60

RGS 40

Control

255

263

255

241

85

88

85

80

801

805

801

795

Barron Coarse Sand (kg/m3)

0

0

0

487

Fine

Tableland Fine Sand (kg/m3)

316

312

316

215

Aggregate

Edmonton Fine Sand (kg/m3)

316

105

319

380

Recycled Glass Sand (4 mm)

405

600

405

0

450

450

450

450

SIKA Retarder-N (ml/100kg)

50-100

0

0

50-100

Design Water (Litres)

156

156

156

155

TMR
Cement Australia Townsville
Cementitious

GP (kg/m3)

Materials

Cement Australia Callide FA
(kg/m3)

Coarse

Edmonton Stone (10 mm)

Aggregate

(kg/m3)

(kg/m3)
SIKA Plastiment-45
Admixtures

Water

(ml/100kg)
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Design W/C Ratio

0.45

0.45

0.46

0.49

Section of footpath casted with each RGS concrete mix was 30 m long, and a control mix was
used for the remaining section of the footpath. The footpath was designed for a thickness of
100 mm with SL72 mesh consisting of 6.75 mm steel bars with 200 mm spacing (Figure 7.2).
According to FNQROC (Far North Queensland Regional Organisation of Councils) standard
drawing S1035-pathways/bikeways, expansion and contraction joints were placed at 15 m and
3 m centres, respectively for a 30 m long footpath.

Figure 7.2 Reinforcing mesh for concrete footpath

7.2 Concrete casting
The RGS 40-TMR concrete of 30 m was poured on 11 January 2019 at 8am. Concrete had not
set at 1pm on 11 January 2019. The footpath showed full depth penetration after five hours of
pouring. However, the footpath was set at 3pm on 11 January 2019. Delayed footpath setting
caused may be due to an adverse reaction between SIKA Retarder N and RGS. Presence of
sugar in RGS can also be a reason for delayed concrete settings. RGS was sent to SGS Australia
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Pty Ltd to test initial sugar content. Initial results revealed less than 25 mg/kg of carbohydrates
as sugar. RGS sample was further sent to Sharp and Howells Pty Ltd to test the presence of
sugar according to AS 1141.35 (AS1141.35,2007). Results did not show the presence of sugar
in RGS, which is consistent with the test carried out at JCU, Townsville. RGS 60, RGS 40 and
control concrete mix was poured at 7am, 8:30am and 2pm, respectively on 14 January 2019.
All concrete was set in expected time as SIKA Retarder N was removed from the RGS 60 and
RGS 40 concrete.
Figure 7.3 shows the formwork and reinforcement arrangement before the concrete pour. The
ready-mix concrete was poured into the formwork directly (Figure 7.4). The fresh concrete
mix was also poured into the cylinders for compressive strength (Figure 7.5). The manual
screeding process of concrete mix was conducted to achieve the smooth surface of the footpath
(Figure 7.6). Special care was taken to level the expansion joints and edge of the footpath
(Figure 7.7). After finishing, SIKAFilm was used to cure the freshly poured concrete to reduce
the evaporation rate of water in concrete (Figure 8). No issues arose during concrete casting
and finishing. Figure 7.9 shows the freshly placed concrete footpath in the first stage. Figure
7.10 presents the hardened concrete (RGS 40 – TMR concrete) footpath at three days.

Figure 7.3 Form work and reinforcement arrangement prior to concrete pour
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Figure 7.4 Ready mix concrete pouring

Figure 7.5 Fresh concrete for compressive strength
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Figure 7.6 Screeding of the concrete mix

Figure 7.7 Expansion joint
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Figure 7.8 Curing of freshly placed concrete

Figure 7.9 Footpath in the fresh stage
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Figure 7.10 RGS 40 – TMR concrete footpath

7.3 Results and discussion
7.3.1 Slump test
A slump test (Figure 7.11) was conducted to determine the workability of fresh concrete mixes.
The target slump was 80 mm, outlined by PNQ with a ±15 mm permissible tolerance on slump
according to AS 1379 Table 5.1 (AS1379.2007). The control concrete, RGS 40 - TMR, RGS
40 achieved the target slump however, RGS 60 exhibited slump 5mm above the permissible
tolerance (Table 7.2). Increase in the slump observed was due to less water affinity of RGS,
and hence, it appeared to be a wetted concrete mix. A little bleeding and segregation were
noticed in the glass incorporated mixtures.
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Figure 7.11 Slump test
Table 7.2 Slump test results of control concrete and concrete using RGS
Concrete Mix

RGS 40 - TMR

RGS 60

RGS 40

Control

Slump (mm)

90

100

80

80

7.3.2 Compressive strength
Compressive strength results were collected from ETS Geotechnical and PNQ. The
compressive strength was not obtained for control concrete at five days. However, RGS 40
showed the highest compressive strength (19 MPa) at five days. RGS 40 – TMR and RGS 60
concrete achieved 16.5 MPa and 14.5 MPa, respectively. Control concrete achieved the highest
compressive strength (22.6 MPa) at seven days (Figure 7.12). RGS 40 obtained 96% of the
control concrete, whereas RGS 40 – TMR and RGS 60 concrete achieved 79% and 73%,
respectively. All concrete achieved the mean compressive strength of 16 MPa at seven days
for N32 concrete as per AS 1379 Table 1.2 (AS1379, 2007). Control concrete and RGS 40
concrete achieved the characteristic strength of 32 MPa at 28 days. RGS 40 – TMR and RGS
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60 did not achieve the target characteristic strength, however, obtained 84% and 76% of control
concrete, respectively.
40

Compressive Strength (Mpa)
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RGS 60
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Control

Figure 7.12 Compressive strength of control concrete and concrete using RGS

7.4 Conclusion
A footpath with a size of 108 m long X 2 m wide was cast at Progress Road, in Cairns,
Queensland. A total of three concrete batches were prepared, including two concrete mixes
containing RGS at 40% and 60% and one concrete mix with TMR 40% RGS. TMR 40% RGS
showed delayed setting, however, glass sand did not show the presence of sugar. No adverse
effect was noticed during pouring and finishing. The control concrete, RGS 40 - TMR, RGS
40 achieved the target slump; however, RGS 60 exhibited slump 5mm above the permissible
tolerance due to less water affinity of RGS. Control concrete and RGS 40 concrete achieved
the characteristic strength of 32 MPa at 28 days. RGS 40 – TMR and RGS 60 did not achieve
the target characteristic strength, however, obtained 84% and 76% of control concrete,
respectively. Therefore, the footpath has been used successfully for one year.
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Chapter 8: Conclusion and recommendation
8.1 Conclusions
Several studies have been conducted on the use of waste glass in concrete. However, very
limited field trials have been undertaken to observe the suitability of waste glass in concrete.
The properties and performance of recycled glass sand depend upon the source and types of
waste glass. The aim of this research has been to utilise recycled glass effectively as a partial
replacement for the sand and cement in concrete. In this study, mixed-coloured soda-lime glass,
collected by Cairns Regional Council, Australia, was used. A series of experimental study were
conducted to investigate the influence of RGS and RGS concerning strength characteristics and
durability properties and the following conclusions from this research are shown below:
1. A series of tests were conducted to determine the properties of the constituents, fresh
concrete, and hardened concrete including its durability characteristics to investigate
the suitability of using recycled waste glass sand (RGS) in concrete. Concrete was
produced by replacing natural river sand with 20%, 40% and 60% of RGS. Target
compressive strength was achieved by all concrete mixes in 28 days and most
significantly, in seven days by control concrete and 20 RGS concrete. No adverse
reduction in strength was noticed up to 60% replacement of natural sand with RGS.
RGS concrete showed enhanced resistance to chloride-ion penetration up to 60%. 40
RGS exhibited the highest resistance to chloride ion penetration and made concrete less
permeable. Besides, RGS addition significantly reduced expansion caused by the alkalisilica reaction. All mortar bar specimens exhibited expansion less than 0.1% at 21 days
which is classified as non-reactive. The least ASR expansion was noticed for 40 RGS,
followed by 60 RGS at 21 days. 40% is the optimum amount considering the field
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application as well. The experimental results ascertain that the addition of RGS can be
a good substitute for natural sand.
2. Concrete with recycled glass powder as a partial cement replacement in concrete with
a target characteristic strength of 32 MPa at 28 days was assessed. Mechanical strength
and durability properties of concrete with 10%, 20% and 30% of RGP as a partial
cement replacement were tested and compared with typical concrete and fly ash blend
concrete. The relative strength test of mortar was conducted to assess the reactivity of
glass powder with the cement. RGP concrete showed an improvement in strength over
time, like fly ash. RGP did not show significant strength gain at an early age due to the
delay in pozzolanic reaction. However, 10 RGP concrete achieved the characteristic
strength of 32MPa at 28 days. RGP showed a substantial strength development at 56
days.Using RGP significantly improved the resistance against chloride penetration with
increasing glass powder content. Furthermore, 10 RGP also met the relative strength
requirement as per Australian Standards requirement to be considered as a
supplementary cementitious material.
3. Microstructural analysis was conducted to evaluate the influence on using recycled glass
in mortar and cement paste, including thermogravimetric analysis, X-ray diffraction,
scanning electron microscopy together with energy-dispersive spectroscopy. The mortar
was prepared by replacing natural river sand with 20%, 40% and 60% of RGS, whereas
cement paste was produced by replacing Portland cement with 10%, 20%, 30% and 40%
of RGP.
•

For glass sand mortar, thermogravimetric analysis showed that Ca(OH)2 content was
found to decrease in 20, 40 and 60 RGS compared with control mortar. The reduction
of Ca(OH)2 indicates the pozzolanic reaction as Ca(OH)2 is consumed in the pozzolanic
reaction to produce additional C-S-H gel. As glass sand used in this research was smaller
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(3 mm), no internal cracks were found at the surface or inside the glass particles. The
ASR expansion was not observed in the SEM microstructure for glass sand mortar
samples. From EDS results, 40 RGS and 60 RGS showed high Si/Ca ratio compared to
Control (0 RGS) and 20 RGS. Reversely, in low Ca/Si ratio, finer RGS can react with
Ca(OH)2 and produce C-S-H at later days. Ca(OH)2 is consumed further reducing the
potential of ASR reaction due to pozzolanic reaction.
•

For cement paste, thermogravimetric analysis showed that the pozzolanic material did
not show its effects in early days and hence became more prominent later. There was a
noticeable trend at 28, 56 and 90 days that Ca(OH)2 content decreases as RGP
replacement level increased. Ca(OH)2 formed during cement hydration slowly reacts
with glass powder in the pozzolanic reaction to produce more C-S-H. SEM result
showed that 10 RGP cement paste was covered with the formation of C-S-H and
showed dense microstructure compared to Control (0 RGP) cement paste. Ca(OH)2 was
no longer observed with identical hexagonal shapes in the paste as Ca(OH)2 further
reacted with RGP and formed additional C-S-H in the microstructure at 90 days. The
addition of waste glass powder in the cement paste reacted with Ca(OH)2 and produced
C-S-H, which can make the microstructure confined.

4. The environmental benefits of using recycled glass to produce 1 m3 concrete were
assessed in the Australian context. Three different scenarios such as control concrete,
recycled glass sand concrete and recycled glass powder concrete were evaluated using
the software tool SimaPro 8.0 and Australian database method, Australian indicator
V3.00. The use of RGS in concrete as a sand substitute did not have a high
environmental footprint. However, global warming was reduced consequently, as a part
of cement was replaced by RGP: for instance, 24% as the replacement level increased
up to 60%. RGS concrete and RGP concrete can reduce ozone layer depletion up to
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14% and 22%, respectively. Eutrophication was in the range of 0.120-0.162 kg PO4-eq
per cubic metre of both RGS and RGP concrete. Compared with conventional concrete,
both RGS and RGP concrete have a significant influence on reducing the environmental
impact caused by concrete production.
5. To trial the use of concrete with RGS in field applications, a footpath 108 m long X 2
m wide was cast at Progress Road, White Rock State School in Cairns, Queensland.
Concrete mix design was developed for a total of four concrete batches used in the
concrete footpath. A concrete slump test and compressive strength test were carried out
to assess the workability and strength of RGS concrete. A mixed-coloured soda-lime
glass was used to produce RGS concrete with a target characteristic strength of 32 MPa
at 28 days. Concrete with 40% RGS achieved the characteristic strength of 32 MPa at
28 days. The footpath has been used successfully for a year.
The successful application of using recycled glass in concrete not only can reduce sand
dredging but also reduce the cement production along with the reduction of glass waste going
into landfill sites. This research also aims to contribute towards sustainable development;
therefore, it can be effectively used in industrial applications.

8.2 Recommendations
The following recommendations for further development can be made based on the findings of
this research.
1. Investigate the influence of drying shrinkage on the use of recycled glass in concrete.
2. Carry out microstructural analysis such as nuclear magnetic resonance spectroscopy,
water absorption tests, and pore structure analysis to investigate the effect of hydration
of glass cement-based systems.
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3. The hydration of pozzolanic material gives a better result at later stages. Long-term
investigation can be conducted to get more accurate information regarding hydration
behaviour.
4. Investigate combined use of recycled glass sand and recycled glass powder in concrete.
5. Quantify economic life-cycle assessment on recycled glass in concrete and compare
with conventional concrete.
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